
Nonequilibrium Thermodynamics of Charge Separation in Organic
Solar Cells
Waldemar Kaiser, Veljko Jankovic,́ Nenad Vukmirovic,́ and Alessio Gagliardi*

Cite This: J. Phys. Chem. Lett. 2021, 12, 6389�6397 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: This work presents a novel theoretical description
of the nonequilibrium thermodynamics of charge separation in
organic solar cells (OSCs). Using stochastic thermodynamics, we
take realistic state populations derived from the phonon-assisted
dynamics of electron−hole pairs within photoexcited organic
bilayers to connect the kinetics with the free energy profile of
charge separation. Hereby, we quantify for the first time the
difference between nonequilibrium and equilibrium free energy
profile. We analyze the impact of energetic disorder and
delocalization on free energy, average energy, and entropy. For a
high disorder, the free energy profile is well-described as
equilibrated. We observe significant deviations from equilibrium
for delocalized electron−hole pairs at a small disorder, implying that charge separation in efficient OSCs proceeds via a cold but
nonequilibrated pathway. Both a large Gibbs entropy and large initial electron−hole distance provide an efficient charge separation,
while a decrease in the free energy barrier does not necessarily enhance charge separation.

Despite years of research on the fundamental properties of
organic solar cells (OSCs), one of the essential aspects of

these materials is still under debate: what causes the efficient
dissociation of charge transfer (CT) states into free charge
carriers despite the presence of the strong Coulomb attraction?
Various mechanisms have been proposed to promote the CT
separation. On the one hand, “hot” CT states are considered to
provide sufficient excess energy for the charges to overcome
the binding energy before they relax and become trapped at
the bottom of the CT manifold.1−4 On the other hand, the
internal quantum efficiency that is independent of the
excitation energy suggests an efficient separation of “cold”
CT states.5,6 The precise mechanism of cold charge separation,
however, is to be established.

Kinetic models of charge separation suggest that delocalized
charges can efficiently escape their strong binding due to a
reduced Coulomb interaction.7−13 Furthermore, a moderate
disorder in combination with delocalization positively impacts
charge separation,10,14 while a strong disorder hampers charge
transport,15,16 traps charge carriers, and influences charge
recombination.17 Thermodynamic considerations reassessed
the widespread view that charges have to overcome large
energy barriers to become fully separated.18−22 In materials of
higher dimensionality, entropy, reflecting the number of
available states, significantly reduces the free energy
barrier.18,21,22 Hood and Kassal emphasized that relying only
on dimensionality underestimates the contribution of the
energetic disorder, σ, to the free energy for disordered organic
semiconductors.19 Assuming the canonical distribution of CT

states in energy, they predict a reduction in free energy barrier
with increased σ. For σ ≥ 100 meV, equilibrium thermody-
namic arguments suggest that charges are not bound and can
be separated under favorable kinetic conditions. The extension
of the formalism to include charge delocalization23 revealed
that the positive impact of delocalization on charge separation
cannot be rationalized in terms of equilibrium thermodynamics
alone, as it predicts an increase in the energy barrier for more
delocalized carriers. The conclusions drawn from existing
thermodynamic studies of charge separation in OSCs seem to
contradict the intuitive picture emerging from kinetic models.

Some of the weaknesses of existing thermodynamic
arguments and their possible solutions are as follows: (i)
The population of CT states described by the canonical
distribution is unrealistic. Nonequilibrated electron−hole pairs
due to an incomplete thermalization were indeed observed in
CT electroluminescence24 and photoluminescence25 measure-
ments in bulk heterojunction OSCs. Giazitzidis et al.26

proposed to correct the equilibrium free energy with the
probability distribution of finding a CT state at a certain
distance. Shi et al. emphasize that the disorder-enhanced
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dissociation is a nonequilibrium effect.14 They observed a
deviation of the actual energy barrier from the equilibrium one
by averaging Monte Carlo trajectories but neglected the
weighting of the energies by their population probability. (ii)
The finite lifetime of CT states, which may eliminate a large
percentage of possible separation pathways, is completely
neglected in previous thermodynamic studies.18,19,23 (iii) Most
of the thermodynamic considerations do not include the
coupling of electronic excitations to phonons. Such effects
were partially included in previous equilibrium thermodynamic
studies in refs 27 and 28.

Previous works gave clear suggestions that the equilibrium
free energy profile might not be adequate to study the charge
separation process. In this work, we make use of the
nonequilibrium free energy rigorously derived from the theory

of stochastic thermodynamics29,30 to connect the kinetic and
thermodynamic perspectives on charge separation and quantify
for the first time the difference between nonequilibrium and
equilibrium free energy. We perform the study for different
values of energetic disorder and delocalization and find that
this difference is strongest when charge separation efficiency is
largest. Our results therefore imply that charge separation in
efficient OSCs proceeds via cold, but nonequilibrium,
pathways.

To establish the connection between kinetic and thermody-
namic properties in the charge separation process in a
photoexcited organic bilayer, representing the donor/acceptor
interface in OSCs, we use the following procedure: (i) We
model the organic bilayer using a minimal microscopic
Hamiltonian that captures all important physical effects

Figure 1. (a) Schematic representation of the organic bilayer model. Dotted lines give the different average on-site energies of the LUMO
(superscript c) and of the HOMO (superscript v) in the donor (D) and in the acceptor (A); solid lines represent the actual on-site energies, which
vary from the average on-site energies due to the Gaussian energetic disorder σ. The different transfer integrals within the donor (JD,0

c/v,int) and the
acceptor (JA,0/1

c/v,int) as well as the coupling between the donor and acceptor (JDA
c/v) are highlighted. In the acceptor region, LUMO (subscript 0) and

LUMO+1 (subscript 1) are considered with the transfer integral JA,01
ext representing the coupling of the LUMO and LUMO+1 orbitals. Highlighted

regions at the left and the right end of the donor and acceptor, respectively, with length lc visualize contact regions. (b) Representative evolution of
an electron−hole pair in the organic bilayer: (i) donor exciton (XD), (ii) CT stateelectron in the acceptor and hole in the donor localized at the
donor/acceptor interface, (iii) CT state featuring larger intrapair separation and more delocalized carriers, (iv) contact stateelectron and hole
located in the contact region.
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First, we present the capabilities of the developed method by
calculating the free energy for a particular network of exciton
states at σ = 50 meV. Figure 2a shows the energy and the
intrapair distance of each electron−hole pair (donor excitons,
CT states, and contact states). The time evolution of fully
separated and of recombined electron−hole pairs, see Figure
2b, shows a separation yield of 83.3%. The temporal evolution
of the charge separation process and, in particular, hot and cold
pathways were investigated in detail in ref 31. Here, our focus
is on the thermodynamic quantities characterizing charge
separation.

Figure 2c shows Fst and Feq as a function of the intrapair
distance relative to the smallest intrapair distance r0 of all CT
states. The free energy and the energy are smallest at close
intrapair distances. The one-dimensional organic bilayer model
only shows very few CT states at short distances of r ≤ 10 nm,
which are all strongly bound; see Figure 2a. The energy at
equilibrium, Eeq, increases at short intrapair distances up to a
value of 180 meV and only increases slightly up to 220 meV for
distances beyond r − r0 ≥ 10 nm. Feq shows a similar trend,
while being up to 70 meV below Eeq. The difference is due to
entropy contribution, which increases by 50−70 meV and
shows minor fluctuations with the intrapair distance. At the

steady state, the thermodynamic quantities show significant
deviations from equilibrium. Fst increases up to 450 meV at r −
r0 ≈ 20 nm and remains roughly constant for larger distances.
The energy of occupied states even reaches values of 600 meV.
In addition, the Gibbs entropy Sst shows 2−3 times the value
of Seq. Especially, a large slope in Sst for intrapair distances
below 20 nm can be observed, which was shown to be highly
desirable for electron−hole pairs to overcome their mutual
Coulomb attraction.18

By considering equilibrated electron−hole pairs, one
imposes an instant thermalization of electron−hole pairs at
each time and every position. This, however, is a strong
assumption, as highlighted by the stationary distributions. Our
model shows that the thermodynamic quantities are not well-
captured by the equilibrium assumption, which further
suggests that photogenerated electron−hole pairs propagate
through nonequilibrated CT states of higher energy and reach
contact states before an equilibration in the density of states
(DOS) can occur. This explains the significantly higher value
in Gibbs entropy, as more CT states are available at higher
energies with respect to tail states, which consequently
increases the chance for charge separation. In realistic three-

Figure 3. (a) Distance dependence of the free energy F(r), energy E(r), and entropic contribution TS(r) for different disorder σ: 50 meV (black),
100 meV (red), and 150 meV (blue). The ⟨·⟩ labels the ensemble average over 256 configurations. r0 gives the smallest distance of CT states in
each configuration. Solid and dashed curves present the equilibrium and stationary thermodynamic quantities, respectively. All curves are
normalized to the equilibrium value (superscript eq) at the distance r0. (b) Time dependence of the separation yield (solid line) and the
recombined states (dashed line). (c) Distribution of CT states as a function of their electron participation ratio. All curves in (a−c) show averages
across 256 configurations.
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dimensional (3D) systems, the entropy may reach even higher
values and may dominate the energy contribution.18,21,22

We now study the role of the energetic disorder σ on the
thermodynamic quantities for σ ∈ {50 meV, 100 meV, 150
meV}. For each σ, we take an ensemble average over 256
configurations to gain a reliable statistics. Figure 3a shows the
thermodynamic quantities in the equilibrium and in the steady-
state as a function of the intrapair distance r − r0. First, we
analyze the equilibrium quantities. Feq decreases strongly with
increased σ. For σ ≥ 100 meV, Feq even decreases with
increased intrapair distance r as reported by Hood and
Kassal.19 The decrease in free energy with σ is mainly caused
by a decrease in the average energy of populated states during
charge separation, showing a similar distance dependence as
the free energy. The entropy contribution shows significant
differences for different σ. At σ = 50 meV, TSeq increases
monotonously with intrapair distance and reaches 35 meV. For
larger σ, TSeq is significantly reduced and reaches values of only
20 meV (10 meV) at σ = 100 meV (150 meV). At a high
disorder, the entropy contribution remains roughly constant
for r − r0 ≥ 5 nm.

For a low σ of 50 meV, significant differences between Feq

and Fst are observable. Fst, computed from realistic populations
of CT states, increases up to 300 meV at r − r0 = 15 nm, while
Feq remains roughly constant for r − r0 ≥ 3 nm. The entropy
contribution shows a large increase up to 90 meV, which
explains the difference between the free energy and energy. For
σ ≥ 100 meV, Est differs by less than 40 meV from Fst due to a

low entropy contribution. At σ = 150 meV, the entropy stays
constant (∼20 meV) within the considered region. Entropy
contributions that do not change with distance have been
observed for 1D systems without disorder,18 but also for two-
dimensional (2D) systems with large σ values.19

Figure 3b visualizes the time dependence of fully separated
and of recombined states for different σ. With increased σ, the
separation yield decreases from 69.5% (σ = 50 meV) to 49.0%
(σ = 100 meV) and 29.3% (σ = 150 meV). In addition, the
time scale on which charge separation takes place increases by
several orders of magnitude. At high σ, electron−hole pairs
thermalize within the DOS and populate tail states.
Equilibrated electron−hole pairs can only separate by
propagation through low-energy states. The density of tail
states, however, does not increase significantly with intrapair
distance. A large σ value helps to initially separate charge
carriers in space, while a low entropy slows further charge
transport. The lack of available states leads to high
recombination losses and can promote nongeminate recombi-
nationwhich is neglected in this studyas a further
limitation of charge separation.

To understand the efficient separation despite the large free
energy barrier at a low σ, we analyze the delocalization of the
CT states in terms of the participation ratio (PR, defined in eq
S22, Supporting Information), which is a measure of the
number of sites over which the electron (the hole) of the CT
state delocalize. Figure 3c visualizes the PR distribution for
different σ. At σ = 50 meV, a large spread in the PR with a high

Figure 4. (a) Distance dependence of the free energy F(r), energy E(r), and entropy contribution TS(r) for different coupling integrals: J (black),
J/2 (red), and J/4 (blue). The ⟨·⟩ labels the ensemble average over 256 configurations. r0 gives the smallest distance of CT states in each
configuration. Solid and dashed curves present the equilibrium and stationary quantities, respectively. All curves are normalized to the equilibrium
value (superscript eq) at the distance r0. (b) Time dependence of the separation yield (solid line) and the recombined states (dashed line). (c)
Frequency of electron−hole separation and (d) of state energy of CT states with electron participation ratio PR ≤ 3 mimicking localized CT states.
All curves in (a−d) show averages across 256 configurations.
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amount of delocalized CT states is observed. With a rising σ,
the amount of strongly localized CT states increases
significantly, and delocalized CT states of PR ≥ 5 vanish. All
CT states with a low state energy show low PR values (see
Figure S6, Supporting Information), that is, all energetically
strongly bound CT states are strongly localized. The main
difference between the configurations with different σ is that a
large tail in the CT manifold of ∼200−300 meV below the tail
states at σ = 50 meV is observable (see Figure S7, Supporting
Information). Several studies proposed that excitons can
transform to delocalized CT states in the presence of a
resonant coupling between donor excitons and delocalized CT
states,40,41 which can be assisted in the presence of substantial
vibronic couplings.42,43

At σ = 50 meV, strongly bound electron−hole pairs with r ≤
3 nm face a large barrier in free energy (∼300 meV), which
makes it thermodynamically unfavorable to reach larger r
values, while electron−hole pairs at distances larger than 3 nm
see a strong reduction in the free energy barrier such that they
need to overcome less than 100 meV in free energy to fully
separate (see Figure 3a). Suppose the system starts in CT state
with the smallest distance r0, that is, in a strongly bound CT
state. In that case, all the thermodynamic quantities during
charge separation are well-described by the equilibrium
populations; see Figure S2, Supporting Information. The
chance that donor excitons transform to CT states of a large
PR ratio, however, is high due to a large amount of delocalized
CT states and the energetic resonance of XD and CT states
(see Figure S7, Supporting Information). Thus, considering
the transformation of donor excitons into CT states with a
significant intrapair separation is crucial to understand the
efficiency of the charge separation process.

One of the main observations from Figure 3 is that charge
separation within OSCs with a high energetic disorder occurs
close to equilibrium. To achieve efficient OSCs, however,
typically low σ values are required.44,45 High σ hinder the
charge transport46 and strongly reduce the attainable open-
circuit voltage.47,48 For high σ, electron−hole pairs lose energy
while moving toward the contact states, matching previous
reports.49 In contrast, the rather delocalized electron−hole
pairs at σ = 50 meV do not equilibrate and lose less energy
before reaching the contact states. Our previous analysis (ref
31) showed that the separation goes via a cold pathway. The
significant deviation in free energy for a low disorder, however,
tells us that the separation of cold charge carriers does not
happen in equilibrium and that charge pairs sample a relatively
wide energy window before they eventually separate. Thus, we
emphasize that charge separation in efficient OSCs occurs out
of equilibrium. Thermodynamically, charge separation is
favored in systems of a large energetic disorder. The kinetics
of the charge carriers, however, is too slow to compete with
charge recombination. An efficient separation of delocalized
CT states in systems of low energetic disorder seems
thermodynamically not favored, while their kinetics show a
sufficient separation.

Now, we study the role of delocalization on the free energy;
see Figure 4a. We increase charge localization by scaling all
transfer integrals JA/D,0/1

c/v (see Figure 1a) with 1/2 and 1/4.
According to both descriptions, the free energy increases with
localization. Again, the energy follows the free energy closely.
For J/2 and J/4, reduced separation yields of 45.9% and 9.1%,
respectively, are observed (see Figure 4b). This agrees with the
increase in the free energy and energy barrier with a larger

localization. Interestingly, Fst deviates strongly from equili-
brium for J/2 and J/4. At large distances, Est approaches the
same value of ∼380 meV for different localization. In contrast,
significant differences in Est are observed for short distances;
strongly localized electron−hole pairs occupy states with an
energy of 130 meV (40 meV) above the equilibrium for J/4 (J/
2).

The occupation of electron−hole states at the interface
determines the measured emission spectra by electro- and
photoluminescence studies of donor−acceptor blends, which
are frequently related to the open-circuit voltage in OSCs.50,51

Our results show that, especially for a strong localization,
nonequilibrium state occupations of electron−hole pairs at the
interface need to be considered. For a large localization, the
probability of donor excitons transforming to a CT state with a
small intrapair distance is higher because the number of such
CT states strongly increases (see Figure 4c). The state
population at the interface, following exciton dissociation to a
CT state, is strongly impacted by the competition between
thermalization dynamics and recombination. The significant
deviation from equilibrium indicates that electron−hole pairs
with small intrapair distances do not fully thermalize before
recombination occurs, being in line with recent electro-
luminescence24 and photoluminescence studies.25 Strictly
assuming equilibrated states may lead to a misinterpretation
of experimental photo/electroluminescence data.

With an increased localization, the Gibbs entropy con-
tribution deviates at short distances by up to 20 meV from
equilibrium. Weak coupling integrals result in many CT states
with small intrapair distances. Figure 4c,d visualizes the
distribution of localized CT states, defined by the electron
participation ratio of PR ≤ 3, in electron−hole separation and
in CT state energy, respectively. For a large localization, the
amount of localized CT states strongly increases for all
intrapair distances. Especially at the interface, the amount of
localized CT states is significantly higher than for the reference
configuration. The distribution in energy (Figure 4d and
Figure S10, Supporting Information, for individual states) of
localized CT states shows a large spread, which can explain the
deviation of Fst from equilibrium predictions. Sst differs from
the equilibrium values as electron−hole pairs tend to
recombine before thermalization is completed. Interestingly,
Sst at short distances is roughly equal for different localizations
(see Figure S3, Supporting Information). At a larger distance,
the entropy increases more strongly with larger delocalizations.
For J/4, the Sst value remains nearly constant, indicating that
charge separation gets suppressed with an increased local-
ization.

In contrast to previous theoretical studies,23 our results
emphasize that the free energy decreases with delocalization. In
ref 23 the free energy was analyzed for electron−hole distances
of less than 4 nm for a large energetic disorder of σ ≥ 100
meV. An increase in coupling reduces the amount of electron−
hole pairs with a small intrapair distance (cf. Figure 5 of ref
23), while only a few deep trap states remain. This may explain
the predicted increase in free energy. However, efficient OSCs
are characterized by long-range exciton separation, which can
directly populate rather delocalized CT states of a large
electron−hole distance and consequently reduce the relevance
of strongly bound CT states, which comes closer to our model
(see, e.g., Figure 4c).2,4,7,12 Gluchowski et al.23 further
hypothesize that a potential improvement of the delocalization
for charge separation may occur through nonequilibrium
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kinetic effects, which are particularly included within our
model. This indicates that equilibrium thermodynamics results
may provide potentially misleading conclusions and further
underlines the relevance of our nonequilibrium thermody-
namics analysis.

In conclusion, we have presented novel physical insights into
the nonequilibrium thermodynamics of charge separation in
OSCs by combining the phonon-assisted dynamics of
electron−hole pairs within a 1D model Hamiltonian of an
organic bilayer with the free energy based on the concept of
stochastic thermodynamics. We derive thermodynamic quanti-
ties, in particular, the free energy, average energy, and entropy
contributions of charge separation based on realistic steady-
state populations for different energetic disorders and different
localizations. In contrast to previous studies, the presented
methodology accounts for the finite lifetime of CT states to
provide more realistic thermodynamic quantities. Our analysis
reveals significant deviations from equilibrium in the free
energy and Gibbs entropy for delocalized electron−hole pairs
at a small energetic disorder, representing efficient OSCs.
While previous studies showed that charge separation occurs
via cold pathways, our nonequilibrium thermodynamic analysis
reveals that the separation of cold charge carriers in efficient
OSCs proceeds out of the equilibrium. In systems of large
energetic disorder, steady-state occupations of electron−hole
pair states can be well-described as equilibrated. Furthermore,
localized electron−hole pairs with small intrapair distances
exhibit a significant nonequilibrium distribution, explaining
previous observations from photoluminescence measurements.
Our results emphasize that both a large Gibbs entropy and
delocalized CT states at the interface can support efficient
separation, while a decrease with distance in the free energy
does not necessarily correlate with an enhanced charge
separation. Overall, we believe that this work provides both
an important contribution to understanding the physics of
charge separation in organic semiconductors and a novel
theoretical approach allowing access to nonequilibrium
thermodynamic properties.
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Herzig, E. M.; Huẗtner, S.; Meerholz, K.; Strohriegl, P.; Köhler, A.
Does Electron Delocalization Influence Charge Separation at Donor−
Acceptor Interfaces in Organic Photovoltaic Cells? J. Phys. Chem. C
2018, 122, 21792−21802.
(8) Deibel, C.; Strobel, T.; Dyakonov, V. Origin of the efficient

polaron-pair dissociation in polymer-fullerene blends. Phys. Rev. Lett.
2009, 103, 036402.
(9) Tscheuschner, S.; Bässler, H.; Huber, K.; Köhler, A. A Combined

Theoretical and Experimental Study of Dissociation of Charge
Transfer States at the Donor−Acceptor Interface of Organic Solar
Cells. J. Phys. Chem. B 2015, 119, 10359−10371.
(10) Jankovic,́ V.; Vukmirovic,́ N. Combination of Charge

Delocalization and Disorder Enables Efficient Charge Separation at
Photoexcited Organic Bilayers. J. Phys. Chem. C 2018, 122, 10343−
10359.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.1c01817
J. Phys. Chem. Lett. 2021, 12, 6389−6397

6396

https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01817?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c01817/suppl_file/jz1c01817_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alessio+Gagliardi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3322-2190
mailto:alessio.gagliardi@tum.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Waldemar+Kaiser"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9069-690X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Veljko+Jankovic%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0297-2167
https://orcid.org/0000-0002-0297-2167
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nenad+Vukmirovic%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4101-1713
https://orcid.org/0000-0002-4101-1713
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01817?ref=pdf
https://doi.org/10.1039/C5CP04110D
https://doi.org/10.1039/C5CP04110D
https://doi.org/10.1038/nmat3502
https://doi.org/10.1038/nmat3502
https://doi.org/10.1039/C4CP01626B
https://doi.org/10.1039/C4CP01626B
https://doi.org/10.1039/C4CP01626B
https://doi.org/10.1039/C4CP01626B
https://doi.org/10.1126/science.1217745
https://doi.org/10.1126/science.1217745
https://doi.org/10.1038/nmat3807
https://doi.org/10.1038/nmat3807
https://doi.org/10.1021/ja505330x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja505330x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja505330x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b06429?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b06429?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.103.036402
https://doi.org/10.1103/PhysRevLett.103.036402
https://doi.org/10.1021/acs.jpcb.5b05138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.5b05138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.5b05138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.5b05138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b03114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b03114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b03114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c01817?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(11) Athanasopoulos, S.; Bässler, H.; Köhler, A. Disorder vs
Delocalization: Which Is More Advantageous for High-Efficiency
Organic Solar Cells? J. Phys. Chem. Lett. 2019, 10, 7107−7112.
(12) Felekidis, N.; Melianas, A.; Kemerink, M. The Role of

Delocalization and Excess Energy in the Quantum Efficiency of
Organic Solar Cells and the Validity of Optical Reciprocity Relations.
J. Phys. Chem. Lett. 2020, 11, 3563−3570.
(13) Athanasopoulos, S.; Schauer, F.; Nádazďy, V.; Weiß, M.; Kahle,
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