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Organic semiconductors exhibit properties of individual molecules and extended crystals simulta-
neously. The strongly bound excitons they host are typically described in the molecular limit, but
excitons can delocalize over many molecules, raising the question of how important the extended
crystalline nature is. Using accurate Green’s function based methods for the electronic structure
and non-perturbative finite difference methods for exciton-vibration coupling, we describe exciton
interactions with molecular and crystal degrees of freedom concurrently. We find that exciton de-
localization controls these interactions, with thermally activated crystal phonons predominantly
coupling to delocalized states, and molecular quantum fluctuations predominantly coupling to lo-
calized states. Based on this picture, we quantitatively predict and interpret the temperature and
pressure dependence of excitonic peaks in the acene series of organic semiconductors, which we
confirm experimentally, and we develop a simple experimental protocol for probing exciton delo-
calization. Overall, we provide a unified picture of exciton delocalization and vibrational effects
in organic semiconductors, reconciling the complementary views of finite molecular clusters and
periodic molecular solids.

Optoelectronic devices based on organic semiconduc-
tors (OSCs), such as light-emitting diodes (LEDs) [1] and
solar cells [2], are promising candidates for technological
applications. In contrast to their inorganic counterparts,
OSCs host strongly bound excitons [3, 4] that, depend-
ing on the relative spin of the electron and hole pair,
form spin-zero (singlet) or spin-one (triplet) configura-
tions. The interconversion between singlet and triplet
states is of high relevance to the application of OSCs,
with examples including thermally activated delayed flu-
orescence used in organic LEDs [5, 6], and singlet exciton
fission which could lead to solar cells with efficiencies sur-
passing the Shockley-Queisser limit [7–9].

The weak van der Waals interaction between molecules
in OSCs has led to the common approximation of using
isolated molecular dimers or oligomers to simulate the
entire crystal [10–13]. Wavefunction-based methods are
the natural way of studying such finite-sized clusters of
molecules, providing a good description of the underlying
physics in those systems where exciton states are local-
ized. While triplet excitons are localized in most cases,
the exchange interaction drives singlet excitons to delo-
calize over multiple monomers [14, 15]. Therefore, OSCs
can simultaneously exhibit features of the molecular and
extended crystal limits, calling for a unified picture.

Due to the mechanically soft character of organic ma-
terials, the coupling of excitons to molecular and crys-
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tal vibrations can be extremely strong and dominate
the physics that makes OSCs interesting from an ap-
plication point of view. For example, exciton-vibration
coupling has been shown to play a central role in pro-
cesses such as singlet fission and exciton transport [16–
18], and several theoretical studies have successfully cap-
tured this interaction in molecular clusters [19–21]. How-
ever, these molecule-based approaches cannot capture
the long-range intermolecular vibrations that lead to
strong deviations of the orbital overlap between neigh-
boring monomers [22, 23]. A full treatment of exciton de-
localization becomes necessary to account for the strong
dynamic disorder of OSCs in solid state systems, but this
remains an open challenge.

In this work, we present a theoretical framework to
understand exciton-phonon interactions in OSCs treat-
ing molecular and crystal features on the same footing.
We combine many-body GW and Bethe-Salpeter calcu-
lations for exciton properties [24–26], with finite displace-
ment methods for vibrational properties [27, 28], to cap-
ture the strong non-perturbative exciton-vibration inter-
actions present in OSCs [29]. This combination of highly
accurate methods allows us to identify the extent of ex-
citon localization as the key parameter determining the
relative importance of molecular and crystal degrees of
freedom, providing a unified picture between the molec-
ular and crystal limits of OSCs. Our framework has
multiple implications for the properties of these mate-
rials, some examples of which we explore. We uncover
the microscopic mechanism for the weak temperature de-
pendence of excitons in the acene series of OSCs, rigor-
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FIG. 1. Singlet excitons in the acene series of molecular crystals range from entirely localized (naphthalene) to highly delocalized
(pentacene). The phonon density of states (DOS) of these materials consists of a thermally-activated regime of intermolecular
motions, and a high-energy regime of intramolecular modes that are only active due to quantum fluctuations. The interaction
of delocalized excitons is dominated by low-energy thermally-active modes, while localized excitons couple preferentially to
high-energy modes via quantum fluctuations.

ously comparing against our experimental measurements.
We also find that nuclear quantum fluctuations lead to
strong exciton energy renormalization, and accounting
for this effect allows for unprecedented predictive power
for absolute exciton energies compared to experiment. Fi-
nally, we predict that delocalized excitons should exhibit
stronger pressure dependencies than localized ones, and
again quantitatively confirm this prediction with experi-
ments in the acene series.

At temperature T , we include the phonon contribution
to the exciton energy Eexc(T ) by means of the quantum
mechanical expectation value:

Eexc(T ) =
1

Z
∑
s

〈χs(u)|Eexc(u)|χs(u)〉e−Es/kBT , (1)

where |χs〉 is the harmonic vibrational wavefunction in
state s with energy Es, Z =

∑
s e
−Es/kBT is the par-

tition function, and u is a collective coordinate that in-
cludes the amplitudes of all normal modes of vibration in
the system. We evaluate Eq. (1) by generating stochas-
tic samples distributed according to the harmonic vibra-
tional ensemble, calculating the exciton energy and aver-
aging over all configurations. More details on the com-
putational methodology are provided in the supplemental
material (SM) [30]. Here we emphasize that while indi-
vidual phonon modes are treated within the harmonic
approximation, our methodology still captures exciton-
phonon interactions to all orders as it does not rely on a
perturbative treatment of the coupling.

To probe our theoretical framework, we use the acene

series of molecular crystals because they exhibit singlet
excitons that range from entirely localized (molecular
limit) to strongly delocalized (crystal limit), as visual-
ized in Figure 1. The electron density is shown in blue
for a hole localized on the central monomer of the dis-
played area. Throughout the rest of this paper, the
term delocalization will refer to the spatial extent of the
electron wavefunction for a hole localized at a specific
point. For singlet excitonic states, molecular size de-
termines the degree of delocalization in the solid state
[14]. For large organic structures, the average electron-
hole distance on a single molecule is comparable to the
distance between neighboring molecules. Therefore, the
attractive Coulomb energy between electron and hole
is similar when they localize on the same or on adja-
cent molecules, allowing for delocalized states with large
average electron-hole separation. In contrast, in small
molecules the attractive Coulomb interaction of electron
and hole within a single molecule is significantly stronger
than if they localized on different molecules, leading to
localized singlet excitons. Triplet excitons are generally
more localized than singlets, due to the lack of a repul-
sive exchange interaction in this state [26]. The triplet
wavefunctions of the acene crystals are visualized in SM
Figure S1 [30]. Therefore, depending on spin and on the
size of molecules, different degrees of exciton delocaliza-
tion appear in the solid state.

By employing equation 1, we obtain the expectation
value for the singlet and triplet exciton energies of the
acene crystals at 0 K and 300 K arising from exciton-
phonon coupling. The interaction of the exciton with
phonons leads to a red shift of its energy, due to the stabi-
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FIG. 2. Change caused by thermal activation (red) and quan-
tum fluctuations (blue) of phonons to the singlet (panel a) and
triplet (panel b) exciton energies of the different acenes.

lizing character of intraband phonon-induced transitions
[31]. Even at 0 K, phonon quantum fluctuations with an
energy of 1

2~ω interact with the exciton, leading to a red
shift of its energy compared to a static picture. This
effect becomes more pronounced for the smaller acenes
(fewer number of carbon rings), where excitons are more
localized, as visualized in Figure 2. Comparing the sin-
glet (panel a) to the triplet (panel b), the red shift is
more important for the more localized triplet states. By
increasing the temperature from 0 K to 300 K, low-energy
intermolecular motions are activated, leading to a fur-
ther red shift of exciton energies. We find this effect to
be more important for more delocalized states. Indeed
thermally-activated phonons have a negligible effect on
the energy of the highly localized triplet states. Overall,
in the molecular limit, excitons couple preferentially to
high-energy phonons that are not thermally activated, so
the coupling is purely via quantum fluctuations. By con-
trast, in the crystal limit thermally-activated low-energy
phonons dominate the interaction with excitons. In in-
termediate cases, both contributions can be important.

To understand these results, let us consider the form of
the phonon density of states (DOS) in OSCs, schemat-
ically presented in Figure 1. This consists of two dis-
tinct regions: a small thermally-activated regime of low-
frequency phonons, corresponding to intermolecular mo-
tion, and a large region which is dominated by high-
energy intramolecular motions, such as C-C stretches.
While most of the phonon modes that fall into the lat-
ter regime are not thermally-activated, they still oscillate
with their zero-point energy. Thermally-activated modes
that modulate the orbital overlap between neighboring
monomers [22, 23] will predominantly have an effect on
more delocalized excitons, the properties of which de-
pend on intermolecular interactions, due to their wave-
function extending over a larger number of molecules.
Similarly, one expects that the high-energy intramolecu-
lar motions that are only active due to quantum fluctua-
tions, will mostly affect localized excitons, the wavefunc-
tion of which has a greater amplitude in the vicinity of
these localized motions. Therefore, based on the extent
of their delocalization, excitons in OSCs respond differ-
ently to the different kinds of vibrations present in these
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FIG. 3. Experimental (red-triangles) and theoretical (black
solid line) temperature-dependent absorption of pentacene.
The dashed and dotted lines indicate the individual effects of
thermal expansion (TE) and exciton-phonon coupling on the
singlet energy.

materials. We now proceed to apply this intuitive picture
summarized in Figure 1 to uncover the mechanism behind
the temperature-dependent properties of excitons.

The red-shift of the exciton energy relative to its value
at 0 K and due to thermally-activated phonons is vi-
sualized in Figure 3 for the case of pentacene (dotted
line). However, exciton-phonon coupling is not enough
to capture the experimentally observed temperature de-
pendence of the exciton energy (red triangles in Figure 3),
and must be complemented by the effect of thermal ex-
pansion (TE - dashed line). Thermal expansion increases
intermolecular distances, thus approaching the limit of
isolated single molecules, and hence entirely localized ex-
citons. This destabilizes the exciton energy, an effect
which is more pronounced for delocalized singlets, and
less important for states that are relatively localized to
begin with. In principle it is possible to obtain the ef-
fects of thermal expansion from first principles using the
quasiharmonic approximation [32], within which the free
energy of the system calculated at the harmonic level is
minimized as a function of volume. However, this is com-
putationally expensive for systems like the acene crystals
with several independent lattice parameters. Instead, we
perform exciton calculations on a range of experimental
structures obtained at different temperatures, as outlined
in section S4 of the SM [30].

The effects of thermal expansion and exciton-phonon
coupling almost perfectly cancel out, leading to largely
temperature-independent exciton energies (solid line), in
excellent agreement with experiment. While exciton de-
localization determines the magnitude of these two effects
individually, the net temperature dependence of the exci-
ton energies is overall weak, something which is also true
for tetracene, anthracene and naphthalene, the results for
which are given in the SM [30]. As discussed in detail in
section S10 of the SM [30], the small differences between
the computational and experimental results are mainly
due to the challenge associated with accounting for the
effects of very long-wavelength phonons on excitons, as
well as the deviation of some of these modes from the
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FIG. 4. Comparison of the computed static exciton energies
obtained to their zero-point renormalized (ZPR) values and
to experiment. See SM section S3 [30] for the tabulated data.

harmonic behavior that our methodology assumes.

The blue shift of exciton energies due to thermal ex-
pansion is caused by the increase in intermolecular dis-
tances, while the red shift that results from exciton-
phonon coupling is due to the dominance of intraband
over interband phonon-induced transitions [31]. Both
these effects hold in most molecular crystals, unless one
considers special cases with anomalous thermal expan-
sion or very small optical gaps, respectively. Therefore,
we expect the cancellation of the effects of thermal ex-
pansion and exciton-phonon coupling to be present in the
vast majority of OSCs, leading to overall weak tempera-
ture dependence of exciton energies.

Since the effect of thermal fluctuations on exciton en-
ergies is small, it is quantum fluctuations that are mostly
responsible for red shifting their values from those of a
static lattice. This leads to a greatly improved agree-
ment between theory and experiment as summarized in
Figure 4 and Table S1, highlighting the predictive power
of our approach. This result is particularly important for
triplet states, the energy of which is experimentally very
challenging to determine [6, 33]; the correction to the
static values for these states is significant due to their
highly localized character and associated coupling to the
high-frequency modes that are active due to quantum
fluctuations. This strong renormalization of exciton ener-
gies due to quantum fluctuations is an inherent character-
istic of OSCs due to the light weight of their constituent
elements, and thus the high frequency of oscillations they
exhibit. Therefore, accounting for this effect is crucial,
regardless of the accuracy of the underlying electronic
structure method. The accurate calculation of exciton
energies is crucial to various photophysical processes in
OSCs. For the example of singlet fission, we successfully
predict the experimentally well-established exothermicity
(E(S1) > 2 · E(T1)) of singlet fission in solid pentacene
[34], which is not captured by many-body perturbation
theory in the absence of quantum fluctuations [15, 35].
We also capture the endothermicity of singlet fission in
tetracene [36].

The magnitude of the effect of thermal expansion and
exciton-phonon coupling on exciton energies depends on
the degree of wavefunction delocalization. Unfortunately,
the cancellation of these effects that we have demon-
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FIG. 5. Theoretical volume and pressure dependence of ex-
citon energies. We compare to pressure-dependent measure-
ments within 0 − 300 MPa in the inset.

strated does not allow one to utilize them as a means of
probing delocalization experimentally. Nevertheless, the
insights from the above discussion motivate us to examine
the effect of pressure on exciton energies. The applica-
tion of hydrostatic pressure at a given temperature re-
duces the volume Vo of the unit cell at atmospheric pres-
sure (∆V/Vo < 0), an effect opposite to thermal expan-
sion, which increases the unit cell volume (∆V/Vo > 0).
However, unlike thermal expansion, the effect of pres-
sure does not compete with phonon-activated processes,
leading to a strong red shift of exciton energies [37], an
effect that we expect to be stronger for more delocalized
states, and could hence be used to probe delocalization.
For obtaining the exciton properties at finite pressures,
we relax both the internal structure and volume of the
unit cell, minimizing the enthalpy at a given pressure.
For each acene crystal, and as outlined in detail in sec-
tions S3 and S4 of the SM [30], we compute the exciton
properties at 0,0.5,1,2,4 and 5 GPa, also accounting for
the change in the effect of phonon quantum fluctuations
under pressure.

Figure 5 shows the change of the singlet energy of the
acene crystals as a function of unit cell volume. As ar-
gued previously, changes in intermolecular distances in-
duced by pressure or thermal expansion have a stronger
effect on delocalized states. Indeed, we find that for
naphthalene the singlet volume dependence is weaker
than for anthracene, which in turn is weaker than that of
tetracene. Interestingly, pentacene has a slightly weaker
volume dependence than tetracene, which is due to qual-
itative changes in the effect of phonon quantum fluctu-
ations at finite pressures. Consistent with this picture,
we find in Figure S2 that the pressure dependence of the
triplet energies is significantly weaker, due to the highly
localized nature of these states. In the inset of Figure 5,
we compare our theoretical predictions for the change of
the singlet energies at finite pressure to experiment, in
the range of 0 − 300 MPa. The full experimental spec-
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tra are given in Figure S8. We find that theory and ex-
periment are in very good agreement and, remarkably,
we correctly predicted the unconventional pressure de-
pendence for pentacene, confirming the accuracy of our
theoretical framework.

The above discussion shows that the slope of the exper-
imental exciton energy pressure dependence provides a
qualitative measure of exciton delocalization. Addition-
ally, in combination with the experimentally measured
exciton temperature dependence, it can also be used to
provide an estimate of the magnitude of exciton-phonon
interactions due to thermal fluctuations. The shift of ex-
citon energies upon compression ∆V/Vo < 0 is linear, and
can be extrapolated to ∆V/Vo > 0, hence providing an
expected blue shift of the exciton energy due to thermal
expansion. The difference of this expected blue shift from
the experimentally measured energy shift (compared to
0 K) gives the magnitude of exciton energy renormaliza-
tion due to coupling to thermally-activated low-frequency
phonons. This is complementary to extracting the mag-
nitude of exciton-phonon interactions from the vibronic
progression of the absorption spectrum [38], as the latter
only provides information on the coupling of the exciton
to high-frequency modes.

We propose a general framework to study exciton-
phonon interactions in organic semiconductors describing
localized molecular and extended crystal degrees of free-
dom simultaneously. We show that exciton delocalization
determines the magnitude and nature of these interac-
tions: localized excitons predominantly couple to high-
frequency modes via quantum fluctuations, while delo-
calized excitons interact more strongly with thermally-
activated low-frequency phonons. Together with the ef-
fect of thermal expansion, which also depends on exciton
delocalization, this allows us to reveal the full microscopic
mechanism behind the weak temperature of exciton en-
ergies in acene crystals, and argue that this should hold
in the vast majority of molecular crystals. As a conse-
quence of the weak temperature dependence, the major
contribution to exciton energy renormalization compared
to the static lattice arises from quantum fluctuations of

mostly high-frequency vibrations, always present in or-
ganic materials. The magnitude of this renormalization
also depends sensitively on exciton delocalization, and
accounting for this effect is necessary in order to achieve
predictive power for exciton energies.

Overall, our framework provides a unifying picture be-
tween the molecular and crystal limits of organic semi-
conductors, showing how the delocalization of excitons
determines their response to a wide range of structural
changes, beyond lattice vibrations and thermal expan-
sion. The effect of pressure provides such an exam-
ple, and we find that pressure-dependent measurements
may be used as a probe of delocalization and thermally-
activated exciton-phonon interactions. Therefore, based
on factors that determine exciton delocalization, such as
spin and the size of molecules, one can anticipate the dif-
ference in the response of different materials to a variety
of structural changes.
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