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ABSTRACT: The energy conversion in solar cells has conventionally been limited by
the Shockley−Queisser limit. Singlet fission (SF), a decay mechanism where a single
excited singlet state is converted into two triplet states, can drastically improve this
efficiency. For the most part, observation of SF has been limited to crystalline structures
in solids and films, where strong ordering was present. Here we report on singlet fission
in a disordered system where organic chromophores are distributed on the surface of a
rare gas cluster. In this case, the intermolecular distances and degree of excitation can be
varied to obtain their effects on the rate of singlet fission. We introduce a kinematic
model that takes into account the details of the geometrical arrangement of the system as
well as the time-dependent populations of the relevant states of each molecule and
evaluate the trends obtained by SF on the experimental observables.

To overcome the energy conversion limitations of single
junction solar cells, photovoltaic research has typically

focused on multilayered junctions to broaden the wavelength
range of absorbed light. Organic photovoltaics, on the contrary,
not only offer a low-cost alternative to the their inorganic
counterparts but also provide new processes that can overcome
the limitations set by Shockley and Queisser.1 Singlet fission
(SF), for instance, can directly surmount the limitation that a
single electron−hole pair is produced per photon absorbed, and
its ability to enhance the quantum efficiency of solar cells has
already been demonstrated.2−4 In the SF process, one molecule
is initially in a singlet excited state and a (nearby) molecule in
the ground state; after the SF process, both molecules are in
their triplet excited states (cf. Figure 2iii). SF has been observed
in condensed systems (thin films and crystals) for over 50
years.5,6 Despite its important consequences in applied
research, the exact mechanisms of SF are still not completely
understood. Excitonic coupling and long-range order have long
been considered essential for SF.7−10 However, recently, SF has
been observed in an amorphous solid,11 a solution,12 and even
intramolecularly in covalently linked pentacene molecules,13,14

which strongly suggest that ordering is not an absolute
necessity.
Here we perform a systematic study on acene (anthracene

(Ac), tetracene (Tc), and pentacene (Pc)) -doped rare gas
clusters specifically in the region where nonradiative decay
mechanisms such as SF become significant. Acene molecules
are particularly well-suited to studying SF as the process goes
from being energetically forbidden (Ac) to energetically
allowed for the larger polyacenes. To form a collective
ensemble of molecules that can be well-characterized by
spectroscopic means and where perturbation of the molecules

by the environment is minimized, we isolate acene molecules
on rare gas clusters. Molecules attached to the surface of rare
gas clusters offer a unique medium to study their composition15

because the electronic, vibrational, and rotational excitations
can be much better resolved than in materials in the condensed
phase. The molecular arrangement is considered highly
disordered compared with crystals or thin films, and it is
possible to apply a large amount of experimental control to the
system (e.g., average intermolecular distances, number of
excited molecules).
Our experiments show significant differences between Pc/

Tc-doped rare gas clusters compared with Ac-doped clusters,
which we attribute to SF. This conclusion is supported by
numerical simulations, where we use a novel geometry-specific
model for the population dynamics, suitable for small,
disordered systems.
Figure 1a shows the fluorescence lifetimes of Ac (black

squares), Tc (red circles), and Pc (blue triangles) as a function
of the mean number of molecules attached to the surface of
neon clusters (top axis as a function of the mean intermolecular
distance). The mean cluster size was n ≈ 122 000 atoms
(diameter ∼17 nm). The laser was tuned to the electronic S0−
S1 transition (27 536 (Ac), 22 208 (Tc) and 18 447 (Pc) cm

−1).
A power density of 8 kW/cm2 for Tc/Pc and 3 kW/cm2 for Ac
was used such that the laser-induced fluorescence (LIF)
intensity was maximized while avoiding any signs of saturation.
Unless otherwise noted, these experimental parameters were
used throughout the measurements. As the number of attached
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molecules is increased, a noticeable reduction is observed in the
fluorescence lifetime, asymptotically approaching 2 ns for Tc
and Pc and 3.5 ns for Ac. As was previously reported, no
apparent features (e.g., lineshifts or additional broadening)
were observed in the LIF spectra for higher doping numbers;
therefore agglomerated molecules with strong interactions do
not contribute to the signals discussed here.16 Thus the lifetime
reduction is considered to be a cooperative effect due to weak,
long-range interactions between the attached chromophores.
The lifetime reduction could be due to an increase in the

radiative decay rate, that is, superradiance,16 but could also be
due to nonradiative processes. To distinguish the underlying
mechanism, we plot in Figure 1b the normalized LIF intensity

per attached molecule as a function of the mean number of
attached molecules. For the case that nonradiative processes are
not allowed, an increased number of excited molecules results
in an increased LIF intensity; in other words, each photon
absorbed results in a fluorescent photon being emitted, and
thus the LIF per dopant is equal to 1. Nonradiatiave processes,
in contrast, can result in a loss of LIF intensity or quantum
efficiency. As can be seen in Figure 1b, Ac shows a decrease in
the LIF intensity per molecule already for a small number of
attached molecules. As such, it is clear that nonradiative losses
such as intersystem crossings17 and exciton−exciton annihila-
tion are always present for the case of Ac. For Tc and Pc, on the
contrary, the intensity remains constant until ∼20 attached
molecules, indicating that there are no additional nonradiative
processes. Because Tc and Pc show in this range already a
lifetime reduction, we attribute this reduction to superradiance,
as discussed in a previous publication.16 For higher doping
numbers, the LIF intensity decreases, which we attribute to the
onset of nonradiative effects, and because this effect becomes
stronger when many dopants are attached, it is reasonable to
conclude that this is due to the decrease in intermolecular
distance.
To further elucidate the mechanisms of lifetime reduction, it

is helpful to differentiate those brought on by multiple
excitations (e.g., superradiance) from those due to the presence
of additional molecules (e.g., SF). We have thus varied both the
number of dopants (thereby varying the average intermolecular
distance) as well as the laser power (0.03−10 kW/cm2, thereby
varying the number of excitations in the ensemble). Figure 1c,d
shows the fluorescence lifetime as a function of the laser power
for different intermolecular distances of Pc- and Ac-doped Ne
clusters, respectively. Because Tc and Pc show a nearly identical
behavior, we only show the results for Pc and Ac. For all acenes,
a reduction in lifetime is observed for increasing laser power. In
the case of Pc/Tc, this is attributed to an increased number of
excited chromophores which de-excite via superradiance while
for Ac, nonradiative processes such as exciton−exciton
annihilation can additionally contribute to the lifetime
reduction. For low laser powers, at most one molecule is
excited, thereby excluding any effect of superradiance. (At 0.03
kW/cm2, the probability of one molecule being excited is 25%.)
In this regime, there are stark differences between Pc/Tc and
Ac. For Pc, the fluorescence lifetime decreases dramatically for
small intermolecular distances even at the lowest laser power.
For an average intermolecular distance of 15 Å, the lifetime is
roughly six times smaller than the lifetime for larger
intermolecular distance. For Ac, no such dependence is
observed, and all intermolecular distances converge to the
same fluorescence lifetime at low laser power. As such, the
lifetime reduction observed for Pc is attributed to SF which is
energetically forbidden in Ac.
To gain more insight into the contributions of the different

fluorescence lifetime-reducing processes, a detailed theoretical
model is needed in which their respective effects can be
systematically investigated. Previous approaches11,19−21 em-
ployed effective rate equation models considering only one or
two effective singlet and triplet states, neglecting, in particular,
the ground state. In general, because of the relatively strong
laser power, the inclusion of the ground-state population is
crucial because the ground-state population should not be
assumed to remain unaffected during the excitation process.
Therefore, we model ground, triplet, and singlet population of
the individual molecules in our rate equation. Furthermore,

Figure 1. (a) Fluorescence lifetime and (b) normalized LIF intensity
per molecule of Ac (black squares), Tc (red circles), and Pc (blue
triangles) on neon clusters as a function of the mean number of
attached molecules (top axis as a function of the mean intermolecular
distance) for a power density of 8 kW/cm2 for Tc/Pc and 3 kW/cm2

for Ac. The fluorescence lifetime as a function of the laser power for
different intermolecular distances is shown for (c) Pc and (d) Ac. The
neon clusters to which the acene molecules are attached have an
average size n ≈ 122 000 atoms.
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unlike in previous models, in our modeling, rates corresponding
to nonradiative processes explicitly depend on the geometrical
details of the molecules’ arrangement, which we take to be
random on the cluster.
In the following, we discuss the main processes of our

theoretical model; the details can be found in the Supporting
Information. The included processes are sketched in Figure 2.
Laser excitation to the singlet state is modeled by a time-
dependent excitation rate kL(t). To account for strongly bound
complexes that cannot be optically excited, we introduce a
distance Rcomplex = 1.2 nm and exclude all molecules with
intermolecular distances smaller than Rcomplex from the
excitation process and the subsequent dynamics. We describe
radiative decay of a molecule from its singlet state to its ground
state using a rate kSD, taken to be independent of the number of
excited molecules. For singlet fission we employ a crude ad hoc
modeling because the microscopic details of SF are not yet
understood. Specifically, we assume that SF occurs with a rate
kSF if a molecule in its ground state is within a certain distance
dSF to a singlet-excited molecule. The SF rate and radius thus
give an effective/coarse-grained description of SF, which may
be facilitated by processes not included in the modeling, such as
molecular diffusion. We account for singlet hopping by a
hopping rate kFRET that depends on distances and orientations
of the transition dipoles of the molecules.22,23 We model
exciton−exciton annihilation (EEA) using a rate kEEA that scales
the distance and orientation dependence of the EEA process.
This dependence is assumed to be the same as that used for
singlet hopping.
In Figure 3 we show exemplary model simulations of the

fluorescence lifetime as a function of laser power density for
different mean intermolecular distances. A combination of all

nonradiative processes, namely, SF, singlet hopping, and EEA,
is displayed in Figure 3I; Figure 3II−IV shows calculations in
which each individual nonradiative process is turned off. In the
presence of all nonradiative processes (Figure 3I), the
fluorescence lifetime strongly depends on the mean inter-
molecular distance and, in particular, decreases with decreasing
intermolecular distance, while the dependence of the
fluorescence lifetime on the laser power is weak. When we
set the SF rate kSF = 0 (shown in Figure 3II), the dependence
of fluorescence lifetime on intermolecular distance becomes
much weaker for low laser powers; that is, for the same
intermolecular distance the fluorescence lifetimes increase as
compared with Figure 3I. For high laser powers, no
pronounced changes occur. Conversely, when we set the EEA
rate kEEA = 0 (shown in Figure 3III), for high laser powers the
fluorescence lifetimes increase when compared with the
fluorescence lifetimes at same intermolecular distance in Figure
3I, while at low laser powers no pronounced changes occur.
When we do not include singlet hopping in our simulations (as
shown in Figure 3IV), the dependence of fluorescence lifetimes
on intermolecular distance becomes weaker for all laser powers;
the fluorescence lifetimes increase, however, slightly more for
low laser powers.
These trends in the dependence of fluorescence lifetime on

laser power and mean intermolecular distance do not show a
strong dependence on the chosen rates for the nonradiative
processes. Nevertheless, we have chosen the rates in Figure 3 so
as to allow for comparison with experiment: kSD is taken as the
inverse single-molecule lifetime of Pc/Tc; the singlet hopping
rate kFRET is calculated from FRET theory23 using the dipole
moment of Pc. The exciton−exciton annihilation rate kEEA is
comparable to the rate obtained from measurements in Pc

Figure 2. Sketch of the processes included in our numerical simulation: (i) laser excitation, (ii) radiative decay, (iii) singlet fission, (iv) singlet
hopping, and (v) exciton−exciton annihilation (EEA). (iii−v) Nonradiative processes. In SF (iii), a singlet excitation is converted into two triplet
excited states located on neighboring molecules. In singlet hopping (iv), a singlet and a ground-state molecule swap their states according to Förster
resonance energy transfer (FRET). In EEA (v), one of two singlet-excited molecules is excited to a higher state, while the other is de-excited to the
ground state, followed by an internal conversion process, which brings the higher excited molecule back to its first excited singlet state.18

Figure 3. Fluorescence lifetime as a function of the laser power density for different numbers of molecules corresponding to different mean
intermolecular distances. In different columns, different nonradiative processes are accounted for (see top box). Parameters are kSD = 1/33 ns−1, kSF
= 0.2 ns−1, dSF = 2.5 nm, and kEEA = 64 ns−1 nm6.
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films.24 As previously discussed, the SF rate kSF resulting from
our model is specific to the considered system without long-
range order and hence does not allow for direct comparison to
rates observed in crystals or thin films.
We now compare Figure 3 with the corresponding

experimental data shown Figure 1c,d. (See the Supporting
Information for a comparison of our simulation results with
experimental data for the observables shown in Figure 1a,b.) To
obtain a similar dependence of the fluorescence lifetimes on
intermolecular distance and laser power as measured for Pc,
namely, a strong dependence of fluorescence lifetimes on
intermolecular distance but a weak dependence on laser power,
we need to include all nonradiative processes in our simulation
(cf. Figure 1c and Figure 3I). In contrast, the weak dependence
of fluorescence lifetimes on intermolecular distance at low laser
powers observed in experiment for Ac, where SF is energetically
forbidden, is captured in our simulations for zero SF rate (cf.
Figure 1d and Figure 3II). We hence conclude that SF is a
prominent decay mechanism for both Pc and Tc, while it is not
observed in Ac. For the case of Pc/Tc, this would mean that for
weakly bound, disordered systems SF is energetically allowed.
The interpretation of the experimental trends in terms of SF

processes could be directly confirmed by experimentally
detecting the triplet state population at later times after singlet
excitation. In condensed systems, it is possible to perform
transient absorption spectroscopy to probe the state of the
system (e.g., refs 8 and 11−14); however, for a dilute system
(e.g., supersonic gas jets) such as ours, this technique is not
possible. We have therefore employed a pump−probe
technique as a means to investigate the evolution of excited
states. After a delay of ∼75 ns the initial excitation pulse is
back-reflected as a probe pulse into the interaction region. The
long delay time is necessary to completely isolate singlet-
fluorescence of the pump pulse from the probe pulse. Because
of the long lifetime of the triplet state, a molecule in the triplet
state cannot be re-excited by a subsequent laser pulse and is
therefore considered to be in a dark state. If the molecule
relaxes to the ground state, then, conversely, the probe pulse
can re-excite the molecule to the singlet state. In this way, in
principle, we can probe whether population returns to the
singlet ground state or if long-lived, triplet states are populated.
An exemplary time-dependent LIF intensity is given in the inset
of Figure 4. Typically, the probe pulse is roughly half the
intensity of the pump pulse due to photoabsorption and optical
losses. The intensity as a function of a parameter that varies the
SF rate should clearly show the population of triplets by a
decreasing ratio. The ratio of the integrated LIF signal of the
probe pulse (pulse 2) to the pump pulse (pulse 1) as a function
of the mean number of attached dopants is shown in Figure 4.
In the case of Pc, the integrated ratio remains constant for
fewer than 20 molecules; increasing the number of dopants
further, the ratio then decreases to about half its size. A mean
number of 20 molecules attached corresponds to an average
intermolecular distance where nonradiative processes such as
SF become prominent. Therefore, one can conclude that for
small intermolecular distances nonradiative processes play a
strong role and a large number of molecules have undergone
SF. In contrast, Ac shows a completely different behavior; the
integrated ratio is relatively unchanged by increasing the
number of attached molecules. Accordingly, it appears that Ac
has most likely relaxed back to the ground state, leading to an
additional photon absorbed; however, our theoretical model
has been unable to reproduce such behavior.

In summary, the combined experimental and theoretical
study strongly suggests that SF is an active decay mechanism in
a disordered system where long-range interaction and strongly
bound structure/ordering is not necessary. In this case, SF was
observed for Pc/Tc-doped Ne clusters while unseen for Ac-
doped Ne clusters. By varying different parameters and
comparing experimental observables with theory, we can better
distinguish the system dynamics and characterize individual
decay processes. Microscopic modeling offers a novel means to
analyze SF experiments in disordered systems. More knowledge
on the geometry as well as the geometry dependence of the
various nonradiative processes is necessary for the refinement
of a microscopic model such as the one employed here. Pump−
probe measurements confirm SF by indicating the population
of long-lived triplet states. In general, the observation of SF in a
disordered systems is encouraging for the prospect of SF-based
organic photovoltaics, and, as an outlook, we wish to extend
our studies to new organic molecules with lesser known
excitation schemes in addition to directly measuring the triplet
state population.

■ EXPERIMENTAL METHODS
The experimental setup of the molecular beam apparatus has
previously been described in detail;25,26 therefore, only a brief
description is given. The neon cluster beam was created by
supersonic expansion of high pressure, cryogenically cooled rare
gas through an Even Lavie pulsed nozzle with an aperture
diameter of 60 μm.27 According to scaling laws28−30 and
recently performed titration measurements,31 the mean size of
the neon cluster was estimated to be between 18 000 and
15 0000 atoms depending on the temperature and pressure in
the nozzle. The cluster beam has an approximate pulse length
of 30 μs at 200 Hz repetition rate with a temperature of 10 ± 4
K.32,33 After the neon clusters were formed, acene molecules
were evaporated in a doping cell and attached to the surface of
the cluster by inelastic collisions (pick-up method).34 The mean
number of molecules attached to the cluster was determined by
the neon cluster size and the molecular partial pressure in

Figure 4. Integrated LIF ratio, pulse 2 to pulse 1, as a function of the
mean number of attached molecules, Pc (black circles) or Ac (red
circles), to the surface of neon clusters of size n ≈ 122 000 atoms and a
power density of 8 kW/cm2 for Pc and 3 kW/cm2 for Ac. Inset:
normalized LIF intensity spectrum. The double pulsing scheme is
described in detail in the text.
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doping cell.35,36 Next, the acene-doped neon clusters were
excited by a tunable dye laser (Sirah Cobra) with a temporal
width of 9 ns, which was pumped by a pulsed Nd:YLF laser
(Edgewave IS-IIIE). To cover the necessary spectral ranges of
22 000−23 200 and 18 000−19 000 cm−1, Coumarin 2 and 157
were used as laser dyes, respectively while to cover the
frequency range of 27 000−28 000 cm−1, Pyredin 2 was used in
combination with a frequency doubling unit. The photons
generated by LIF were collected by a lens doublet and detected
on a photomultiplier tube (Hamamatsu R 5600U-01) placed
perpendicular to both the neon cluster and laser beam. Finally,
flux and doping conditions of the cluster beam were analyzed
downstream by a quadrupole mass spectrometer (EXTREL
Max 1000).
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