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Nonradiative exciton relaxation processes are critical for energy transduction and transport in
optoelectronic materials, but how these processes are connected to the underlying crystal structure and
the associated electron, exciton, and phonon band structures, as well as the interactions of all these
particles, is challenging to understand. Here, we present a first-principles study of exciton-phonon
relaxation pathways in pentacene, a paradigmatic molecular crystal and optoelectronic semiconductor. We
compute the momentum- and band-resolved exciton-phonon interactions, and use them to analyze key
scattering channels. We find that both exciton intraband scattering and interband scattering to parity-
forbidden dark states occur on the same ∼100 fs timescale as a direct consequence of the longitudinal-
transverse splitting of the bright exciton band. Consequently, exciton-phonon scattering exists as a
dominant nonradiative relaxation channel in pentacene. We further show how the propagation of an exciton
wave packet is connected with crystal anisotropy, which gives rise to the longitudinal-transverse exciton
splitting and concomitant anisotropic exciton and phonon dispersions. Our results provide a framework for
understanding the role of exciton-phonon interactions in exciton nonradiative lifetimes in molecular
crystals and beyond.
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Molecular crystals are broadly used as host systems for
energy transfer processes involving energetically excited
states in which excitons—bound electron and hole pairs—
serve as the main energy carriers [1,2]. The light harvesting
efficiency in these materials depends on exciton relaxation
and mobility and the dynamical processes they stem from.
Well-explored examples are the acene-based crystals [3],
especially pentacene, for which spectroscopic and micro-
scopic measurements reveal unique nonradiative decay
channels [4,5]. These decay processes are associated with
optically forbidden states due to spin, parity, and momen-
tum. Long exciton lifetimes up to the order of nanoseconds,
associated with nonradiative relaxation processes, have
been reported [6–10], and the change in the spatiotemporal
shape of the propagating light excitation, as seen in
transient microscopy experiments [11,12], reveals aniso-
tropic transport signatures, reflecting the underlying crystal
packing [5,13].
In solid pentacene, recent first-principles calculations

predicted two nearly degenerate, low-lying singlet excitons,
one bright of even parity and another dark of odd parity
[14,15]. Such optical selection rules exist due to the
presence of inversion symmetry, and the relative energies
of these two exciton bands are dictated by the molecular
monomers and their packing arrangement. Coherent

transitions between these singlet states and bitriplets
[14,16] allow the so-called “singlet fission” process, greatly
increasing photovoltaic efficiency [7,17]. Pentacene crystal
anisotropy also gives rise to a longitudinal-transverse (LT)
splitting of the bright exciton branches, recently connected
to ultrafast anisotropic exciton transport in the short-time
quasiballistic regime, prior to thermalization [18]. This LT
splitting results in the bright exciton branch straddling the
energy of the dark exciton branch, making the manifold of
bright and dark states (and hence the scattering between
them) exceptionally complex. It is of great interest to
understand the role of exciton LT splitting in exciton-
phonon interactions, phonon-mediated relaxation channels,
and the occupation of long-lived states involved in non-
radiative processes such as singlet fission as well as in
anisotropic transport phenomena.
Understanding exciton-phonon scattering in molecular

crystals requires a quantitatively predictive, structure-
sensitive theoretical analysis that treats electron-hole and
electron-phonon coupling on the same footing. Given that
the envelope function of optical excitations in these systems
can span over several nanometers [19–21], crystal effects
are significant [22–27]. Density functional theory (DFT)
[28] allows accurate calculations of the ground state. The
GW approach [29] within many-body perturbation theory
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supplies reliable quasiparticle band structures, and excitons
are calculated within the GW plus Bethe-Salpeter equation
(GW-BSE) approach [15,20,30–35], including finite
momentum exciton states [14,36–38]. These are essential
in exciton dynamics upon coupling to phonons. Density
functional perturbation theory (DFPT) [39] or finite-
displacement methods [40,41] provide accurate phonon
dispersion and electron-phonon scattering matrix elements.
However, treating exciton-phonon interactions on an equiv-
alent footing is extremely challenging and the theoretical
development of which is still nascent. Recent advances
allow computations of exciton-phonon self energies within
many-body perturbation theory [42–47], but such tech-
niques have not been applied to molecular crystals, in part
due to their structural complexity. While recent work
established how phonons renormalize excitation energies
[48], the role of exciton-phonon scattering in relaxation
dynamics and transport in these systems is yet to be
explored.
In this Letter, we present a first-principles approach to

study phonon-induced exciton dynamics, applied to crystal
pentacene. We explore exciton intraband and interband
transitions and their role in the early stages of exciton
transport and ultrafast occupation of long-lived dark states.
We compute exciton-phonon interactions by treating the
electron-hole and electron-phonon coupling to the same
level of theory within many-body perturbation theory.
Electron-hole interactions are calculated from GW-BSE
[30,49], with exciton-phonon self-energy on top of it
[45,50]. This is necessary to obtain quantitatively accurate
exciton-phonon interactions, identify key exciton relaxa-
tion channels, and predict ultrafast state evolution upon
photoexcitation, and in particular the interplay between
intraband scattering and interband decay into a dark state.
Interestingly, we find that these two processes have
comparable timescales, a consequence of the exciton LT
splitting and the bright and dark exciton state crossing.
Moreover, the exciton wave packet delocalizes rapidly and
anisotropically in a bandlike transport regime, a result of
the integrated exciton-phonon coupling and LT splitting.
Our findings provide theoretical understanding of the
structurally tunable phonon scattering in pentacene,
involved already at very early stages of exciton transport
and manifested in anisotropic exciton wave packet spread-
ing proceeding long-lived dark state occupation, as
observed in recent experiments [5,13,51–53].
We study crystalline pentacene in its bulk phase [54],

with a herringbone structure of Van der Waals-stacked
molecules, as shown in Fig. 1(a). Exciton states are
computed from GW-BSE on top of a ground state obtained
from DFT [49]. The exciton band structure is calculated by
solving the BSE for electrons and holes with different
momenta [36] [see Supplemental Material [55] (SM) for
full details]. Figure 1(b) shows the exciton band structure of
the two lowest singlet exciton states. ΩS is the excitation

energy of exciton S, for electrons and holes with momen-
tum differenceQx;y at the x̂; ŷ directions. AtQ ¼ Γ the two
low-lying singlet excitons are of opposite parities, one
optically bright (SB, blue) and the second optically dark
(SD, black). Importantly, the bright state exhibits a char-
acteristic LT splitting at the Γ point arising from long-range
exchange interaction [18], previously explored analytically
[63–65]. This property introduces an angular dependency
in the relative energy alignment between the bands, where
the bright state has a higher (along Γ − X) or lower (along
Γ − Y) excitation energy than the dark state. Therefore,
transitions between the bright and the dark states are
expected to depend anisotropically on the exciton-phonon
scattering.
Phonon modes are computed using DFPT, where the

change in the DFT Kohn-Sham potential upon phonon
displacement is evaluated explicitly [39] for lattice vectors
fixed to the experimental values and internally relaxed, a
procedure shown to supply reliable phonons in organic
crystals [66] (see SM [55]). We combine the computed
phonon and exciton states to evaluate the exciton-phonon
scattering matrix elements [42,45]:

GSS0νðQ;qÞ ¼
X

vcc0k

½ASQþq
vck ��gcc0νðkþQ;qÞAS0Q

vc0k

−
X

vv0ck

½ASQþq
vck ��gv0vνðk;qÞAS0Q

v0ckþq; ð1Þ

where GSS0νðQ;qÞ is the coupling between two GW-BSE
exciton states, jSðQþ qÞi and jS0ðQÞi, via a phonon with
momentum q and mode ν. ASQ

vck are the amplitudes of
v, c occupied (hole) and unoccupied (electron) states,

FIG. 1. (a) Atomic structure of pentacene crystal (carbon and
hydrogen in teal and gray, respectively). (b) Top: exciton band
structure of the low-lying bright (SB, blue) and dark (SD, black)
singlet excitons interpolated from the computed GW-BSE exciton
dispersion along the reciprocal â-b̂ plane of the Brillouin zone. A
longitudinal-transverse splitting of the bright state at Γ results in
band intersection of the two states (black line). Bottom: the exciton
band structure along the Y − Γ − X k path (in crystal coordinates,
shaded area marks the region displayed in the top panel).

PHYSICAL REVIEW LETTERS 132, 126902 (2024)

126902-2



respectively, and k is the electronic wave vector. gc0cν and
gv0vν are the electron-phonon and hole-phonon coupling
terms, calculated with DFPT. The exciton-phonon scatter-
ing matrix elements can be used to construct the exciton-
phonon self energy to first order [45,50], whose imaginary
part gives the exciton-phonon scattering time [42,45]

τ−1SS0 ¼
2π

ℏ
1

NqNQ

X

νQq

jGSS0νðQ;qÞj2ρðΔESS0 ðQ;qÞ − ℏωqνÞ;

ð2Þ

whereNq,NQ are the number of grid points for phonon and
exciton crystal momentum, respectively, and the density of
states is

ρðΔESS0 ðQ;qÞ − ℏωqνÞ
¼ ½ðnqνÞρ̃ðΩSðQÞ −ΩS0ðQþqÞ þ ℏωqνÞ
þ ð1þ nqνÞρ̃ðΩSðQÞ − ΩS0ðQþqÞ − ℏωqνÞ�: ð3Þ

Here, nqν is the phonon Bose-Einstein occupation function
at temperature T, and we consider both phonon absorption
and emission processes. ρ̃ are Gaussian distributions with
broadening σ. We denote the weighted scattering rate for
each transition with mode and momentum resolution by
kSS0νðQ;qÞ, so that the scattering time in Eq. (2) is re-
expressed as τ−1SS0 ¼ N−1

q N−1
Q

P
νQq kSS0νðQ;qÞ.

Figure 2 shows the computed exciton-phonon scattering
rates, for the two processes discussed above: intraband
transitions from S ¼ SBðQÞ to S0 ¼ SBðQþ qÞ, namely
within the optically bright state (blue, left); and interband
transitions from S ¼ SBðQÞ to S0 ¼ SDðQþ qÞ, namely to
the optically dark state (black, right). Figure 2(a) shows the
scattering rates resolved over the phonon branch,
ΓSS0
ν ¼ N−1

q N−1
Q

P
Qq kSS0νðQ;qÞ, plotted as a function of

q-averaged phonon energy, for T ¼ 300 K and σ ¼
0.02 eV (this broadening parameter is compatible with
grid spacing and energy differences between the exciton
bands; see SM for further examination of temperature and
broadening effects [55]). We observe dominance of low-
frequency modes in both scattering channels. These include
both acoustic and optical modes, and involve inter- and
intramolecular vibrations. Intermolecular modes are
coupled to delocalized low-lying singlet excitons, com-
pared to localized excitons such as triplets that couple to
intramolecular modes [25,26,67,68]. Figure 2(b) shows
the scattering rates resolved per phonon momentum q,
ΓSS0
q ¼ N−1

Q

P
νQ kSS0νðQ;qÞ. Arrows represent the phonon

momentum direction and color stands for its associated
rate, summed over all phonon modes and exciton momenta.
Notably, we find larger contributions from phonons with
momentum along the Γ − Y direction, the transverse
exciton direction, a property that plays an important role
in the propagation dynamics examined below.
Figure 2(c) shows the inverse scattering rates per exciton

crystal momentum Q, where ΓSS0
Q ¼ N−1

q
P

νq kSS0νðQ;qÞ.
Square colors indicate the scattering times from SBðQÞ to
states in the same band with different momentum (left) and
to the dark band SD (right), summed over all momenta of
the final exciton acquired due to the phonon momentum.
The scattering times vary as a function of the initial exciton
momentum, with weaker coupling around the Γ point. The
total scattering times, as defined in Eq. (2), for the intraband
and interband transitions are τSBSB ≈ 500 fs and
τSBSD ≈ 400 fs, respectively. Both intraband and interband
transitions are determined by scattering processes from
multiple momentum states. Importantly, we find compa-
rable scattering times between exciton intraband relaxation
and the interband occupation of the dark state. This is
robust upon increasing the number of participating bands
and k grid (see SM [55]). This unexpected result suggests
that the early stages of exciton evolution involve an
interplay between two main relaxation pathways: intraband
transitions due to phonon scattering, and interband tran-
sitions to a dark state. Such dark states are long-lived and
expected to strongly couple with bitriplet excitons [14,69]
that separate into triplet states, slowing down the exciton
decay [5].
The rapid conversion of bright to dark states via phonon

scattering is a clear consequence of the band crossing
between these states due to the exciton LT splitting, with
the band alignment determined from the molecular

FIG. 2. Analysis of the computed exciton-phonon scattering for
intraband (blue, left) and interband (black, right) transitions:
(a) rates per phonon mode ν, (b) rates per phonon momentum q,
(c) scattering times per exciton momentum Q.
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components and packing. It can thus be tuned via crystal
structure design. For example, in the case of tetracene, the
bright exciton band is higher in energy and does not cross
the dark band. Such band alignment results in prolonged
scattering times, with interband scattering times larger than
intraband ones by an order of magnitude (see SM [55]). We
further emphasize that the matrix elements composing the
scattering times shown in Fig. 2 for individual momentum
channels span a large range in magnitude, including times
as short as 30 fs for strongly coupled states and up to few
100 ps for weakly coupled ones, as demonstrated in Fig. S7
of the SM. This sets our results at competing timescales
with coherent singlet-fission decay times in this system of
∼100 fs, yet faster than measured noncoherent processes at
the order of nanoseconds [4,7,14,25,69].
To connect our calculations with experimental observa-

tions, we further study the effect of the computed intraband
and interband scattering on a propagating exciton wave
packet and its time-resolved evolution. The maximal
computed exciton-phonon coupling in this system is few
meV (see SM [55]), relatively weak compared to the
exciton bandwidth of ∼100 meV. This supports perturba-
tive treatment of the exciton scattering within a bandlike
transport regime. We adopt a semiclassical kinetic equation
form [56] (see derivation in the SM [55]) in which the time-
resolved occupation of the bright exciton, nSBðQ;RÞ, is
evaluated in both real (R) and reciprocal (Q) space through

∂nSBðQ;RÞ
∂t

¼−
∂nSBðQ;RÞ

∂x

∂ΩSB

∂Qx

−
∂nSBðQ;RÞ

∂y

∂ΩSB

∂Qy
þKscat½nSBðQ;RÞ�: ð4Þ

The first two terms on the right-hand side of Eq. (4) account
for the ballistic wave packet propagation, taking explicitly
into account the computed GW-BSE exciton dispersion via
the band velocities ∂ΩSB=∂Q and effectively coupling
spatial and momentum coordinates along the time evolu-
tion. The third term, Kscat, includes the computed exciton-
phonon scattering terms presented above via

Kscat½nSBðQ;RÞ� ¼
X

q

kSBðQþqÞSBðQÞnSBðQþ q;RÞ

−
X

q

kSBðQÞSBðQþqÞnSBðQ;RÞ

− kSBðQÞSDnSBðQ;RÞ
− kradSBðQÞnSBðQ;RÞδQ;Γ ð5Þ

The first two scattering terms denote intraband transi-
tions of the bright exciton, in which the exciton SBðQÞ is
respectively created or destroyed. kSBðQÞSBðQþqÞ are the
weighted scattering rates associated with each momentum-
resolved transition summed over all phonon modes,

expressed in terms of the scattering rates defined above,
kSBðQÞSBðQþqÞ ≡ ΓSBSB

q;Q ¼ P
ν kSBSBνðQ;qÞ. The third term

accounts for exciton decay due to interband scattering into
the dark state, with the momentum of all final states
summed through SD ¼ P

q SDðQþ qÞ, thus kSBðQÞSD cor-

respond to the above-defined ΓSBSD
Q . We exclude the reverse

process, assuming that dark states go through rapid non-
radiative decay (such as coherent coupling to biexciton
pairs) before scattering back to a bright state. The last
scattering term represents radiative decay from SBðQ ¼ ΓÞ
to the ground state. We follow Refs. [50,57] and evaluate
this term from the exciton oscillator strength and excitation
energy (see SM [55])

kradSB
¼ 2πe2

ℏ2c

ΩSBðΓÞ
Auc

μ2S: ð6Þ

Here, Auc is the unit cell planar area, ΩSBðΓÞ is the exciton
energy at Q ¼ Γ, c is the speed of light, and μ2s is the
exciton modulus square dipole strength divided by the
number of k points. This leads to a recombination lifetime
of ∼3.5 ps, in agreement with previously reported rela-
tively low radiative rates and small radiative signal in
pentacene crystals [4,70,71].
Using Eq. (4) we compute the real-time propagation of

the photoexcited exciton, starting from an initial Gaussian
exciton wave packet [18] centered around the zero momen-
tum and spatial coordinates, with broadening of 2 nm−1

and 3 nm in Q and R space, respectively. These initial
conditions are set to mimic the beam shape of an initial
laser excitation. While the spread is considerably smaller
than an experimental beam size, it is sufficient to observe
the momentum-resolved processes that dominate its
early-time evolution in the crystal (see SM for further
analysis [55]). Figure 3(a) shows the exciton population
following photoexcitation. The initial occupation of the
SBðQÞ state, shown schematically in the legend, is classi-
fied into Q points near Γ (yellow, with η defining Γ
proximate area; see SM [55]), far from it (blue), and their
sum (light blue). Upon interband scattering, a growing
occupation of the dark state (gray) accompanies the non-
radiative intraband scattering. Radiative recombination is
negligible at these timescales. At early times of the exciton
evolution, up to 200 fs, the initial population mainly decays
via intraband transitions, after which the decay to the SD
state dominates. After 1 ps, the dark state occupies ∼80%
of the exciton population.
Figure 3(b) shows the spatial exciton propagation in real

space, presented with normalized intensity amplified with
respect to the initial time step. (Transitions to the dark state
lead to a strong decrease in the non-normalized signal; see
SM [55].) The mean squared displacement (MSD) is also
shown along the x̂ (purple) and ŷ (teal) directions.
At ∼ 100 fs the Gaussian wave packet starts to delocalize
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along both the x̂ and ŷ directions. This is an outcome of the
exciton LT splitting, as we observed previously for the
ballistic regime [18] (see further analysis in the SM [55]).
However, unlike in the ballistic regime, the exciton-phonon
scattering leads to enhancement of the wave packet broad-
ening, as indicated by the MSD, with preferred direction-
ality of the propagation along ŷ stemming from the
nonuniform exciton-phonon scattering. We emphasize that
the appearance of anisotropic fast and slow transport axes is
a consequence of the anisotropic exciton-phonon coupling
and does not appear in the purely ballistic limit [18].
Our calculations reveal three important aspects in the

propagation picture. First, the wave packet broadening is
anisotropic, directly manifesting the crystal anisotropy
through both the LTexciton splitting and phonon scattering,
connecting the propagation pattern to the crystal structure.
Second, the increase in exciton spread occurs at comparable
timescales to dark state occupation, opening the door to
tuning the various scattering times via interplay between the
bright and dark band alignment. Third, the computed change
in the wave packet broadening is nonlinear due to strong
coupling between the LT band split and phonon scattering.
Still, one can assume linearity for the region above 200 fs,
where the ballistic effects reduce and the phonon scattering
dominates. At this region we find diffusion coefficients of
0.42 cm2=s and 0.55 cm2=s along the x̂ and ŷ directions,
respectively. At later times, the occupation of the dark state
starts to dominate the exciton transport.
To conclude, we present a theoretical scheme to calculate

exciton-phonon interactions and time-resolved exciton

evolution in crystals and apply it to study nonradiative
processes in crystalline pentacene. Our method supplies a
connection between exciton and phonon properties in
momentum space and the observed propagation trends in
real space, offering a direct relation between crystal
structure and transport anisotropy. We find that the excited
exciton undergoes intraband scattering (in the bright singlet
branch) and interband scattering (into the dark singlet
branch) on the same timescale and provide insights into
the variety of processes involved. The surprising compa-
rable rates for interband and intraband scattering are
facilitated by the band crossing driven by the LT splitting
of the bright exciton branch. This band crossing results in
complex exciton evolution and manifests in rapid aniso-
tropic exciton wave packet spreading before the occupation
of a long-lived dark state. Moreover, the fast population of
the dark state elucidates the crucial role of exciton-phonon
scattering in nonradiative relaxation pathways in molecular
crystals, determining energy transfer efficiency. The rapid
interband scattering relies on the relative energy of the
bright and dark states and is thus tunable through both
crystal packing and molecular composition. Our results
shed new light on the role of crystal anisotropy and
symmetry at the early stages of exciton transport, setting
the stage for a predictive, first-principles description of the
underlying dynamical processes dominating efficient
energy transfer in organic semiconductors.
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FIG. 3. (a) Exciton wave packet occupation, computed from
Eq. (4) for the first 1 ps after excitation, with the scattering rates
constructing Fig. 2. The exciton evolution consists of the change
in populations of SB state at Q ≈ Γ (within the area η around Γ,
yellow), SB state at the remainder ofQ space (blue), total SB state
population (light blue), and SD state at all Q points (gray).
(b) Spatial propagation of the wave packet during the first 500 fs.
Blue distribution shows the bright state occupation, normalized,
and amplified with respect to the initial step. MSD along the x̂
(purple) and ŷ (teal) are shown on the right.
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