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Abstract

We investigate dynamic signatures of the singlet fission (SF) process triggered by the exci-
tation of molecular systems to an upper singlet state Sy (N > 1) and develop a computational

methodology for the simulation of nonlinear spectroscopic signals revealing the Sy — 7’7} SF
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in real time. We demonstrate that SF can proceed directly from the upper state Sy bypassing
the lowest excited state S;. We determine the main Sy — 7T} reaction pathways and show, by
computer simulation and spectroscopic measurements, that the Sy-initiated SF pathway can be
faster and more efficient than the traditionally studied channel of §1 — T7;. We claim that the
Sy — TT, SF offers novel promising opportunities for engineering SF systems and enhancing

SF yields.

Singlet fission (SF) is a spin-allowed photophysical process discovered over fifty years ago.!
In SE, a photo-excited singlet electronic or excitonic state generates two correlated (entangled)
triplet states.?~’ SF has received a lot of attention in recent years, thanks to its great potential for
enhancing light harvesting, doubling the photovoltaic efficiency and circumventing the Shockley-
Queisser limit. 5

Energy conservation implies that SF is efficient if the singlet state energy is approximately
twice as large as that of the triplet. Usually, this statement is understood as the restriction imposed

on the electronic energies and is written as
E_g%ZET %ETT (1)

where Eg, ET, and E77 are electronic energies of the singlet state, triplet state, and correlated
triplet pair. Furthermore, the electronic states are customarily understood as the lowest excited
electronic states, meaning that S = S, T = T, and TT = TT;. Vibrational energies often enters
the arguments as an important, but secondary factor. A notable exception is rubrene, for which Eg,
is slightly lower that E77,, and thermal activation is required to initiate the SF process. !°

It is essential that vibrational energy plays a pivotal role in the energy balance and transfer,

hence a more general Variant Of Eq (1) reads

where E év), E;v), and E;VT) are vibrational energies of the singlet state, triplet state, and correlated



triplet pair, respectively. The are no fundamental restrictions on which the singlet excited state is
electronically coupled to the triplet pair. Therefore, the requirement of Eq. (2) extends possible
SF scenarios considerably. Indeed, the total energy of the initially excited singlet state matches,

(i =1). Hence Eq. (2) suggests the existence of SF pathways leading from a higher-lying singlet
state Sy to upper vibrational levels of the T'T; state. This was recognized by Ma, Ni, Gurzadyan and

coworkers, who unequivocally demonstrated by direct real-time spectroscopic measurements the
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presence of Sy — T'T1 pathways in rubrene crystals and films, !> perylene dimers in solution, !
crystals !> and films, '® as well as in thiophene crystals and films. !’

The aim of this work is twofold. First, we develop a theoretical framework for the simultaneous
description of the S| — T'T; and Sy — T T} pathways and simulate electronic populations, transient-
absorption (TA) pump-probe (PP) signals, and time- and frequency-resolved luminescence (TFRL)
spectra which, taken together, provide a fairly comprehensive view of the SF process. Up to now,
time-resolved nonlinear spectroscopic signals were simulated with the multidimensional Redfield
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theory, phenomenological master equations,?>> the Davydov Ansatz method,?6-3! the ab

initio parameterized Pariser-Parr-Pople Hamiltonian, 3>

and the time-dependent density func-
tional theory method,3%37 but for §; — T'T; SF systems only. Second, we explore spectroscopic
signatures and identify the main pathways of the Sy — 7’77 SF reaction as well as discuss novel
strategies which emerge for optimizing the Sy — T'T; SF but are not feasible for the conventional
S1 — T'T SE. In our simulations, we employ a model SF system mimicking rubrene. Our choice

F11—13

is motivated by ample experimental data on rubrene’s Sy — T7; S as well as by the high

potential of rubrene as a promising material for energy applications. 383
We broadly identify the SF system as a molecular dimer (if SF takes place in the gas phase or

in a solvent) or as an effective dimer (if SF takes place in a crystal or film). Then the SF system



Hamiltonian can be defined as

H U
H=| . 4)

U Hrpr

Here the Hamiltonian Hg contains all relevant singlet states and associated vibrational modes,
the Hamiltonian H77 accommodates all necessary correlated triplet pair states and associated vi-
brational modes, and U is the coupling operator responsible for the S — 7T SF occurring on
a femtosecond timescale. Decomposition of correlated triplet states into uncorrelated triplets,
TT — T +T, occurs on sub-picosecond timescale and is not considered in this work.

In the diabatic electronic representation,

Hs =Y [Se) (hs, +Es,) (S| + Y 1Sk) Ass, (S, S))
k k#1
Hrr =Y |TTy) (hrg, + Erg, ) (TTal + Y | TTn) A7z, 71, (TThl, (6)
m m#n
U =Y |S)Us,r1,(TT:|+H.c. @)
kn

Here Eg,, hs, and Ag, s, are electronic energies, vibrational Hamiltonians, and interstate couplings in
the singlet-state manifold, respectively. E7r, , hrt, and Arz, 77, are electronic energies, vibrational
Hamiltonians and interstate couplings in the manifold of correlated triplet states, respectively, and
Us, T, are the couplings between the singlet and correlated triplet states.

In the dipole approximation, coupling of the SF system with laser pulses is described by the

Hamiltonian
Hi(t) = —p-E(1) ®)
where E (1) is the total electric field,
ps 0
“ =
0 Hrr

is the transition dipole moment (TDM) operator of the SF system, and [ (1 17) describe electronic
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transitions within the S (7'T) manifolds.
Vibrational degrees of freedom of the SF system which are not included in the system Hamilto-
nian H as well as degrees of freedom of the solvent or crystal/film are considered as the dissipative

environment and treated with the master equation for the reduced (system) density matrix p ()

op(t) =—i[H+HL(t),p(t)]| — (Z+ P)p(t). )

Here the operator % accounts for vibrational relaxation in the manifolds of singlet and triplet sates,
while & describes electronic dephasing.

Numerical solution of the master equation (9) in combination with the so-called spectroscop-
ic equation-of-motion methods of Refs.*!*? yields TA PP signals Ipp(t,®) and TFRL spectra
Iy (t, ) for any H, u and Z. In the present work, we adopt the vibronic coupling (VC) represen-
tation of the system Hamiltonian H which is widely used for the construction of Hamiltonians of

4344 molecular aggregates,* and molecular materials.*® To have a clear picture of

chromophores,
the S| — TT| and Sy — TT; SF processes, we include the minimal number of relevant electronic
states and vibrational modes and consider four singlet states, two correlated triplet states, and a
single vibrational mode. The singlet states include the ground state Sy, the lowest excited state
S1, an intermediate excited state Sy; and an upper state Sy. The singlet states are coupled through
the constants Us,s,, and Us,, s, which are responsible for the downhill Sy — Sy — §; internal
conversion. The lowest excited triplet state 77 and an upper triplet state 7Ty, are assumed to be
decoupled from each other. The coupling between the manifolds of the singlet and triplet states is
governed by the constants Us, 77, and Us, 77, which are responsible for the S1 — TT; and Sy — T'T)
SE. Other excited electronic states which may contribute to the SF process (e.g., charge-transfer
states and doubly-excited sates30-3147-31) are not considered in the present work but can be readily

included if necessary. Vibrational Hamiltonians include a primary vibration mode with frequency

Q, and dimensionless momentum P and position Q:

Q —
hs, == (P*+(0=05,)%), (10)



Q —
hrr, =5 (P*+(Q=0r1,)°) (11)

(more modes can be included if necessary). Here ng and QTT,,, are dimensionless displacements
of the potential energy surfaces (PESs) of the excited singlet and triplet states from the ground
state Sp (@S0 = (0). We chose the vibrational parameters mimicking those of rubrene and set Q =
1500cm~! = 0.186 eV (the vibrational period 7@ = 27/Q = 22 fs), QSI = —2 and @TT] =2
(cf. Refs.'%27-30)  Since no information about PESs of rubrene’s singlet and triplet states in the
vicinity of 250nm = 4.96 eV is available in the literature, we set Qg,, = 2, Og,, = —2.25, and
QTTM = 2 (the chosen values allow us to reproduce the experimental TA PP signals, see below).
The corresponding singlet (solid lines) and triplet (dashed lines) PESs are schematically shown in

Fig. 1.
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Figure 1: Schematic view of the PESs of the SF model.

TDMs of the present SF model can be decomposed into the lowering and raising components,

p=X+X", where

X = pg,s,180) (S1] + sys,,1S0) (S| + By, 150) (SN | + Bppy 77, I TT1 ) (T T (12)

The first three terms in Eq. (12) describe transitions within the manifold of singlet electronic

states, responsible for ground-state bleach (GSB) and stimulated emission (SE) contributions to



the TA PP signal, while the last term describes transitions between the triplet states 77| and T Ty,
yielding the excited-state absorption (ESA) contribution. For simplicity, all TDMs are treated as
scalar coupling coefficients U, = eld,;,, where e is the unit vector of the polarization of the laser
pulses. If necessary, the vector character of TDMs can be taken care of, and orientational averaging
can be performed according to Ref.>?

Dissipation operator Z in Eq. (9) is treated with the multilevel Redfield theory>? by adopting
the representation of Pollard and Friesner>* and using the Ohmic bath spectral density with ex-
ponential cutoff, g(®w) = nwexp(—w/Q), n being the dimensionless parameter quantifying the
system-environment coupling (see Ref.>> for technical details). For the present class of system
Hamiltonians, Redfield theory is an accurate and reliable simulation tool in the weak coupling
regime (N < 1).%%°® Master equation (9) is integrated numerically with the fourth-order Runge-
Kutta method, and TA PP signals Ipp(t,®) as well as TFRL spectra I;y(f, @) are evaluated by
the spectroscopic equation-of-motion method of Refs.4!1*?> TA PP signals are computed for 20 fs
Gaussian pump and probe pulses, while TFRL spectra are obtained for 20 fs Gaussian pump pulse
and 50 fs time-resolution of the up-conversion setup.

To elucidate the main microscopic mechanisms governing SF from upper sates, it is insightful
to consider the coupled Sy — T'Tj pair in isolation from other states and monitor the triplet state
population, Prr, (¢), after the instantaneous Sy — Sy excitation. The Sy — 7T} population transfer
is determined, primarily, by the following four factors (cf. Refs.”’%): (a) interstate coupling
constant Us, 77, (b) system-environment coupling 71, (¢) Sy — T'T; vibrational level alignment,
and (d) Sy — T'Ti energy gap Ag = Es,, — E77,. The impact of these four factors is exemplified by
panels (a)-(d) of Fig. 2.

We start from the general description of the population dynamics in Fig. 2. Obviously, Prr, (0) =
0 since the SF system is initially prepared in the optically bright Sy state. The short-time Prr, (¢)
evolution is characterized by the step-like population increase, which reveals periodic (72 = 22
fs) Sy <> TT, excursions of the vibrational wavepacket (vibrational signatures in spectroscopic

59-64

responses of various S; — 777 SF systems are discussed in Refs. and review®). At longer
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Figure 2: Time evolution of the population Pry,(¢) for different (a) Sy — 7Ty couplings Us, 77,
(b) system-environment couplings 7, (c) Sy — T'T; vibrational level alignments, and (d) Sy — T'T;
energy gaps Ag.



times, Prr, (t) attains a steady-state value that depends on the system parameters. Prr,(¢) in Fig.
2 do not exhibit a simple exponential rise and therefore the Sy — 7T'T} SF cannot be treated as a
rate process. This is one of the facets of the vibronic wavepacket picture of internal conversion, ®
all dynamical aspects of which are determined by geometry of the corresponding PESs and by the
initial wavepacket placement. The SF system of Fig. 1 has a large energy gap Agr between the
Sy and T'T; states, and PESs of these states cross substantially below the Franck-Condon region
indicated by the blue arrow. Hence the Sy — TT; process is controlled by the ballistic downhill
wavepacket motion, which renders the SF efficient and fast.

Let us now examine how Prr, (¢) depends on specific SF-governing parameters. Fig. 2(a) il-
lustrates the influence of the Sy — T'Ty coupling. Prr, (¢) are plotted for Ap = 3Q and 11 = 0.1 for
several values of Us, 77, indicated in the legend. For the smallest Us, 7, (black line) the Sy —T'T;
population transfer can be approximately described by Fermi’s golden rule with the rate ~ U SZNTTI .
For stronger couplings, the transfer is governed by the two-stage evolution process. The first, faster
stage is characterized by a series of population transfers and forward-backward wavepacket excur-
sions in the coupled Sy — 7Ty PESs accompanied by vibrational energy relaxation and cooling.
The second, slower stage involves the population transfer of the vibrationally cooled wavepacket
at energies in the vicinity of the PESs crossing. Increasing Us, 77, facilitates SF, and full Sy — T'T}
population transfer is achieved on a ~ 1 ps timescale with two largest values of Us, 17, .

Fig. 2(b) examines the impact of the environment-induced vibrational relaxation. Shown are
Prr,(t) for Ag = 3Q and Us, 77, = 0.05 eV for several system-environment coupling strength-
s 1 indicated in the legend. For the smallest 1 (black line), Pry,(¢) exhibits a series of large-
amplitude population recurrences with a period of ~ 150 fs. These recurrences are attributed to
synchronization of the vibrational dynamics of the mode Q with electronic dynamics specified
by (vibrationally-renormalized) Rabi frequency Qg ~ Us,r1,. A recent discussion of vibronic re-
currences and their spectroscopic signatures can be found in Ref.%” Increasing 7 suppresses the
recurrences, makes the Sy — 7'y population transfer irreversible and thereby facilitates SF.

Fig. 2(c) demonstrates the impact of vibrational level alignment. It shows Prr,(t,Ag) (the



explicit dependence on the energy gap Ag is indicated to facilitate the upcoming discussion) for
Usyrr, = 0.01 eV, 1 = 0.1 and Ag = 0.5Qj (j = 0,1,2,3,4,5). For even j, Ap accommodates
an integer number of €, which corresponds to perfectly aligned vibrational levels of the Sy and
TT; states. For odd j, vibrational levels of the Sy and TT; states are shifted by 0.5Q and are
maximally misaligned. Owing to this effect, populations for different Ag are arranged in zigzag
manner: Prr,(t,Q/2) < Prr,(t,0) < Prr,(t,3Q/2) < Prr,(¢,Q) < Prr (t,5Q/2) < Prr,(t,2Q).
This is caused by resonant effects: for weaker Us, 77, , the population transfer in the aligned system
is more efficient.

Fig. 2(d) also displays Prr, (t,Ag) for increasing energy gaps Ag, but for larger Us, 77, = 0.05
eV and stronger dissipation 7 = 0.3. In this situation, notably for large Ag, the level alignment
loses its significance. The SF efficiency increases with Ag and, for Ap = 10Q (pink line), a com-
plete population transfer occurs around ¢ = 500 fs. The physical mechanism behind the efficient
population transfer at large Ag has already been discussed: if the Franck-Condon region of the
Sy state is above the PESs crossing, then the Sy — T'7; internal conversion is fast and efficient.
This regime is opposite to that described by the celebrated energy gap law which shows that the
population transfer rate, evaluated via Fermi’s golden rule, the stationary phase approximation and
several other approximations, decreases exponentially with the energy gap, ~ exp(—Ag /Q). 686

Having established the main factors responsible for the direct Sy — 7’77 SF, we discuss the Sy-
excited SF pathways and their spectroscopic signatures. Three major pathways are conceivable: (1)
direct Sy — T'T SF considered above, (ii) cascading Sy — Syr — S1 — T'T; SF, and (iii) combi-
nation thereof. Electronic populations P;(t) (i = Sy, Su,S1,Sr1,) (upper panels) and TFRL spectra
(lower panels) for these pathways are shown in Fig. 3. The observables are calculated for electron-
ic energies Eg, = 4.64 eV; Eg,, = 3.46 eV, E5, = 2.279 eV, Err, = 2.28 eV mimicking those of
rubrene (see Fig. 1 and Refs. 10-13) "the environment-induced relaxation is assumed to be moderate
(n =0.3) and — for convenience of the discussion to follow — all TDM coupling constants are taken
the same (Us,s, = Us,s,, = Ms,s;, = 1). The SF is triggered by a 20 fs 250 nm (w,, = 4.96 V)

pump pulse arriving atz = 0.
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Figure 3: Electronic populations P;(¢) (upper panels) and TFRL spectra I;y (¢, ) (lower panels)
for three different SF pathways: (a,d) direct Sy — T'T; SF, (b,e) cascading Sy — Sy — S1 =TT
SF, and (c,f) combination thereof.

Figs. 3 (a,d) show populations and TFRL spectrum for direct SE. The Sy — 777 coupling is
relatively strong (Us, 77, = 0.078 €V), the cascading pathway is switched-off (Us,s,, = 0), and
only two states, Sy and TTj, are involved in SF. Populations (panel (a)) show that SF is complete
with a 200% yield on a ~ 250 fs timescale. The same information is illustrated by the TFRL
spectrum I1y (¢, @) (panel (d)). The Sy — So luminescence starts at ¢ ~ 0 in the spectral region
2.7 < o < 4.6 eV, narrows towards @ ~ 3.75 eV due to vibrational relaxation, and quenches at
t =250 fs.

Figs. 3 (b,e) explore the cascading leg Sy — Sy — S1 — T'T; of the SF process. Electron-
ic couplings between the singlet states are moderate (Us,s,, = 0.06 eV, Us, s, = 0.03 eV), the
S1 — T'T coupling is also moderate (USNSTT1 =0.04 eV), and the Sy — T'T; pathway is inhibit-
ed (Usyr1, = 0). P,(t) in panel (b) reveal sequential population transfers Sy — Sy at r ~ 130 f,
Sy — Sy att =~ 350 fs, and the S| — T'T; SF occurs on a time scale of a few picoseconds. Panel (e)
maps this sequence of population transfers onto the TFRL spectrum I1y (¢, ®). Quenching of the
Sy luminescence (2.7 < w < 4.6 eV) att = 130 fs is accompanied by a rise of the Sj; luminescence

(2.5 < w < 3 eV) which vanishes at t ~ 370 fs giving birth to the S| emission (1.65 < w < 2.25
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eV) which finally decays on a picosecond timescale owing to the Sy — T'77 SE.

Figs. 3 (c,f) illustrate superposition of the Sy — TT; and Sy — Sy — S1 — TT; pathways.
According to panel (c), Ps,(f) decays on ~ 100 fs time scale, P, (¢) reaches its maximum at
t ~ 100 fs, while Ps, (¢) attains its maximum at # ~ 290 fs. These time intervals are shorter and
the population maxima are lower than those in panel (b). The Prr, (¢) population in panel (c), on
the other hand, grows much faster than its counterpart in panel (b), reaching half of its asymptotic
value at r =~ 150 fs. All these phenomena are promoted by the direct Sy — TT; SF contribution.
The TFRL spectrum (panel (f)) reveals the same timescales and processes through luminescence
from the Sy, Sy; and S states.

Note that the coupling parameters for the system of Fig. 3 were chosen in ad hoc manner just
for the sake of argument. We claim, however, that superposition of two or more coherent pathways
is ubiquitous in Sy — T'T SF reactions, being thereby a signature of the SF from upper excited
states. Indeed, the part Sy — Sy — S; of the cascading pathway describes internal conversion
to the lowest excited state. This process, according to Kasha’s law and Vavilov’s rule, is fast and
spans hundreds of femtoseconds for most of polyatomic molecular systems. ’? The direct Sy — T'T}
SF has a comparable or even faster timescale. !'=!7 It is therefore highly likely that the direct and
cascading SF pathways will compete with each other. This opens up an exciting opportunity of
using the coherent control methodology’! for optimizing SF from upper singlet states. Quantum
interference effects in the S| — 7’77 SF were recently discussed in Ref.”?

Having established the main factors governing the SF from upper states, we simulate the short-
time portion of the experimental TA PP signals of rubrene crystal, which monitor the S| — TT;
and Sy — T'T; SF in real time through the 7Ty — TTy ESA.73 As has been established in Ref. °
the S1 — TT; SF is controlled by the conical intersection. Since no information about topology
of the Sy and 7T} PESs in the vicinity of their crossing is available, we prefer to describe both
S1 — TTy and Sy — TT; SF processes in terms of phenomenological coupling coefficients of Eq.
(7) assuming the direct SF scenario. The best-fit values of the parameters are found as follows:

Us,rr, = 0.0135eV, n =0.06 (S; — TTy) and Us, 77, = 0.0208 eV, N = 0.36 (Sy — T'T1). Precise

12
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Figure 4: TA PP signals Ipp(t,®) of rubrene crystal at @ = 2.43 eV for the S| — T'T (wp, = 3.1
eV, panel (a)) and Sy — TT; (wp, = 4.96 €V, panel (b)) SF.

values of the TDM couplings are irrelevant because ESA contributions to the TA PP signals moni-
toring the S1 — T'T7 and Sy — T'T; SF are simply proportional to ,ugo s :u%TlTTM and ,ugo Sy ,u%TlTTM,
respectively.

The results are presented in Fig. 4 for §; — TT; (@p, = 3.1 €V, panel (a)) and Sy — TT;
(0p, = 4.96 €V, panel (b)) signals. Both signals exhibit two-stage kinetics with a fast ~ 1 ps
rise and subsequent slower increase. However, the signal in panel (a) is raised much slower and
its second-stage kinetics is much more pronounced. These behaviors correlate with two-stage
evolutions of the SF populations in Fig. 2 and can be rationalized as follows. For S — TT; SF,
the energy gap Ag ~ 0 and Ag/Q ~ 0. For Sy — TT; SF, Ag ~2.36 eV and Ag/Q ~ 12.7. Hence
vibrational levels are perfectly aligned in the S; — T'T; process, while alignment is rather poor for
Sy — T'T;. Following the analysis of Fig. 2(c), one could prematurely conclude that the S1 — T T}
SF should be faster. However, the level-alignment argument is not applicable to the Sy — 7’71 SF
system, because it operates in the large energy gap regime (Ag > Q) illustrated in Fig. 2(d), where
SF is fast and is primarily controlled by the ballistic downhill wavepacket motion. Furthermore, the
values of the coupling coefficients Us, 77, and Us, 77, are quite similar. Hence the fast Sy — T'T}
SF is caused by the stronger coupling to the environment, which is quantified by the relaxation
parameters 7] (see Fig. 2(b)). Much stronger impact of the environment on the Sy — T7; SF is

caused by much higher density of upper-lying electronic states.
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Figure 5: TFRL spectra Iy (¢, @) simulated for the S; — TT (a) and Sy — TT (b) SF of rubrene.

Finally, the TFRL spectra Iy (¢, ®) simulated for the S} — T'T; and Sy — T'T; systems of Fig. 4
are shown, respectively, in Fig. 5(a) and (b). I (¢, ®) in panel (a) exhibits a fast rise around 7 = 0
followed by a picosecond decay. In the frequency domain, the spectrum features two pronounced
vibrational lines around @ = 2.1 and 2.286 eV, revealing two strongest Franck-Condon transitions.
In the time domain, vibrational effects cannot be resolved since the up-conversion time resolution
of 50 fs exceeds the vibrational period period of 7% = 22 fs (see Ref.”* for discussion of these
effects). Qualitatively, the TFRL spectrum in Fig. 5(a) reminds the spectra in panels (e) and (f) of
Fig. 3 after r > 300 fs. The TFRL spectrum in Fig. 5(b) reveals the Sy lifetime, decays almost to
zero on a ~ 1 ps timescale and resembles the spectrum in Fig. 3(d).

In summary, we theoretically study the SF processes triggered in upper singlet states and de-
velop computational methodology for the simulation of laser-induced population dynamics as well
as TA PP and TFRL spectra revealing the S1 — 7T} and Sy — T 77 SF. With this methodology, any
number of relevant singlet, triplet, and charge-transfer states can be treated and, if necessary, elec-
tronic two-dimensional or six-wave-mixing signals can be simulated by employing the methods
outlined in Refs.”7¢ For clarity, exciton-exciton annihilation is not considered, but can readily be
included in simulations following, e. g., the methodology of Ref.””

We demonstrate that SF from upper singlet states can be fast and efficient, since the molecular
wavepacket launched to the upper state Sy from the ground state Sy by the pump pulse is usually

located above the crossing of the Sy — T'T; PESs. This promotes the downhill ballistic wavepacket
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motion and facilitates the Sy — T'T7 SF. Temperature effects are of minor importance in this case,
because the initial placement of the wavepacket in the Sy PES is primarily determined by the
carrier frequency of the pump pulse. Reaction pathways leading to the Sy — T'T} SF are usually
much more diverse than those responsible for the S; — T7; SF, owing to the high density of
upper singlet states and rich structure of their PESs landscapes. This creates new opportunities
for optimizing the Sy — T SF, either through chemical modifications of the SF materials or by
employing various laser control techniques. In particular, the direct Sy — T'T; SF can coexist with
the sequential Sy — Sy — S1 — T'T; SF, and interference of these two pathways can be exploited
for maximizing the SF yield.

Nowadays, SF is under active lab studies but is still quite far from industrial applications.”8-30

Researchers are therefore looking for additional venues of controlling and enhancing SF. Apart

from the search for different molecular materials suitable for SF,3® micro cavities are widely used

81-83 184-86

for engineering SF systems (see reviews as well as recent theoretica and experimen-

tal®788 works). The present study demonstrates that SF from upper singlet states may be used as
an alternative, technically simpler and more robust practical method for manipulating, optimiz-

ing, and controlling SF. Along with bias voltage® and temperature, %-90-91

the carrier frequency
of the pump pulse is a reliable and efficient parameter governing the SF process (see Ref.% and
Refs. 'I=17 for probing lower- and upper-lying electronic states, respectively). The pump pulse in-

tensity can also be harnessed for SF manipulation, >3-4

and we will explore this scenario in our
future studies.

The title of the present work is a paraphrase of the seminal Feynman’s Plenty of Room at the
Bottom — the motto which triggered the nanoscience development. We are convinced that there is
plenty of room on the top, and SF from upper singlet states should be further studied and exploited.
After all, the solar spectrum is broad and its blue wing shoots above lowest excited states of most

of molecular materials. From this perspective, the Sy — TT; SF is a general mechanism and

promising scenario for solar harvesting applications.
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