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Analyzing Electronic Excitations and Exciton Binding
Energies in Y6 Films

Sahar Javaid Akram, Sophie Meißner, and Stephan Kümmel*

The Y6 molecule is one of the most promising non-fullerene acceptors. Based
on first-principles calculations, this paper analyzes how the separation of an
electronic excitation into electron and hole densities is influenced by the
interaction between different Y6 molecules. By calculating the optical and the
fundamental gaps of ensembles of Y6 molecules that realistically represent a
film, their corresponding exciton binding energies are obtained. The
combination of range separation, optimal tuning, and dielectric screening
endows the presented density functional theory calculations with predictive
power. The calculations reveal that the electronic excitations, characterized as
electron–hole pairs via their natural transition orbitals, spread across multiple
Y6 molecules. A distinct decrease in the exciton binding energy is correlated
to a notable charge separation, and the exciton binding energy saturates in
ensembles of six to seven Y6 molecules at ≈0.25 electronvolt (eV). These
findings contribute to explaining the efficient charge separation in films of Y6.
They also give a guideline for the number of molecules that theoretical models
should take into account when they aim at a realistic description of charge
separation.

1. Introduction

The Y6 molecule is the paradigm non-fullerene acceptor.[1] It is
an attractive material for organic solar cells as its 𝜋–𝜋 molecular
stacking in spin-coated films promotes delocalized exciton for-
mation, reduced recombination loss, and high charge mobility.[2]

The quest for understanding these properties and exploiting
them in organic photovoltaic devices keeps spurring intense and
successful research efforts.[3]

Understanding the interplay between structural properties,
relative orientation, electronic excitations, and charge trans-
fer characteristics in films of Y6 is crucial. While a lot of
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understanding has been gained already,
charge separation, a decisive first step in
converting light into electrical energy,[4]

has not yet been fully understood. In this
study, we calculate from first principles the
electronic excitations of ensembles of Y6
molecules that realistically represent the
structure of a Y6 film. Our results demon-
strate that the lowest excitation is of charge-
transfer character, and the electron and hole
densities typically spread out over up to six
Y6 molecules. In line with this relatively
large electron–hole separation, our calcula-
tions yield relatively low exciton binding en-
ergies of ≈0.3 eV. This value is close to the
experimental result. Our calculations thus
offer an explanation for the efficient charge
separation in Y6 systems. They can also be
interpreted as a hint that structural con-
trol over the range of about six molecules
in films of Y6 can contribute to controlling
exciton dissociation. Furthermore, the re-
sults are of relevance for the understand-
ing and setup of theoretical models that aim

at describing films of Y6. Previous studies showed that excita-
tions can spread over at least two to three Y6 molecules,[2,5] and
highlighted the importance of the proper description of charge-
transfer excitations.[6] Thanks to the high-level molecular dynam-
ics (MD) simulations performed by Kupgan et al.[7] a realistic
atomistic picture of the molecular arrangement in films of Y6
is known. Our calculations based on these coordinates show that
taking into account approximately six Y6 molecules is required
for a realistic description of the electronic excitations in films
of Y6.

2. Theoretical and Computational Approach

The basic idea of our work is to systematically investigate
the delocalization of the electronic excitations and the charge-
separation process in Y6 by starting from one Y6 molecule and
then systematically taking into account an increasing number of
neighboring Y6 molecules. For each of these ensembles of in-
creasing size, we calculate the fundamental and the optical gap,
and from their difference the exciton binding energy (Eb). To en-
sure that our ensembles of Y6 molecules realistically represent
the geometry and relative arrangement that Y6 molecules have
in a film, we make use of the MD coordinates that were obtained
by Kupgan et al.[7] From these coordinates, we selected several
ensembles of Y6 molecules of increasing size and calculated the
fundamental gap using density functional theory (DFT), and the
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optical gap using time-dependent (TD) DFT. We rely on an opti-
mally tuned range-separated hybrid (OT-RSH) functional.[8] This
approach is known for its predictive accuracy.[9] We analyze the
charge transfer character of the excitations via the natural tran-
sition orbital (NTO) decomposition.[10] In order to take into ac-
count the effects of the film environment beyond the ensemble of
molecules that we study explicitly, we complement the analysis by
using the screened range-separated hybrid (sRSH) approach,[11]

in combination with a polarizable continuum model (PCM).[12]

How this general idea is realized in practice is explained in the
following.

An important aspect of our study is the use of the OT-
RSH approach. The range-separation divides the Coulomb oper-
ator “1/r12” in the exchange integral of the exchange-correlation
energy into long (Hartree–Fock; HF) & short (generalized
gradient approximations; GGA) range parts according to the
expression:[13]

1
r12

=
𝛼 + 𝛽 erf

(
𝜔r12

)

r12
+

1 −
(
𝛼 + 𝛽erf

(
𝜔r12

))

r12
(1)

Here, r12 denotes the inter-electron distance, while erf is the
standard error function. 𝛼 defines the percentage of short-range
HF exchange, whereas 𝛼 + 𝛽 represents the percentage of HF
exchange in the long-range limit. The decisive parameter is 𝜔,
which is the range-separation parameter controlling the division
of 1/r12 into long-range & short-range components. Thus, the ex-
pression for the exchange-correlation energy of the RSH func-
tional reads:

ERSH
xc = 𝛼ESR

x,HF + (1 − 𝛼) ESR
x,GGA + (𝛼 + 𝛽) ELR

x,HF +

(1 − 𝛼 − 𝛽) ELR
x,GGA + EGGA

c (2)

LR & SR represent the long-range and short-range Coulomb
repulsions from Equation (1).

For the optimal tuning (OT) of the RSH functional, two con-
straints were imposed. The first one is 𝛼 + 𝛽 = 1,[14] to ensure the
correct asymptotic behavior (1/r) of the exchange-correlation po-
tential for finite systems in vacuum. Thus, the energy expression
for the RSH functional reduces to:

ERSH
xc = 𝛼ESR

x,HF + ELR
x,HF + (1 − 𝛼) ESR

x,PBE + EPBE
c (3)

Here, we used the Perdew-Burke-Ernzerhof (PBE) GGA for the
semi-local component and the usual value of 𝛼 = 0.2.[15] The sec-
ond constraint is to optimally tune the range-separation parame-
ter 𝜔 by minimizing the quantity J(𝜔),[16]

J (𝜔) =
[
𝜀HOMO(N) (𝜔) + IP (𝜔)

]2 +
[
𝜀HOMO(N+1) (𝜔) + EA (𝜔)

]2
(4)

as suggested by Koopmans’ theorem:[17]

𝜀HOMO = E (N) − E (N − 1) = −IP (5)

Here, E(N) is the ground state energy of the system with N elec-
trons, and E(N-1) is the ground state energy of the corresponding
cation. IP and EA are the ionization potential and the electron
affinity of the system, while ɛHOMO and ɛLUMO are the HOMO

and LUMO eigenvalues, respectively. Minimizing J to a value
close to zero ensures that the frontier eigenvalues obtain physical
meaning such that the generalized Kohn–Sham HOMO-LUMO
gap becomes a good approximation to the fundamental gap (Eg

= IP − EA).[8,17,18] Though optimal tuning has been extremely
successful, it has the shortcoming that repeated tuning for sys-
tems of increasing size tends to yield systematic errors, as the
resulting functional becomes increasingly semi-local.[19] Luckily,
in our study here we can sidestep this problem because our sys-
tems of increasing size are all built from the same molecule, Y6.
Therefore, tuning 𝜔 once for one molecule sets the proper scale
for the range separation, and this value (𝜔 = 0.127bohr−1) can
then be used for all ensembles. This procedure has, e.g., been
used successfully for biological light-harvesting systems,[20] and
its reliability for Y6 is confirmed in tests that we discuss in the
supplementary material. Using this OT-RSH functional, we cal-
culated the exciton binding energies (Eb) for ensembles of Y6
molecules of increasing size, and characterized the charge trans-
fer characteristics of the involved electronic excitations via their
NTOs. Our calculations and visualization relied on QChem and
the GaussView 6 software.[21] The number of Y6 molecules that
can explicitly be included in such TDDFT calculations is, how-
ever, limited. Therefore, we complement the OT-RSH calcula-
tions for the bare ensembles of Y6 molecules by additional cal-
culations, in which the dielectric effects of the further, more dis-
tant parts of the film environment are taken into account. The
method of choice for this is the sRSH-PCM approach. The first
use of the sRSH methodology demonstrated that it can capture
the effect of gap renormalization.[11] In a second and indepen-
dent line of development, the combination of RSH and PCM was
demonstrated to be able to describe charge-transfer excitations
reliably,[22] and the intricacies of the combination of OT-RSH and
PCM were pointed out.[19b,23] Further works established that the
combination of sRSH, optimal tuning, and PCM is a powerful
technique that can yield very accurate results, and it has been
successfully used for studying a variety of problems in which the
reliable prediction of band gaps or charge-transfer excitations is
important;[12b,16b,24] see ref. [13a] for a review. In our work here,
we relied on the implementation of the sRSH-PCM approach in
QChem,[21] which requires to provide the values for the static (ɛs)
and the optical (ɛo) dielectric constant. Values for both have been
reported in the literature (ɛs = 3.5[25] and ɛo = 5.3,[3b]) and we dis-
cuss our use of these numbers in the Supporting Information.
The sRSH is based on the energy functional in which 𝜔 = 0.127
bohr−1 was kept as established previously via OT. For the dielec-
tric screening in Equation (6), it is reasonable to use the value of
the optical dielectric constant as our aim is the calculation of the
optical electronic excitations. The coefficient of long-range Fock
exchange then is 𝛼 + 𝛽 = 1/ɛo, and we used 𝛼 = 0.3, i.e., the value
that has previously been suggested for molecules embedded in a
condensed phase environment.[26]

EsRSH
xc = 𝛼ESR

x,HF + 1
𝜀

ELR
x,HF + (1 − 𝛼) ESR

x,PBE +

(
1 − 1

𝜀

)
ELR

x,PBE + EPBE
c (6)

One might wonder whether the OT-RSH or the sRSH-PCM
approach is more suitable for describing the situation that is of
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Figure 1. Ensembles of Y6 molecules present in Set A. The blue curve depicts the placement of the added Y6 molecule in the ensemble.

interest in our study, i.e., molecules that are part of a film. There-
fore, it is important to note that the character of the electronic
excitations is already described correctly by the OT-RSH calcula-
tions, as one can see by comparing the NTOs obtained in Sec-
tion 5 on the one hand, to the NTOs from the sRSH-PCM cal-
culations reported in Section 6 and the Supporting Information
on the other hand. Thus, our conclusions about the nature of the
excitations are independent of the computational details, and the
inclusion of the screening does not change the character of the
excitations, but just lowers the exciton binding energy. This con-
firms our strategy of explicitly including the most relevant parts
of the film environment into our TDDFT calculations via the en-
sembles of increasing size. A detailed comparison of the numer-
ical results obtained with the OT-RSH and the sRSH-PCM ap-
proaches is given in the Tables S6–S8 (Supporting.Information).

Finally, in tests that we report in detail in the Figure S1 in the
Supporting.Information, we established that the 6–311G basis
set is a reliable choice for our study.

3. Construction of the Molecular Ensembles

We constructed the Y6 ensembles for our study based on the
coordinates of 200 Y6 molecules that were reported by Kupgan
et al.[7] Within the complete simulation box containing the 200
molecules we selected a region in which the Y6 molecules exhibit
directional face-on stacking and numerous close contacts, i.e., are
representative of favorable conditions in a film. A close contact is
defined as an intermolecular distance of less than 4Å between
two molecules, implying a greater degree of face-on overlapping,
as detailed in Ref.[7] From the molecules within this carefully
chosen region, we created ensembles of increasing size according
to the following protocol: We began by selecting one Y6 molecule

from the center of the region. We designate it as E1. The nearest
neighboring Y6 molecule to E1 was then added to form the E2
ensemble. This process was repeated, with each new ensemble
incorporating an additional neighboring Y6 molecule, until we
established a complete series of ensembles from E1 to E7. We
did not go beyond seven Y6 molecules as this is the upper limit
for the system size that we could cover in the TDDFT calcula-
tions with OT-RSH or sRSH-PCM, respectively. This first set of
ensembles from E1 to E7 is referred to as Set A.

In order to make sure that our conclusions are not biased by
the specific arrangement of molecules in Set A, we repeated the
above-described procedure of creating ensembles of increasing
size within a different region of the complete simulation box of
200 molecules that did not overlap with the region from which Set
A was selected. In this way, we generated a set of ensembles that
we refer to as Set B. Following the same procedure once more,
we generated a third set of ensembles, called Set C.

To reduce computational costs and improve clarity in the vi-
sualization of the Y6 molecules within the ensembles, we substi-
tuted their long alkyl chains with methyl ones (see the Supporting
Information for details). The substituted ensembles of Set A are
shown in Figure 1, while those of Sets B and C are displayed in
Figure S4 (Supporting Information). As discussed in detail in the
Supporting Information, the substitution increases the exciton
binding energies by ≈0.1 eV, but has hardly any effect otherwise.

4. Exciton Binding Energies of the Y6 Ensembles
(OT-RSH)

In a single-particle picture, the exciton binding energy is inter-
preted as the energy required to dissociate a bound electron–hole
pair into separate charges. More generally, the exciton binding

Adv. Funct. Mater. 2025, 2419236 2419236 (3 of 7) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. The Fundamental gap Eg as calculated for ensembles of Y6
molecules of increasing size. (OT-RSH calculations for ensembles in vac-
uum as described in the main text.).

energy for a many electron system is defined as the difference
between the fundamental gap and the optical gap, i.e.,

Eb = Eg − Eopt (7)

For all ensembles in the three sets A, B, and C, we calculated
Eb based on Equation (7). To this end, we first calculated for each
of the ensembles the fundamental gap Eg as the difference be-
tween the ionization potential (IP = Ecation − Eneutral) and the
electron affinity (EA = Eneutral − Eanion) of the ensemble. Here,
Eneutral is the ground state energy of the neutral system, while
Ecation and Eanion are the ground state energies of its cation and
anion, respectively. Figure 2 depicts Eg for E1 to E7 in each of the
sets A, B, and C, respectively (detailed data in Table S1, Support-
ing.Information). One clearly observes a decreasing trend in all
sets, as expected for increasing delocalization. The delocalization
is also reflected in a reduced energetic difference between the
HOMO and LUMO eigenvalues, i.e., a narrowing single-particle
gap that we observe in our calculations.

The second observable needed for the calculation of Eb, the
optical gap Eopt, is defined as the energy difference between the
first excited state (S1) and the ground state (S0). Eopt was obtained
for each of the ensembles from the optical spectrum (Figure
S5, Supporting.Information) which we calculated using TDDFT
as described in Section 2. From the obtained fundamental and
optical gaps, we then calculated the Eb value for every ensem-
ble in the Sets A, B, and C. The obtained exciton binding ener-
gies are depicted in Figure 3 (detailed data in Table S2, Support-
ing.Information), which thus visualizes the first central result of
our work: Figure 3 shows how Eb changes as the number of Y6
molecules in the considered ensembles increases. It reveals the
very clear trend that Eb decreases as the number of molecules in
the ensemble increases from E1 to E7. This demonstrates that in
order to obtain a realistic picture of the exciton binding energy
in Y6, it is clearly necessary to go beyond considering just two or
three molecules. This observation is made for all three sets A, B,

Figure 3. The exciton binding energy for ensembles of increasing size. In
all three sets, Eb clearly decreases with increasing system size. (OT-RSH
calculations for ensembles in vacuum as described in the main text.).

and C. It is thus a general observation that does not result from
just one particular arrangement of molecules

A further relevant observation is that in all three sets, a clearly
decreasing value of Eb is observed for the Y6 ensembles E2 to E4.
However, from E5 to E7, the Eb values appear to converge, indicat-
ing that Y6 ensembles with a larger number of molecules tend to
exhibit similar Eb values irrespective of their molecular arrange-
ments. Finally, a significant drop in Eb is observed at E6, and one
sees a saturation of Eb at E7. These trends fall well in line with
the behavior that one would expect for exciton charge separation.
In the following, we therefore analyze the spatial structure of the
excitations in the different ensembles.

5. Natural Transition Orbitals of the Y6 Ensembles
(OT-RSH)

NTOs[10] can allow to obtain an impression of the charge redis-
tribution that is associated with a given excitation, and the corre-
sponding electron and hole orbitals can visualize, e.g., the charge-
transfer character of an excitation. They are therefore an ideal tool
for analyzing the Y6 ensembles. Figure 4 shows the exciton bind-
ing energies obtained for set A together with the electron (par-
ticle) and hole orbitals (NTOs) of the first electronic excitation.
To avoid overcrowding the figure, we only show the NTOs for
the three ensembles E2, E5, and E7, while the NTOs of the other
ensembles are displayed in Figure S6 (Supporting.Information).
These three ensembles were chosen because they characteristi-
cally show how the charge separation depends on the system size
and relates to the Eb values. One sees in Figure 4 that in the case
of the smallest ensemble E2, the hole density is spread across
the entire system and strongly overlaps with the electron density.
Thus, the drop in exciton binding energy from E1 to E2 is associ-
ated with an increase in delocalization, but not with a clear charge
separation.

As the number of Y6 molecules increases further, electron and
hole densities can spread out further. The NTOs of E5 are a typ-
ical example of this intermediate situation: Electron and hole

Adv. Funct. Mater. 2025, 2419236 2419236 (4 of 7) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Exciton binding energies for the ensembles in Set A together with the NTOs for the first excitations of the ensembles E2, E5, and E7. The
NTOs of these ensembles paradigmatically illustrate the transition from partial to complete charge separation with increasing system size. (OT-RSH
calculations for ensembles in vacuum as described in the main text.).

densities tend to separate, but there is still a substantial over-
lap between the two in the center of the system. The situation
is very similar for E3 and E4, as seen in Figure S6 (Support-
ing.Information). A clear charge separation is first observed at
E6 (Figure S6, Supporting.Information), and slightly increases
further when going from E6 to E7. As seen in Figure 4, electron
and hole densities are well separated and localized in different
regions once the ensemble E7 has been reached. When one re-
turns to Figure 3, and complements it with Figures S7 and S8
(Supporting.Information), one sees that the situation is qualita-
tively very similar in the other sets B and C. In sets B and C, some
aspects are even a bit clearer: In B and C, the exciton binding en-
ergy does not change anymore when going from E6 to E7, and
this is reflected in electron and hole densities that do not change
anymore. For Set C, the situation is particularly transparent: The
gradual decrease of Eb from E1 to E4 that is seen in Figure 3 is
accompanied by a gradually increasing charge separation seen in
the NTOs (Figure S8, Supporting.Information), whereas the pro-
nounced drops of Eb beyond E4 are accompanied by more sub-
stantial changes and a spatial separation of the NTOs.

These results demonstrate that in order to capture the charge
separation that typically goes along with the optical excitation of a
film it is necessary to look at more than just two Y6 molecules. In
all cases that we studied, taking into account six molecules was
sufficient for obtaining a trustworthy picture of the excitation.
This result can serve as a guideline for the size that supramolecu-
lar models should have in order to capture the decisive aspects of

the electronic structure of films of Y6. However, an effect that the
calculations presented so far do not yet take into account is the
influence that further, more distant molecules of the film have
on the excitation energies. Though not directly involved in the
electronic excitations, the surrounding film represents a dielec-
tric environment that creates a different situation than the one of
Y6 ensembles in a vacuum that we studied so far. We study this
influence in the following section.

6. Exciton Binding Energies of Embedded Y6
Ensembles (sRSH-PCM)

As discussed in Section 2, the effects of a dielectric surrounding
can be taken into account with the sRSH-PCM approach. The
detailed data for the fundamental gaps, the optical gaps, and the
exciton binding energies obtained with this strategy are listed in
Tables S2–S4 (Supporting.Information) for sets A, B, and C, re-
spectively. Figure 5 visualizes the central result, the exciton bind-
ing energies. We note in passing that in Set B, the value for E5
comes with an uncertainty as discussed in the Supporting Infor-
mation. Two decisive insights emerge from Figure 5. The first is
that quantitatively, there is a substantial change: Taking into ac-
count the film environment via the sRSH-PCM approach lowers
the exciton binding energies pronouncedly. The second is that
the trend of how the exciton binding energy changes as a func-
tion of the ensemble size is qualitatively quite similar in the OT-
RSH and the sRSH-PCM calculations. This second finding is

Adv. Funct. Mater. 2025, 2419236 2419236 (5 of 7) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Exciton binding energies for the three sets of Y6 ensembles as
obtained in the sRSH-PCM calculations that take into account the screen-
ing effects due to the film environment. The two horizontal lines indicate
the range in which the experimental results[27] are found.

underlined further by the observation that the NTOs that one
finds in the sRSH-PCM calculations for the Y6 ensembles, see
Figure S9 (Supporting.Information), are extremely similar to the
NTOs that were found for the ensembles in the OT-RSH calcu-
lations. This confirms that the trend of charge separation is al-
ready well described in the bare ensembles, and the additional
screening in the sRSH-PCM calculations just lowers the exciton
binding energies, in agreement with one’s intuitive expectation.
Finally, we compare the calculated exciton binding energies to the
available experimental data for Y6 films.[27] The range for the ex-
perimental results is indicated in Figure 5 by the two horizontal
lines. The important observation is that with the increasing size
of the ensemble, the calculated values for Eb approach the exper-
imental range, and for E6 and E7, the exciton binding energies
are at the upper boundary of the experimental range for all three
sets of ensembles. When one takes into account that the substi-
tution of the alkyl chains by methyl groups increased the exciton
binding energies by ≈0.1 eV, cf. Section 3 and Figure S3 (Support-
ing.Information), one sees that the calculations agree remarkably
well with the experimentally determined exciton binding ener-
gies. Furthermore, the importance of the interaction between Y6
molecules in a film that our results show is well in line with very
recent experimental findings.[3d]

7. Conclusion

In this study, we investigated the charge separation within differ-
ent ensembles of Y6 molecules that represent different possible
molecular geometries in a film. We analyzed the fundamental
and optical gaps, the exciton binding energies, and the natural
transition orbitals associated with the electronic excitations un-
der two distinct environmental conditions. First, using the OT-
RSH method, we studied the ensembles as such. Then, we em-
ployed the sRSH-PCM approach to study the impact of the envi-
ronmental screening on the exciton binding energies and charge
transfer characteristics. The nature of the electronic excitations as

described by the NTOs was very similar in both approaches. The
calculations showed that the first excitation spreads over many
molecules, and taking into account just one or two neighbors is
not sufficient for obtaining a realistic picture of the situation in
a film. However, in all cases that we studied, the exciton binding
energy converged when about six neighboring Y6 molecules were
included in the calculations, and this convergence of the energy
was accompanied by a well-established charge separation. When
the screening effect of the film environment was taken into ac-
count, the obtained exciton binding energies were in close agree-
ment with the experimentally obtained values. This demonstrates
that TDDFT with the combination of range separation, optimal
tuning, and screening can yield detailed insight into the first step
of the process that converts light into separated charges in films
of Y6. Our results contribute to explaining the low exciton bind-
ing energy that is observed in films of Y6: The delocalization of
the initially generated electron–hole pair over many molecular
units facilitates the charge separation step.

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