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Through the development of new non-fullerene electron acceptor (NFA) materials, such as Y6 and its
molecular derivatives, the power conversion efficiencies of organic photovoltaics (OPVs) have now
exceeded 19 %. However, despite this rapid progress, our fundamental understanding of the unique
optical and electronic properties of these Y-series NFAs is lacking, and this currently limits progress in
material design. In this work, we provide a detailed computational-experimental characterisation of
the archetypal NFA, Y6. To explain the significant broadening and red shift of the absorption spectrum
observed when moving from the solution phase to the solid state, we first rule out more typical causes,
such as J-aggregation. Instead, by considering the role of charge transfer (CT) excitations and their
mixing with Frenkel exciton (FE) states, we can computationally reproduce the experimental
absorption spectra of Y6 with excellent accuracy. Using transient absorption spectroscopy, we provide
evidence for this dense manifold of FE-CT hybrid electronic excitations in Y6 through the prominent
sub-picosecond relaxation events following supra band gap excitation. Furthermore, through sub band
gap excitation, we also find states with polaronic character in Y6 that are in a dynamic equilibrium
with the FE-CT hybrid states. Magnetic resonance spectroscopies reveal that these polaronic states are
polaron pairs, most likely located on neighbouring Y6 molecules, not free charge carriers, as has been
previously suggested. Thus, this new understanding of how the solid-state packing motif directly
controls the optical and electronic properties of Y-series NFAs opens the door to intelligently design
NFA materials to further increase OPV performance.
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Introduction
Significant progress has been achieved in the field of organic
photovoltaics (OPVs) due to extensive synthetic work, and this
has now resulted in record-breaking power conversion efficien-
cies exceeding 19 % [1,2]. A particular family of molecular non-
fullerene acceptors (NFAs), i.e., Y6 and its analogues, has domi-
nated the field since 2019 [3,4] and has been central to the recent
efficiency developments [5,6]. However, despite the major per-
formance advances enabled by Y-series NFAs, the fundamental
photophysics of Y6 and its molecular derivatives is still not well
understood and there is considerable debate in several areas of
great relevance for OPV operation [7–10]. For example, there is
no consensus yet on the reason for the significant red shift and
broadening of the Y6 absorption spectrum when moving from
solution to thin-film [8,10], nor on whether Y6 can sponta-
neously generate free charge carriers in the bulk acceptor phase
[7,9,11,12]. Therefore, gaining a fundamental understanding of
the optical properties and establishing structure-photophysical
property relationships would provide valuable insights for
knowledge-driven progress, ultimately pushing the efficiency of
these materials beyond the 20 % milestone.

What makes the Y-series NFAs so special? Unlike previous
generations of NFAs, materials belonging to the Y-series are based
on a general A–DA0D–A structure (A = acceptor moiety, D = donor
moiety). The A’ unit leads to a centrosymmetry loss relative to
the previous A–D–A NFAs and the formation of a permanent
dipole moment that encourages dimer formation in the crystal
structure. However, the performance of OPVs is not solely deter-
mined by the chemical building blocks themselves but is also
highly sensitive to the arrangement and orientation of the indi-
vidual molecules in the solid-state [13]. For instance, it has been
shown that, compared to earlier NFA molecular families (such as
ITIC or IEICO), Y6 assembles into a unique 3D interpenetrated
lattice. This structure, of which variations are common to other
Y-series derivatives, shows a large number of directional face-on
stackings yielding an inter-connected transport network with siz-
able charge and excitonic interactions [14]. Importantly, this
characteristic molecular crystal packing is essentially retained
in thin-film phases after processing [15–17]. This local
microstructure dictates the nature of the relevant photo-
excitations in both the bulk phase of the acceptor component
and at the heterojunction with a donor component, with a pos-
sible mixing between localized Frenkel exciton (FE) and charge
transfer (CT) excitations and a degree of wavefunction delocal-
ization that is limited by (static and dynamic) energetic disorder
[18,19]. These characteristics in turn define the optical properties
and excited-state dynamics in these systems. For instance, a
remarkable feature of Y6 is the dramatic change in position
and shape of its spectral features upon aggregation. Specifically,
worth noting is the unusually strong spectral red-shift (by
�0.2 eV) and increased broadening when going from Y6 solution
to the thin-film phase.

Curiously, recent experimental work has shown that neat Y6
can work reasonably well as a single component solar cell, with a
power conversion efficiency of �4.5 % [11]. However, open ques-
tions still remain about whether Y6 crystalline domains are
intrinsically generating a significant quantity of free charge carri-
ers, or whether charge separation is happening at the interfaces
with the electron and hole transporting layers of these 'single
component' devices (potentially assisted by the electric field
applied across the OPV device under operation') [20], with the
device in-effect operating as a bilayer OPV. Spectroscopic and
theoretical investigations on this topic point to the presence of
closely interacting molecules that can yield the formation of
charge transfer/separated states as precursors for possible free car-
rier generation [7–10]. Wang et al. were the first to infer the exis-
tence of a delocalised excited state, which they called an ‘intra-
moiety state’, from transient absorption spectroscopy (TAS) mea-
surements on neat Y6 films as well as PM6:Y6 bulk heterojunc-
tion (BHJ) blends [9]. With selective photoexcitation of Y6 in
the BHJ blend, they showed that this state is an intermediate
on the pathway of hole transfer to the polymer. While the exact
nature of the delocalised state was not explicitly defined, it
exhibited characteristics suggestive of electron-hole separation
resembling that of a polaron-pair-type state. They also assigned
a photo-induced absorption (PIA) feature in their TAS spectrum
of a neat Y6 film at 1550 nm to this state, which was absent in
solution measurements of Y6. Building on Wang et al.’s work,
Price et al. made an eye-catching claim about the spontaneous
generation of free charges with a 60–90 % yield in neat Y6 films
[7]. This observation was based primarily on intensity-dependent
external photoluminescence quantum efficiency (PLQE) mea-
surements, where an increase in PLQE with fluence was attribu-
ted to radiative, non-geminate recombination of intrinsically
generated free charges. However, it is difficult to reconcile the
formation of truly ‘free’ charge carriers (i.e., exceeding the Cou-
lomb capture radius, typically of �5 nm in organic semiconduc-
tors [21]), with the widely reported excited state lifetime of a few
hundred picoseconds in neat Y6 films, as measured by TAS [9].
Though, it is also worth noting that transient PL studies point
to a longer fluorescence lifetime on the order of one nanosecond
in neat Y6 films [22,23]. Thus, there is clearly significant confu-
sion surrounding the excited state dynamics of Y6 and related
molecular derivatives that needs to be addressed.

In this work, we investigate the role played by CT excitations
within the bulk NFA phase in the photophysics of Y6 (Fig. 1a, b).
Using state-of-the-art modelling combining high-quality elec-
tronic structure calculations [24–26], polarizable molecular
embedding [27–29] and a Frenkel-Holstein-like exciton Hamilto-
nian [30–32], we show that the optical absorption of Y6 films is
indeed largely perturbed by intermolecular interactions. We also
computationally address the nature of the electronic excitations
in neat Y6 films, specifically on the role and interplay between FE
and CT excitations. Using TAS and magnetic resonance spec-
troscopy, we corroborate the findings of the quantum-chemical
calculations and investigate the potential for polaronic states to
form in neat Y6 films. We reveal that these polaron pair states
are most probably located on neighbouring Y6 molecules and
propose that they are not free charge carriers as previously
suggested.
309



FIG. 1

(a) Molecular and (b) single-crystal structures of Y6, respectively. The alkyl side chains have been removed for clarity in the crystal structure representation.
The unit cell axes a and b are shown in red and lime, respectively (axis c is eclipsed by the other two). (c) Experimental absorption spectra of Y6 in TOL
(dashed brown line) and CF solution (solid orange line). CF-processed thin-film spectra obtained applying the correction for interference effects using the
transfer matrix method (TMM) as described in the text. (d) Computed normalized absorption spectra of Y6 measured in TOL (dashed brown line) and CF (solid
orange line). The energies of the S0 ! S1 were obtained from BSE/PCM calculations and the vibronic progressions calculated as described in Methods. The
spectrum of Y6 crystal is reported with solid blue line obtained using the Frenkel-Holstein excitonic Hamiltonian (Eq. (1)) parameterized using ab-initio data as
described in the text. A homogeneous spectral broadening of 60 meV was added to all computed spectra for the best comparison with experiments. No shift
is applied to the computed spectra, the peak positions is determined computationally as described in the text.
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Results and discussion
Y6 steady-state experimental absorption
To aid comprehension of the results, we shall first define the ter-
minology used in the text surrounding electronic excitations
with charge transfer character. In this context, we will discuss
two types of charge transfer excitations that play important
and distinct roles in the photophysics of Y6. The first are charge
transfer states formed between neighbouring Y6 molecules in the
crystalline packing motif that lie above the lowest energy Frenkel
exciton transition of Y6: these will be referred to as ‘CT states’.
Though not directly populated, these CT states have the poten-
tial to hybridise with the Frenkel exciton states in Y6, forming
mixed character Frenkel exciton-CT (FE-CT) hybrid states (vide
infra). The second are excitations with charge transfer character
that lie below the optical band gap of Y6 in the thin film phase.
To differentiate these states from the higher energy CT states
mentioned above, we will refer to these lower energy excitations
as ‘polaron pairs’ (PPs). We believe that it is these polaron pair
states that are responsible for the debate in the field over whether
Y6 can intrinsically generate free charge carriers, a point to which
we will return in the experimental results.

With this in mind, we start our analysis by investigating sali-
ent features characterizing the absorption spectra of Y6 in dilute
solutions of Toluene (TOL) and Chloroform (CF). We report the
measured solution spectra in Fig. 1c and give details about the
310
experimental measurements in the Methods. In both solvents,
we observe an intense absorption peak corresponding to the

transition energy, E solð Þ
S0!S1

; from the ground (S0) to the first

excited state (S1) and the associated vibronic progressions.

E solð Þ
S0!S1

is 712.5 nm (1:74 eV) in TOL and 733.6 nm (1:69 eV)

in CF (purely electronic, 0–0 transition). The additional band
�0.40 eV higher in energy than S0 ! S1 is related to a second
electronic transition (i.e., S0 ! S2) characteristic of the C2v sym-
metry point group of the Y6 molecule, as observed in previous
work [33,34]. This is confirmed, as shown in the Supplementary
Information (SI) Section S3, by employing a Franck-Condon
(FC) fitting model expanded to include multiple electronic tran-
sitions and vibrational modes for each electronic excitation
[33]. Interestingly, in Fig. 1c, we further observe a modest pos-
itive solvatochromism upon increasing the polarity of the sol-
vent (i.e., a red-shift going from TOL with a dielectric
constant of 2.38 to CF with a larger dielectric constant of
4.81), which is typical of push–pull dyes characterized by a
small degree of intramolecular charge separation in the ground
state [35]. Associated to such a red-shift we can also see a smear-
ing out of the vibronic spectral features, though the ratio
between the intensity of the first vibronic 0–1 band and the

main transition, the so-called Huang-Rhys factor (Seff ¼ I1�0
I0�0

)

[31], is not significantly affected (see Table 1).



TABLE 1

Comparison between measured and computed experimental features of
Y6.

Experiments Toluene CF

E solð Þ
S0!S1

[eV] 1.74 1.69

E thin�filmð Þ
S0!S1

[eV] 1.51

Total Red-shift [eV] �0.23 �0.18
Seff solution 0.37 0.37

Theory Toluene CF

E0; solð Þ
S0!S1

[eV]a 1.82 1.79

E solð Þ
S0!S1

[eV]b 1.76 1.73

D0�0[eV]
c �0.19 �0.16

E cryð Þ
FE [eV]d 1.57

Aggregation Shift [eV]e �0.050 �0.050

E cryð Þ
S0!S1

[eV] 1.52

Total Red-shift [eV] �0.24 �0.21
Seff solution 0.33

a Vertical excitation energy in solution.
b Adiabatic excitation energy obtained subtracting the relaxation energy (krelhf in Table S1)

evaluated in the harmonic approximation from the vertical excitation energy as described in
the text.

c Solution-to-Crystal shift (STCS) evaluated as D0�0 ¼ E cryð Þ
FE � E solð Þ

S0!S1
as described in the

text and Methods.
d Site energy relative to the excitation of a single molecule embedded in the crystal (see

Methods and Section S8).
e Red-shift due to aggregation effects and mixing between FE and CT states. The minus

signs appearing in the energy values indicate a shift toward lower energy.
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We now turn to the analysis of the experimental absorption
spectrum of Y6 thin-film phase prepared by spin casting the
material from solution on the substrate, as described in the
Methods. Notably, there is experimental [16,17] and theoretical
[14,15] evidence that Y6 film processed from CF solution main-
tains an extended crystalline structure (see Section S13 and
Fig. S11 for an analogue discussion about Y6 film prepared from
chlorobenzene). Grazing incident wide-angle X-ray diffraction
(GIWAX) measurements show that CF-processed Y6 adopts an
ordered face-on orientation on the substrate in its thin-film
phase and molecular dynamics simulations reveal crystalline
domains with molecules arranged similarly to what is found in
the crystal structure. In addition to GIWAXS, there is also exper-
imental evidence from atomic force microscopy (AFM) studies to
support the semi-crystalline nature of Y6. AFM imaging per-
formed in Ref. [37] has revealed regions with ordered lattice
fringes as larger as 40–110 nm, which are indicative of crystalline
domains within the film. Additionally, previous work that has
compared the Y6 single crystal to the neat spin-coated film has
shown that the intermolecular distances between the core and
end groups of Y6 molecules is very similar in both [38]. The sim-
ilarity between the Y6 packing motif in the thin-film and single
crystal was further confirmed by the work of Bi et al. who found
that the crystalline domains of Y6 exhibited a structure very sim-
ilar to the single crystal [39]. For all these reasons, although it
would be informative to have experimental data directly on a
single crystal for direct comparison with our simulations (see Sec-
tion S1), we believe that the salient features predicted by the the-
ory on single crystals as discussed below are representative of the
ordered Y6 films investigated here.
The CF-processed Y6 thin-film absorption spectrum is
reported in Fig. 1c. The transfer matrix modelling (TMM)
approach developed by Kerremans et al. [40] has been used here
to correct the absorption coefficient for interference and thick-
ness dependence effects (see Methods and Section S12 for
details). By comparing the thin-film spectrum with the corre-
sponding Y6 spectrum in CF solution (Fig. 1c), we clearly see
three noticeable features: (i) a remarkably large red-shift
(�0.18 eV for CF and 0.23 eV for TOL) upon aggregation, (ii)
an increase of the 0–1 band by more than a factor of two in
the thin-film phase with respect to the solvated single molecule
and (iii) a significant broadening of the Y6 aggregate absorption
spectrum. The red-shift going from solution to the thin-film
phase is a common feature of ideal J-type excitonic interactions
where the optically allowed state is at the bottom of the excitonic
band of the aggregate [32,84]. The width of the related energy
band depends on the strength of the excitonic interactions
between the molecules. For ideal J-aggregates, the stronger these
interactions, the more red-shifted the spectrum. At first, it may
seem plausible to assign the strong red-shift (feature (i)) to strong
J-like interactions in Y6 aggregates. However, ideal J-aggregates,
or aggreates where J-like character dominates as for instance in
m-4TICO (an NFA of the ITIC family) [84], actually show a
decrease in the intensity of the vibronic 0–1 side band (relative
to 0–0) and a reduction in spectral broadening [32]. Both these
characteristics are in contrast with features (ii) and (iii) observed
in Y6 aggregates. Additionally, a number of experimental inves-
tigations [7,9,11,41] anticipate that potential Y6 CT states might
interact with Frenkel-type excitonic states. This could have an
impact on the optical properties and the shape of the spectra,
as previously observed in other systems [31,42–44]. To under-
stand all these peculiarities of Y6 steady-state optical properties,
we turn to state-of-the-art excited-state electronic structure calcu-
lations connected to large-scale model Hamiltonians that are
necessary to describe extended aggregates.
Y6 steady-state simulated absorption
We have simulated the spectral features of Y6 in solution using
high-quality Bethe Salpeter equation (BSE) calculations with
the inclusion of a polarizable continuum model (PCM) to simu-
late the effect of the solvent, as detailed in Methods [24,25]. In
Fig. 1d, we achieved a remarkably good agreement (within
�0.1 eV tolerance) with respect to measured absolute excitation
energies in both TOL and CF solutions. BSE/PCM provides accu-

rate vertical excitation energies (E0; solð Þ
S0!S1

) as reported in Table 1 and

is able to accurately recover the solvatochromic red-shift
observed in the experiment by changing the dielectric constant
of the medium. From the vertical excitation energies in both sol-
vents, the corresponding adiabatic energies, to which the main

peak (E solð Þ
S0!S1

Þ of the simulated spectra is referred, can be estimated

by subtracting the relaxation energy of the S1 state from E0; solð Þ
S0!S1

.

The relaxation energy is evaluated in the harmonic approxima-
tion as explained in Section S3 and it is decomposed in terms
of frequency-resolved normal modes (see Fig. S3). As done in pre-
vious works [31], we assume that such a relaxation is driven by a
single effective vibrational mode that couples the excitation to S1
state (Fig. 1d) and is responsible for the vibronic progression
311



FIG. 2

(a) Top and (b) lateral view of Y6 crystals where H-like (J-like) interactions are shown as blue (red) segments. Only interactions stronger than 15 meV are
shown for clarity purpose and the thickness of the coloured lines is proportional to the excitonic coupling strength. In this picture, the H-like (J-like)
interactions are defined according to the positive (negative) sign of the transition-dipole-corrected coupling V

�
kl ¼ sgn dk � dlð ÞV kl , where the term in

between parenthesis is the scalar product of the transition dipoles obtained using atomic TrESP charges d ¼ P
Iq

T
I r I (I runs over the atomic positions of the

molecule and qTI are the atomic TrESP charges). Panels (c) and (d) show the solution and crystal absorption spectra computed with a pure Frenkel exciton
model (HFE in Eq. (2)) with and without vibronic coupling, respectively. The solution to crystal shift (STCS) is indicated in black. Dashed black vertical lines
represent the FE energies (E cryð Þ

FE ) of a molecule in the solid, while the dashed orange ones represent the excitation energies in CF solution ðE sol;CFð Þ
S0!S1 ). Both

values are obtained with BSE as explained in the text. No shift is applied to the computed spectra.
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observed in Fig. 1c. For this effective mode we computed a fre-
quency, �hxeff ¼ 0:18 eV, characteristic of double C@C bond
stretching/aromatic ring breathing (common to other p-
conjugated organic systems [31]). The calculated value agrees
with resonance Raman experiments that reveal two prominent
peaks in the spectrum of Y6 at 0.18 eV and 0.19 eV, respectively
(see Fig. S12). This analysis yields an effective Huang-Rhys factor
(Seff) associated to S0 ! S1 excitation of about 0.33, in line with
the experimental observation (see Table 1). By considering the
calculated �hxeff and Seff and using Eq. (S5), we reproduced the
vibronic progression of the main S0 ! S1 transition in Fig. 1d.
We found a good qualitative agreement between the spectral
shape of the simulated solution spectra in both solvents with
respect to experiments, and we remark that no additional shift
has been applied to our simulated spectra. Although in principle
we could systematically improve the agreement between the
vibronic shape of the simulated solution spectrum, for instance
including multiple vibrational modes and electronic transitions
(see Fig. S4b) [45], our ultimate goal is to simulate the spectrum
of an extended thin-film system. To this end and to keep the
model computationally tractable when approaching large sys-
tems, considering only a single effective mode per molecular site
is a widely used and sensible approximation for this system
[31,32].
312
Compared to the solution case, the description of the optical
properties and the electronic excitations in solid state Y6 (Fig. 1b)
is complicated by the presence of intermolecular interactions
and the larger dimensionality of the system. To accurately
describe the spectrum in the crystalline form and explain the
spectral features observed in experiments, we used a powerful
Frenkel-Holstein Hamiltonian [30–32] (Eq. (1) supplemented by
ab initio calculations, as described in the Methods section. In
brief, such a Hamiltonian is represented on a diabatic basis of
localized electronic states of different characters, e.g., single FE
states, where electron and hole are on the same site, CT states,
where electron and hole sit on different sites (Fig. S5), and it
explicitly includes the electronic interactions between them.
Namely, the long-range excitonic Vkl couplings between tightly
bound electron-hole pair sitting either on molecules k or l, which
determine exciton delocalization; photoinduced electron trans-
fer couplings (De) and hole transfer couplings (Dh) that allow
for exciton splitting into CT states; and electron and hole trans-
fer integrals (te and th, respectively), which describe the hopping
of charges between neighboring molecules, possibly leading to
charge separation (see representation in Fig. S5). This Hamilto-
nian also incorporates the Coulomb attraction between electron
and hole as a function of distance, as well as the coupling
between electronic and nuclear degrees of freedom. This vibronic
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coupling interaction is introduced in the model by considering
effective modes coupled to the creation of excitonic, cationic
and anionic states, as described in Section S3 and Methods.

Holstein-like Hamiltonians as the one used in this work have
been employed with great success in previous work [30–32] to
describe the optical properties of aggregates and crystals of con-
jugated organic molecules [32,44,46], supramolecular systems
[47], and extended polymers [48,49] and copolymers [50]. How-
ever, the novelties of our computational framework over previ-
ous work are several, the most important being the following.
(i) We move away from ideal lattices of reduced dimensionality
with only nearest neighbour interactions [32], in favour of the
three-dimensional morphology determined by X-ray diffraction
[36]. (ii) The excitation energies that constitute an important
part of the Hamiltonian are computed using state-of-the-art
BSE calculations coupled to classical polarizable embedding mod-
els of atomistic resolution (MM). This formalism allows us not
only to retrieve the energy of the FE states, as discussed for the
single molecule in solution, but also to accurately determine
the energetic position of CT excitations that are notoriously chal-
lenging to capture with conventional time-dependent density
functional theory (TDDFT) [51]. Furthermore, this approach also
permits to accurately account for environmental (electrostatic
and dielectric screening) effects [24,25,27–29], which are of great
importance for our analysis, for instance, in the remarkable
solution-to-crystal shift described below. (iii) We account for
the complete range spanned by the long-range excitonic interac-
tions (i.e., beyond nearest neighbour interactions); all being com-
puted from first principles methods that account for the
atomistic details of the interacting molecules. The proposed the-
oretical protocol, detailed in Methods, represents an important
step towards a realistic description of the electronic states and
optical properties of application-relevant molecular extended
systems.

Once constructed, the Hamiltonian is diagonalized to deter-
mine the excitonic states needed to generate the absorption spec-
trum of the Y6 single crystal (Eq. (S4)). The Y6 crystal structure
(Fig. 1b) used for the calculations is described in Section S1.
The resulting theoretical spectrum is presented in Fig. 1d for a
3 � 3 � 3 supercell in periodic boundary conditions and com-
pared to the experimental counterpart in Fig. 1c. We note that
the agreement both in terms of peaks position and relative inten-
sity is excellent. We were able to capture all the key features
observed in experiments, including the significant red-shift (cal-
culated to be 0.21 and 0.24 eV) between the CF or TOL solutions
and solid-state phase, and the corresponding enhancement of
the 0–1 vibronic band. These characteristics are quantitatively
reproduced by our simulations (see Table 1). Furthermore, we
successfully reproduced the larger broadening of the solid-state
spectrum compared to the solution counterpart. Convergence
of the results in terms of system sizes, robustness with respect
to electronic couplings and other technical aspects are shown
in Fig. S9. Moving forward, we will discuss the influence of vari-
ous components in the Hamiltonian and analyse their contribu-
tion to the overall shape of the spectrum to better understand
the electronic states of the Y6 thin-film phase.
Aggregation effect in Y6: H-like vs J-like interactions
We start our detailed theoretical analysis focussing on the Fren-
kel exciton block (HFE in Eq. (2) of the Hamiltonian to investigate
whether the red-shift from solution to the aggregate is due to
Kasha’s aggregation effects and strong J-like excitonic interac-
tions. To this end, we computed the off-diagonal elements, Vkl,
between pairs of molecules k and l extracted from a supercell of
Y6. Vkl excitonic interactions are approximated using the long-
range Coulomb component between transition densities [52],

which scale as r�3 (r is the intermolecular distance) [18,52,53].
In this work, we used transition electrostatic potential (TrESP)
charges to represent molecular transition densities (Eq. (S6)).
Notably, this approach allows to go beyond the commonly used
point-dipole approximation which is known to result in large
overestimation of the excitonic couplings in closely packed
solids of large molecules, like Y6 [18]. Parametrization details of
TrESP charges and benchmarks on the accuracy of this approach
compared to a robust multi-state fragment excitation energy
difference-fragment charge difference diabatization method
[52,53] are given in Section S6. The excitonic coupling values
for the closest contact nearest neighbour pairs are reported in
Table S2; they are all sizable, pointing to a strong excitonic effect
in Y6. Besides the nearest neighbour, our fast TrESP approach
allows us to compute the full range of excitonic interactions in
large Y6 crystals quickly and accurately. The use of atomic TrESP
charges is also useful to ensure a consistent relative sign of the
interaction within the Hamiltonian in Eq. (2). We discuss this
important point in more details in Section S6. In Fig. 2a, b, we
visually show the amount and strength of J-like interactions in
blue vs H-like interactions in red on a supercell. Notably, both
H-like as well as J-like interactions are similarly abundant and
have similar magnitude in the crystal (vide infra). This hints to
the fact that the red-shift observed in Fig. 1c might not be a con-
sequence of J-aggregation and we prove this hypothesis below by
constructing the full HFE Hamiltonian.

The excitonic eigenstates of HFE were used to calculate the
optical aborption spectrum of the crystal due solely to Frenkel
exciton according to Eq. (S4). The excitonic couplings refer to
the crystal structure using periodic boundary conditions with a
minimum image convention to deal with extended systems.
These interactions were screened by an isotropic dielectric con-
stant (e = 2.9), which we computed with the same MM model
employed in embedded ab initio calculations [29]. This value is
consistent with what was measured by Li et al. in Ref. [54]
(e = 3.36). A detailed description of these calculations is provided
in Methods. Besides excitonic couplings, we also accurately

computed the solution-to-crystal shift (STCS), D0�0 ¼ E cryð Þ
FE �

E sol;CFð Þ
S0!S1

¼ �0:16 eV when going from CF solution to the

crystalline phase. Both the solution and the crystal excitation
energies has been obtained with embedded BSE calculations,
the former adopting a PCM embedding mimicking CF, the sec-
ond describing the crystalline environment with an atomistic
polarizable MM embedding constituting the crystalline environ-
ment. The significant STCS mostly arises from the higher dielec-
tric constant of the solid, with respect to the CF solution, plus
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smaller contributions from electrostatic crystal fields and molec-
ular geometries (see Table S6). Computed energy values are
reported in Table 1 and the protocol used for these high-
quality calculations is described in Methods.

The FE spectra of the Y6 aggregate without and with vibronic
coupling are reported in Fig. 2c and 2d, respectively, and com-
pared to the solution spectrum in CF. We can observe that in
both cases the Y6 crystal is red-shifted compared to solution by
an amount that essentially corresponds to the STCS (D0�0). To
support the fact that H- vs J-like aggregation compensate each
other and have a null effect on the spectra we calculated the
amount and total strength of positive and negative interactions
on the converged 3x3x3 supercell used also for the absorption
spectra. We found that 48 % of the interactions are positive (de-
fined as H-like), while 51 % is negative (defined as J-like). By sum-
ming all the positive interactions and the negative interactions
respectively among each other, we found that H-like interac-
tions, although slightly less in number, are overall a factor of
1.1 larger than J-like interactions. The similar amount and
strength of J-like vs H-like interactions, along with the relative
patters produced by the couplings between sites [55,56], makes
it such that the effect of aggregation in Y6 is almost null with
only a tiny (3 meV) shift towards the red edge of the spectrum
compared to the vertical black dashed line in Fig. 2c (represent-

ing E cryð Þ
FE ).

Fig. 2d shows that considering the vibronic coupling to FE
states results in a slight improvement of the overall spectral
shape. The coupling to an effective vibration yields the forma-
tion of the 0–1 side band observed in experiments. However,
the intensity of this vibronic replica is much lower than the 0–
0 band, while comparable intensities have been measured in
the experimental absorption spectrum of Y6 films (Fig. 1c). More-
over, although the STCS is substantial, the total red-shift going
from the solution phase to the aggregate is lower than what we
measured. These observations suggest that other contributions,
in addition to aggregation and coupling to vibrations of bright
FE are still missing from this preliminary analysis.

Intermolecular CT excitations: Impact on the optical properties
of Y6
The nature of the primary electronic excitations in thin-films
might change considerably upon switching on the interactions
between FE and CT states and this should have an impact on
the spectral shape. Recent works showed that this might be the
case in pristine Y6 [7,10], though the lack of vibronic effects,
and the use of routine TD-DFT calculations, whose results are
notably functional dependent when it comes to CT state ener-
gies, prevented from reaching reliable conclusions. We thus com-
pleted the Hamiltonian in Eq. (1) calculating HCT and HFE�CT

(Eqs. (3) and (4) matrix elements to account for the formation
and mixing between CT and FE states. To this end, we evaluated
photoinduced electron and hole couplings and hole and electron
transfer integrals (De, Dh, te and th, respectively) between the
molecules in the crystal (see Fig. S5) and used accurate diabatiza-
tion approaches as described in Sections S6 and S7.

Because all these interactions decrease exponentially in mag-
nitude with increasing distance, as they essentially depend on
the orbital overlap of the interacting molecules, we computed
314
them in Y6 for all the pairs within a maximum distance cut-off
of 20 Å from each other. Among all these unique pairs, eight of
them (D1 to D8 in Fig. S2) have a minimum distance between
atoms below 5 Å and are in nearest-neighbor contact. Among
these eight pairs, six pairs with a minimum interatomic distance
below 3.5 Å exhibit non-negligible (i.e., above 0.1 meV) elec-
tronic couplings (see Table S3), whereas the other two have neg-
ligible FE-CT coupling. It is worth noticing that these
interactions are in some cases larger in magnitude than related
excitonic couplings, pointing to strong possible mixing between
FE and CT states. Nonetheless, it is also crucial to quantify the
energy of the CT states to establish to which extent the energy
level alignment compared to the couplings between FE and CT
states is sufficiently favourable to modify the spectral shape
and photophysics of the crystal [43]. To this end, we quantified
the energy of CT-like excitations as a function of electron-hole
distance, ECT rsð Þ, using BSE calculations with polarizable MM
embedding performed on some of the representative pairs
extracted from the crystal. From these data, we derived a
(screened) Coulomb barrier (see Fig. S8), describing the energet-
ics of electron and hole particles at various distances and com-
pleted the Hamiltonian in Eq (1). Details on such calculations
and parametrization of the energy barrier are given in Section S9.
We found that the diabatic, pure, nearest-neighbour CT pairs are
about �0.1 eV above the energy of localized FE states, which con-
firms that FE and CT states can potentially strongly mix and
modify the optical properties of the aggregate. We note that, a
similar conclusion has been recently and independently reached
in Ref. [57].

Our data allows us to estimate an exciton binding energy, Eb,
in Y6 crystal and compare it to experiments. The experimental
measurements of Eb reported is reported by Karuthedath et al.
[58] obtained by combining photoemission (direct and inverse
photoelectron spectroscopy) and optical (absorption and emis-
sion) data. The reported difference between the optical and the
photoemission gap is Eb � 0.25 eV. We estimated a higher exci-
ton binding energy, Eb, in Y6 crystal of �0.5 eV, computed as the
difference between the energy of separated charges at infinite dis-
tance and the closest bound diabatic CT state in Fig. S8 (see Sec-
tion S10). This value is not inconsistent with the experiment as it
does not include the effect of narrowing in the solid state due to
intermolecular charge delocalization and energetic disorder
[29,59]. These two effects typically reduce the transport gap by
a few hundreds of meV, making our estimates consistent with
experimental data. The relatively large Eb suggests against the
facile generation of free charges starting from bound electron-
hole CT pairs in pristine Y6 crystal. This point will be further
investigated in the experimental section.

The spectra obtained from the diagonalization of the full
Hamiltonian in Eq. (1) are shown in Fig. 3, without and with
the inclusion of local vibronic coupling introduced using Eqs.
(5)–(7) (see panel a and b, respectively). Interestingly, in both
cases we note a shift of the main 0–0 peak of the aggregate
towards lower energy compared to EFE (dashed black line). This
additional red shift (of �50 meV) acting on top of the STCS is
a direct consequence of the interaction between FE and CT states.
Specifically, the mixing between these states gives rise to hybrid
FE-CT states which are pushed down in energy similarly to what



FIG. 3

Panels (a) and (b) represent the computed and solution aggregate spectra without and with local vibronic coupling, respectively, obtained using the full
Hamiltonian in Eq. (1). Panel (b) shows the same data as Fig. 1d. The STCS is indicated. Dashed black vertical lines represent the FE energy (E cryð Þ

FE ), while the
dashed orange ones represent the excitation energy in CF solution ðE sol;CFð Þ

S0!S1 ). Both values are obtained with BSE/MM as explained in the text. No shift is
applied to the computed spectra. Panel (c) and (d) depict the character of the eigenstates of the Hamiltonian as a function of their energy and the related FE-
CT mixing without and with the inclusion of vibronic coupling in the Hamiltonian, respectively. When the vibronic coupling is included FE one-particle and
two-particles states (indicated with 1p and 2p) are depicted with different shades of orange (see Methods for details).
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was found by Spano et al. for perylene-based dyads, donor-
acceptor-donor chromophores and other 1D systems
[30,42,43]. In these cases, the interference between short-range
photoinduced hole/electron transfer couplings and Coulomb
interaction gives rise to “red-shifted HJ aggregates” depending
on the phase of the interactions. In Fig. 3c, d, we report the char-
acter of the adiabatic states of Y6 crystal as a function of their
energy (calculated with Eqs. (S11)–(S13)) and we clearly show
that FE and CT states can mix to a different degree depending
on the position in adiabatic energy space. Taking into account
the associated red-shift now results in excellent agreement with
the experiment absorption spectrum reported in Fig. 1c.

As shown in Fig. 3b, including the coupling to vibrations gen-
erates a vibronic shoulder in the spectrum, analogous to that in
Fig. 2d where only FE states were considered. However, the rela-
tive intensities of the 0–0 and 0–1 vibronic replica dramatically
change between the pure FE and the hybrid FE-CT model, the lat-
ter showing a much more prominent 0–1 band, in excellent
agreement with the normalized experimental absorption on film
(see Fig. 1c). By comparing the absolute intensity of the spectra
without and with CT states, we can observe that the intensity
of the 0–1 band remains roughly constant, but the intensity of
the main 0–0 transition decreases when CT states are included
(see Fig. S10). This is because the bright FE states at the onset
of the absorption becomes strongly mixed with CT states
(Fig. 3c, d) and lose part of their oscillator strength (compared
to the pure FE case). Overall, this has the effect of reducing the
ratio between the 0–0 and the 0–1 intensities when CT states
are included in the Hamiltonian.

Finally, moving the attention to the blue edge of the spectrum
(i.e., �690 nm) in Fig. 3c, d, we observe that the initially dark CT
states become slightly dipole allowed by modestly borrowing
oscillator strength from vibronic FE states. This mixing is driven
by the large density of pure CT states available at these energies
and significantly broadens the aggregate spectrum with respect
to the one in solution, thereby explaining also such an evident
feature of the measured spectra shown in Fig. 1c. On the con-
trary, when only FE states are considered (Fig. 2d), the spectral
broadening does not change going from solution to the
aggregate.

We conclude this section by noting that our theoretical inves-
tigation suggests the red-shift in Y6 is not a result of H- versus J-
aggregation, as occurs in other NFAs [84], but rather arises from
polarization effects and the interaction between FE and CT
states, as discussed earlier. Our calculations reveal that interac-
tions between FE and CT are crucial to promote hybridization
315



FIG. 4

(a) Y6 neat (100 wt%) film visible probe ps-TAS spectra. Note that the noise around �765 nm is due to pump scatter in this region. (b) Kinetics normalized to
maximum, fluence = 0.61 lJ cm�2 (kpump = 765 nm). Panels (c) and (d) depict Y6 neat film NIR probe ps-TAS fluence series for (c) 860–870 nm kinetic and (d)
920–960 nm kinetic (kpump = 800 nm). In the latter two panels, kinetics are normalized to the maximum for each fluence.
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of states of different character. Besides high electronic couplings,
another crucial factor is the energetic proximity of CT and FE
states.

Time resolved spectroscopy of Y6 thin-films
To gain a deeper understanding of the excited-state dynamics in
thin-film phase Y6 and how they fit in with our computational
results, we turn to TAS. In Fig. 4a, we show the TAS spectrum
of a neat Y6 film with excitation at 765 nm. Like the solution
TAS measurement (reported in Fig. S13), the thin-film possesses
a central ground state bleaching (GSB) in the region of 615–
900 nm, flanked by two photo-induced absorption (PIA) bands;
one centred at 550 nm and the other at 930 nm. However, it is
informative to consider the form of the TAS spectrum in more
depth. Specifically, the GSB exhibits a noticeable dip in the cen-
tre, approximately ranging from 700 to 825 nm, that does not
match the reported steady-state absorption spectrum (Fig. 1c).
As expanded on below, we therefore propose that this discrep-
ancy in the spectral shape is caused by the presence of additional
PIA underneath the GSB band.

Through comparison to TAS measurements on BHJ blends of
Y6 with three commonly used electron donating polymers
(Fig. S16), we assign this PIA band underlying the GSB to the
(electron) polaron of Y6 (see Section S14 for discussion of the
assignment). However, the PIA band centred at �780 nm in
the BHJ blends is more pronounced than in the neat Y6 film,
316
to the extent that it dominates over the Y6 GSB feature located
above it. Hence, in-line with previous reports [11,12,7,9], there
is an initial indication that polaronic-like states may also be pre-
sent in the neat film of Y6, albeit formed with a lower yield than
in the BHJ blends. To provide further evidence for the formation
of polaronic states in Y6, Fig. 4b shows the normalized TAS kinet-
ics taken from different spectral regions of the neat Y6 film. Most
of the kinetics exhibit a single decay component. However, two
kinetics in the 790–820 nm and 920–940 nm range are biphasic
and display an additional fluence-independent sub-picosecond
component. The PIA around 930 nm has previously been
assigned to the singlet exciton state in Y6 [9]. However, our cal-
culations suggest that the initially photogenerated state will be
specifically a FE-CT hybrid excitation, rather than a pure singlet
exciton, though the FE-CT excitation performs essentially the
same function in Y6. Nonetheless, the decay of this state, which
matches the growth of the Y6 polaronic PIA underneath the GSB,
further confirms the conversion of FE-CT hybrid states into
polarons in neat Y6. Our ability to fully resolve this FE-CT hybrid
excitation to polaron conversion process is limited by the instru-
ment response of �200 fs for this TAS dataset. Thus, we have also
performed additional TAS measurements with an ultrafast
(<20 fs) excitation pulse (Fig. S19). Exploiting the superior time
resolution, a kinetic taken from the FE-CT hybrid state PIA
between 920–940 nm reveals that its intensity reduces by
�60 % by 2 ps after excitation, before plateauing (Fig. S20). This



R
ES

EA
R
C
H
:
O
ri
g
in
al

R
es
ea

rc
h

Materials Today d Volume 80 d November 2024 RESEARCH
allows us to estimate that 60 % of photogenerated excitations in
a neat Y6 film form polaronic states, whilst 40 % occupy the FE-
CT hybrid state manifold.

In-line with the observations of Wang et al., we find an addi-
tional PIA at 1550 nm in the neat Y6 film that is formed on the
same timescales that the 930 nm FE-CT hybrid state PIA is
quenched on (see Fig. S17) [9]. This implies that the origin of this
1550 nm PIA may also be polaronic. Curiously, when examining
the dynamics of the BHJ blends, we find that the 1550 nm PIA is
quenched by hole transfer from Y6 to the polymer (Fig S15). To
further probe the origin of this absorption signature, we have
performed spectroelectrochemical measurements on a neat Y6
film (Fig. S24). See details of the measurements in Methods.
Under oxidation, we observe the formation of a new polaronic
absorption band at 0.89 eV (1380 nm), close in energy to the
0.80 eV (1550 nm) PIA band in the TAS of neat Y6. We note that
the different counterion (PF6

� in the spectroelectrochemistry vs
Y6� in the TAS) could impact the hole polaron localisation and
thus account for the small (<0.1 eV) energy difference of the
measured transitions [60]. Therefore, as the 1550 nm PIA band
shows a close match to the new infrared absorption feature in
an oxidised Y6 film and is also quenched by hole transfer in
the BHJ blends, we assign this feature to the hole polaron of Y6.

As an additional tool to probe the exciton to polaron conver-
sion process, we have dispersed the Y6 molecules at 50 wt% in
the non-interacting wide bandgap host material 3,30-Di(9H-carba
zol-9-yl)-1,10-biphenyl (mCBP). TAS measurements reveal that
diluting Y6 in the solid-state results in a slowing of the polaron
formation (Fig. S15). Consequently, the spectral shape of the
GSB at 0.1–0.2 ps much more closely resembles the steady-state
absorption of neat Y6, before the polaronic PIA at 780 nm grows
in over slightly longer (picosecond) timescales. By 10–20 ps, the
spectral form in the mCBP dispersion has evolved to match that
of neat Y6, indicating the process converting FE-CT hybrid states
into polarons is completed by this time. Therefore, it is apparent
that the formation of the polaronic states in Y6 is extremely sen-
sitive to the dispersion of the Y6 molecules and the resulting dis-
ruption in the formation of extended Y6 aggregates.

In Fig. S18, each kinetic taken from the TAS of Y6 is normal-
ized to its value at 2.5 ps, and it can be observed that all the
kinetics exhibit similar decay thereafter with a time constant of
�300 ps. Consequently, recovery to the ground state of most
electronic excitations present after 2.5 ps is governed by the same
process. The fluence dependence of the recombination kinetics is
illustrated in Fig. 4c and d. Here, we only reach a regime where
the excited state decay is fluence-independent at the very low flu-
ences of 0.13 and 0.26 lJ cm�2. This indicates that the recombi-
nation of electronic excitations in neat Y6 becomes bimolecular
at relatively low excitation densities, consistent with the long
excited state diffusion length reported for Y6 [61]. Furthermore,
we observe that the 860–870 nm kinetic taken from the peak
of the GSB region reaches a plateau at 2 ns with approximately
8 % of its normalized intensity remaining, independent of the
fluence. At this point, we find no evidence for a significant
remaining population of FE-CT hybrid or polaronic states on
Y6, due to the absence of their PIAs at 930 nm, 780 nm, and
1550 nm (Figs. 4 and S21a). The only remaining PIA is that of
the Y6 triplet exciton, found at �1450 nm (Fig. S21c), which
has previously been reported to decay via a mixture of mono-
molecular triplet decay and triplet–triplet annihilation, depend-
ing on the triplet exciton density in the film [62]. As the triplet
exciton yield is fluence independent, they cannot be formed
from the states in neat Y6 that show a strong fluence dependence
to their recombination rate, as this would be expected to reduce
the triplet yield at higher excitation fluences. Thus, to account
for this observation of a fluence-independent triplet exciton
yield of �8 %, we propose the existence of a small but constant
proportion of photogenerated FE-CT hybrid states that do not
interconvert with the polaronic states, nor show significant
bimolecular annihilation at the (low) excitation fluences mea-
sured here (see Fig. 4). We attribute this to the creation of FE-
CT hybrid states on Y6 molecules located too far from a site
where conversion to polarons can occur (vide infra). These FE-
CT hybrid states may subsequently undergo intersystem crossing
(ISC) to generate the long-lived triplet excitons and are responsi-
ble for the observed residual and fluence-independent GSB signal
at 2 ns. We believe that this small fraction of relatively long-lived
FE-CT hybrid states may also be responsible for the nanosecond
photoluminescence decay observed in neat Y6 films [22,23],
which exceeds the �300 ps primary excited state lifetime
observed in the TAS.

Our theoretical reproduction of the absorption spectrum for
Y6 crystal suggests the presence of a continuum of hybridised
FE and CT states, which is responsible for the significant broad-
ening, and some of the red-shift, of the absorption spectrum
when moving from solution to the thin-film environment. To
test this hypothesis, we have investigated the pump wavelength
dependence of the Y6 film TAS. We have selected four further
pump wavelengths to excite different energetic regions in the
Y6 absorption spectrum: 500 nm (2.48 eV), 650 nm (1.91 eV),
870 nm (1.43 eV), and 950 nm (1.31 eV), as shown in Fig. 5. Exci-
tation at 500 and 650 nm is expected to pump higher lying FE-
CT hybrid states, whilst 870 nm excitation will excite the lowest
FE-CT transition. By contrast, sub band gap excitation at 950 nm
is expected to pump the tail states present in Y6. We find that
when pumping the higher lying FE-CT transitions at 500 and
650 nm, there is significant sub-picosecond spectral evolution.
This is comparable to the TAS data shown in Fig. 4 with
765 nm (1.62 eV) excitation, where the evolution is particularly
prominent in the regions associated with the Y6 polaron
(�780 nm) and FE-CT hybrid state (�930 nm) PIAs, but even
more pronounced. Curiously, the rapid spectral evolution is
reduced, but still present, with 870 nm excitation. The spectral
shape only becomes largely invariant at all measured time points
when exciting in the absorption tail at 950 nm. This difference is
further highlighted in Fig. S22, where the excitation energy-
dependent spectra in the early (0.3–0.4 ps) and late (10–20 ps)
time regimes are compared. In the early time regime, higher
pump photon energies result in an enhanced intensity on the
blue edge of the primary GSB peak around 800 nm and a more
intense 930 nm PIA. In other words, the TAS spectrum shows
the presence of more FE-CT hybrid states with a PIA at 930 nm
and fewer polaronic states with a PIA at 780 nm. However, by
10–20 ps, the spectra become identical, indicating that the com-
position of the system is the same at this time regardless of the
initial excitation wavelength. The amount of ultrafast evolution,
317



FIG. 5

Excitation-dependent Y6 100 wt% thin-film visible probe ps-TAS spectra at (a) fluence = 2.26 lJ cm�2 (kpump = 500 nm), (b) fluence = 1.38 lJ cm�2

(kpump = 650 nm), (c) fluence = 0.98 lJ cm�2 (kpump = 870 nm), (d) fluence = 19.5 lJ cm�2 (kpump = 950 nm).

FIG. 6

A schematic representation of the excited state dynamics of Y6 thin-film. To explain the complex Y6 photophysics, we propose presence of two distinct
Frenkel exciton-charge transfer (FE-CT) hybrid excitation manifolds in the neat Y6 film: one that can interact with the polaron pair (PP) states observed
experimentally, and one that cannot. The timescales of the relevant electronic processes occurring in Y6 are also given in the diagram.
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which increases as the excitation photon energy rises, supports
the calculation results of a dense continuum of hybridised FE
and CT states through which the electronic excitation relaxes
on sub-picosecond timescales, before eventually forming the
final state with more polaronic character (see Fig. 6). However,
the continued presence of some spectral evolution with
870 nm excitation, which disappears with 950 nm excitation,
suggests that the state with polaronic PIA signatures is not the
state formed directly when exciting the lowest FE-CT transition
of Y6. This points to the presence of additional, lower energy,
polaronic states in Y6 films, distinct to the FE-CT manifold, that
can only be directly accessed by sub band gap excitation at
950 nm.

Finally, it is necessary to address the unusual behaviour of the
FE-CT hybrid state PIA at 930 nm in the neat Y6 film. Specifically,
two observations: (i) why the FE-CT hybrid states are not fully
converted into the lower energy polaronic states, as seen by the
PIA band at 930 nm retaining �40 % of its initial intensity
beyond the timescales (>2 ps) of the polaronic state formation
(Fig. S20); and (ii) why the PIA signature of the FE-CT hybrid
states is present when directly exciting the polaronic states below
the band gap at 950 nm. To explain these observations, we com-
pare the kinetics taken from the FE-CT hybrid state PIA at 925–
935 nm for the pump wavelength series in Fig. 5. For 500, 650,
765, and 870 nm excitation, there is a clear partial sub-
picosecond quenching of the FE-CT hybrid state PIA as it is con-
verted into the polaronic state. However, with 950 nm excita-
tion, we note that the FE-CT hybrid state PIA instead shows a
slight growth within the first picosecond after excitation, the rise
of which we are likely unable to fully resolve due to the �200 fs
instrument response of this TAS measurement. As lowering the
photon energy by 130 meV is enough to move from exciting
the lowest FE-CT hybrid states to the sub band gap polaronic
states, they are both clearly located close in energy. Thus, we
conclude that the FE-CT hybrid and polaronic states in Y6 are
in a dynamic equilibrium, which is why their PIA signatures
co-exist and there is evidence for their interconversion in the
TAS. A dynamic equilibrium between FE-CT hybrid and pola-
ronic states can also explain the largely identical decay kinetics
seen across all spectral regions after 2.5 ps in Fig. S23, as both
manifolds can share a common dominant (non-radiative) recom-
bination pathway, likely via the polaronic state manifold.

For convenience, we have summarised the proposed states
and their photophysics following optical excitation in Fig. 6.
This revolves around the presence of two distinct FE-CT hybrid
state manifolds, one of which can interact with the polaron pair
(PP; vide infra) states, whilst the other cannot. The former man-
ifold of ‘interacting’ FE-CT states is responsible for the polaron
pair formation and the majority of the (non-radiative) recombi-
nation, whilst the latter ‘isolated’ FE-CT states mediate the
nanosecond fluorescence and fluence-invariant triplet exciton
yield via ISC also observed in neat Y6 films.

The nature of the polaronic states in Y6 films
Our experimental results thus far indicate that most photo-
generated electronic excitations in Y6 eventually form states
with polaronic signatures, independent of the excitation photon
energy. However, we note that such a low-lying polaronic state is
not captured by our computational models based on the crystal
structure data of Y6. Thus, when combined with our experimen-
tal evidence pointing to the presence of a sub band gap polaronic
state, we conclude that polaron formation is not an intrinsic
property of the FE-CT hybrid excitations of Y6 aggregates, but
rather results from regions of the ‘real world’ Y6 film that are
not present in the ‘perfect’ single crystal environment. This
could include defect sites in the molecular packing motif or
boundaries between crystalline domains in the Y6 film. For
example, in a recent report on single-component a-
sexithiophene device that gave a power conversion efficiency
of 2.9 %, a plausible explanation for free polaron generation
was proposed based on electrostatics at the interface between
crystalline domains possessing distinct orientations [20]. It is
possible that a similar electrostatic effects could also be present
in neat Y6 films, as indicated in a recent publication by Fu
et al. [17].

As there is currently significant debate on this topic [7,11,22],
it is important to clarify whether these polarons have a signifi-
cant separation and can be considered free charge carriers (de-
fined as when the electron and hole separation exceeds their
Coulomb capture radius of �5 nm [21] or whether they represent
more tightly bound polaron pair states, potentially located on
neighbouring Y6 molecules. On this point, we first note that
the lifetime of the polaronic states in the TAS of neat Y6 films
is on the order of �300 ps in the fluence-independent regime.
Given the short, sub-nanosecond lifetime, we consider that this
already provides good evidence that the polarons do not achieve
long range charge separation; the free charge carrier lifetimes
reported in organic solar cell blends of PM6:Y6 are on the order
of tens of microseconds in TAS measurements with comparable,
or slightly higher, excitation fluences [12]. Thus, it seems implau-
sible that neat Y6 should also generate polarons that achieve a
separation exceeding the Coulomb capture radius of �5 nm
[21], yet decay four to five orders of magnitude more quickly
than in the PM6:Y6 BHJ. Even when considering that the BHJ
morphology can assist with keeping the electrons and holes
separate.

To better understand the nature of the polaronic states in neat
Y6 films, we turn to magnetic resonance techniques (see Meth-
ods). Magnetic resonance spectroscopies are uniquely sensitive
to the presence of unpaired spins in a sample and are thus well
placed to probe electronic excitations with a non-zero spin, such
as polarons, (triplet) charge transfer states, and molecular triplet
excitons. We begin by exploring Y6 with transient electron para-
magnetic resonance (trEPR) spectroscopy. Fig. 7a shows the trEPR
spectrum of neat Y6 film. The full-field (FF) spectrum (280–
420 mT) corresponds to DmS = ±1 transitions between triplet sub-
levels, whilst the width of the FF signal is a measure of the Zero-
Field Splitting (ZFS) parameter D, which in organic semiconduc-
tors is determined by the dipolar interaction and thus correlated

to the inter-spin distance r (D / r�3) [63]. The D value is given
by D = 940 MHz characteristic for Y6 molecular triplet excitons
[64,65], whilst the eeeaaa polarization pattern (e = emission,
a = absorption) is typical for triplet excitons formed via ISC with
a zero-field population of pz, py, px = 0, 0.66, 0.34. However, it is
319



FIG. 7

Magnetic resonance measurements on neat Y6 films. (a) trEPR spectrum for a neat Y6 film (inset: trEPR spectrum for a neat PBDB-T film). kpump = 532 nm. (b)
PLDMR spectrum of a neat Y6 film kpump = 473 nm. All measurements were performed at T = 10 K.
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pertinent to compare Y6 to other organic semiconductor materi-
als that are known to form a small quantity of free polarons in
neat films, such as conjugated polymers [66]. One example is
the commonly used OPV electron donor polymer PBDB-T [67],
for which the trEPR spectrum is shown in the inset of Fig. 7a.
As well as the broad molecular triplet exciton feature, we also
observe the presence of a narrow feature at �336 mT. The small
width of this feature and the presence of a single peak, as
opposed to a more complex polarisation pattern with several
emissive and absorptive peaks typical of a charge transfer state
[68], indicates that it originates from free polarons. By contrast,
this signature is absent in Y6. Whilst it is worth noting that
the time resolution of trEPR is on the order of hundreds of
nanoseconds and the TAS measurements suggests the majority
of excited state recombination in Y6 occurs sub-nanosecond,
the absence of a polaron signal further suggests that the forma-
tion of long-lived free polarons in Y6 is a negligible pathway fol-
lowing photoexcitation. An even more sensitive magnetic
resonance method with optical detection and cw-light excitation
320
is photoluminescence-detected magnetic resonance (PLDMR).
Fig. 7b shows the PLDMR spectrum of a spin-coated Y6 film.
The same Y6 molecular triplet exciton observed in the trEPR is
also seen here in the pronounced spectral ‘wings’ at �303 and
386 mT. The details of the molecular triplet exciton in the
PLDMR spectrum of Y6, including its link to the strong molecu-
lar ordering face on to the substrate of Y6, has been discussed
previously [65]. However, we also note the presence of a nar-
rower feature aroundg = 2. The linewidth of this feature in neat
Y6 is 2.5 mT (see EasySpin simulations, Fig. S25 and Table S9),
which is comparable to reports of charge transfer states located
at the donor:acceptor interface in OPV blends, such as PM6:Y6
or PBDB-T:Y6 [65]. By contrast, the PLDMR of neat polymers that
showed free polaron features in trEPR, such as PBDB-T, have a

smaller linewidth of 1.0 – 1.4 mT (as D / r�3, a small change
in linewidth correlates to a significant difference in the interspin
distance, r) [65]. Note that for weakly-interacting spins, the two
transitions probed in PLDMR between the ms ¼ 0andms � 1 sub-
levels of the (triplet) charge transfer state (equivalent to the



R
ES

EA
R
C
H
:
O
ri
g
in
al

R
es
ea

rc
h

Materials Today d Volume 80 d November 2024 RESEARCH
polaron pair state discussed here for Y6), will merge and appear
as a single inhomogeneously broadened Gaussian curve [65].
Thus, when considered together with the absorption signatures
of polaronic states in the TAS and the absence of free polarons
in the trEPR, the PLDMR results suggest that the polaronic states
present in neat Y6 may be polaron pairs with a small intermolec-
ular separation. However, further PLDMR studies are required to
identify the precise nature of the polaronic states in Y6 and their
paramagnetic properties, which are beyond the scope of this
work. Based on the present evidence, whilst it is plausible that
these polaron pair states may possess a reduced binding energy
that renders them more susceptible to separation in a single-
component Y6 OPV device, potentially at the interface with
the hole and/or electron transport layers or assisted by an electric
field applied across the device, we conclude that free polarons are
likely not the primary photoexcitation in neat Y6 films.
Conclusions
We have shown that high-quality electronic structure calcula-
tions combined with a reliable description of the environmental
response, both in solution and in the solid state, account for the
experimentally observed spectral changes upon crystallization in
the archetypic NFA Y6. Notably, this degree of accuracy is only
possible when the energetics of the CT excitations and their mix-
ing with other states is considered. We demonstrated in this way
that two major effects are responsible for the observed red-shift
going from Y6 solution to its thin-film-phase: (i) strong mixing
between closely spaced diabatic FE and intermolecular CT states
(with an energy off-set for the closest contact pair being �0.1 eV
in Y6); (ii) a sizable solution-to-crystal shift going from chloro-
form solution to solid-state Y6, which we calculate to be about
0.16 eV. We have shown that the steady-state optical features
of Y6 upon aggregation are strongly influenced by the strength
of the intermolecular interactions, for instance the shape and rel-
ative intensity of the vibronic shoulder compared to the main
absorption band as well as the broadening of the Y6 thin-film
spectrum compared to the solution counterpart are directly a
consequence of the formation of hybrid FE-CT states.

We have provided experimental evidence for the proposed
hybridisation of FE and CT states in Y6 by probing the pump
wavelength dependence of the excited state dynamics using
TAS. At higher photon energies, there is an increase in the sub-
picosecond relaxation effects in the Y6 film, which we attribute
to the relaxation of the electronic excitations down the dense
manifold of FE-CT hybrid states predicted computationally.
However, TAS also reveals the existence of a polaronic state
below the lowest FE-CT state, which can be directly accessed by
excitation below the band gap of Y6 at 950 nm. We further find
evidence that the FE-CT hybrid and polaronic states are in a
dynamic equilibrium, as exciting the polaronic states at
950 nm leads to the delayed formation of FE-CT hybrid state sig-
natures in the TAS. However, the short (�300 ps) lifetime of
these polaronic states, combined with the absence of any fea-
tures expected for free polarons in magnetic resonance spec-
troscopy measurements, suggests that most of these states are
bound polaron-pairs, likely located on neighbouring Y6 mole-
cules. The absence of such a polaron pair state in our high-
quality electronic structure calculations further implies that the
presence of polaronic states is related to factors not captured by
the ‘perfect’ single crystal environment, such as defect sites or
interfaces between crystalline domains.

Considerations made in this work, which led us to unravel
important electronic and spectroscopic features of Y6, likely
apply more broadly to other NFAs within the Y-family. For
instance, due to the specific and complex crystal packing, the
effects of textbook H- and J-like excitonic interactions on the
spectral features of the solid-state phase of these NFAs are
expected to cancel out. This most probably leads to other factors
(FE and CT states hybridization, environmental effects) being
responsible for the peculiar electronic properties and photo-
physics of Y-family systems, as we have found here for the arche-
typic Y6. For the continued development of Y-series NFAs, we
propose that the field should focus on further understanding
the relationship between solid-state packing motifs, interaction
networks, delocalization of exciton and charges and environ-
mental effects. For example, by examining the impact of differ-
ent chemical modifications to the molecular backbone of Y-
series materials on the solid-state morphology, electronic proper-
ties, and excited state dynamics. Moving forward, explicit time-
dependent propagation of coupled electron-nuclear motion
through non-adiabatic molecular dynamic simulations
[18,69,70] on realistic and more complex nano-scale microstruc-
tures could help us achieve this goal. By leveraging these
structure-properties relationships, the optical and electronic
properties of the NFA can be effectively controlled, potentially
yielding new Y-series NFA materials that can drive power conver-
sion efficiencies toward the elusive 20 % milestone.

Methods
Frenkel-Holstein Hamiltonian
To model optical properties and electronic states of tightly
packed molecular aggregates with excited states of different char-
acters, i.e., FE and CT states, in the presence of local vibronic cou-
pling to effective vibrational modes for hole, electron and
excitonic states, we utilized the following Frenkel-Holstein-type
Hamiltonian written as:

H ¼ HFE þHCT þHFE�CT þHN þHFE�N þHCT�N: ð1Þ

HFE represents the Frenkel-exciton block which describes the
interactions between bound electron-hole pair residing on the
same molecular site k. This can be written as:

HFE ¼
X

k
E solð Þ
S0!S1

þ D0�0

� �
ekj ihekj þ

X
k;l
Vkl ekj ihelj: ð2Þ

Here, the energy of a local Frenkel exciton ( ekj i), in the crystal is

given by EðcryÞ
FE ¼ E solð Þ

S0!S1
þ D0�0, where E solð Þ

S0!S1
is the energy of the

electronic transition in solution and D0�0 is the solution-to-
crystal shift (which is a negative shift). The off-diagonal elements
of this block are the excitonic couplings, Vkl, which describe the
interactions between tightly bound electron-hole pair sitting
either on molecules k or l and allow for excitation energy transfer
between the two. These couplings are dominated by the Coulom-
bic interaction between the transition densities of the two mole-

cules. The magnitude of such an interaction scale as r�3, where r is
the intermolecular distance. We refer to Section S6 for a detailed
321
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explanation of how all these terms are calculated in practice using
a combination of TDDFT and accurate BSE calculations.

The second term HCT represents the charge transfer Hamilto-
nian which describe the interactions between charge transfer
excitons. This is written as:

HCT ¼ P
k;s–0 ECT rsð Þð Þ ak; ckþsj ihak; ckþsj

þP
k;s–0;s0–0th s� s0ð Þ ak; ckþsj ihak; ckþs0j

þP
k;s–0;s0–0te s� s0ð Þ akþs; ckj ihakþs0; ckj

ð3Þ

where the ak; ckþsj i denotes the charge transfer exciton where the
cationic (anionic state) is located on the site k, while the hole (ca-
tionic state) is on molecule l located at distance s from the first
molecule. The vectors s and s0 denote the electron/hole separation
(in lattice units) and are restricted to nonzero values. When s ¼ 0
the electron and hole are located on the same molecule resulting
in a FE excitation. ECT rsð Þ is the energy of the charge transfer state
and it is determined in this work as described in Section S9. This
term is defined by the Coulomb binding energy of hole and elec-
tron at a given distance rs. ECT rsð Þ is therefore the smallest when
the interacting hole and electron reside on the closest crystal pair
and the energy difference of this (diabatic) state with respect to

EðcryÞ
S0!S1

determines the energy offset (Doffset) between FE and CT

states.
CT excitons couple to one another via electron and hole

transfer integrals, te and th, respectively. The charge transfer inte-
grals are a result of the interactions between either the HOMO
orbitals or the LUMO orbitals of two interacting chromophores,
and they are influenced by the extent of spatial overlap between
them. Consequently, the coupling decreases exponentially as the
distance between the chromophores increases, and it is typically
noteworthy only for closely interacting molecules (e.g., nearest
neighbours). See Section S7 for details of the actual computation
of these terms. The mixing between FE and CT excitons is given
by the Hamiltonian block HFE�CT which is written as:

HFE�CT ¼ P
k;s–0Dh sð Þ ekj ihak; ckþsj þ h:c:

þP
k;s–0De sð Þ ekj ihakþs; ckj þ h:c:

ð4Þ

where De sð Þ and Dh sð Þ are the photoinduced electron and hole
transfer interactions, respectively, which couple FE and CT states,
and where h.c. stands for the Hermitian conjugate. This Hamilto-
nian block is crucial because it allows dark CT states to borrow
oscillator strength from bright FE. This, in turn, significantly
impacts the optical properties of the aggregate. It is worth notic-
ing that as carefully described in Ref. [71], De sð Þ and Dh sð Þ are
not strictly the same as te and th, since additional exchange-like
terms appear in the expression of the former couplings. However,
the leading contribution in the calculation of De sð Þ and Dh sð Þ is
related to the one-electron terms (Fock matrix elements) involv-
ing the interaction of LUMO orbitals for the former and HOMO
orbitals for the latter as it is the case for te and th. Consequently,
these terms decay exponentially with the distance between donor
and acceptor sites as well.

Nuclear degrees of freedoms are also accounted for in our
Hamiltonian. The electronic excitations (i.e., the formation of
anionic, cationic and excitonic states) are characterized by a
strong coupling with high-frequency vibrational modes (which
are represented here by a single effective mode with effective
322
energy �hxeff, to make the problem computationally feasible).
This vibronic interaction is responsible for the pronounced
vibronic progression observed in the spectra. HN describes the
nuclear energy and it is written as:

HN ¼ �hxeff

X
k
bykbk ð5Þ

where byk and bk are the common creation and annihilation oper-
ators associated with a quantum harmonic oscillator. Here, we
have assumed that both excited and ground states to have the
same curvature and we have also omitted the zero-point energy,
which is uniform for all molecules. This exclusion does not
impact our findings since we are focusing on the energy differ-
ences between the eigenstates.

Finally, the coupling between electron and nuclei is given by
HFE�N and HCT�N terms written as:

HFE�N ¼ �hxeff

ffiffiffiffiffi
Se

p X
k
ðbyk þ bk þ

ffiffiffiffiffi
Se

p
Þ ekj ihekj ð6Þ

and

HCT�N ¼ �hxeff

ffiffiffiffiffi
Sa

p X
k;s–0

ðbyk þ bk þ
ffiffiffiffiffi
Sa

p
Þ ak; ckþsj ihak; ckþsj

þ �hxeff

ffiffiffiffiffi
Sc

p X
k;s–0

ðbykþs þ bkþs þ
ffiffiffiffiffi
Sc

p
Þ a; ckþsj ihak; ckþsj ð7Þ

where Se;c;a are the Huang-Rhys factors of the excitonic, cationic
and anionic states, respectively, related to the displacement
(de;c;a) of the excited state potential (i.e., anionic, cationic or exci-
tonic) with respect to the ground state. As described in Section S3,

Se;c;a ¼ krele;c;a
�hxeff

¼ mxeffde;c;a
2

2�h . In Eq. (7) the first summation accounts for

vibronic coupling to cationic states while the second term
accounts for the vibronic coupling to anionic states.

The Hamiltonian matrix is expressed in a multi-particle basis
set, which is commonly truncated to two particle states referred
to as the two particle approximation (TPA), and numerically
diagonalized [31,32]. Such a basis set has been extensively used
by Spano et al. [31,32] to represent the low energy eigenstates
of the Hamiltonian in the regimes of weak and intermediate elec-
tronic coupling. In this basis, the eigenstate j of the Hamiltonian
can be written as:

jW jð Þi ¼
X
k

Xmmax

m�¼0

c jð Þ
k;m� ek; m

�
k

��� i þ
X
k

X
l–k

Xmmax�1

m�¼0

�
Xmmax�m�

m¼1

c jð Þ
k;m� ;l;mjek; m

�
k; gl; mli þ

X
k

X
l–k

Xmmax

m�þ¼0

�
Xmmax

m��¼0

d jð Þ
k;m�� ;l;m�þ jak; m�

�
k ; cl; m

�þ
l i ð8Þ

where the first two terms correspond to one- and two-particle FE

excitations, respectively, with m
�
and m representing the vibrational

energy levels in the shifted excited state potential and ground
state potential respectively. While the last term introduces two-

particle charge transfer states in which m
�þ

, vibrational quanta

reside on the cation and m
��

vibrational quanta reside on the
anion. A detail description of the computation of the different
parameters is provided in SI along with the related level of theory
used for each parameter.
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General simulation details
Electronic structure calculations have been performed for the tri-
clinic Y6 unit cell reported by Xiao et al. [36] Due to the very
large thermal ellipsoids of the published structure, bond lengths
and angles of individual molecules have been optimized (as
described in Section S1). Y6 alkyl side chains have been replaced
by methyl groups in all TDDFT and many-body calculations.

The polarizable continuum model (PCM) has been used to
describe Y6 in solution [24], using the geometries optimized in
each specific solvent. Solid-state calculations considered electro-
static and dielectric embedding in the infinite bulk limit,
described at the atomistic level [24,25]. The classical (MM) envi-
ronment has been described with the induced-dipole model
implemented in the MESCal code [29], parameterized with polar-
izability tensor and atomic charges (ESP scheme) computed with
TDDFT. The classical dielectric response of alkyl side chains, not
provided in the experimental crystal structure [36], has been
modelled with a grid of polarizable points occupying the corre-
sponding cavity and bearing the polarizability of the replaced
alkyl chains. The static dielectric tensor of the Y6 triclinic unit
cell, built as in Section S1, has been computed with a microelec-
trostatic (ME) model by applying a uniform electric field along
the three Cartesian directions, as explained in Ref. [29] It has
been previously shown that ME calculations, performed with
the MESCal code, provide accurate values of the susceptibility
tensor for crystal and molecular films. We refer the interested
reader to Ref. [72].

The Frenkel-Holstein Hamiltonian in Eq. (1) has been con-
structed for Y6 crystal using a combination of embedded
many-body GW/BSE/MM (for the site-energies) and TDDFT (for
the electronic interactions) as described in the main text and fur-
ther detailed below. The converged Hamiltonian is constructed
for 3x3x3 cell size and using 3 vibrational quanta for all elec-
tronic excitations (FE and CT states). Periodic boundary condi-
tions are taken into account using a minimum image
convention for all the electronic interactions. Convergence with
respect to different parameters used in the Hamiltonian is pre-
sented in Fig. S9.

Embedded many-body GW/BSE and time dependent density
functional theory
Embedded many-body GW and BSE calculations have been per-
formed with the FIESTA and beDeft codes [73,74]) adopting the
formalism described in the original papers [24,25]. Kohn-Sham
orbitals have been computed at the PBE0/6-311G(d) level of the-
ory with the ORCA package [75]. Many-body calculations
employed resolution-of-the-identity (RI-V) techniques [76],
using the universal Weigend Coulomb fitting basis set [77].
Quasiparticle energies have been computed with a self-
consistent scheme on eigenvalues (evGW), correcting one (two)
occupied and unoccupied levels for a Y6 molecule (dimer). Neu-
tral singlet excitations have been obtained at the full BSE level,
using an active space constructed by occupied-virtual transitions
between states within 15 eV from the corresponding band edge.
Solid-state BSE/GW/MM calculations have been performed for
the different QM/MM partitioning schemes, namely considering
as QM region: (i) each of the two symmetry-unique Y6 molecules
in the crystal (results in Tables S4 and S5; (ii) eight Y6 dimers
chosen among the closest distance pairs (results in Table S7).
The latter have been used to parameterize the model Hamilto-
nian for CT excited states energy of the crystal as explained in
Section S9.

The electronic couplings, vibrational analysis and other
parameters are computed using TDDFT. Specifically, we used an
optimally-tuned (OT) range-separated hybrid (RSH) functional,
unless stated otherwise. The tuning procedure adopted in this
work with the LC-xhPBE functional and the 6-311G(d,p) basis
set is described in Section S2 and the OT x value was found at
0.101 Bohr�1 for the Y6 molecule [78]. With such a level of the-
ory, excitonic couplings are computed using the multi-state dia-
batization fragment excitation energy difference-fragment
charge difference (MS-FED-FCD) approach [53,79,80]. The elec-
tronic charge transfer couplings were calculated instead with
the projection operator diabatization approach (POD) [81–83].
Both these approaches are briefly described in Sections S6 and S7.

Optical steady-state absorption
The steady-state absorption spectra of Y6 in chloroform and
toluene solution has been recorded using a high-performance
quartz cuvette (Hellma Analytics). The absorption spectrum has
been determined via a transmission measurement using an
UV–Vis-NIR spectrometer (Agilent Technologies Cary 5000 Ser-
ies). The concentration of Y6 has been determined by diluting
the solution so that the signal was not saturated as well as invari-
ant under consecutive dilutions.

The film spectra have been obtained using a combination of
reflection-transmission measurements using an integrating
sphere, and reverse transfer matrix modelling approach devel-
oped by Kerremans et al. to obtain the optical constants of the
films [40]. Three separate films with different thicknesses have
been fabricated from chloroform solvent. This was done by spin
casting the material on borosilicate glass substrates at 2000 rpm.
All films were annealed at 120 �C. The different thicknesses have
been obtained by dissolving the Y6 in solutions with different
concentrations. The processing parameters and sample thick-
nesses are listed in Table S8, and the reverse transfer matrix mod-
elling described more in details in Section S12. Sample
thicknesses have been measured using a profilometer (Bruker
DekTakXT).

Transient absorption spectroscopy
TAS has been performed on either one of two experimental set-
ups. The femtosecond TAS in the IR region (1200–1600 nm)
has been performed on a setup powered using a commercially
available Ti:sapphire amplifier (Spectra Physics Solstice Ace).
The amplifier operates at 1 kHz and generates 100 fs pulses cen-
tred at 800 nm with an output of 7 W. A portion of the laser fun-
damental was used for sample excitation at 800 nm. The
broadband infrared probe pulse used in the femtosecond TAS
measurements is provided by a home built non-colinear optical
parametric amplifier (NOPA). The probe pulses are collected with
an InGaAs dual-line array detector (Hamamatsu G11608-512DA),
driven and read out by a custom-built board from Stresing
Entwicklungsbüro. The probe beam has been split into two iden-
tical beams by a 50/50 beamsplitter. This allowed for the use of a
second reference beam which also passes through the sample but
323
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does not interact with the pump. The role of the reference was to
correct for any shot-to-shot fluctuations in the probe that would
otherwise greatly increase the structured noise in our
experiments.

For the 500–950 nm continuous probe region TAS, a Yb
amplifier (PHAROS, Light Conversion), operating at 38 kHz
and generating 200 fs pulses centred at 1030 nm with an output
of 14.5 W has been used. The �200 fs pump pulse was provided
by an optical parametric amplifier (Light Conversion ORPHEUS).
The probe is provided by a white light supercontinuum gener-
ated in a YAG crystal from a small amount of the 1030 nm fun-
damental. After passing through the sample, the probe is imaged
using a Si photodiode array (Hamamatsu S11490).

Magnetic resonance spectroscopies
Photoluminescence-detected magnetic resonance (PLDMR) and
transient electron paramagnetic resonance (trEPR) experiments
were carried out with a modified X-band spectrometer (Bruker
E300) equipped with a continuous-flow helium cryostat (Oxford
ESR 900) and a microwave cavity (Bruker ER4104OR, 9.43 GHz)
with optical access. All measurements have been performed at
T = 10 K.

For PLDMR, microwaves have been generated with a micro-
wave signal generator (Anritsu MG3694C), amplified to 3 W (mi-
crosemi) and guided into the cavity. Optical irradiation has been
performed with a 473 nm continuous wave laser (Cobolt). PL has
been detected with a silicon photodiode (Hamamatsu S2281) on
the opposite opening of the cavity, using a 561 nm longpass fil-
ter to reject the excitation light. The PL signal has been amplified
by a current/voltage amplifier (Femto DHPCA-100) and recorded
by lock-in detector (Ametek SR 7230), referenced by on–off-
modulating the microwaves with 517 Hz.

For trEPR, pulsed optical excitation has been performed with a
Nd:YAG laser (ContinuumMinilite II) with 532 nm; pulse length
of 5 ns; 15 Hz repetition rate; 2 mJ per pulse. Microwaves have
been generated and detected with a microwave bridge (Bruker
ER047MRP). Measurements have been performed with 20 dB
attenuation (2 mW). A voltage amplifier (FEMTO DHPVA-200)
and a digitizer card (GaGe Razor Express 1642 CompuScope)
have been used for transient recording. The time resolution is
limited to �100 ns by the cavity Q factor of around 2800. By
sweeping the magnetic field, two-dimensional data sets are
recorded, where trEPR spectra are averaged from 0.5–1.5 ms after
laser excitation.

Spectroelectrochemistry
For the spectroelectrochemical samples, a 16 mg/mL solution of
Y6 dissolved in chloroform was prepared and then stirred over-
night at 45 �C under an inert nitrogen atmosphere. ITO coated
glass substrates were sonicated in deionized water, acetone, and
then isopropyl alcohol for 10 min each, and then were plasma
ashed with O2 plasma for 10 min. The Y6 films were spin coated
at 1500 rpm for 70 s and then annealed for 20 min at 100 �C and
left to cool until they were below 60 �C.

Cyclic voltammetry was conducted using a three-electrode
setup, with the Y6 film as the working electrode, a Pt wire coun-
ter electrode, and an oxidized Ag wire reference electrode. For the
oxidation measurements, a 0.1 M TBAPF6 solution in MeCN was
324
used as the electrolyte. A PalmSens4 was used to run the electro-
chemical measurement. The electrochemical setup was placed
inside a quartz cuvette, and the Y6 film was aligned in the beam
path of a Bruker VERTEX 70v FT-IR spectrometer fitted with a
Bruker DigiTect Mid-Infrared deuterated L-alanine doped trigly-
cine sulphate (DLaTGS) detector with a KBr window. Scans were
taken with a resolution of 4 cm�1, aperture size of 3.5 mm, and
scanner velocity of 5 kHz using the NIR source of the
spectrometer.

Raman and ATR-FTIR experiments
To perform Raman measurements, samples were prepared by
drop-casting onto calcium fluoride substrates from the same
10 mg mL�1 precursor solution as was used for the spin-coated
samples. Drop-casting was necessary in order to achieve suffi-
cient film thickness to yield a good SNR; Raman-grade calcium
fluoride substrates, with a single characteristic peak at
321 cm�1 were required in order to give a clean, unstructured
background signal and hence reliable spectra. All spectra were
measured on a Raman microscope (Horiba T64000) with
532 nm excitation. Wavenumber calibration was achieved by
indexing the characteristic 520.7 cm�1 Raman peak of a crys-
talline silicon wafer.

To perform attenuated total reflectance (ATR-FTIR) measure-
ments, samples were prepared by spin-coating onto borosilicate
float-glass substrates as described above. ATR-FTIR spectra were
measured on an FTIR spectrometer (Bruker VERTEX 70v with
ATR attachment). Additional details on the specific experimental
adjustments are given in Section S13.
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