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1. Introduction

Singlet exciton fission (SF) has received much attention in recent
years.[1–8] It is of great physical and technical interest as it is one
of the few processes that can controllably split an exciton in half,

thus multiplying the excitations. Overall,
SF converts a singlet exciton into two inde-
pendent triplet excitons and thereby con-
nects different spin manifolds. Since the
product triplets have opposite spins, the
overall spin is conserved and the process
spin-allowed. SF occurs in a sequence of
steps (Figure 1a). The primary step SF1
is the conversion of a singlet exciton S1 into
a bitriplet exciton (1TT). The bitriplet is
thought to separate by triplet hopping[9]

on an ultrafast timescale into the separated
bitriplet 1T : : :T, we denote this step as
SF2. Lastly, the spins of the triplets dephase
and two independent triplets form. Despite
the early discovery of SF in the 1960s,[10]

there is yet no consensus on a mechanistic
theory of SF. The reason is that the initial
singlet excitons and final triplet excitons
are easy to detect by absorption and emis-

sion, whereas the intermediate states are challenging to observe.
Some observations of the intermediate states have been
claimed,[11,12] but a clear picture of their composition and role
in SF has yet to emerge.

While there is at least some agreement on the electronic struc-
ture of the sequence of intermediate states, the mechanisms con-
necting them are even more disputed. To get a clear picture, we
must distinguish the systems in which SF can occur. SF can
either be endothermic as in tetracene or exothermic as in
pentacene. It can occur in spatially confined dimers or in
quasi-infinite crystals. While the microscopic mechanisms of
SF can be expected to widely differ for different SF systems,
some general questions are common to all SF systems. A key
question is the role of nuclear motion in driving the SF pro-
cess—that is how are the nuclear and electronic systems coupled
to each other. The question is not whether (coherent) nuclear
motion occurs, but rather how it affects the SF steps. For
SF1, for instance, there are two contrasting views on the role
of nuclear motion: 1) SF1 can be accurately described with a
frozen lattice approach, in which nuclear motion provides merely
an energetic bath. 2) Nuclear motion has to be described explic-
itly as there might be regions of the potential energy surface in
which the coupling between singlet and bitriplet states is greatly
enhanced, i.e., conical intersections play a key role. For SF2, the
role of nuclear motion is even less understood as this step
remains the least probed of all SF steps.

This perspective summarizes recent results on the first two
steps of SF in crystalline pentacene (Figure 1c)—a paradigmatic
SF material. We tackled the challenge of tracking the SF steps
from two sides. First, we used time-resolved and angle-resolved
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Singlet exciton fission (SF), the formation of two triplet excitons from one singlet
exciton, involves electronic, nuclear, and spin degrees of freedom as well as their
couplings. Despite almost 60 years of research on this process, a complete
microscopic understanding is still missing. One important open question con-
cerns the role of nuclear motion in SF. In this perspective, recent results on the
exciton dynamics are related to the structural dynamics of single-crystal pen-
tacene and how they provide insights into that open question is shown. To probe
the electronic dynamics, orbital-resolved measurements of the electronic
structure are carried out using time- and angle-resolved photoemission spec-
troscopy. With femtosecond electron diffraction and with ab initio computations,
the complementary nuclear dynamics is tracked. The results from both techni-
ques are summarized, and how they relate to each other is discussed. Then,
remaining open questions are outlined and potential routes are identified to
tackle them, hopefully guiding future studies.
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photoemission spectroscopy (trARPES) to track the electronic
character and dynamics of the excitons (Figure 1b). Second,
we followed the nuclear dynamics after the primary step by com-
bining femtosecond electron diffraction (FED, Figure 1d) and ab
initio simulations. The combination of these complementary
techniques yields a unique view of the complex dynamics of
SF, which span electronic and nuclear degrees of freedom, their
respective couplings, and several orders of magnitude in time.
After introducing the results obtained with each technique,
our perspective discusses how these results provide new insights
into the role of nuclear motion in SF1 and SF2. We then discuss
the remaining open questions and potential routes to tackle
them.

2. Electron Dynamics Results

We examined the electronic dynamics with trARPES.[13] Here, a
visible pump pulse populates the lowest bright exciton and an
ionizing probe pulse ejects electrons that are collected in a
momentum microscope spectrometer. The detector records
the in-plane momenta k ¼ ðkx , kyÞ and the kinetic energy E,
yielding a 3D photoemission (PE) intensity Iðk,EÞ for each
pump–probe delay Δt. For a more detailed description of the
method, see Maklar et al.[14]

We are interested in the signatures of correlated excited states
and expand the PE intensity for different electron configurations i

Ii ∝ ci
X

j

SijMij (1)

where ci is the coefficient of configuration Φi in the total wave
function Ψ, Sij is the overlap term between an ionized i and a cat-
ionic final state j, andMij is the orbital-dependent transitionmatrix

element. The electron correlation in the singlet and bitriplet exci-
tons prohibits casting these states as single electron configura-
tions. Each state will show a main line related to the dominant
electron configuration and satellites resulting from the admixture
of other configurations. The coefficient ci determines the strength
of the peaks in the spectrum (satellite and main lines) and is a
measure of the configuration interaction.

The orbital term Mij, in contrast, can—within the plane-wave
approximation—be understood as a Fourier transform of the
orbital ψ from which an electron was ejected. In the solid
state, the electrons reside in Bloch orbitals which may
be confined in space. These localized Bloch orbitals ψðrÞ ¼P

R ϕðr� RÞFenvðRÞeik⋅R extend over several molecular orbitals
ϕ with a localization length λ determined by the envelope func-
tion Fenv. Each factor to ψ is distinctly visible in momentum
maps of the PE intensity as shown in Figure 2a. The orbital char-
acter is defined by ϕ and leads to a long-range modulation of the
PE intensity. The signature of localization is the width ∝ 1

λ of the
PE peaks in reciprocal space.

In the experiment, we populate the exciton S1 with a 1.81 eV
visible pump pulse. This leads to two excited peaks: S at 1.81 eV
above the valence band maximum (VBM) and X at 0.95 eV above
VBM. S can be assigned to the main peak of the singlet exciton
and X to a satellite peak. After 500 fs, these signals have transi-
tioned into the lower-energy peak TT at 0.65 eV above VBM,
which arises from the bitriplet exciton.

Strikingly, the momentum maps S and TT (Figure 2b) show
a very similar intensity pattern—proving the similar lowest-
unoccupied molecular orbital (LUMO) character of their parent
excitons. Yet, there is a difference: the features in S are much
more pronounced than in TT. This translates to a delocalized sin-
glet exciton and a localized bitriplet exciton, thus confirming pre-
dictions by theory.[15] We now turn to the momentum map of X.

S1

HOMO

LUMO

FR

h� SF1 SF2 Spin

decoh.

CT TT diabatic states

Spin
coher-
ence

1TT 1 ...T T T  + T1 1S0

1 2

Photo-
electrons

I(k , k , E, �t)x y

Pentacene

Momentum-
microscope

detector

XUV probe
21.7 eV

p-polarized

�t

VIS pump
1.81 eV

s-polarized
0.2 mJ/cm²

65° electrons

nuclei

x

y

2 Å

HOMOLUMO

Surface
unit cell

a

b

(a)

(b) (c) (d)

VIS pump
1.81 eV

s-polarized
0.2 mJ/cm²

VIS pump
1.82 eV

s-polarized
0.4 mJ/cm²

Pentacene

Detector

Probe
70 keV electrons,

250 fs

Figure 1. a) Singlet exciton fission (SF) reaction scheme and electronic configurations of the excitonic states. The diabatic configurations refer to a two molecule
systemwith highest-occupiedmolecular orbital (HOMO) and lowest-unoccupiedmolecular orbital (LUMO) each. b) Experimental principle of trARPES. c) Crystal
structure of pentacene and the structure of the frontier orbitals at the edge of a pentacenemolecule. d) Experimental principle of femtosecond electron diffraction.
a–c) Reproduced under the terms of the CC BY 4.0 Creative Commons license.[13] Copyright 2023, The Authors, published by Springer Nature.
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It looks different from both S and TT and must correspondingly
be of different orbital character. However, it shows an intimate
similarity with the momentum map of the VBM, and hence X
must be of highest-occupied molecular orbital (HOMO) charac-
ter (the valence band is formed by HOMOs).

The state X is furthermore located at an energy where no elec-
tronic state is expected. In contrast, it lies 0.86 eV below S1, which
is the energy of an individual triplet exciton in pentacene. This
suggests that it might be a transition from the singlet exciton
state to an excited cation, which differs from the ground state
of the cation yielding signal S by a triplet excitation. By analyzing
the possible transitions, we have shown that indeed this is the
case and that X is a satellite peak of the singlet exciton and arises
from an admixture of charge-transfer (CT) states into the singlet
exciton. The equal strengths of the S and X peaks indicate that S1
is roughly a 1:1 mixture of Frenkel and CT configurations.

We used the momentum maps of X and TT to decompose the
SF dynamics based on the orbital character of the signal
(Figure 2c,d). The results unveil that what could be assumed
to be the energetic relaxation of a lower energy state is the signal
from two energetically overlapping signals, the CT satellite of S1
and the main peak of 1TT (Figure 2e). The separation of the sig-
nals allowed us to obtain clean, orbital-projected dynamics for
signal with HOMO and LUMO character. The orbital-projected
signals S (with LUMO character) and X (with HOMO character)
show the same dynamics and can be fitted together with signal
TT (with LUMO character) as product state in a model with a
single time constant. These results clearly show that 1TT is
formed by the decay of S1 with a tSF ¼ 104� 10 fs time constant.
If there is any population of states with diabatic bitriplet character
by optical excitation, it is only marginal. Together with the large
CT character in S1, this is strong evidence for the CT-mediated
mechanism in the solid state,[13] adding to the evidence found

for state mixing of the singlet exciton in polymers[16] and in
solution.[17]

After the decay of the singlet exciton, slower dynamics kick
in (Figure 2f ). A second exponential decay with a slower
� 600 fs time constant becomes visible. Furthermore, there is
an energetic relaxation of S by �50meV over the course of
the first 150 fs (Figure S1a, Supporting Information). These
observations put together suggest that after �200 fs, S no longer
originates from S1 but from a different state. The only other state
that could yield this signal is 1TT, provided it has a significant CT
character. The late S is then a CT satellite of the bitriplet exciton
and the second timescale we observe thus concerns the decay of
1TT and SF2. In this step, 1T : : :T is formed, which has no CT
character, and thus features no CT satellite in the PE signal. The
reason why we don’t see a change in the TT signal is that the two
different bitriplet species are almost isoenergetic. Nonetheless,
there is a small upshift in TT by �10meV in the time window
200 to 2000 fs (Figure 1b, Supporting Information). This might
be a further indication of the loss of the stabilizing CT character
when going from 1TT to 1T : : :T.

3. Nuclear Dynamics Results

The importance of atomic structure and nuclear dynamics in
determining SF properties (e.g., rate, yield) has been reported
in numerous studies.[8,12,18–20] Yet, just like an orbital-resolved
view of SF had been lacking, direct experimental observations
of the structural dynamics involved in SF on the relevant
timescales have also remained elusive. Time-resolved Raman
spectroscopies were successfully employed to reveal structural
dynamics at the femtosecond timescale, but they are restricted
to local molecular changes.[21,22] Several time-resolved optical
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Figure 2. a) PE can be treated as a Fourier transform leading to distinct signatures of the orbital character and the localization of the initial state in momen-
tummaps. b) Momentummaps of the relevant states in SF (S: singlet exciton, TT: bitriplet exciton, X: satellite, VBM: valence bandmaximum). c) Differential
PE intensity (eq. signal subtracted) of the photoexcited states. d) Illustration of the orbital-resolved decomposition. e) Orbital-resolved PE intensity, top
HOMO character, and middle LUMO character. The bottom panel shows the energy-integrated signal. f ) Dynamics at longer time delays, not orbital
resolved. Reproduced under the terms of the CC BY 4.0 Creative Commons license.[13] Copyright 2023, The Authors, published by Springer Nature.
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spectroscopy studies also reported on coherent phonon dynamics
in SF systems.[8,20,23] However, there is no a priori reason why
atomic motion involved in SF should be purely coherent or
purely incoherent.[24] Time-resolved diffraction techniques using
X-rays or electrons can access both coherent and incoherent
nuclear motion. Such techniques can probe the dynamics of
structural changes in crystals with unit cell sizes up to several
hundred atoms.[25,26] Diffraction-based techniques are therefore
uniquely poised to reveal the intermolecular and collective
nuclear motion that may be involved in SF. Such collective
motion involving several molecules have been predicted to dras-
tically affect transport properties,[27–29] and can be expected to
have a large impact on the SF process as well (e.g., via a modifi-
cation of the π-π overlap in two adjacent acenes).

To complement the electronic dynamics measurements
described earlier, we have carried out FED experiments on the

same pentacene crystals. These complementary experiments
have enabled us to directly access the nuclear dynamics
accompanying the SF process in real time, thereby yielding
insights on the role of nuclear motion in SF. While the
trARPES measurements focused on SF1, our FED measure-
ments focus on SF2. As we shall see, rich structural dynamics
accompanies SF2 in crystalline pentacene on the picosecond
timescale. A schematic illustration of the experiment is shown
in Figure 1d, and an exemplary diffraction of the pentacene crys-
tals is shown in Figure 3a. A detailed description of the method is
given in ref. [30]. The pentacene samples investigated with FED
are 30–80 nm thick, free-standing single-crystalline films excited
with a 50 fs visible pump pulse resonant with the lowest bright
exciton, i.e., the optical excitation in both types of experiments is
equivalent. The nuclear dynamics are probed with a femtosecond
bunch of electrons diffracting off the nonequilibrium lattice and

(a)

(d)

(b) (c)

(e)

Figure 3. a) Equilibrium electron diffraction pattern of a 50 nm thin slab of single-crystal pentacene. b) Difference between the diffraction pattern at
t= 1.5 ps after photoexcitation and before photoexcitation. c) Same as in (b) but at t= 50 ps. d) Time-resolved diffraction intensities for certain Bragg
peaks. Plain lines are biexponential fits to data points (markers). e) A zoom in the first 10 ps of the dynamics reveals pronounced oscillations at 1 THz of
certain Bragg peaks. Reproduced under the terms of the CC BY 4.0 Creative Commons license.[31] Copyright 2021, The Authors, some rights reserved;
exclusive licensee American Association for the Advancement of Science.
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diffraction patterns are collected by a detector for each pump–
probe delay Δt. The temporal resolution of the FED experiment
is 250 fs.

The FED experiments resulted in three main observations:
1) incoherent nuclear dynamics with a time constant of 1.6 ps,
2) the buildup of a structural distortion with a timescale of
around 30 ps, 3) and pronounced coherent nuclear motion at
1 THz in some Bragg peaks. We have assigned the 1.6 ps time
constant to the reorganization of the crystal lattice resulting from
the change in potential energy surface caused by SF1. Such reor-
ganization processes are ubiquitous in physical chemistry and
their observation is part of a comprehensive understanding of
the SF steps. The second time constant of 30 ps relates to the
buildup of a structural distortion. As can be seen in
Figure 3b–d, some Bragg peak intensities evolve to positive val-
ues on that timescale. In ref. [31], we discuss how such signals
cannot reflect thermal heating effects and must arise from a
light-induced lattice distortion. We assigned the slower time con-
stant to the spatial separation of the triplets via triplet hopping.
Our physical picture is that the electronically independent triplets
remain spatially close right after the disintegration of 1TT, and
that they spatially diffuse away from each other over tens of pico-
seconds until a spatially homogeneous distribution of triplets is
achieved after Δt� 50 ps. The electronically independent triplets
form exciton–polarons, and the observed structural distortion

reflects their lattice signature. An interesting consequence of that
picture is that 1T : : :T is not a single state, but rather dynamically
evolves as the triplets spatially separate.

In addition to the incoherent nuclear motion, we observed
coherent oscillations of several Bragg peaks at the frequency
of 1 THz, with a dephasing time of around 4 ps. The question
of whether this motion facilitates or merely accompanies the sub-
sequent steps of SF then naturally arises. To answer that ques-
tion, it is essential to identify the real-space motions at the origin
of the coherent structural dynamics. This can be done partly with
structure factor analysis. Due to the complexity of the pentacene
crystal, however, an identification of the motions can only be
obtained with complementary theoretical work.

We performed ab initio Ehrenfest dynamics including a laser
excitation with real-time time-dependent density-functional
theory (RT-TDDFT) for a total simulation time of 50 fs, as well
as molecular dynamics (MD) simulations on large unit cells of
crystalline pentacene with an empirical force field for several
picoseconds. Technical details about the simulations are exten-
sively discussed in ref. [31]. As shown in Figure 4a, shortly after
an excitation with a laser pulse polarized at the same crystal direc-
tion as in the experiment and with a similar energy, one can fol-
low the movement of the pentacene molecules. When projecting
the molecular motion on the normal modes of the pentacene
crystal unit cell, we observe that the motion is dominated by

(a) (b)

(d)(c)

Figure 4. a) Projection of atomic displacements on the vibrational normal modes of the pentacene crystal, during Ehrenfest dynamics with a laser excitation
as shown in the top panel (real-time time-dependent density-functional theory [RT-TDDFT]). Color code indicates the relative magnitudes, at each time step,
of each normal mode coefficient. The harmonic frequencies of each mode are shown on the y axis. Relevant normal modes are shown explicitly. b) Partial
equilibrium vibrational density of states (vDOS) projected onto the X, Y, and Z axes defined in the inset. Dashed lines represent data obtained for carbon
atoms only and solid lines for the molecular center of mass (CM). c) Exemplary MD snapshots showing the whole simulation cell (3� 6� 2 molecules). The
velocity vectors of molecular CM along Z are indicated as the red and blue arrows. d) The 2D-vDOS correlation plot extracted from MD simulations when
accounting for the atomic motion projected on the Z and X axes defined in panel (b). Reproduced under the terms of the CC BY 4.0 Creative Commons
license.[31] Copyright 2021, The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science.
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intra- and intermolecular modes below 16THz, and in particular
intermolecular modes along the short and normal axis of the
molecules. When analyzing equilibrium and nonequilibrium
long-time MD in a 3� 3� 2 pentacene crystal supercell, we con-
cluded that incoherent excitations of modes at around 1THz in
the crystal lead to oscillations in the 020 and 020 Bragg peaks sim-
ilar to those observed in experiment (see ref. [31]) and that projec-
ting the vibrational density of states (vDOS) on the long axis of the
molecules show a pronounced density of vibrational states con-
nected to sliding motions around 1 THz. Overall, these motions
are dominated by out-of-phase sliding of neighboring pentacene
units, as shown in Figure 4c. Finally, by building and analyzing
2D correlation plots of the vDOS, we find strong indication that
the sliding motions along the long axis couple to modes along the
other two axes that were populated in the RT-TDDFT Ehrenfest
dynamics. An example is shown in Figure 4d. To conclude, the
simulations indicate activated motion along the long axis that
might assist SF2, after the initial electron–phonon coupling that
populates specific nuclear motions following photoexcitation and
SF1.

4. Discussion and Open Questions

The trARPES data clearly establish the electronic mechanism of
SF1 in pentacene. With this result at hand, we turn to the role of

nuclear motion in SF1 apart from providing an energetic bath to
take up excess energy.

Several theoretical[32,33] and 2D spectroscopy[8,20,23,34] works
have emphasized the importance of the consistently observed
nuclear coherence. If a specific nuclear geometry with an
enhanced coupling between electrons and nuclei or a geometry
with reduced energetic separation of the states is important, one
expects a faster SF1 rate at this position. The rate would in effect
oscillate with the period of the phonon shuttling the nuclear wave
packet to that position. However, we see no signs of oscillatory
features in the decay dynamics of S1 within the frequency range
< 20 THz that our time resolution allows.

In agreement with theoretical works that employ an incoher-
ent phonon bath,[6,35] we hence interpret the coherent molecular
vibrations that occur < 100 fs as modes that take up the surplus
energy of the optical transition, but that do not act back on the
SF1 dynamics (see Figure 5). Furthermore, while our trARPES
measurement cannot directly determine the influence of inco-
herent nuclear dynamics on SF1, the involvement of CT states
that are close to degenerate with Frenkel states has implications
for nuclear motion. CT states lead to a delocalization of the sin-
glet exciton over several molecules, thereby reducing the reorga-
nization energy and the extent of nuclear motion involved with
SF1 as each molecule only feels a fractional charge.[36]

We now focus on SF2. Timescales of the formation of
1T : : :T have been estimated to be 1.3–1.8 ps in
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Figure 5. Overview of the nuclear and electronic dynamics in the first two steps of SF in crystalline pentacene. S1 decays via a charge-transfer
(CT)-mediated mechanism to the > 100meV lower 1TT, accompanied by inter- and intramolecular vibrations that take up the excess energy. This dark
state then loses its stabilizing CT character to form the dark 1T · · · T via triplet hopping. The observed 1 THz phonon might assist this process by
significantly changing the electronic coupling between adjacent pentacene molecules. On later timescales, a structural distortion builds up, flagging
the formation of triplet exciton–polarons, while the spin-correlated triplets diffuse further.
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pentacene[37,38] and 2 ps in 6,13-bis(triisopropyl-silylethynyl)
(TIPS) pentacene.[12] These timescales are on the same order
of magnitude as the 600 fs time constant that we observe in
the trARPES measurements. However, the timescales observed
with transient absorption might also indicate lattice reorganiza-
tion as discussed later.

Our FEDmeasurements provide direct insights into the lattice
dynamics of SF2. They demonstrate the joint presence of inco-
herent and coherent atomic motions during that step. The inco-
herent time constant of 1.6 ps which we have observed in the
Bragg peak dynamics can be attributed to the lattice reorganiza-
tion energy, which follows changes in the potential energy sur-
face resulting from SF1. Simultaneously with this decay, the
nuclei oscillate with 1 THz. Combining structure factor analysis
and theory, we showed that this movement mostly changes the
long axis offset of adjacent pentacene molecules. In the PE data,
we do not see an effect of this motion, because it only leads to an
additional disorder in the transfer integrals and therefore an
energetic broadening of the states—which is hard to disentangle
from other effects. Coming back to the interplay of nuclear and
electron dynamics, we focus on the possible effect of the 1 THz
phonon on SF2. Electronically, 1TT might lose its stabilizing
CT character by triplet hopping[9,39,40] or by a loss of CT character
within a dimer. Both are controlled by a product of the intermo-
lecular electronic couplings of HOMO and LUMO. The 1 THz
phonon has a strong effect on these couplings and might thereby
assist the transition from 1TT to 1T : : :T. If the coupling between
the long axis motion and the triplet-hopping rate is strong enough,
we expect to see a coherent modulation of the SF2 rate.

We close this perspective with some open questions. Themain
question to tackle, in our opinion, is to shed light on the elec-
tronic mechanisms involved in SF2. This step, which has been
much less investigated compared to SF1, is nevertheless of cru-
cial importance for applications. Indeed, the chemical species of
relevance for SF-based photovoltaic applications is not the inter-
mediate bitriplet 1TT formed after SF1, but rather the fully inde-
pendent triplet excitons. Since high temporal resolution is not
required to observe the electronic dynamics of SF2, trARPES
with high energy resolution (10meV would be needed in
pentacene) could potentially be employed to separate 1TT and
1T : : :T based on their energies. While the momentum maps
of both species look similar, a trARPES study with a larger signal
in the excited states might reveal subtle differences that trace
back to the CT character of 1TT and even allow a projection
of the signal onto different orbital characters. Alternatively,
one should study SF2 in different acenes with favorable
energetics. For instance, in tetracene, 1TT and 1T : : :T are sepa-
rated by> 50meV and might be isolated more easily in trARPES
measurements with sufficient energy resolution.[39]

Furthermore, 1TT and S1 have a large energy offset in hexacene
such that it should be possible to distinguish these two states
more easily.[41]

Having direct access to the nuclear dynamics involved in SF1
using diffraction-based techniques will provide an even more
comprehensive picture of SF1. It may reveal incoherent lattice
dynamics involved in SF1, as well as coherent motions of
high-frequency phonons that cannot currently be resolved.
Results from theory—for instance indicating phonon–phonon

coupling between 1THz and 4 or 8 THz modes—could be
directly compared with experiments. Reaching the necessary
temporal resolution to observe SF1 with FED instruments
comes into technical reach thanks to electron pulse compression
techniques and relativistic mega electron volt electron diffrac-
tometers.[42] Investigating SF1 with trARPES and a time resolu-
tion of �20 fs could further assess the role of high-frequency
vibrations.

Another interesting direction is directly probing the
electron–phonon coupling by exciting specific phonons. An ear-
lier study has observed an increase in triplet exciton yield by pho-
toexciting tetracene crystals with pulse trains separated by the
oscillation period (500 fs) of an intermolecular vibration.[43]

With a pump–pump–probe experiment, it should be possible
to coherently control different SF steps (for some examples of
coherent control, see refs. [44,45]). Such an experiment would
allow a more direct assessment of the role of specific vibrations
in the SF process.

Furthermore, the mechanism and the role of nuclear motion
in endothermic SF need further investigation. In tetracene, the
energies of the two product triplet excitons sum to 200meVmore
energy than the initial singlet exciton, making it useful for pho-
tovoltaic applications. An increase in entropy is necessary to drive
this process uphill. The progress on this question has been
reviewed,[46] but some questions remain, specifically regarding
the microscopic mechanism. The endothermicity of the individ-
ual steps (as opposed to the energy difference between singlets
and two triplets) remains to be determined reliably. Future dif-
fraction studies might reveal the vibrational modes that provide
the required energy and observe a cooling of the lattice. Finally,
there is a lack of theoretical work on the microscopic mechanism
that might then reveal insights on the limits to endothermicity.

Theoretical methods are also necessary to fully characterize
and understand the several steps of SF in pentacene. Much prog-
ress has been made with model Hamiltonians and the combina-
tion of several different simulation techniques,[2,47] which have
provided plausible scenarios of the full SF process, and ruled out
many others. However, a full quantum and atomistic under-
standing of all steps related to the SF process in pentacene
remains elusive. One of the main current open challenges lies
on the quality of the electronic–structure theory that can be
applied to realistic systems,[19] in particular describing double
excitations in periodic systems.[48] Ideally, methods like
time-dependent coupled cluster could capture the SF process
accurately, but their computational burden has so far been
prohibitive for applications in large crystalline unit cells. In addi-
tion, the experimental work presented here makes it clear that
one also needs a methodology able to capture nonadiabatic
electron–phonon coupling with quantum nuclear dynamics at
long timescales, especially to fully unravel SF2. This surpasses
the realm of applicability of methods like “vanilla” Ehrenfest
dynamics and calls for others, which are either not accurate
or prohibitive due to their cost.[49] There is certainly a lot of space
for theoretical developments in this area.

This perspective has shown how the combination of comple-
mentary experimental and theoretical techniques yields new
insights into the SF process in pentacene. We have focused here
on the role of nuclear motion, and shown that while nuclear
motion may not drive SF1, it may play an important role in
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SF2. We have also identified open questions, which we hope will
be useful to guide future studies on the process. Overall, we
expect that future progress in our understanding of SF will lead
to further refinements in the steps and mechanisms at play.[50]

Tackling these open questions will go hand in hand with meth-
odological improvements both from the experimental and theo-
retical sides.
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