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ABSTRACT: The exact mechanism of endothermic singlet fission in
crystalline polyacene remains to be clarified. It has been elusive
whether the excess energy of vibrational hot states and the upper
branch of Davydov splitting is important for the energy compensation.
Here, we probe the excited-state specified singlet fission dynamics in
tetracene single crystals by polarization-dependent two-dimensional
electronic spectroscopy (2DES). While a major spectral transfer with a
characteristic lifetime of 86 ps is observed to be largely independent of
the excitation energy due to formation of the spatially separated triplet
pairs (1(T···T)), the excitation-energy dependent subpicosecond
dynamics show marked differences for different states probed, implying
the possible involvement of a coherently formed triplet pair state
(1(TT)). Analysis of coherent vibrational modes suggests the coupling to high energy modes may offset the energy difference
between singlet and triplet pair states. Moreover, the beating map of the low frequency mode indicates a vibrational hot state
violating the aggregation behavior of Davydov exciton, which can be explained as a resonance of the 1(TT) state. These results
suggest that the coherent vibronic mixing between local excitation and triplet pair states is essential for the singlet fission dynamics in
molecule aggregates.

■ INTRODUCTION

Singlet fission (SF) is a spin-allowed process that converts a
photogenerated spin-singlet exciton (S1) into a pair of triplet
excitons (T1 + T1) in organic chromophores.1−6 Benefiting
from the multiplication of photoexcited charges, SF can
potentially break the Shockley−Queisser limit in singlet-
junction photovoltaic devices.7−9 In the past decade, highly
efficient SF has been observed in multiple molecule
systems.10−12 SF efficiency is high not only in the exothermic
systems (E(S1) > 2E(T1)) like pentacene and derivatives13−15

but also in many endothermic systems (E(S1) < 2E(T1))
including tetracene, rubrene and their derivatives.16−26

An intermediate state of a correlated triplet pair state1−3,27,28

(1(TT)) has been widely accepted to elucidate the SF
mechanism, i.e., S1 ←→ 1(TT) ←→ T1 + T1. The

1(TT)
state is possibly formed by direct electronic coupling between
S1 and

1(TT) or through an indirect channel mediated by a
charge-transfer (CT) state.27,29−37 The triplet pair state is
further dissociated into free triplets (T1 + T1). Such a scenario
can well explain most aspects of SF dynamics. Nevertheless, in
endothermic systems, the mechanism for overcoming the
energy barrier remains elusive. Previous works suggest that the
energy barrier can be compensated by the excess energy of
vibrationally hot excitons provided by optical excitation in
tetracene and anthracene.16−19,38,39 It was proposed that direct

SF from the higher-lying singlet states Sn may proceed on a
subpicosecond time scale, while the thermalized S1 state
precedes SF on a longer time scale of tens of picoseconds in
the tetracene film.16,17,19 Recently, optical spectroscopic data
have suggested that endothermic SF is driven by spatial
separation of the correlated triplet pair ((1(T1T1) → 1(T1···
T1)) which is formed coherently with the S1 state upon optical
excitation on an ultrafast time scale in the films of rubrene and
TIPS−tetracene.40,41
The early stage dynamics of 1(T1T1) state is primarily

determined by the electronic couplings among the local excited
singlet (LE), the CT and the 1(T1T1) states.

15,29,37,38,40−45 In
the systems such as tetracene and rubrene with weak direct
electronic couplings, exciton−vibration couplings are essential
for coherent formation of the 1(T1T1) state.38,41,46−50 The
intramolecular modes coupled to the LE, CT, and/or TT
states may strongly modulate the site energies toward energy
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resonances.46,51 The transformation of coherent phonon
modes during S1→

1(T1T1) has been experimentally observed
by two-dimensional electronic spectroscopy (2DES).43 Alter-
natively, the nonlocal vibrational coupling with some
intermolecular modes causes the symmetry breaking that
may enhance the electronic couplings between these electronic
states.38,52−54 Such an effect is probably responsible for the SF
rate promoted by selective phonon excitation in tetracene films
with shaped pump pulses and the phonon mode transfer
during S1 →

1(T1T1) in rubrene.55

The dipole−dipole interaction in the molecule aggregates
further complicates the energetic landscape for the excited
species of LE, CT, and/or TT states.56 In the acene crystals
with inequivalent molecules in a unit cell, the Davydov
splitting shifts the lowest singlet transition to both lower (S1)
and higher energy sides (S1*) depending on excitation
polarization.12,57,58 Nevertheless, whether and how the upper
Davydov branch, the vibrational hot states, and the interplay
between these excited states affect the coherent exciton
dynamics remain unclear. The issue is partially caused by the
difficulties in elucidating the triplet generation dynamics
triggered by transitions to specific excited states.
In this work, we try to tackle this issue with polarization-

dependent 2DES with selective excitations of S0 → S1 and S0
→ S1* transitions in tetracene crystals (Figure S1). 2DES

encodes real-time correlations between the energies of the
states photoexcited and probed,59−61 which allows one to
probe SF dynamics with high temporal resolution and
excitation energy resolution simultaneously.40,62 The exper-
imental data suggest that in addition to the formation of 1(T···
T) within 86 ps, the subpicosecond exciton dynamics show
marked dependence on the excitation energy. The oscillations
entangled in the dynamics suggest the high energy modes
coupled to the singlet and triplet pair states may compensate
the energy differences. Moreover, the beating map of low
frequency mode indicates a vibrational hot state violating the
aggregation behavior of Davydov exciton which can be
explained as a resonance of the 1(TT) state. These results
suggest the coherent vibrations may give rise to mixing
between the LE and triplet pair states which is essential for the
SF dynamics in molecule aggregates.

■ METHODS

We conducted polarization-dependent 2DES experiments to
study the exciton dynamics in tetracene crystals. 2DES records
the third-order nonlinear optical response of three sequenced
pulses.63−65 As described in a previous method paper, our
setup of 2DES is configured in a pump−probe geometry.66

The two collinear pump pulse replicas were created using a
Mach−Zehnder interferometer with phase stabilized by active

Figure 1. (a) Schematic diagram of polarization-dependent 2DES setup in the pump−probe geometry. The polarization angles of 0° and 90°
represent the beam polarizations in parallel and perpendicular to the b axis of the tetracene crystal, respectively. (b) Absorption spectra of the single
crystal tetracene sample with incident light polarized parallel and perpendicular to the b axis, corresponding to the transitions from ground S0 to the
S1 and S1* states arising from Davydov splitting. The spectrum of the pump beam is included for comparison. Inset shows the FRAC curve of the
incident pulse. (c) Spectra of probe beams used in the 2DES experiments shown in comparison with the TA spectra recorded at the delay of 1 and
2000 ps with probe beam polarized parallel and perpendicular to the b axis of the crystal.
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feedback electronics. Such a configuration allows us to
independently detune the pump−probe polarization config-
uration. (Figure 1a). A 5 kHz Ti:sapphire regenerative
amplifier (Libra, Coherent) emitting at 800 nm with the
pulse duration of ∼90 fs was employed to generate the pump
and probe sources. The pump beam was generated by a
homemade noncollinear optical parametric amplifier (NOPA)
with the spectrum covering the absorption peaks of the
transitions from S0 to S1 and S1* states in the tetracene crystal
(Figure 1b). To obtain good temporal resolution, the pump
pulses were compressed by combining a pair of chirp mirrors
and a pair of silica wedges. The overall pulse duration was ∼15
fs (Inset, Figure 1b) which was characterized by the fringe-
resolved autocorrelator (FRAC) method. The probe beam was
divided into two parts (Figure 1c) using another NOPA to
cover the near resonance regime and using supercontinuum
light to cover the long-wavelength range by focusing the output
beam at 1300 nm from a homemade OPA onto a 3 mm
sapphire plate. The probe pulse was also compressed by a pair
of chirp mirrors together with silica wedges pairs. The spectra
of transmitted probe beams (T(λ)) were analyzed by a CMOS
camera mounted on a monochromator (Acton SP-2358,
Princeton Instruments). Transmitted light (T(λ)) is probed
with pulse-to-pulse spectral analysis at 5 kHz enabled by a
homemade field programmable gate array (FPGA) control
board. Using the heterodyne detection, the field of nonlinear
optical response was calculated with the signal of ΔT/T0.5

where T is the transmitted probe light and ΔT is the pump-
induced change. The τ scan range is from −150 to +150 fs.
Fluence-dependent experiments were conducted (Figure S2).
The 2DES data recorded with weak excitation with fluence of 5
μJ/cm2 are presented for illustrating the exciton dynamics
while the oscillation components are obtained from the data
recorded with excitation fluence of 100 μJ/cm2. In this work,
the pulse consequence was set for recording the absorptive
2DES data. Optical measurements were conducted at room
temperature.
The samples of tetracene single crystals were grown using

the method of physical vapor deposition in a quartz tube.67

The vapor of tetracene was carried by the argon flow (25
sccm) and then deposited onto substrates in the crystal growth
zone. The sizes and thicknesses of the crystals were controlled
by the amount of powder source and the growth time. We
selected the single crystals with thickness of ∼300 nm and size
up to 2 × 2 mm2 and transferred the crystals on copper wire
grids for 2DES measurements.17

Tetracene crystal has a layered, herringbone structure. Due
to molecular interaction, the lowest excited state is split into
two excitonic states S1 and S1*, i.e., the Davydov splitting.

57,58

The transition dipole from the ground state S0 to S1 state is
nearly parallel to the b axis while the transition dipole from S0
to S1* state is nearly perpendicularly to the b axis. The
absorption spectrum of the tetracene single crystal shows
strong polarization dependence (Figure 1b), which allows
selectively exciting the S1 and S1* states with different
polarized pump configuration. The lower and upper Davydov
branches, i.e., the transitions from the S0 to the S1 and S1*
states, show J-aggregate and H-aggregate-like behaviors.56,58,68

The vibronic progressions are also manifested with absorption
peaks in the higher energy region.57,69 The polarization effect is
also distinct in the excited state dynamics. As shown in Figure
1c, the bleach signals in the near resonance regime are highly
polarized. In addition, the excited-state absorption (ESA)

features for the transitions from the singlet and triplet excited
states are also dependent on the probe polarization (Figure
1c). In the long-wavelength range, the singlet-related and
triplet-related ESA features at 1.86 and 1.54 eV are partially
polarized parallel and perpendicular to the b axis, respectively.

■ RESULTS AND DISCUSSION
Figure 2 shows the typical 2DES data recorded at the different
population delays with parallel pump to excite the transition of
S0 → S1. With a parallel probe, the positive signal appears with
the probe energy at 2. 32 eV slightly below the S1 transition,
which can be ascribed to the ground-state bleach (GSB) and
stimulated emission (SE) of 0−0 vibronic transition. Upon
optical pump, negative signals are observed at the early stage
with a sharp spectral feature centered at probe energy of 2.45
eV and a broad feature centered at 1.86 eV. These signals have
been assigned to the ESA of singlet states. In addition, weak
positive signal can be captured in the range of 2.1−2.25 eV
which is caused by the SE of the vibronic replica. With a
perpendicular probe, the positive signal is observed with probe
energy at 2.46 eV due to the GSB of S0 → S1* state. Following
the decay of the initially photoexcited signal, spectral transfer is
observed with an additional negative feature with the parallel
probe at 2.28 eV and a broad negative feature with the
perpendicular probe centered at 1.54 eV. These new ESA
features have been assigned to the T1 state and TT pair state in
literatures.16,21,70 Similar features of SF dynamics have also
been observed in the 2DES data recorded with perpendicular
excitation (Figure S3). Notably, the ESA features in the near
resonance spectral range are entangled with the GSB features,
making it very difficult to clearly assign it to specific transitions.
The spectral transfer of exciton dynamics in the tetracene

crystal is more distinct in the sliced spectra (Figure 3). In the
low energy regime, the ESA feature at 1.86 eV decreases
markedly while the feature in the range of <1.6 eV remains
nearly unchanged with probe polarization aligned parallel to
the b axis (Figure 3a). In contrast, the signal with
perpendicular probe shows an increase in the spectral range
centered at 1.54 eV (Figure 3b). The ESA feature centered at
1.86 eV emerges simultaneously upon optical excitation and
exhibits decay dynamics similar to PL decay, which has been
widely accepted as the ESA feature for S1→ Sn (Figure S4,
Supporting Information).16,21,70 The ESA signal for the
transitions S1→ Sn and TT1 → TTn are centered at 1.86 and
1.54 eV with some spectral overlap, which are partially
polarized parallel and perpendicular. These results allow us to
adopt the dynamics recorded at 1.86 eV with parallel probe
and 1.54 eV with perpendicular probe to describe the singlet
and triplet dynamics. The entangled ESA features of the singlet
and triplet species with different dependences on probe
polarization are responsible for the polarization-dependent
spectral bandwidths (Figure 3). Upon S0→ S1 excitation, the
major spectral transfer occurs with a lifetime parameter of ∼86
ps (Figure 4) which agrees well with literature results.
To study the possible effects of vibrationally hot states and

the upper branch of Davydov states, we compare the dynamics
with different excitation energies and polarizations. As shown
in Figure 4, the kinetics probed at different characteristic
energies are nearly the same on the time scale longer than 1 ps.
Regardless of the excitation energy, the major part of the
spectral transfer occurs on the time scale of 86 ps, which was
quoted as the SF rate and more specifically the buildup of
1(T1...T1) states. Previously, the 1(T1T1)-liked multiexciton
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states were identified by photoelectron emission spectroscopy
in the tetracene films by Zhu et al.34 Nevertheless, direct
optical spectroscopic evidence has been inadequate in the
tetracene film, which is possibly due to the mixing of LE and
TT states in the nonadiabatic states involved in the optical
transitions. The mixed transient absorption (TA) signals of
these excited states make it challenging to fully separate their
characteristic spectral features. Previously, the fast onset of the
ESA signal probed near 1.5 eV in the TA data was assigned to

the coherent formation of triplet signal due to direct
conversion from vibrationally hot states. In the tetracene
crystal, it was also suggested that the higher level S1* may
undergo a faster SF process with a smaller energy gap between
S1* and TT states by assuming the ESA signal of triplet pair
state in the near resonance spectral range. To study the
possible involvement of 1(T1T1) state, we focus on the
subpicosecond dynamics, which show marked differences on
the excitation configurations. For the GSB signal with the
probe energy at 2.32 eV (Figure 4a), delayed rising behaviors
are distinct on the earliest 0.5 ps for above S1 excitations of
both parallel and perpendicular polarizations. Such delayed rise
behaviors are also observed in the SE kinetics (Figure 4b).
Notably, the kinetics with different polarized excitations at 2.45
eV show similar kinetics and spectral features (Figure 3). The
signals are caused by the thermal relaxation to the S1 state from
these higher excited states of both vibrationally hot states and
higher branch of Davydov states. Nevertheless, such dynamics
related to the thermal relaxation are not observed in the
kinetics probed at 1.86 eV (Figure 4c) and 1.54 eV (Figure
4d). The onset of the signals probed at 1.54 eV are nearly
independent of excitation energy, implying the absence of
additional SF channel from vibrationally hot states. The early
stage dynamics probed at 1.86 eV are similar for both of S0→
S1 and S0→ S1* excitations. These results suggest the
formation of an excited state prior to the thermal relaxation
with the characteristics of singlet and triplet ESA features. In
analogy to early studies, we speculate that this is a signature of
coherently formed LE and 1(T1T1) states. The decoherence
between these LE/ 1(T1T1) states may contribute to the slight
increase of the signals probed at 1.54 eV (Figure S5). The
spatial separation of 1(T1T1) → 1(T1···T1) states may further
drive the SF generation, leading to the spectral transfer with
the characteristic lifetime of 86 ps.
As the electronic couplings between LE and 1(T1T1) states

are very weak, the coherence, if there is any, is probably
generated from vibronic mixing. We carefully analyze the
oscillations entangled on the dynamic curves (Figures S6 and
S7). Figure 5 compares the oscillation parts in the traces
probed at different energies with S0 → S1 and S0 → S1*
excitations. For both excitations, higher frequency modes
(1160 cm−1, 1200 cm−1, 1384 cm−1) are observed in the traces
for the signals with parallel probe at 1.86 eV (Figure 5, parts e,
f, m, and n) and perpendicular probe at 1. 54 eV (Figure 5,
parts g, h, o, and p) with different intensity ratio. Similar
behaviors are also observed for the traces of SE signals probed
at 2.18 eV (Figure 5, parts c, d, k, and i). During the
conversion of LE→ 1(T1T1) state, these high frequency modes
are probably coupled with the potential energy surface of the
LE → 1(T1T1) states, respectively.

45 These modes are efficient
to compensate the energy differences between the excited
species. No significant difference is observed in the line widths
and frequencies of these modes during the conversion,
implying these modes are not strongly coupled to the reaction
coordinates. Moreover, the amplitudes of the oscillation
components are generally less than 5% of total amplitudes of
the ESA signals, implying the coherent process is possibly
responsible for part of the SF process.71 A large portion of
1(T1...T1) population may be generated from the relaxed S1
state from an incoherent manner.72

Notably, the oscillation components in the GSB dynamics
shows marked differences with S0 → S1 and S0 → S1*
excitations especially for the low frequency modes. For the

Figure 2. Absorptive 2DES spectra recorded from the tetracene
crystal at different population delays with probe beam polarization (a)
parallel and (b) perpendicular to the b axis of the crystal. The
polarization of the excitation beam is parallel to the b axis.
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GSB signal related to the S0 → S1 transition, the modes of 131
and 313 cm−1 are particularly pronounced. In addition to these
two modes, the modes of 617 and 750 cm−1 are also distinct in
the GSB trace with S0 → S1* excitation. Since these modes are
all coupled to the ground state as characterized by Raman
spectroscopy (Figure S8), these differences are possibly due to
the aggregation behaviors of these transitions. In theory, the
0−1 vibronic transitions are markedly different for H- and J-
aggregates.56 For a J-aggregation dominated systems, 0−1
transition is markedly suppressed. In the tetracene crystal, the
optical transitions are mainly related to the hybrid H- and J-
aggregation behavior for the upper and lower Davydov
branches.22,56,58,68 For the parallel excitation, the J-aggregation
prohibits the 0−1 transitions for the modes of 617 and 750
cm−1 due to certain symmetry factors, which probably explains
the different oscillation behaviors in the GSB for the S0 → S1
and S0 → S1* transitions. These results also imply that the

aggregation effects may be markedly different for the vibronic
transitions related to different vibrational modes. For more
insight about the aggregation effect on the exciton−vibrational
coupling, we survey the electron−phonon interaction in two
different configurations of tetracene dimers in the single
crystals (Figure S1, Supporting Information, for details).46,52 In
the dimers, both deformation modes of 617 and 750 cm−1

displays the symmetric and asymmetric modes of vibrations
(Figures S9−S11, Supporting Information). The computa-
tional results suggest that the coupling between the low-lying
S1 state to these modes, especially for the asymmetric
vibrations, is significantly reduced in the dimer if compared
to the monomer (Tables S2−S4). These results suggest that
the nonlocal electron−phonon coupling plays an important
role for the coherent vibrational dynamics in the tetracene
aggregates.73,74

Figure 3. Sliced 2D spectra recorded at different population delays with different pump configurations. EX and EM stand for the excitation and
probe polarizations, respectively.
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The excitation-dependent coherent vibrational behavior is
also manifested in the parallel excitations of different energies.

Parts a and b of Figure 6 compare the beating amplitude in the
2D map for the modes of 313 and 750 cm−1 with parallel
excitation and probe polarizations. In addition to the
resonance near S0 → S1 transition, pronounced beating
behaviors are observed for the excitation energy at 2.42 eV.
Notably, the mode of 750 cm−1 is also distinct with excitation
energy at 2.42 eV like that of S0 → S1* transition (Figure 6c).
Parts d and e of Figure 6 show the spectra of beats at different
modes recorded at the GSB feature at 2.32 eV and the ESA
feature at 2.46 eV with the 2D signal as a reference. These data
suggest there is a resonance near 2.42 eV with beating behavior
dramatically different from that of S1 state. As the resonance is
observed with different modes, we can safely exclude its origin
of a vibronic replica of specific vibrational mode. We labeled
such a state as S1′ in the following discussion. The excitation
pathway for the beating in the GSB kinetics can be described in
Figure 6f. When the excitation levels of S1′ and S1 are the same,
the beating appears at the near diagonal as the beating modes
of 131 and 313 cm−1. As the modes probed in the signal with
the excitation at 2.42 eV, the right channel should be excluded,
which suggests an efficient coupling between the S1 state and
the vibrational mode. Otherwise, the beating signal should be
distinct in the diagonal signal for the S0 →S1 state. For parallel
excitations, the transition at 2.42 eV was naturally assigned to
the vibrational hot states of S1 with J-aggregation behavior.
The dynamics of 2D signal and the oscillation components are
analyzed with excitation at 2.42 eV in Figure S7, which is
markedly different from the S0 →S1 transition. The different
beating behavior implies the S1′ transition is different from J-
aggregation behavior. Considering a binding energy of 1(T1T1)
state of 100 meV,5 the S1′ energy is very close to that of

Figure 4. Temporal dynamics recorded from 2DES at different pump
energies (ωτ) and polarizations. The traces are recorded with probe
energies at (a) 2.32, (b) 2.18, and (c) 1.86 eV with parallel probe
polarization and (d) 1.54 eV with perpendicular probe polarization,
respectively. The traces are normalized with the values recorded at the
population delay of 10 ps.

Figure 5. Oscillation components extracted from the dynamic curves and the Fourier transform spectra probed at different energies and
polarizations with selective excitations at S0 → S1 and S0 → S1* transitions with (a−h) a parallel pump at 2. 36 eV and (i−p) a perpendicular pump
at 2.45 eV, respectively. The pump fluences are set to be 100 μJ/cm2.
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1(T1T1) state in tetracene crystals. We speculate such a
resonance is possibly caused by the presence of 1(T1T1) states.
The vibronic interaction may mix the vibrational hot S1’, the
higher branch of Davydov S1* and the 1(T1T1) states, result in
the breaking of J-aggregation behavior. The mode of 750 cm−1

is the ring deformation mode, which is also found to be a tag
for the vibrationally coherent formation of 1(T1T1) state in the
film of TIPS−tetracene.41 Also, such a mixing behavior can
well explain the ultrafast relaxation from the S1* to S1 states.
The assignment of the 1(T1T1) state for the abnormal beating
behavior may be further examined by analyzing the modes
coupled to 1(T1T1) state both theoretically and experimentally.
The above mode analysis basically focuses on the intra-

molecular modes. It is argued that the intramolecular modes
are particularly important in dynamically modulating the
electronic coupling between LE and TT states. In the
crystalline rubrene and pentacene, recent study on the
coherent vibrational dynamics suggest that the conical
intersection for SF dynamics is driven by some key low-
frequency intermolecular modes.38,75 In our current work, the
beating spectra related to the TT states (Figure 5, part h and
p), there are some signals in the low frequency regime which,
however, cannot be clearly resolved from the noise level. It is
valuable to further improve the measurement and combine the
experiments with temperature control for future study.

■ CONCLUSION
We have conducted polarization-dependent 2DES measure-
ments on the tetracene single crystals to study the excited state
specified SF dynamics. The (T···T) formation is observed to
be on the time scale of 86 ps and is nearly independent of the
excitation configurations. The subpicosecond dynamics and
vibrational coherence have been found to be highly sensitive to
the states photoexcited and probed. The mode analysis
suggests that the high frequency mode is coupled to the LE
and TT states which may contribute to the energy
compensation. Notably, the vibrational hot S1

’ state shows a
resonance that violates the aggregation behavior, implying the
mixing between LE and TT states. These findings suggest that
the interplay between exciton−vibration coupling and the
dipole−dipole interaction is essential for endothermic SF in
molecular aggregates.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpca.0c08440.

Schematic polarization-dependent optical absorption,
excitation fluence-dependent 2DES measurements,
2DES measurements with perpendicular excitation,
schematic diagram of excited states dynamics, traces of
triplet pair generation recorded with different excitation
configurations, traces with oscillation components upon

Figure 6. Beating maps in 2DES spectra at (a) 313 and (b) 750 cm−1 with pump and probe beam parallel to the b axis. (c) Beating maps at 750
cm−1 with pump and probe beam perpendicular to the b axis. Normalized spectra of the beatings versus excitation energy at different beating
frequencies for the traces probed at (d) 2.32 and (e) 2.46 eV. The black dashed lines present the sliced 2D spectra at the same probe energy for
comparison. (f) Excitation pathway elucidating the oscillating components in the GSB dynamics in a displaced harmonic oscillator energy level
scheme. The dashed line indicates the vibrational replica of an electronic level.
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Raman spectroscopy and computation analysis of
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