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Closing the efficiency gap between organic solar cells and their inorganic and perovskite counterparts
requires a detailed understanding of the exciton dissociation and charge separation processes, energy
loss mechanisms, and influence of disorder effects. In addition, the roles played by excitations
delocalized over two or more (macro)molecules and by localized triplet states remain to be well-
defined. To address these issues, we have combined molecular dynamics simulations with density
functional theory calculations to provide a comprehensive analysis of charge generation and charge
recombination in the representative PM6:Y6 blend, describe loss mechanisms, and assess the influence
of disorder on the electronic processes. The results allowed the identification of Y6 excimer-like states
that can efficiently dissociate into states with hole—electron separation distances larger than those in
conventional donor:acceptor interfacial charge-transfer states. They also point to the appearance of

Received 23rd August 2024, low-energy defect states upon formation of Y6 twisted conformations, which can negatively impact the
Accepted 3rd December 2024 Y6 chemical stability and device performance. Importantly, it is found that the local triplet states formed
DOI: 10.1039/d4ee03815k via non-geminate recombination can efficiently transfer back to triplet CT states, opening the way to

eventual dissociation into free charges. Overall, our work provides valuable insight into the charge
rsc.li/ees dynamics within PM6:Y6 active layers.

Broader context

Significant progress has recently been achieved in the field of organic photovoltaics thanks to the emergence of non-fullerene molecular acceptors. Power
conversion efficiencies of organic solar cells (OSCs) now reach the 20% mark, which is nearly double the top efficiency of fullerene-based devices but remains
significantly below the performance of inorganic and perovskite devices, which exceeds 25% efficiency. Closing this efficiency gap demands to develop a
complete understanding of the fundamental electronic processes taking place in the OSC active layers and therefore to address simultaneously the key aspects
related to exciton dissociation, charge separation, energy loss mechanisms, formation of triplet electronic states, delocalization of singlet excitons, and role of
disorder and defect states. Here, by considering the widely studied PM6:Y6 blend as a model system and combining molecular dynamics simulations with
density functional theory calculations, our theoretical work brings forth the required comprehensive description of all these key aspects. Thus, our study offers
unprecedented insight and guidance for ongoing efforts to enhance both the efficiency and stability of OSCs.

1. Introduction garnered considerable attention in the field of organic
photovoltaics."® Single-junction PM6:Y6 organic solar cells (OSCs)
Donor:acceptor (D:A) blends comprising the PM6 donor poly- have represented an important stepping stone in the quest for
mer and the Y6 non-fullerene acceptor (NFA) (see Fig. 1a) have high power conversion efficiencies (PCEs), as they reached PCEs
up to ~15.7% with notable metrics including a high short-circuit
Department of Chemistry and Biochemistry, The University of Arizona, Tucson, current density USC) of 25.3 mA Cm727 an open-circuit voltage (VOC)
Arizona 85721-0041, USA. E-mail: coropceanu@arizona.edu, jlbredas@arizona.ede  of 0.83 V, and a fill factor (FF) of 74.8%."® This remarkable
+ Electronic supplementary information (ESI) available: Computational details; performance has been attributed namely to a negligible barrier
distribution of the singlet and triplet energies of Y6 and 2Y6; distribution of ¢ charge separation combined with a low density of traps within
charges for singlet and triplet states in PM6:Y6, PM6:2Y6, and 2Y6, singlet and . 1910 . .
triplet energies and their LE(EX) or CT nature; disorders; origin of the defect the material. ™ Subsequent efforts focused on chemical modifica-
states; distributions of electronic couplings; parameters for rate calculations; and tions of Y6 to further enhance the PCE. A number of modified
other relevant data. See DOI: https://doi.org/10.1039/d4ee03815k versions of Y6, such as N3,'* Y11, Y18,"® BTP-eC9,'* and L8-BO,"”
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among others, have been developed; devices based on PM6 and
these modified versions exhibit efficiencies reaching and now even
surpassing 20% when incorporated into more complex active-
layers, such as ternary blends."**® These advancements under-
score the potential for continued progress and optimization in the
organic photovoltaics arena.'®°

The introduction of NFAs helped significantly reduce the
non-radiative voltage losses (AVy,), from 0.4-0.6 eV in fullerene-
based OSCs>"** to, for instance, 0.25 (ref. 15)-0.27 eV (ref. 6) in
PM6:Y6, 0.24 V in PM6:L8-BO," 0.17 V in PM6:Y11,>® or 0.15 V
in PBDB-T:SM16.>* These values, however, are still larger than
those observed in GaAs (AVy, = 0.027 V)*® and perovskite (AV,, =
0.034 V) solar cells whose PCEs are greater than 25%.7%%” 1t is
worth noting that V,. in GaAs devices is 1.12 V, while it does not
exceed 0.9 V in the best performing 0SCs.'®*® These lower V.
values are not only related to non-radiative voltage losses but
also to the respective values of the active-layer donor ionization
potential and acceptor electron affinity. In addition, the Js. and
FF values in GaAs solar cells are 29.8 mA cm ™ and 87.7%,
respectively.”®*° While OSCs with J,. over 29 mA cm™ > and FF of
about 82% have also been reported, they have not been
obtained simultaneously in the same device.***" Therefore, to
make OSCs more competitive with respect to inorganic and
perovskite solar cells, it goes without saying that a further
increase in V,. should be achieved in concert with an increase
in the device Js. and FF parameters.*> To realize this goal, it is
essential to gain a comprehensive understanding of the charge
generation and recombination processes in OSCs. In this con-
text, being able to answer the following questions is of special
interest: (i) what are the main factors controlling charge
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generation and charge recombination? (ii) Are there other
electronic states that impact exciton dissociation in addition
to the commonly invoked local (i.e., monomolecular) excita-
tions (LEs) and interfacial charge-transfer (CT) states? (iii) What
is the impact of the presence of low-energy LE triplet states?

In this work, to shed more light on these questions, we
performed a comprehensive computational analysis of the charge
generation and recombination processes in the PM6:Y6 blend. We
conducted molecular dynamics (MD) simulations on the blend
(see Fig. 1b), followed by time-dependent long-range corrected
density functional theory (TD-DFT) calculations on molecular
complexes comprising a PM6 oligomer and initially a single Y6
molecule (see Fig. 1c), to explore their excited-state electronic
properties. Furthermore, to address the influence of Y6-Y6 inter-
actions on the electronic processes, we expanded our investiga-
tions to include complexes, referred to as PM6:2Y6, consisting of a
PMS6 oligomer and two Y6 molecules (see Fig. 1d). Importantly, we
also investigated the impact of the formation of Y6 triplet states on
free-charge formation.

2. Results and discussion
(i) Active-layer morphology of the PM6:Y6 blend

We first focus on the active-layer morphology of the PM6:Y6
blend. This exploration is a crucial component as several
critical processes, including exciton diffusion and dissociation,
charge carrier transport, and charge recombination strongly
depend on the morphological characteristics.**® Fig. 1b gives
an illustration of the active-layer morphology as obtained from

. dc-c=11.82A
de-c=11.48A

dc-c=10.66 A

Fig. 1

.

dc-c=6.35A dcc-1539A
dc- c-1549A de-c=13. 73A

(a) Chemical structures of the PM6 polymer donor and Y6 acceptor. (b) Snapshot of a molecular dynamics (MD) simulation of the PM6:Y6 blend,

consisting of 10 twenty-mer PM6 chains and 200 Y6 molecules. PM6 chains are shown in red and Y6 molecules, in blue. Representative donor—acceptor
pairs extracted from the MD simulations, along with the corresponding center-of-mass to center-of-mass distances (d._.) between PM6 and Y6, shown

for (c) PM6:Y6 and (d) PM6:2Y6 configurations.
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the MD simulations of a blend consisting of 10 twenty-mer of
PM6 and 200 Y6 molecules (see the computational details in the
ESIT). To remain unbiased with respect to the initial configu-
ration, we conducted three independent MD simulations and
combined the results from all three simulations for our
quantum-mechanical calculations. We note here that our simu-
lations primarily focus on the interface between PM6 and Y6,
while actual devices often contain crystalline domains of Y6 and
aggregated PM6 chains, which can impact the overall electronic
processes and thereby contribute to device performance.

To analyze the electronic processes occurring at the interfaces
between the PM6 and Y6 domains in the blend, we extracted
3000 PM6:Y6 complexes from the MD simulated morphologies
(i.e., 1000 extracted from each simulation box) consisting of a
dimeric-PM6 unit and a Y6 molecule (see Fig. 1c). Additionally,
we extracted 1500 PM6:2Y6 complexes (500 complexes from each
simulation box), consisting of a dimeric-PM6 unit and two Y6
molecules (see Fig. 1d). Subsequent excited-state calculations on
these pairs were performed at the ®B97X-D/6-31G(d,p) level of
theory with an implicit consideration of the medium dielectric
(¢ = 3.0), see Section SA in the ESIt for computation details. For
the sake of comparison, excited-state calculations were also
performed on the Y6 monomers and Y6 dimers involved in the
investigated PM6:Y6 and PM6:2Y6 complexes (see Sections SB
and SD in the ESIt). The variations in geometric configurations
of the complexes will lead to distributions of state energies,
which we discuss below.

(if) Singlet and triplet excited states in the PM6:Y6 complexes

To facilitate the discussion of the underlying electronic pro-
cesses, we first assigned the states in the singlet and triplet
manifolds (see Section SC and Fig. S3 in the in the ESIt) as LE,
CT, and hybrid LE-CT states. The assignment relied on a
fragment-charge difference (FCD) approach that quantifies the
extent of charge transfer within the state (referred to as q), as
shown in Fig. 2 (see also Fig. S4 and S5 in the ESIt). The g values
close to 0 indicate a predominantly LE state, while values
approaching 1 point to a CT state where an electron is located
on a Y6 molecule and a hole on PM6. We have arbitrarily set a
threshold of g < 0.1 to identify LE states and values of g > 0.9 for
CT states, while intermediate values of g represent LE-CT hybrid
states. We note that the overall classification of the states as LE
and CT hardly changes if the threshold value of g is set to g < 0.2
for LE states and g > 0.8 for CT states (see Table S2 in the ESIT).

As shown in Fig. 2, about 83% of the D:A complexes have a q
value >0.9 in the S; state, indicating a CT character (‘CTy),
while the lowest singlet LE states (‘LE,) primarily appear in S,
(~43% of D:A complexes) and Sz (~20% of D:A complexes), see
Fig. S4 and Table S2 in the ESIf for further details. Interest-
ingly, when turning to the triplet manifold, all the T, states in
the PM6:Y6 complexes possess a g value <0.1, underlining that
they are LE triplet (°LE,) states; these triplet LE states are
located on Y6. The second LE triplet (*LE,) states are coming
from the T, states (~57%) and T; states (~22%) of the PM6:Y6
complexes. Conversely, the lowest-lying triplet CT states (*CTy)
are predominantly arising from the T states (57%) with an

This journal is © The Royal Society of Chemistry 2025
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additional contribution of about 22% from the T, states of the
complexes.

Here, we are mostly interested in the recombination pro-
cesses and will only consider the LE states located on Y6.
Indeed, the S; state in PM6 is located about 0.4 eV above that
in Y6 and experimental data suggest that the S; state in PM6
decays mostly via energy transfer to Y6 excitons.****® The
energy distributions of the lowest (singlet and triplet) LE and
CT states are shown in Fig. 3; all these distributions (which we
recall are related to the variations in geometric configurations
of the complexes in the blend) turn out to exhibit Gaussian
shapes whose standard deviations are summarized in Table S3
(ESIY). It should be borne in mind that the energy distributions
derived from the MD/TDA-DFT calculations account for both
static and dynamic disorder contributions;***"** the impact of
disorder on the various electronic processes will be discussed
in a later section.

As shown in Fig. 3a, the lowest singlet LE, states, localized
on Y6 (see Fig. S7 and Section SE in the ESI{), have a mean
energy value of 1.84 eV. The energy peak for the 'CT, state
distribution is located 170 meV below that of 'LE, states; based
on electro-absorption measurements, Wan et al. have reported
a value of 140 meV for this AE('LE;~'CT,) energy difference,
which compares well with our theoretical estimate.* We note
that, while the 'LE, and 'CT; distributions only slightly overlap,
the distribution of the second CT singlet states (‘CT,) largely
overlaps with that of the 'LE, states (AE('CT,-'LE;) = 30 meV).

The DFT estimates for the average 'CT and 'LE energies are
somewhat higher than their experimental counterparts, which
are reported to be ca. 1.29 eV and 1.41 eV, respectively;*** this
discrepancy could be attributed to the neglect of electron
delocalization effects in the calculations discussed in this
section (see Section (iv) where we consider the presence of Y6
dimers) and the consideration of too low a dielectric constant
(¢ = 3) when accounting for the medium effect (some recent
experimental data suggest that the dielectric constant in the
PM6:Y6 blend could be larger than 5).**

As mentioned above, there are two distinct triplet Y6-based
LE states, ie., °LE, and °LE,, that are located below the 3CT;
state (see Fig. 3b). The mean energy value of the *CT; state
distribution is about 270 meV higher than that of the *LE,
states but nearly equal to that of the *LE, states. Furthermore,
the mean energy value distribution of the ’LE; states is only
40 meV smaller than that of the 3CT, states. We note that the
*LE, and °LE, states originate from triplet states located on Y6
while the *LE; states originate from PMB6 triplet excitations, see
Fig. S7 in the ESL{ The implication is that, when *CT; states
form due to non-geminate recombination processes, there
should be a clear path for them to fall into Y6-based triplet
LE states, which could then be a major energy-loss mechanism.
We will specifically discuss this aspect below.

The singlet and triplet CT energy distributions indicate that
the mean value of the triplet >*CT; energies is larger by some
20 meV than that of the singlet 'CT; states (see Fig. 3c).
However, this does not mean that the >CT; states are system-
atically located above the ICT, states. In fact, when the state

Energy Environ. Sci., 2025, 18, 841-852 | 843
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Fig. 2 Histogram plots of charges (g) and their distributions as a function of energy for the (a) Sy, (b) S, (c) Ty, and (d) T, states, as obtained over 3000 PM6:Y6
complexes extracted from the MD simulations. The insets in the histogram distributions represent zoomed-in perspectives for the S; and T; states.

energies of the PM6:Y6 complexes are examined individually
(instead of considering their mean distributions), we find that
in most of the complexes (~74%) the *CT; state is in fact
located below the 'CT state, see Fig. 3d (similarly, in the case
of the 'CT, and CT, states, the >CT, state is located below the
CT, state in about ~70% of the complexes, see Fig. S8 in the
ESIt). The appearance of 'CT states below their *CT counter-
parts is related to variations in the D:A electronic couplings, as
documented earlier by Beljonne and co-workers.”

Due to the amorphous nature of the D:A blends, the energy
distributions of the CT and LE states are expected to arise
from a combination of dynamic disorder (op, related to the

844 | Energy Environ. Sci., 2025, 18, 841-852

time-dependent vibrations) and static disorder (s, related to
the time-independent positional disorder).’®*4%43™48 Here,
the op and o5 values were estimated according to the procedure
we previously established (see also Section SC in the ESIt).*"*
The results obtained for both LE and CT singlet and triplet
states are summarized in Table 1 (see also Fig. S9 in the ESI¥).
As follows from Table 1, the CT states exhibit similar degrees of
static and dynamic disorders, which fall into the range of
70-80 meV; on the other hand, the og values for both singlet
and triplet LE states are smaller than 40 meV. These findings
are well supported by recent experimental data: (i) Amassian and
co-workers reported, on the basis of scanning tunneling

This journal is © The Royal Society of Chemistry 2025
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Table 1 Total (o7), dynamic (sp), and static (os) disorders (in eV) as
obtained from the MD/TD-DFT calculations on PM6:Y6 complexes

LE, cTy ‘ct, °LE SLE, °CTy 3CT,
or (€V)  0.08 0.11 0.10 0.07 0.07 0.11 0.09
op (eV)  0.07 0.07 0.07 0.07 0.06  0.08 0.07
os (eV) 0.04 0.08 0.07 0.00 0.02 0.08 0.06

microscopy/spectroscopy measurements, that the magnitudes of
the total and static disorders in the 'CT states probed at the top
surface of PM6:Y6 films are about 110 = 9 meV and 55 + 9 meV,
respectively;*®  (ii) from temperature-dependent mobility
measurement data derived by Shoaee and co-workers one can
estimate a og value of about 80 meV for the CT states.*> We note
that the fact that the static and dynamic disorders have compar-
able magnitudes in the CT states, while in the case of the LE
states the static disorder is lower than the dynamic disorder,
arises from fundamental differences in the spatial characteristics
of the two types of states. The CT states are inter-molecular in
nature (spreading across donor and acceptor molecules) and thus
influenced by both static and dynamic disorders due to their
dependence on inter-molecular interactions; in contrast, the LE
states are localized on Y6 molecules and experience disorder
primarily driven by dynamic intra-molecular fluctuations.

(iii) Appearance of defect states

A surprising finding came out of Fig. 2a, which shows that there
exist, in about 0.4% of the complexes, Y6-localized S, states that
exhibit ¢ < 0.1 values and have energies as low as 1.17 eV. This

This journal is © The Royal Society of Chemistry 2025

energy value is significantly lower than the typical energy of the
S: LE-Y6 states (see Fig. S2 in ESIf). To gain a better under-
standing of the origin of these low-energy states, we conducted an
in-depth investigation of the geometric structure of the Y6
molecules in which they appear. Our analysis revealed that these
states emerge when a terminal moiety of the Y6 molecule is
significantly twisted with respect to its core, as illustrated in Fig. 4
(see also Fig. S10-S13 in the ESI}). Based on a natural transition
orbital (NTO) analysis (which provide a description of the elec-
tron and hole wavefunctions in a given excited electronic state),
we identified that these Y6 lower-energy states exhibit an intra-
molecular charge-transfer character (iY6-CT), see Fig. 4b (as well
as Fig. S11 and Section SC in the ESIt). The large dihedral angles
related to the appearance of these states could occur in the case
of thermal annealing, which facilitates torsional motions and
could lead to trapped twisted conformations. Given that torsions
of this nature can alter the stability of the chemical bond linking
the core and end groups, as reported in a number of NFAs,*>>" it
can be expected that these states act as defect states leading, on
the one hand, to energy-loss mechanisms and, on the other
hand, to reduced chemical stability of the blend, ultimately
contributing to a decrease in device efficiency. Along this line,
Du et al. reported recently that high-temperature thermal anneal-
ing or prolonged annealing durations can indeed negatively
impact the performance of PM6:Y6 solar cells.>”

(iv) Consideration of Y6-dimer excited states

It has been suggested that Y6 inter-molecular excimer-like
states (denoted hereafter as EX) might act as intermediate

Energy Environ. Sci., 2025, 18, 841-852 | 845
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Fig. 4 (a) Ilustration of the torsional motion leading from a nearly
coplanar conformation (bottom) to a twisted conformation (top) of the
Y6 molecule. (b) Natural transition orbital (NTO) for the S; state in a
representative PM6:Y6 pair (extracted from the MD simulations) where
the Y6 has a large torsion (@ = 85°) between its core moiety and one of the
end moieties; the NTO highlights the intra-Y6 CT nature of the state (4
denotes the weight of the particular NTO in the description of the excited
state).

states for exciton dissociation.>® Recent studies have shown
that EX states have a significant CT character and, as a result,
might facilitate exciton dissociation within Y6 domains prior to
the excitons reaching the D:A interface.>*>® Therefore, we
expanded our analysis to account for the influence of Y6-Y6
interactions on the nature of the LE and interfacial CT states.
From our MD simulations, we observe that about 29% of the

(a)
1EX,
g . lch
= - emy
2
k7
o
1.2 1.6 2.0 2.4
Energy (eV)
(c) =
[
2 30.0% 70.0%
2 B
E
o
o
C 1’7] ’ [1 o
-0.02 -0.01 0.00 0.01 0.02 0.03

AE(*CT,-3CT,)

View Article Online

Energy & Environmental Science

PM6:Y6 complexes have a second Y6 molecule positioned near
the initial Y6 molecule. Subsequently, we randomly selected
1500 complexes comprising a PM6 unit and two Y6 molecules
(PM6:2Y6, see Fig. 1d) and conducted the same type of excited-
state calculations as before (see Section SD in ESIt). Again, for
the sake of comparison, excited-state calculations were also
performed on the related Y6-Y6 dimers. The results are pre-
sented in Fig. 5 (see also Fig. S14 and S18 in the ESIf).

As in the case of PM6:Y6 complexes, we first divided the
ensemble of excited states into those localized on Y6 molecules
and those forming donor:acceptor CT states (see Fig. 5a and b).
As seen from the comparison of Fig. 3 and 5, the lowest-lying
Y6-dimer singlet state ('EX;) exhibits a red shift by 120 meV
with respect to the Y6 1LE, state. We note that this feature can
be solely attributed to Y6-Y6 interactions as the same red shift
is observed in the calculations performed on the 2Y6 dimers,
see Fig. 5d. Also, according to the NTO analysis given in Fig. 6
and our previous study,’® the 'EX, state actually represents a
hybridization of Frenkel intra-molecular excitations and Y6
inter-molecular CT excitations. This CT contribution, which is
the dominant contribution in many Y6 'EX; states, is consid-
ered to be the key factor facilitating the separation of charge
carriers.> >

According to our DFT calculations, the formation of 'EX;
states has only a small effect on the lowest singlet and triplet
interfacial CT states (see Fig. 5a, b and Table S3, ESIt). The
energies of these states are red-shifted by about 30-40 meV
when comparing the results obtained for the PM6:Y6 and
PM6:2Y6 complexes. On the other hand, the energy splitting

(b)
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Fig. 5 Normalized energy distributions of the (a) singlet and (b) triplet excimeric states and CT states for the PM6:2Y6 complexes. (c) Distribution of
energy offsets (in eV) between the singlet and triplet CT states [AE(*CT,—3CT,)] across individual PM6:2Y6 complexes, together with the percentage of
complexes showing positive and negative energy offsets. (d) Normalized energy distribution plots for singlet and triplet EX state of PM6:2Y6 complexes
superimposed on the energy distribution of the EX states in 2Y6 (also see Fig. S20 in the ESI¥).
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Fig. 6 NTO hole and electron wavefunctions for the singlet and triplet
excimeric states and CT states for a representative PM6:2Y6 complex (4
denotes the weight of the particular NTO in the description of the excited
state).

between 'CT and >CT; states (AE('CT;->CT;)) is hardly affected
by the Y6-Y6 electronic interactions. As in the case of PM6:Y6
complexes, the CT; states are located below their corres-
ponding 'CT; states in about 70% of PM6:2Y6 complexes (see
Fig. 5¢). As seen from Fig. 6, the NTO analyses show that, in
PM6:2Y6 complexes, the 'CT; state is related to electron trans-
fer from PM6 to the closest Y6 molecule while the second
interfacial ('CT,) state is related to electron transfer to the
second Y6 molecule in the complex. The 'CT, states overall are
higher in energy by ~0.11 eV with respect to the 'CT; states.
The TD-DFT calculations also show that the triplet excimeric
states (°EX) in both PM6:2Y6 and 2Y6 systems remain completely
localized on a single Y6 molecule (see Fig. 6), i.e., they are identical
to LE-Y6 states. This means that the inter-molecular excitonic
couplings between Y6 triplet states are very small, which is in line
with the fact in n-conjugated systems, the lowest triplet states are
generally more localized than their singlet counterparts.

(v) Exciton dissociation and geminate recombination
processes

The key electronic processes that take place in the active layer
of organic solar cells are illustrated in Fig. 7. We start with a
discussion of the exciton recombination processes. After their
photogeneration, the singlet excitons formed on Y6 molecules
can (i) either recombine radiatively or non-radiatively to the
ground state (GS), (ii) perform an intersystem crossing to LE
triplet states, or (iii) upon reaching the PM6:Y6 interface
dissociate into CT states. Experimental estimates for the radia-
tive (k) and nonradiative (k) rate constants of the 'LE; — GS
transition in Y6 films, have been reported to be 3.6 x 10”7 s~
and 6.9 x 10® s7", respectively.””
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Fig. 7 lllustration of the major electronic processes taking place in
organic solar cells. The rate constants for these processes, as obtained
from our calculations or experimental measurements on PM6:Y6, are
listed below (for details, see the main text): k,(*LE-GS) ~ 107 s~ (ref.
57), kn('LE-GS) ~ 10% s7'° (ref. 57), k('LE-'CT) ~ 10™-10% s7%P
K(CT-'LE) ~ 10°-10% s7%P £, (*CT-GS) ~ 108-10% s7'€ (ref. 3, 9, 58
and 59), k('CT-GS) ~ 10° s kisc("CT—*CT)/kisc(*CT-'CT) ~ 10°-10°
s1P k(PCT-3LE) ~ 10"-10" 5712 k(*LE-CT) ~ 108-10'° s7'€ (ref. 43),
KCLE-GS) ~ 10°-10° s7€ (ref. 43), @ experimental values, © calculated in
this work, © calculated in this work based on the experimental state
energies.

To compute the rate constants for the exciton dissociation
and geminate recombination processes, we had first to evaluate
the related electronic couplings and electron-vibrational cou-
plings, see Sections SF and SH in the ESL{ The calculated rate
constants are collected in Table 2. Importantly, when deriving
the rate constants, we accounted for all relevant initial and final
states. For instance, in the case of exciton dissociation, we
considered the transition pathways from both LE; and LE,
states to both CT, and CT, states. We also assumed that the LE,
and LE, states are in thermal equilibrium. In that framework,
the exciton dissociation rate constant for the LE — CT transi-
tion is estimated to be about 10'> s™*; this value is only slightly
smaller for the EX — CT transition (see Table 2). Thus, the
calculated rate constants for the formation of both CT; and CT,
state are very fast. As mentioned above, the electron-hole
distance in the CT, states is larger than that in conventional
interfacial CT states, which correspond here to the CT; states.
Since the CT, states can be regarded as a model representing
charge separated (CS) states, our results support the suggestion
that the formation of free charge carriers in PM6:Y6 does not
necessarily need to proceed via conventional interfacial CT
states involving single D and A molecules.>® Clearly, calcula-
tions going beyond Y6 dimers are needed to get a better
understanding of this issue.

The calculated energy offset between the LE and CT states,
AE;g_cr, is 0.17 €V and reduces to 0.09 eV in the case of

Table 2 Rate constants calculated for various competing processes in
PM6:Y6 and PM6:2Y6 complexes

Rates (s™')  PM6:Y6 PM6:2Y6 PM6:Y6 [+static disorder]
k('LE-'CT)  5.05 x 10"  7.88 x 10'"  5.94 x 10"

k(*CT-'LE)  3.21 x 10°  2.14 x 10"  5.77 x 10"

ko ('CT-GS)  3.15 x 10°  3.32 x 10°  4.65 x 10°

k('CT-GS)  6.31 x 10°  4.97 x 10° —
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AEgx_cr. These relatively small energy offsets lead expectedly to
large back electron transfer rate constants for the CT — LE(EX)
transitions; indeed, according to our calculations, the rate
constant of 'LE-state repopulation from the CT states is about
10° s~ %; this value further increases to 10'° s~ in the case of EX
states (see Table 2). This result is in fact very important as
having a large back electron transfer rate constant is an
important factor that acts to reduce the non-radiative voltage
losses in organic solar cells.®

The geminate recombination of the 'CT state to GS can
occur through both nonradiative and radiative processes. The
nonradiative decay rate constant for the "CT — GS process is
calculated to be about 3.0 x 10° s, irrespective of whether
PM6:Y6 or PM6:2Y6 complexes are considered. We recall that
the CT energy in the PM6:Y6 blend is measured experimentally
to fall in the range 1.3-1.4 eV.>*°®° Given the exponential
dependence of k,('CT-GS) on the CT energy, we have also
estimated the rate by taking 1.3 eV as the energy of the CT state
instead of 1.63 eV. In the case of PM6:2Y6 complexes, the
decrease in CT energy leads to an increase in k,, from 3.3 X
10% s7! to 2.1 x 10' s7'. On the other hand, based on
calculations performed on both PM6:Y6 and PM6:2Y6 com-
plexes, the radiative rate constant (k('CT-GS)) is estimated to
be about 5.0 x 10° s™* (see Table 2). This value decreases by
about 50% if the DFT-calculated value for the CT energy is
replaced with 1.3 eV, as discussed above for the case of k,,.

The non-radiative decay of the 'CT; state can also take place
via intersystem crossing (ISC) transitions to the triplet CT and
LE states. ISC can be induced by both spin-orbit and hyperfine
interactions. Our DFT calculations indicate that the hyperfine
coupling constants in the present systems are about two orders
of magnitude smaller than the spin-orbit couplings (SOCs);
therefore, only the second mechanism is further discussed. The
SOCs computed between the 'CT; and °LE states and between
the 'CT; and °CT states are shown in Fig. 8 in the case of
PM6:2Y6 complexes (see also Fig. S22 in the ESIf). The SOC
between 'CT; and >CT; is about 0.5 cm™"' (~0.007 meV) and
nearly doubles between the 'CT; and triplet EX(LE) states.
These values are of the same order of magnitude as those
found between the lowest singlet and triplet excited states in
efficient TADF (thermally activated delayed fluorescence) mole-
cules developed for organic light-emitting diodes.®*™®* We
stress that the ISC between the 'CT and ’LE states is associated

View Article Online
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with the same type of geometry reorganizations as in the case of
electron transfer between the CT and LE states. Thus, in the
calculations of the ISC rate constants between the CT and LE
states, the density of the final states (ps) is approximated by the
Franck-Condon-weighted density of states (FCWD) as in
electron transfer transitions. In contrast, the ISC from 'CT; to
3CT, does not involve any significant geometry reorganization;
as a result, defining an FCWD factor in this instance is not
feasible. Therefore, in this case, we approximated p; by I't ™"
where I'y is the intrinsic linewidth of the *CT, level, which,
based on the computed rate constants, is estimated to be
2.0 x 10~* eV. Following this procedure, we derived rate values
of 1.0 x 10° s and 4.0 x 10° s7* for kisc("CT,-*>CT;) and
kisc(*CT1-’LE), respectively. Experimental studies on a series of
D:A exciplexes have indicated that kisc values are generally
about 10° s™'; also, it was suggested that 'CT — ’LE transitions
are faster than the 'CT — 3CT transition.®* Our results are in
good agreement with these experimental data. Thus, our calcu-
lations indicate that the ISC processes do not contribute
significantly to the non-radiative decay of the singlet CT states.
As a result, the population of the 'CT state is mainly defined by
the non-radiative 'CT — 'LE and 'CT — GS transitions as well
as by the dissociation of 'CT; into charge-separated states ('CT
— CS); in the PM6:Y6 blend, the latter process was reported to
be as fast as 5.5 x 10'® s71.°° We computed the electron
transfer rate from the Y6 molecule in an PM6:Y6 complex to
an adjacent Y6 molecule (which corresponds to the initial
electron hopping event in the dissociation of the CT state into
a CS state). We found rate constants on the order of 1.1 x
10" s7' and 1.0 x 10'* s~* depending on whether electrostatic
interactions are or are not taken into account, respectively.
We also estimated the impact of static disorder on the rate
constants of the non-radiative processes (see Table 2); we note
that the radiative transitions are generally only marginally
affected by disorder.>® As seen from Table 2, static disorder
can alter the non-radiative rates by a factor of up to two times.
Thus, the account of static disorder leads to an increase of
ko('CT-GS) by about 50%. If we now take: (i) the value of
3.2 x 10° s~ for k('CT-GS) as computed for PM6:2Y6 com-
plexes but using the experimental value for the CT energy, and
(ii) value of 4.8 x 10"° s™* for k,, obtained upon consideration
of the disorder effect, we then estimate that the intrinsic
photoluminescence quantum efficiency of the 'CT state is

1CT,_%CT,
0.054 cm*

Distribution
Distribution

1CT,_%EX,
0.104 cm™

1CT,_%EX,
0.093 cm-!

Distribution

0.00 0.20 0.40 0.60 0.80 1.00 1.20
SOC (cm™?)

0.000.250.500.751.001.251.50 1.752.00
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Fig. 8 Distributions of spin—orbit couplings (SOC) between the singlet and triplet CT states, and between the singlet CT and triplet EX states in the

PM6:2Y6 complexes. The corresponding average values are also given.
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about 6.7 x 107°. This result aligns closely with previously
reported values from external electroluminescence quantum
efficiency measurements, which range from 2.7 x 107° to
4.8 x 10 °.4%?*?

(vi) Non-geminate recombination and the impact of *LE
states

The non-geminate recombination of free charge carriers results
initially in the formation of *CT and 'CT states in the 3:1 ratio
expected from spin statistics. As discussed above, the 'CT states
can then either transition to 'LE, decay to the GS, undergo ISC
transitions, or re-dissociate into free charges. In the case of >*CT
states, in addition to re-dissociation and ISC processes, they
can also undergo transitions to low-energy triplet LE(EX) states
(see Fig. 7). The impact of these local triplet states on the
performance of OSCs is a subject of ongoing debates. On the
one hand, Friend and co-workers suggested that the decay via
local triplet states is responsible for 90% of the non-radiative
voltage losses in PM6:Y6 blends.* On the other hand, recent
transient absorption and external quantum efficiency measure-
ments by Tamai and co-workers provide experimental evidence
for efficient charge generation from Y6 triplet excitons.®®

As described above, our electronic-structure calculations
indicate that there are two triplet LE(EX) states located below
or near the *CT; state. The calculations also show that *°CT,; —
3LE transitions are characterized by very large rate constants in
the 10"'-10" s~ ' range (5.2 x 10"" s7' in PM6:2Y6 and 3.3 x
10" s7! in PM6:Y6). If instead of the DFT estimated triplet LE
and CT energies, we take those reported experimentally, (i.e.,
E(’CTy) = 1.3 eV and E(’LE,) = 1.14-1.26 eV),*® k(*CT-’LE) is
only slightly lower, in the range 4.0 x 10" s7'-2.1 x 10" 57",

Once the triplet LE(EX) states are formed, they can either
decay to GS, perform a back transition to the *CT states, or
decay via triplet exciton-triplet exciton annihilation (TTA) or
triplet exciton-charge annihilation (TCA) processes. Since
under one-sun normal illumination conditions the density of
triplets is very low, it was reported that TTA is unlikely to affect
the performance of OSCs based on PM6:Y6 active layers.®” Our
calculations (using the experimental LE state energies) yield for
the °LE; — GS decay rate constant values that are in the range
3.4 x 10° s7'-6.0 x 10* s*. Much larger rate constants, 4.3 x
10" s7'-4.2 x 10® s' (see Fig. S24 in the ESI{), are estimated
for the *LE; — *CT, transition, pointing to a very short lifetime
for the triplet Y6 excitons in the PM6:Y6 blends. This result is in
good agreement with the transient absorption data reported
by Friend and co-workers;* however, the decay of triplet Y6
excitons was attributed to a terminal TCA mechanism that
ultimately led the authors to conclude that the decay via local
triplet states is responsible for 90% of the non-radiative voltage
losses in PM6:Y6. Although we cannot provide at this stage an
estimate of TCA decay efficiency, it is reasonable to assume that
under one-sun normal illumination conditions this process
plays overall a marginal role in the device performance for a
reason similar to that discussed above for the TTA process.
Therefore, we posit that *LE,; states in PM6:Y6 are actually not
dead-end states since they can undergo fast back transfer to

This journal is © The Royal Society of Chemistry 2025
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3CT states and eventually separate back into free charges (CS —
*CT; — °LE; — °CT; — CS) or revert to 'CT states (CS —
’CT; — *LE; — °CT; — 'CTy). If the latter occurs, the 'CT
states will follow the evolutions we described earlier. Therefore,
under open-circuit conditions, such cycles could repeat several
times until the charges fully separate or recombine (predomi-
nantly via the hybrid manifold of singlet LE-CT states). Overall,
our results underline that charge separation from Y6 triplet
excitons at the PM6:Y6 interface can occur when the energy
offset between *LE, and *CT is small, which is in agreement with
the recent experimental data from Tamai and co-workers.®®

3. Conclusions

Using a combination of classical molecular dynamics simulations
and long-range corrected density functional theory calculations,
we conducted an in-depth analysis of the charge generation and
recombination processes within the PM6:Y6 blend, a representa-
tive system for high-performance organic photovoltaics. The main
results of our calculations are as follows:

¢ The exciton dissociation rate is extremely fast, on the order
of 10" s~'. This rate is not significantly affected by the
presence of excimer-like states. However, the excimer-like states
can efficiently form not only conventional interfacial CT states
but also states with larger hole-electron separation distances.
These results point out that the formation of free charge carriers
in PM6:Y6 can take place from delocalized excitonic states
without forming first conventional (i.e., single D:single A) inter-
facial CT states. However, the exact impact of exciton delocaliza-
tion on charge separation within acceptor (or donor) domains
and in donor:acceptor blends needs further investigations.

e The geminate recombination of the 'CT state to the ground
state reaches ~10' s~ and can contribute to non-radiative
voltage losses. However, the back electron transfer from the 'CT
state to the 'LE/'EX state is nearly equally fast (~10° s '-
10" s7") and can act to substantially reduce these losses. Also,
the static and dynamic disorders in PM6:Y6 blends were quan-
tified; it is found that static disorder can increase the ‘CT-GS
non-radiative decay rates by about 50%.

e We identified low-energy defect states associated with the
appearance of large dihedral angles between the core and
terminal moieties of Y6 molecules, which could arise during
thermal annealing processes. These defects could act as low-
energy sinks and/or affect the chemical stability of Y6, ulti-
mately reducing the overall device performance. Therefore, the
use of more rigid molecules might be critical to improve the
stability of the OSC active layers.

e While the non-geminate formation of *LE states occurs at a
high rate (~10" s to 10" s7"), these °LE states are not
necessarily terminal losses. Indeed, we obtain that these states
can cycle back into *CT states, taking advantage of small
SLE-’CT energy offsets, and eventually dissociate into free
charges. However, to fully prevent non-radiative losses via local
triplet states, blends would need to be designed in which the
triplet states are located just above the CT states while
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maintaining a high CT energy. Conversely, the transition from
CT states to local triplet states could also be minimized if the
triplet energy is very low so that the electron transfer process
takes place in the (unfavorable) inverted Marcus regime; a
drawback could be, however, that photostability issues become
more prominent in such systems.

e The present findings point to the CT state as the primary
source of non-radiative loss in the PM6:Y6 blend. This calls for
further investigations on how to reduce non-radiative recombi-
nations from the CT states. A possibility is to use more rigid D
and A components with extended n-conjugated backbones to
reduce the electronic coupling with high-frequency vibrations;
this coupling is known to be a major factor promoting non-
radiative transitions. At this stage, it also remains unclear why
adding a second A or D component in ternary blends can in
some instances reduce the voltage losses. Further investiga-
tions of all these points are warranted to advance the field of
organic photovoltaics.

To summarize, this comprehensive theoretical analysis of
charge generation and recombination in PM6:Y6 active-layers
not only advances our understanding of the electronic pro-
cesses in organic solar cells but also provides a valuable frame-
work for the design and optimization of next-generation high-
performance devices.
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