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Singlet excitons in π-stacked molecular crystals can split into two triplet excitons in a process called
singlet fission that opens a route to carrier multiplication in photovoltaics. To resolve controversies about
the mechanism of singlet fission, we have developed a first principles nonadiabatic quantum dynamical
model that reveals the critical role of molecular stacking symmetry and provides a unified picture of
coherent versus thermally activated singlet fission mechanisms in different acenes. The slip-stacked
equilibrium packing structure of pentacene derivatives is found to enhance ultrafast singlet fission mediated
by a coherent superexchange mechanism via higher-lying charge transfer states. By contrast, the electronic
couplings for singlet fission strictly vanish at the C2h symmetric equilibrium π stacking of rubrene. In this
case, singlet fission is driven by excitations of symmetry-breaking intermolecular vibrations, rationalizing
the experimentally observed temperature dependence. Design rules for optimal singlet fission materials
therefore need to account for the interplay of molecular π-stacking symmetry and phonon-induced coherent
or thermally activated mechanisms.
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Singlet excitons in various molecular systems including
π-conjugated molecular crystals and semiconducting poly-
mers can split into two triplet excitons following a spin-
conserving process denoted singlet fission [1–13]. When
combined with a suitable acceptor material, the triplet
excitons subsequently produce charge-separated electron-
hole pairs that can create a photocurrent. Hence, singlet
fission has attracted much attention lately in the context
of photovoltaics, where internal quantum efficiencies in
excess of 100% have been produced due to the effective
carrier multiplication [4]. As triplet excitons usually diffuse
over longer distances (∼μm) compared to singlets [2,3],
singlet fission can also be implemented in thick multilayer
architectures. Differently from ordinary singlet-triplet
conversions via slow intersystem crossings, singlet fission
can be ultrafast under certain conditions, exceeding the rate
of other competing processes. Among different classes of
π-conjugated molecules, acenes were identified early on as
singlet fission materials [1], where tetracene and pentacene
are favorable in terms of energetics, but anthracene is not
[Fig. 1(c)]. Beyond simple energetics, much work is in
progress to elucidate the microscopic mechanism of singlet
fission.
Transient absorption spectroscopy investigations point to

an ultrafast singlet fission process in molecular crystals of
pentacene [5] and its derivative 6,13-bis(triisopropyl-silyl-
ethynyl)-pentacene (TIPS-pentacene) [13]. Contradicting
views on the mechanistic aspects of singlet fission have
been reported in the literature [8–10]. Briefly, it has been

proposed that singlet fission either proceeds through a
direct two-electron coupling between the singlet exciton
(XT) and the triplet pair (TT) or follows an indirect
mechanism where charge-transfer (CT) states act as virtual
mediating states (i.e., superexchange) or are transiently
populated. In both cases, the singlet-triplet conversion is
believed to be driven by coupling to nuclear degrees of
freedom and involves either a conical intersection or an
avoided crossing pathway. Very interestingly, recent two-
pulse time resolved transient spectroscopy experiments
performed on TIPS-pentacene thin films have demonstrated
that (i) while light absorption does not directly generate a
coherent superposition of XT and TT at time zero, the TT
population grows in time at the expense of XTwith an 80 fs
time constant, and that (ii) yet, the vibrational coherences
generated upon photoexcitation into XT are largely trans-
ferred to TT during the singlet fission process [13]. This
implies an essential role of electron-phonon (vibronic)
coupling in the coherent singlet fission process.
In contrast to TIPS-pentacene, singlet fission in the

rubrene crystal has been reported to be a thermally
activated process and is characterized by a much longer
time constant of few ps [7]. The driving force from a
Frenkel singlet exciton to a triplet pair in rubrene is slightly
exergonic at the relaxed geometries [Fig. 1(c)] [14], as is
the case for tetracene that exhibits temperature-independent
singlet fission [6]. Thus, the reason why only rubrene
exhibits a thermally activated singlet fission cannot be
explained solely by the XT-TT energetics.
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In this study, we propose a nonadiabatic quantum
dynamical model that describes singlet exciton fission in
realistic systems through parametrizations based on highly
correlated ab initio electronic structure calculations.
Notably, we highlight a crucial role of molecular stacking
symmetry in the contrasting mechanisms of singlet
fission in representative molecular crystals, namely
TIPS-pentacene and rubrene. We find that while the slip-
stacked equilibrium structure of TIPS-pentacene is favor-
able for ultrafast singlet fission mediated by a coherent
superexchange mechanism, singlet fission in the C2h
symmetric stacking of rubrene is driven by thermal
excitations of symmetry-breaking vibrations.
We consider the following linear vibronic coupling

Hamiltonian in a diabatic representation:

H ¼
X

I

hIðxÞjIihIj þ
X

I>J

VIJðXÞðjIihJj þ H:c:Þ ð1Þ

with

hIðxÞ ¼
X

i

ωi

2
ðx2i þ p2

i Þ þ
X

i

κIixi þ EI; ð2Þ

where I and J are the indices for the relevant XT, TT, and
CT states. The diagonal term, hIðxÞ, consists of harmonic
oscillators for the intramolecular modes, xi, where ωi is the
frequency, pi is the momentum, κIi is the vibronic coupling,
and EI is the excitation energy at the ground-state
geometry. The off-diagonal term, VIJ, is the electronic
coupling between the states which depends on intermo-
lecular modes, X. The multiconfiguration time-dependent
Hartree (MCTDH) method [15] has been used to solve
the Schrödinger equation, i∂Ψ=∂t ¼ HΨ, with Ψ ¼P

IΨIjIi, where ΨI are the vibrational wave functions
on the respective electronic states. All intramolecular
vibrational modes, i.e., 22 modes per molecule for TIPS-
pentacene and 15 for rubrene, and selected intermolecular
modes are included in the MCTDH calculations. Our model
can describe coherent and incoherent singlet fission dynam-
ics mediated by vibronic coupling of realistic systems.
We consider a molecular trimer, i.e., a three-site, nine-

state model consisting of three XT, two TT, and four CT
states [Fig. 1(d)] for the quantum dynamics calculations,
where the Frenkel exciton on the center site (XT2) is
coupled to two TT states similar to the bulk condition. The
trimer model can also describe delocalized initial excitons
by setting the wave function amplitudes on the respective
sites, where the bright and dark excitons are, respectively,
described by identical and opposite signs of the amplitudes
on neighboring sites.
The Hamiltonian matrix elements (Table I) are deter-

mined based on electronic structure calculations of the
dimer models [Figs. 1(a) and 1(b)] using the multireference
second order perturbation theory (MRMP2) with the
correlation consistent polarized basis set (cc-pVDZ),
expected to provide an accurate description of the excited
states. Here, the dimer geometries are extracted from
experimental single crystal structures. The XT, TT, and
CT energies and their pairwise couplings are obtained by
applying a unitary transformation from the dimer adiabatic
electronic states to the diabatic representation [16]. The
four frontier molecular orbitals, i.e., highest occupied
molecular orbital (HOMO), HOMO − 1, lowest unoccu-
pied molecular orbital (LUMO) and LUMOþ 1, are
considered as active orbitals in MRMP2 calculations on
the dimers. The reorganization energies and the intramo-
lecular vibronic couplings are evaluated based on the
frequencies of normal modes and geometry optimizations
in the respective states, using density functional theory
(DFT) with the Perdew-Burke-Ernzerhof functional,
where the spectral density is broadened by introducing
site-specific shifts [16]. The GAMESS code [17] is used for
all ab initio calculations.

FIG. 1 (color online). (a) Crystal structure of TIPS-pentacene
and the dimer model constructed for MRMP2 calculations, where
the side group is simplified as alkyne. (b) Crystal structure of
rubrene and the dimer model for MRMP2 calculations, where the
side group is neglected. (c) Energy diagram showing the vertical
(solid lines) and relaxed (dashed lines) excitation energies to
the Frenkel exciton, XT (blue), and triplet pair, TT (purple), in
TIPS-pentacene (TIPS-PN) and rubrene (RB), together with
those of the herringbone dimers of anthracene (AN), tetracene
(TN), and pentacene (PN). (d) Diagram of electron configurations
of XT, TT, and CT states in the three-site, nine-state model.
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First, we address singlet fission in TIPS-pentacene.
Table I shows the diabatic state energies and electronic
couplings, as obtained from MRMP2 calculations in
the ground-state geometry. Accounting for the intramo-
lecular reorganization energy from the ground state to
the exciton (λXT ¼ 0.15 eV) and TT (λTT ¼ 0.45 eV)
state geometries, the driving force ΔEXT-TT amounts
to −0.45 eV.
The slip-stacked configuration of TIPS-pentacene results

in large electronic couplings for both the direct and
CT-mediated pathways (Table 1). Accordingly, the quan-
tum dynamics simulations point to an ultrafast singlet
fission with a time scale of ∼100 fs (Fig. 2), in very good
agreement with experimental data [13]. The contributions
arising from the two channels can be clearly disentangled
by accounting for only one of either the direct two-electron
XT-TT coupling or the indirect XT-CT and CT-TT cou-
plings [Figs. 2(b) and 2(c)]. Even though the intermediate
CT states are ∼0.4 eV higher in energy than the initial
exciton state in our calculations, the superexchange path-
way is found to promote an ultrafast singlet fission process
and dominates over the direct mechanism in the first 100 fs.
Such a coherent superexchange cannot be described by
perturbative hopping pictures, highlighting the importance
of nonadiabatic quantum dynamical treatments. Note that
the picture above is not affected by initial excitation
conditions; i.e., very similar results are obtained when
preparing the system either in a localized Frenkel exciton
or in a delocalized (bright or dark) exciton state [Figs. 2(a),
2(d), and 2(e)]. Besides, the ultrafast singlet fission in
TIPS-pentacene is robust against ΔEXT-TT as long as the
system is exergonic [16].

The coherent nature of singlet fission in TIPS-pentacene
is analyzed based on the overlap of vibronic wave packets
on the XT and TT states [18]. The substantial vibronic
coherence during the first ∼100 fs [Fig. 3(a)] indicates that
the wave packet prepared on the XT potential energy
surface is only weakly perturbed upon crossing onto the TT
hypersurface, in line with the coherent nature of the process
revealed in the transient spectroscopy experiments [13].
Here, the intramolecular vibronic coupling mediates reso-
nance between the initial and final states, and thus purely
electronic models cannot correctly describe the singlet
fission process [16]. The spread of the wave packet on
the XT potential surface is wide enough to cross the XT-TT
avoided crossing immediately after the excitation from the
ground state [Fig. 3(b)], hence rationalizing the coherence
transfer via the direct pathway [Fig. 3(a)]. Our analysis
further shows that the vibronic coherence is transferred
throughout the superexchange pathway even via the higher-
lying CT states [Fig. 3(a)] owing to the strong electronic
couplings.
Next, we investigate the origin for the reported thermally

activated singlet fission process in rubrene crystals. Singlet
fission in rubrene is exergonic (ΔEXT-TT ¼ −0.21 eV)
when accounting for the reorganization energies
(λXT ¼ 0.18 eV and λTT ¼ 0.53 eV). Remarkably, the
TT-XT and TT-CT couplings are strictly zero at the C2h
equilibrium geometry of rubrene (VTX and VTC in Table 1).
In the adiabatic representation, the C2h π stacking corre-
sponds to a conical intersection (zero-gap seam) [20],
and the vibronic couplings of symmetry-breaking modes
induce an avoided crossing between the adiabatic states
[Fig. 4(c)]. We show below that such a symmetry-breaking

TABLE I. Hamiltonian matrix (symmetric matrix) of singlet fission in diabatic representation where the diagonal and off-diagonal
elements correspond to the vertical excitation energies and the electronic couplings (eV), respectively.

TT1 TT2 XT1 XT2 XT3 CT1 CT2 CT3 CT4

TT1 ETT 0.0 −VTX VTX 0.0 VTC VTC 0.0 0.0
TT2 ETT 0.0 VTX −VTX 0.0 0.0 VTC VTC
XT1 EXT VXX 0.0 −VHOMO VLUMO 0.0 0.0
XT2 EXT VXX −VLUMO VHOMO VHOMO −VLUMO
XT3 EXT 0.0 0.0 VLUMO −VHOMO
CT1 ECT −VCC −VCC 0.0
CT2 ECT 0.0 −VCC
CT3 ECT −VCC
CT4 ECT

ETT EXT ECT

TIPS-pentacene 1.469 1.618 1.992
Rubrene 2.451 2.311 3.097

VTX VTC VXX VHOMO VLUMO VCC

TIPS-pentacene 0.013 0.084 0.018 0.041 0.149 0.017
Rubrene 0.0 0.0 0.079 −0.175 0.086 0.035
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mechanism involves relative intermolecular displacements
along the rubrene short axis. This argument also holds for
the D2h stacking [11].
We therefore calculated the potential energy curve and

the TT-XT and TT-CT electronic couplings with respect to

the displacement along the short axis [Figs. 4(a) and 4(b)],
using DFT with the B3LYP functional and Grimme’s
dispersion correction [21]. From the linear dependence
of the electronic coupling with displacement, one can
extract the corresponding off-diagonal (nonlocal) elec-
tron-phonon coupling, VIJ ¼ λIJX (λTT-XT ¼ 0.002 eV,
λTT-CT ¼ 0.003 eV), while a harmonic fit of the ground-
state potential energy curve yields the frequency
(∼0.007 eV) of the intermolecular symmetry-breaking
mode, X.
Quantum dynamics simulations have been performed

by including in the Hamiltonian the symmetry-breaking
intermolecular mode in addition to the intramolecular
modes. Temperature effects are built in by considering
populations of the initial vibrational excitations

FIG. 4 (color online). (a) Potential curve with respect to
displacement along the short molecular axis as obtained from
DFT calculations of three rubrene molecules extracted from the
crystal. To account for the steric hindrance from the other side of
the molecular layer, the mirror image of the calculated potential
curve is added. (b) TT-XT (black) and TT-CT (red) electronic
couplings by MRMP2. (c) Schematic illustration of the conical
intersection at the C2h π stacking (red circle) and the avoided
crossing due to symmetry breaking, where the black and blue
parabolas illustrate the adiabatic potentials and the seam of
diabatic potentials, respectively. (d) TT population during singlet
fission in rubrene considering a bright initial exciton. Two
intermolecular modes (connecting sites 1 and 2, and sites 2
and 3, respectively) are considered, where hNphononi are zero
(blue), three (black), and six (red). (e) The black line is identical
to that in Fig. 4(d), which is compared with TT evolution
considering only one of the direct (green) and superexchange
(purple) pathways.

FIG. 3 (color online). (a) Overlap integral hΨTTjΨXTi of
vibrational wave packets on the XT and TT states during
singlet fission in TIPS-pentacene (black), and those consi-
dering only the direct (blue) and superexchange (red) pathways,
where the initial exciton is localized on XT2. The overlap
for rubrene (green) is negligibly small. (b) Potential energy
surface of TT (color) and XT (gray scale) states of TIPS-
pentacene in an effective-modes ðx01; x02Þ representation [19].
The solid and dashed red circles indicate the Frank-Condon
region from the ground state and the spread of the wave packet,
respectively.

FIG. 2 (color online). Cumulativepopulations ofXTn (blue),CTn
(red), and TTn (purple) in the quantum dynamics calculations of
singlet fission in TIPS-pentacene. (a) Initial exciton is localized
on the center molecule (XT2), and all electronic couplings are
considered. Only one of (b) direct and (c) CT-mediated pathways
are considered. Dynamics from (d) bright delocalized exciton with
the initial amplitude ðXT1;XT2;XT3Þ¼ð1= ffiffiffi

3
p

;1=
ffiffiffi
3

p
;1=

ffiffiffi
3

p Þ, and
from (e) dark exciton, ðXT1;XT2;XT3Þ¼ð1= ffiffiffi

3
p

;−1=
ffiffiffi
3

p
;1=

ffiffiffi
3

p Þ.
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(i.e., phonon number, Nphonon) of the symmetry-breaking
mode from the Bose-Einstein distribution, hNphononi ¼
1=fexpðβωÞ − 1g, where β is the inverse temperature.
Our quantum dynamics calculations indicate an increase
in the singlet fission rate with increasing temperature
[Fig. 4(d)], consistent with the measured thermally
activated behavior [7]. At 0 K, the vibrational wave
function is localized around the C2h region where singlet
fission is inefficient, since the off-diagonal vibronic cou-
plings (λTT-XT and λTT-CT) are small in this system. At
higher temperatures, the symmetry-breaking mode
broadens the wave packet over a region where the cou-
plings, VTXðXÞ and VTCðXÞ, become large. In contrast to
TIPS-pentacene, singlet fission in rubrene is (i) incoherent
[Fig. 3(a)], (ii) mediated by the direct two-electron tran-
sition with negligible contribution from the superexchange
pathway [Fig. 4(e)], and (iii) occurs around a conical
intersection with the wave packet on TT being
affected by destructive interference due to the Berry
phase [16,20].
In summary, we have proposed a nonadiabatic quantum

dynamical model of singlet exciton fission fully para-
metrized against first principles calculations. This model
was applied to resolve the current controversy about the
mechanisms underlying the ultrafast and thermally acti-
vated singlet fission in representative π-stacked molecular
crystals. The present analysis provides conclusive evidence
that in TIPS-pentacene both the direct and superexchange
pathways mediate singlet fission via an avoided crossing.
Notably, the coherent singlet fission via higher-lying charge
transfer states and its dominant contribution to the ultrafast
dynamics are not intuitively obvious without the explicit
quantum dynamical analysis. While the slip-stacked TIPS-
pentacene results in strong electronic couplings with the
triplet pairs, these vanish at the equilibrium C2h stacking
of rubrene. Our calculations indicate that singlet fission
in rubrene is driven by thermal excitations of symmetry-
breaking vibrations which enhance the thermally averaged
electronic couplings. This picture is generally applicable
for parallel π-stacked molecules, while tetracene and
pentacene crystals exhibit nonzero electronic couplings
for singlet fission at the equilibrium herringbone packing
configurations. Molecular design rules for controlling
singlet fission should thus account for packing symmetry
in conjunction with phonon-induced coherent or thermally
activated mechanisms.
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