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ABSTRACT

We investigate the ability of dynamic fluorescence probes to accurately track populations of multi-excitonic states in molecular dyads based
on conjugated acenes capable of intramolecular singlet fission (iSF). Stochastic simulations of reported photophysical models from time-
resolved spectroscopic studies of iSF dyads based on large acenes (e.g., tetracene and pentacene) are used to extrapolate population and
fluorescence yield dynamics. The approach entails the use of repetitive rectangular-shaped excitation waveforms as a stimulus, with dura-
tions comparable to triplet lifetimes. We observe unique dynamics signatures that can be directly related to relaxation of multi-exciton
states involved over the entire effective time of singlet fission in the presence and absence of an excitation light stimulus. In particu-
lar, time-dependent fluorescence yields display an abrupt decay followed by slower rise dynamics appearing as a prominent “dip” feature
in responses. The initial fast decrease in the fluorescence yield arises from the formation of triplet pairs and separated triplets that do
not produce emission resembling a complete ground state bleach effect. However, relaxation of one separated triplet allows the system
to absorb, and in some cases, this increases the fluorescence yield, causing rise dynamics in the emissive response. Our approach also
permits extrapolation of all multi-exciton state population dynamics up to steady state conditions in addition to the ability to explore
consequences of alternative relaxation channels. The results demonstrate that it is possible to resolve unique signatures of singlet fis-
sion events from dynamic fluorescence studies, which can augment detection capabilities and extend sensitivity limits and accessible time
scales.

Published under license by AIP Publishing.

I. INTRODUCTION

Generating and harvesting multiple spin-forbidden excited
states has promise for improving performance metrics of optoelec-
tronic devices based on organic materials. ~ Singlet fission, where
two triplet (S = 1) excitons are produced from a prompt singlet
(S = 0) state almost immediately following photon absorption,
has generated intense interest for enhancing photovoltaic perfor-
mance in organic solar cells.” " This multi-step mechanism first
entails formation of a spinless triplet pair state (i.e., [T-T1"), usually
occurring on sub-ps time scales, followed by decohering into two
separate triplets (i.e., T1) on longer time scales.” The latter step
effectively determines the overall triplet yield and has important

ramifications for utilizing triplets generated from singlet fission.

For example, the relatively long triplet lifetime implies a strong
likelihood of significant triplet-triplet interactions in addition to
interactions between triplets with other excitons and polarons of dif-
ferent spin and charge.””" Triplets also tend to be more localized in
nature, which has generated interest for preserving the [T-T] state
as long as possible. Ideally, triplets should be harvested rapidly (i.e.,
well before any potentially detrimental processes remove population
density) although structural factors ranging from molecular con-
formation and packing to morphological considerations and device
architecture impart significant challenges for achieving this goal in
actual devices. Resolving and understanding higher order inter-
actions involving long-lived triplets is, therefore, important for not
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only photovoltaics but other optoelectronic applications as well,
such as upconversion processes seeking to exploit triplet-triplet
annihilation leading to radiative emission from the higher energy
singlet. "’

Probing triplet processes on time scales comparable to their
natural lifetimes can be difficult using conventional absorptive spec-
troscopic probes largely due to available sensitivities and, hence,
concentration and excitation density requirements needed to obtain
good signal-to-noise levels. However, there are few, if any, alter-
native spectroscopic probes of singlet fission and products on a
wider range of time scales. Here, we propose a new strategy for
capturing relaxation dynamics of population states involved in sin-
glet fission in addition to triplet interactions on intermediate time
scales (i.e., ~1 ys—1 ms) with high sensitivity. Fluorescence emis-
sion offers useful perspectives of triplets and other “dark” excited
states and may be extended to single molecule level detection. We
investigate the feasibility of fluorescence-based probes to interrogate
multi-exciton relaxation dynamics in systems capable of undergo-
ing intramolecular singlet fission (iSF)."*** Unlike traditional inter-
molecular singlet fission (xSF) materials (e.g., conjugated acene crys-
tals), a much broader palette of iSF-active molecules is available,
which may further be tailored to elicit desired packing motifs in the
solid state.”

Because singlet fission requires a spinless excited state (i.e.,
S1) adjacent to a chromophore in its ground electronic state (i.e.,
So), the simplest iSF system is achieved by covalently linking two
chromophores (e.g., tetracene or pentacene derivatives) via a cen-
tral moiety.””"”*""’" The current widespread interest in these iSF-
active dyads as well as larger oligomers and polymers'****>*" has
produced a rich body of literature concentrating on the early
photophysics of singlet fission (i.e., [T-T]' formation and relax-
ation), which provides a useful basis for extrapolating triplet inter-
actions on long time scales using fluorescence spectroscopy. Our
approach involves using reported photodynamic models for a select
group of iSF-active dyads, which are reformulated from a stochas-
tic perspective, including explicit higher order processes. This
method enables approximation-free evolution of the photodynamic
model from a relaxed state to steady state under excitation by
a stream of photons with explicit arrival times. We recently uti-
lized a similar approach to demonstrate that the iSF activity can
be detected from steady state fluorescence yields by varying exci-
tation intensities (i.e., rates).”” We now expand these capabilities
to capture relaxation dynamics on us time scales by simulating the
underlying state population dynamics and the resultant emissive
properties.

Excitation of individual iSF dyads is achieved by using rect-
angular (quasi-CW) excitation pulse waveforms that are averaged
over many cycles (Excitation Intensity Modulation Spectroscopy or
EIMS). Unique dynamics signatures emerge when iSF yields are
appreciable, originating from the effect of triplet relaxation and
re-excitation in the presence of a triplet when singlet fission is
not possible. We then show how triplet lifetimes and population
dynamics evolve both in the presence and absence of the excita-
tion stimulus that can be used to validate contributions of specific
states to the observed fluorescence dynamical features. The results
demonstrate the potential value for extrapolating population state
relaxation dynamics using fluorescence techniques that are also
amenable to single molecule level investigations. Furthermore,
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stochastic perspectives of multi-exciton processes offer deeper
insights of iSF systems because the simulations are limited to a finite
number of constituent chromophores comprising the dyad.

Il. METHODS

A key challenge for utilizing fluorescence methods to detect
singlet fission is the fact that emission yields tend to be low (<1%)
for either iSF or xSF systems.“‘}j' > However, in a recent study,
we found that large fluctuations in steady state fluorescence inten-
sities occur in single iSF dyads when varying excitation rates over
several decades.”” Specifically, large increases in fluorescence yields
appear with increasing excitation intensity (rates) due to the larger
emission yields of triplet-containing absorbing states (i.e., SoT1),
even when accounting for a diminished absorption cross section
(assuming triplets do not absorb and, therefore, do not contribute
to the fluorescence signal). Increasing the excitation intensity fur-
ther results in population saturation of presumed non-absorptive
states in iSF dyads (i.e., T1T1 and S;T1) and reduced excitation (and
thus emission) yields. Fortunately, fluorescence detection of triplets
and their relaxation and interaction dynamics have been studied
extensively in organic systems, especially at the single molecule
level, which is still possible even in systems with very low yields
(e.g, <1%)." " Stochastic behaviors may also be resolved mak-
ing the extension of fluorescence emission particularly attractive
for singlet fission detection that is achieved using EIMS to expose
triplet interactions and relaxation dynamics. This hybrid tech-
nique involves repetitive excitation and synchronous averaging of
rectangular-shaped laser pulses that is sensitive to the presence of
dynamic quenchers, namely, triplets, which also reveals their pop-
ulation dynamics on time scales spanning ~100 ns to ~1 5.
EIMS has seen considerable use in the study of triplets in multi-
chromophoric conjugated polymers where fluorescence dynamics
responses display a wide range of behaviors depending on confor-
mation and packing dependent exciton relaxation and spin con-
version processes.”’ Although previous EIMS studies of polymers
have demonstrated the likelihood of more than one triplet present at
any time, singlet fission was never considered as a triplet-generating
mechanism because of the extreme variability of accessible photo-
physical channels in polymers depending on conformational and
packing qualities.

We investigate model dyad systems known to undergo iSF by
performing stochastic kinetic simulations of EIMS experiments on
time scales comparable to the natural triplet lifetime. It is helpful to
stress that our present application is limited to fluorescence dynam-
ics on ~1 pus-1 ms time scales that, while not directly probing early
SE processes, is particularly sensitive to triplet relaxation dynam-
ics because these processes are confined to single iSF-active dyads.
Photophysical models of iSF dyads were adapted from Refs. 19, 26,
and 45-47 consisting of substituted pentacene and tetracene deriva-
tives covalently tethered to a non-conjugated core moiety. Dyad
conformational qualities are largely dictated by the core geometry
and bonding motif, which also govern electronic coupling between
the pendant acene chromophores.”* For simplicity, we assume that
only weak interchromophore coupling exists, thereby enabling the
use of well-defined spin states (i.e., So, S1, T1). Structures of the iSF
dyads are depicted in Scheme 1.
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SCHEME 1. Molecular structures of iSF dyads (see Table | for specific
photophysical constants, vide infra).

We then adapted photophysical models reported with each
iSF dyad, which are outlined in Scheme 2, and the correspond-
ing photophysical constants appear in Table I. Additionally, these
models originally solved all coupled rate equations deterministi-
cally entailing formulating all bimolecular reactions as pseudo-first
order processes. While all models include singlet fission as well
as triplet pair spin conversion, relaxation channels vary slightly
depending on the specific physical probes employed in each study.

ARTICLE scitation.org/journalljcp

Our basic approach entails reformulating these models from a
purely stochastic perspective that not only preserves the source
model kinetics faithfully but also explicitly uses the specific reac-
tion stoichiometry and molecularity (i.e., bimolecular reactions).
Moreover, stochastic solutions are approximation-free allowing for
extrapolation of state populations and reaction yields (i.e., fluo-
rescence) up to steady state levels with no accumulated numerical
error. Because details of the stochastic approach were discussed at
length earlier,” we limit our description to the specific applica-
tion at hand, namely, excitation and relaxation dynamics on sub-ms
time scales. Our selection of iSF-active systems also span a broad
range of reported singlet fission yields in order to better highlight
the ability of fluorescence-based probes to report on the relaxation
of triplet-containing multi-exciton states originating from singlet
fission.

Our simulation algorithm is based on the modified next reac-
tion method,” and reaction stoichiometries are set by the specific
model reported for each iSF dyad. We did include the possibility of
intersystem crossing via the usual perturbative mechanism even if
it was not included in the original model, which is only a minority
triplet-producing channel in all pentacene dyad (PD) cases. Because
of the range of relaxation channels, the simulation must perform
many realizations in order to accurately calculate state populations
and reaction yields. In contrast to our earlier study,”” where the exci-
tation rate constant (kex) was varied and the reaction progress was
sampled near equilibration to obtain steady state levels of popula-
tions and yields, the simulations herein differ, in that kex remains
constant, while the excitation stimulus is on.

S;8; PD-A S,S, TD-A
%‘ k, k. kisc S1 T, %T k, ki, ISC S1 T,
SOS»’ &_’ kSR k/,l" kISC so 1 &_’ kd“ k,SC
T M TP T T [T T
) 54 , ! ™
| Kise l & | k 'lscl %
Ko kisc 2 Koo s
IsC So T1 2 ISC SoT1
e e Fre b ke b ke Ko k ke
k'ise l Ksc l
SpSy SoSo
S84 PD-B S5, PD-C
k, k.
Ko k k, kise exc k, k, kisc
s T  Kie ISC S,T, TT  Kic 1SC S1T1
S,S; & K Fisc [SoS4 T SeSy &, Ksg Kais fasc
[Ty —— T,T, o T [T [TTP— TT,
fus I
'k 54
K Kexe Kise Koxe
r | . ISCl 2 P L ISC l T
exc 1SC exe 1sc
ik X SoTy ok ‘ ST,
7 Kic k, ki 7 Kie ke ki
k'isc l k'isc l
SpSo SoSo

SCHEME 2. Photophysical models for each iSF dyad adapted from Refs. 19, 26, and 45-47. Processes added in the stochastic version are denoted by gold lines. Note:
All processes are depicted as unimolecular following original literature sources although our simulations treated bimolecular reactions explicitly. Only TD-A included the
possibility of triplettriplet annihilation (k77), and we did not add this channel to the other models.
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TABLE |. Parameters from iSF dyad photophysical models.
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Dyad
Process Rate constant (s~ 1) PD-A" PD-B’ PD-C* TD-A’
Singlet fission kse 2.4%10° 2.1x10° 1.4x10° 1.5x10°
Triplet pair fusion Kfus 5x 10’ .. 1.4x 107 1.3x 10
Singlet relaxation® ks, 9.5x 107 6.5x 107 1.9x 10 8.7 x 107
Triplet pair recombination (SySo) krec 1x107 2.6 x10° 4.6x10’ 1.7 x 107
Triplet pair dissociation Kgis 5.7 x 10° 3.3x10° 2.9x10° 7.4%107
Reverse intersystem crossing Kisc 3.12x 10* 5x10* 3.4x10* 5.7x10°
Triplet pair quintet formation ksr 1.1x 10 1.2x10°8
Triplet pair singlet recombination ksa 4.8x10° 3.6x10°
Solvation Kol 5.5x 10" ...
Triplet-triplet annihilation krr . . e 1.1x 107
Internal conversion kic 4x107 1x107 1.35x 10° 7 % 10°
Radiative emission kr 5.36 x 10 536 x 10 536 x 107 6.3x 10
Intersystem crossing kisc 1.43 x 10° 1.43 x 10° 1.43 x 10° 1.7x 107
Singlet reformation emission factor B (%) 6.0 0 2.1 15.8
el S o) . 3.55 16.55 0.82 0.99
*Reference 47.

PReference 26.
“Reference 45.
dReference 46.
ekgl = k, + k,-C + kfsc.

fq)exc(s[] Ty) = %

A. Simulating responses of monomers
in the absence of singlet fission

It is first instructive to consider the simplest possible sys-
tem (i.e., in the absence of any higher order relaxation channels)
using our stochastic method. A significant advantage of stochas-
tic simulations on an analytically solvable system is that it pro-
duces results in the same form as experiment (i.e., emission counts
binned in ~100 ns bins) and, if desired, with similar noise levels.
Figure 1(a) displays a typical rectangular excitation pulse waveform
used to excite fluorescence in a TIPS-pentacene molecule. Through-
out this work, we employ similar idealized rectangular shaped
pulses for all simulations with no rise time (see the supplementary
material for details of numeric pulse generation). Because many
reported iSF-active dyads and larger systems employ TIPS-
pentacene as their constituent chromophores, """ we adapt
this molecule as a benchmark “monomer” system. The sparse
nature of excited density of states further enables the use of a sim-
ple three-level system consisting of the ground and excited state
singlets (i.e., So and Si) and the lowest energy triplet (i.e., T1).
For a more detailed discussion of this particular problem and its
implications on single molecule photophysics through EIMS, see
Ref. 43.

Figure 1(b) shows a simulated EIMS response from a single
TIPS-pentacene monomer generated for kex = 10’ s~!. From the
experimental perspective, once the excitation waveform turns on,
the system has a non-zero probability of transitioning to the emis-
sive 81 state and the fluorescence intensity begins at an initial value,

Io. As time progresses, there is an increasing likelihood of occu-
pying a triplet causing intensity to decay to a steady state level,
Is, due to triplet population dynamics.” Triplet yields (®@isc) typ-
ically vary considerably for TIPS-pentacene, and we used a con-
servative estimate of 1.43 x 10° s ' for the intersystem crossing
rate constant, kisc, resulting in a value of 2% for @jsc. While vari-
ous neutral and charged states may also quench fluorescence,”” the
dynamic quenching modulation behavior in EIMS responses arises
solely from triplets that can be easily confirmed experimentally by
performing measurements under different environments.

The simple monomer simulation in Fig. 1 provides a useful
basis for interpreting responses from dyads (vide infra) since only
unimolecular triplet processes are possible. Fluorescence modula-
tion occurs from the non-zero probability that the monomer will
transition to a triplet, which can be directly assessed from the con-
trast ratio using experimentally measured Io/Is values. Here, it is
more convenient to write these observables in terms of the steady
state So probability, which is a direct result of this experiment [i.e.,
Prob(So, ss) = Iss/Io], and by assuming Prob(S;) is small, the steady
state triplet population can also be inferred from fluorescence inten-
sities: Prob(Ty,ss) w~ (1 - %]) Because the present work empha-
sizes simulations of EIMS responses and state population dynam-
ics, we use the theoretical fluorescence yield, @;, to describe the
triplet-induced fluorescence intensity modulation. This quantity not
only changes as a function excitation intensity but also with time
[Dr(Kkexe, t)], until settling into the steady state emission yield,
denoted by @ (kexc, ss).
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FIG. 1. TIPS-pentacene monomer model. (a) Idealized rectangular excitation
pulse. (b) Simulated emissive (EIMS) response, averaged over 1200 (gray) or
120000 (black) repetitions. Each simulated experiment takes 500 us for one rep-
etition corresponding to total times of 60 s (gray) of observation time, assuming a
1% collection efficiency. The black trace represents acquiring for 6000 s or over
60 s at 100% detection efficiency. (c) Probabilities of relevant species. At this exci-
tation rate (107 s=1), the steady state S; occupation is 1.9%, Sy is 14.7%, and T
is 83.4%.

Population dynamics of each species are shown in
where it can be readily seen that the monomer system spends
most of its time in the Sp and T states, as expected. " Popula-
tion loss (buildup) dynamics of Sy (T1) recover (decay) after the
excitation light is turned off. Additional perspectives on triplet
quenching and extension to multi-chromophoric molecules have
been discussed in detail in Refs. 43 and 44. Systems lacking appre-
ciable excitonic interactions will appear identical to the monomer
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case, with a monotonically decreasing emissive response to a square
excitation pulse.

B. Extending the model to iSF dyads: Bimolecular
relaxation channels

Beginning with the three-level photophysical rate equations,
addition of another chromophore (as realized in iSF dyads) mainly
entails the need to include bimolecular processes and multi-exciton
states. While this study focuses on multi-triplet generation via iSF,
other bimolecular decay mechanisms may become important, such
as exciton-exciton annihilation. However, we limit the scope of the
study to only specific reactions provided in the original models (vide
infra), but additional studies are provided in the

that investigate the effects of varying triplet formation and
relaxation. Scheme 1 depicts the molecular structures of selected iSF
dyads adapted from literature sources.

We denote these iSF systems as TD (tetracene dyad) and PD
(pentacene dyad) molecules, respectively, followed by a letter (e.g.,
PD-A and PD-B), and the corresponding photophysical constants
from each source are provided in . Scheme 2 next depicts
the photophysical models in graphic form for each iSF dyad in this
study, including the excitation of possible absorbing states.

Although our adaptation did not modify original decay chan-
nels, we did include the possibility for intersystem crossing as well
as radiative and non-radiative relaxation even if these explicit pro-
cesses did not appear in the original source. We estimated these
quantities from related systems, and we assume the same rate
constants (i.e., kisc and k;) for all iSF dyads. The only exception
being the TD-A system in which all rate constants used in our
simulations were included in the original model. Furthermore, the
rate constant for non-radiative singlet relaxation, kic, was allowed
to vary, but the known singlet lifetimes were preserved. Because
the models differ slightly between iSF dyads (see ), we use
each specific form and implement the stochastic simulation algo-
rithm to generate exact realizations of the system evolution in time,
but the basic assumptions of our computational approach are the
same.” The simulations were also strictly zero-dimensional, thereby
neglecting any molecular geometry or chromophore orientation
considerations.

Initially, all systems reside in the ground electronic state
(denoted here as SoSo), the primary absorbing state. Single photon
excitation results in one excited singlet (SoS1), and singlet fission
follows the same reaction stoichiometry as originally formulated
where SoS1 decays into a correlated triplet pair state ([T-T]). In
some models (i.e., PD-A and PD-C), transitions between the singlet
and quintet [T-T] states are considered, whereas others (i.e., PD-B
and TD-A) do not include this possibility. Nonetheless, all triplet
pairs may decohere into two triplets (T1T1) and the dyad cannot
absorb another photon, while either [T-T] or T, T} states are occu-
pied, which leads to an effect resembling a ground state bleach.
Only when a separated triplet relaxes (e.g., resulting in the SoT\
state), will the system be able to interact again with the excita-
tion field. To this end, our model assumes that the state SoT1 may
undergo photoexcitation to $;T1, but singlet fission is not possi-
ble that may be invalid in certain circumstances (e.g., when sig-
nificant interchromophore coupling or charge transfer character

exists). Because only one chromophore site may be excited
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at a time, the excitation yield for ST is expected to be smaller
than that of SoSp, which we assume is half since only one singlet
ground state is present [i.e., Pexc(SoT1) = Pexc(S0S0)/2]. Further-
more, these conditions dictate that only the SoSo absorbing state is
capable of undergoing singlet fission, and this principle underlies
all the predictions herein. We also assume the lack of excited state
absorption transitions (e.g., Si = S, or T1 — T}). This assumption
generally holds when excitation rates are small, in addition to ensur-
ing excitation energies are not resonant with T — T/, transitions.
Similarly, the rare and short-lived nature of the S;S; state (while
possible in our simulations) makes the likelihood of singlet-singlet
annihilation exceptionally small, so the process is not considered
further.

With these basic assumptions defined, models for each iSF dyad
in Scheme 2 and Table I are solved stochastically using the exact
number of chromophores (i.e., Nc = 2), thus enabling an explicit
bimolecular formulation for the iSF reaction. We gain additional
fidelity by including diminished excitation yields of SoT1 and SoSi
and allowing the complete stochastic effect of random fluctuations
(e.g., SoT1 may or may not absorb excitation; the average chance
is 50%) to contribute to fluorescence yields and state population
dynamics.

Along similar lines, it is apparent from Fig. 1(c) that triplet
populations relax for significantly longer times once the rectan-
gular excitation waveform shuts off. We previously introduced a
hybrid EIMS technique where two rectangular excitation pulses
of the same intensity are temporally delayed by varying amounts,
thereby sampling non-steady state triplet population dynamics.”*’
The first pulse generates a steady state triplet population, which
is verified by using a sufficiently long duration before it turns off.
The second pulse then re-excites the system, and if the delay is
shorter than the triplet lifetime, it is possible to estimate triplet
relaxation time scales using the initial intensities (Ip) as an indica-
tor for the presence of unrelaxed triplets. This variable rest delay
variant of EIMS (i.e,, VR-EIMS) has significant advantages over
absorptive probes for estimating triplet lifetimes mainly from the
fact that it yields the highest sensitivity when performed on single
molecules. Moreover, this feature also makes VR-EIMS particularly
amenable to stochastic simulations, which we exploit herein to fur-
ther explore unrelaxed multi-exciton states. Specifically, we seek to
further understand the possible roles of the SyT' state in iSF dyads
and assess if characteristic markers exist, which either confirm or
disconfirm whether this state may form another triplet pair state if
excited before the residual triplet decays completely. We now show
in the following that unique and unambiguous signatures of sin-
glet fission can be discerned from EIMS simulations of iSF-active
dyads.

Ill. RESULTS AND DISCUSSION

A. On the fundamentals of the EIMS response
in iSF dyads

In the following, we simulate EIMS responses of iSF-active
dyads highlighted above using a rectangular excitation function
waveform for several excitation intensities (rates). Pulse durations
were selected such that the important dynamics are illustrated,
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but steady state conditions are not reached in all cases. The non-
zero probability of singlet fission of the prompt excitation into
two triplets implies greater quenching efficacies due to significant
ground state bleach, as outlined in Sec. II, but the temporary nature
of this condition leads to distinctive signatures as the system relaxes
to steady state levels.

Figure 2 shows EIMS responses from the four iSF dyads high-
lighted earlier in Table I and Scheme 2. Similar to Fig. 1, the “off”
periods are denoted by gray bars when the system cannot be excited
and the “on” period has a white background. These curves rep-
resent the time-dependent emission generated from the repetitive
excitation of the rectangular pulse waveform for many cycles (viz.
realizations), normalized by the excitation rate. Though not neces-
sarily depicted, in a real experiment, long “off” times would follow
the “on” period to allow complete relaxation of all triplet states
prior to the next excitation cycle. In our simulations, we merely
reset the system to a relaxed state before beginning the next realiza-
tion. We then vary ke for the excitation pulse waveform according
to predicted trends of the initial and steady state emission yields
[ie., D-(SoSo) and Dr(kex, ss), respectively]. The modulation con-
trast and behaviors of responses likewise vary depending on the
relative sizes of @,(SoSo) and @-(SoT1) and the probability of SoT1.
Briefly, singlet fission effects on steady state fluorescence vary sig-
nificantly with kex. where an initial increase in the emission yield
is often seen with increasing kex followed by a decrease due to
saturation.”

Because of the more complicated nature of iSF dyad pho-
tophysics, it is first useful to define key terms and their impact
on the fluorescence observable. The radiative yield of the relaxed
system, excluding delayed emission from singlet reformation, is
D,(S0So, rates). Explicitly, this “prompt” emission yield is given by
@, (SoSo, rates) = m, whereas the radiative yield of the SoSo
absorbing state that includes delayed emission, ®,(SySy), has no brief
mathematical definition. In summary, @,(SoSo, rates) is the prob-
ability that SoS; emits (and is relevant each time SoS: is formed),
whereas @,(SoSo) is the probability that emission eventually results
after excitation of Sy and is equivalent to @, from an absolute emis-
sion quantum yield experiment. In PD-B, where iSF is irreversible,
D1 (S0S0) = D(SoSo, rates); in all other dyads, @,(SoSo) > Dr(SoSo,
rates) due to delayed emission (see  in Table I). In the interest of
completeness, we define @sp(SoSo) as the probability that a triplet
pair state that does not reform into SoS; eventually results after exci-
tation of Sy So; in all dyads besides PD-B, @sr(SoSo) < sr(SoSo, rates)
due to singlet reformation.

During an EIMS experiment at a particular (non-saturative)
excitation rate kex., emission yields of the dyads begin at ®,(SoSo,
rates) and evolve in time [®;(kex, t)] due to the occupation of other
states besides SoSo, and as contributions from delayed emission
manifest. Depending on the average time of singlet reformation,
delayed emission gradually adds to the emission yield, while increas-
ing ground state bleach reduces the excitation yield. Eventually the
system reaches a steady state emission yield [i.e., @r(kexc, ss)] that
may be larger than @,(SySo) in some cases (PD-A and PD-B): a com-
plete reversal of the monomer behavior. Though this broad outline
of the time-dependent emission yield is applicable to all the dyads
studied here, differences in kinetic scheme and rate constants imply
further details requiring consideration of the individual systems one
at a time.
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FIG. 2. Simulated EIMS responses displayed as emission rates normalized by the excitation rate for each dyad system (see Table |). The presence of the excitation pulse
is indicated by a white background. Three different excitation regimes were investigated: low (kex; = 10* s=', ~5 possible excitations per cycle, left column), intermediate
(kexc = 10% =", ~B0 possible excitations per cycle, middle column), and high (ke = 108 s=', ~1000 possible excitations per cycle, right column) for PD-A (a)-(c),
TD-A (d)—(f), PD-B (g)-(i), and PD-C (j)—(l), respectively. Inset: The enlarged region of TD-A EIMS depicting delayed fluorescence following turn-off of the excitation

waveform.

Perhaps the most surprising feature from these simulations is
a transient regime with lower emission yields than either the initial
response or the steady state level that gains prominence with increas-
ing kexc values. This “dip” in @ (kex, t) is mainly a consequence of
our assumption that both [T-T] and T, T} do not absorb nor emit. If
a path exists for these singlet fission products to reform an emissive
singlet, such as in the tetracene dyad model (see TD-A in Table I),
then the emission dip is almost completely absent.

Beginning with the lowest excitation rate (kex = 10* s L left
column of Fig. 2), we see that @, (kex, t) exhibits relatively little
modulation although the productive [i.e., relatively high @sr(SoSo)]
pentacene-based iSF dyads [PD-A, Fig. 2(a) and PD-B, Fig. 2(g)]
show a slight rise in the yield on time scales of ~20 pus-50 us due
to non-zero Prob(SoT1) (vide infra). While the overall modulation
depth is small, the rise dynamics qualitatively reflect ground state
recovery dynamics due to relaxation of a triplet following [T-T]
dissociation. However, the recovery of ground states per se cannot
increase the emission yield beyond @,(SoSo). Instead, the greater
emission yield of the SyT absorbing state is largely responsible for

observed fluorescence gains due to inactivation of the iSF channel.
For the low iSF-yield pentacene dyad PD-C [Fig. 2(j)], the EIMS
response is similar to the monomer in Fig. 1, with smaller emission
yields at steady state. It is also interesting to note that the tetracene-
based iSF dyad [TD-A, Fig. 2(d)] shows virtually no modulation of
fluorescence, which is consistent with the fact that the emission yield
of SoT} is roughly twice that of SoSo. At this low excitation rate (five
excitations per pulse cycle on average), delayed emission in TD-A is
not observed because krr > kexc.

Increasing the excitation intensity to kexc = 10° s~! (middle col-
umn of Fig. 2) reveals a more conspicuous effect on EIMS responses,
especially those with large @sr(SoSo) values [i.e., Figs. 2(b) and 2(h)].
To highlight the large change in time-dependent emission yields,
each row of Fig. 2 shares a common y-axis scale. @(kex, t)
shows a characteristic decrease immediately following turn-on of
the excitation stimulus, common in all triplet modulation fluores-
cence quenching, which then experiences an abrupt turnaround
with a prominent rise dynamical feature resulting in larger val-
ues of @, (kexc, ss). The prominent “dip” feature reflects the ground
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state bleach effect mentioned earlier becoming accentuated with
larger excitation frequencies and is always strongest in systems of
even-parity in the chromophore number (i.e., Nc = 2, 4, 6). The
large positive modulation in PD-A and PD-B indicates a higher
probability of emission from the SoT' absorbing state.

The PD-C system exhibits the only response where later gains
in @y (kexc, ss) following the initial decay do not overwhelm ®@,(SoSo)
levels as time progresses. Yet, it demonstrates a clear dip indicat-
ing both chromophores are no longer able to absorb excitation
light due to occupying triplet-containing states and, thus, temporar-
ily have an emission yield of zero. Importantly, no other process
is known to cause coherent ground state bleach besides iSF (not
even singlet-triplet annihilation),” so we propose that the dip fea-
ture in the EIMS response is an unambiguous reporter of iSF. Only
when triplet-triplet annihilation is appreciable, will this signature
be diminished, such as in the case of TD-A, as evidenced by the
very weak dip present in Fig. 2(¢) due to a kpr of 1.1 x 10" s7*
(accounting for N. = 2). Additionally, large triplet yields from
intersystem crossing may attenuate these characteristic responses
of iSF (see the supplementary material), as well as larger num-
bers of constituent chromophores (N, > 2). Interestingly, TD-A
also shows a small but clearly resolved, delayed emission compo-
nent once the excitation pulse terminates (see the inset of Fig. 2).
This feature originates from triplet-triplet annihilation defined by
the source model as the rate at which separated triplets reform a
triplet pair (ie., T1 + Ty — [T-T]). Even though triplet-triplet
annihilation obscures EIMS signatures of iSF, the evidence of this
process may appear directly in fluorescence yields when the exci-
tation waveform turns off. The lack of this channel in pentacene-
based systems does not preclude the possibility of slow triplet—
triplet annihilation and weak delayed fluorescence, which may be
amended following further experimental studies. The behaviors pre-
sented here reflect unambiguous EIMS signatures of singlet fis-
sion: a “dip” due to occupation of T T1; higher emission yields at
steady state in PD-A and PD-B (i.e., more productive iSF systems)
at kee = 10° s7! [Figs. 2(b) and 2(h)] in comparison to when
kexe = 10* s71 [Figs. 2(a) and 2(g)].

At the highest excitation rate (kex = 10% 571, 1000 excitations
per pulse cycle), overall fluorescence yields decrease substantially as
singlet fission-induced modulation behaviors operate under a sat-
urative regime. By comparison, TD-A, which also has the small-
est average singlet fission yield, showed relatively small modula-
tion at lower excitation rates [see Figs. 2(d) and 2(e)]. However,
this behavior abruptly changes where @ (kex, t) decays rapidly (i.e.,
<1 us) to its steady state level, @.(kex, ss). It is useful to point
out that this type of EIMS response is more characteristic of rapid
triplet formation and population decay often found in other multi-
chromophoric systems (e.g., chalcogen-containing conjugated poly-
mer molecules),”*** though the presence of delayed emission
reveals the contributions of bimolecular reactions involving triplets.
Indeed, the ~7x faster intersystem crossing rate in TD-A compared
to the pentacene dyads is largely responsible for the monomer-like
EIMS response at this excitation rate.

We now consider the underlying state population dynamics
over the same time scales and excitation rates presented in Fig. 2.
Figure 3 displays population dynamics for the case of ke = 10* s7*
corresponding to EIMS sweeps shown in the left column of Fig. 2.
Populations of singlet fission products intrinsic to each dyad model

ARTICLE scitation.org/journalljcp

are shown in the legend of each panel (i.e., [T-T]" or [T-T]°), and
explicit states considered in our model are provided as a common
legend at the top (S:S: is a possible state, but probabilities are ~0
even at the highest excitation rate). In discussion, we will refer to
[T-T], which should be taken to include [T-T]' and [T-T]’ where
applicable. We also include the simulated @, (ke t) trends in terms
of probabilities to facilitate comparison with Fig. 2.

Similar to the relatively small modulation features in corre-
sponding EIMS responses at the same key, state populations show
relatively little change and each system spends the most time in
the SoSo state, which is also reflected in its large occupancies (thick
light-blue line). Throughout this work, the excitation rate, kex, is per
molecule, not per chromophore, and via Table I, kgsc > 3.1 x 10* 7!
in the pentacene dyads; thus, this excitation regime would evince
almost no modulation without the contribution of triplets produced
via iSF. Importantly, [T-T] states are extremely short-lived and,
hence, are practically invariant over the pulse duration, also due in
part to the high Prob(SoSo), which ensures the behavior at equi-
librium is similar to the excitation of the relaxed system. Likewise,
states with an excited singlet (SoS1 and SiT1) are virtually at steady
state over the entire simulation for all systems. However, popula-
tion dynamics of SoT'1 reveal interesting behaviors that offer useful
insights of trends observed in @r(kex, ss). In particular, any large
upward trend in Or(kex, t) is directly correlated with Prob(SoTh).
In TD-A, the increased emission yield of SoT is counterbalanced
by the reduced excitation probability [we assume @ex(SoT1) = 1/2],
meaning the substitution of SoSp by SoT is not apparent in the
emission signal [@r(SoT1)/2 » ®Pr(SoSo)]. This effect can be seen
from comparing a relatively static @,(kex., t) with a more dynamic
Prob(SoT1) in Fig. 3(b).

Increasing kex. brings about more noticeable changes in pop-
ulation dynamics, as also seen in fluorescence emission in Fig. 2.
Figure 4 presents the case when ke = 10° s™', where now SySp
decays rapidly, and consequently, dynamics of other states become
more prevalent since triplets are produced much faster than they
decay. It is particularly revealing to point out trends in SoT; and
T1T, states that exhibit dynamics signatures discernible over spe-
cific time regimes of the pulse duration. At early times, the T1T)
population increases rapidly in all dyads and reaches a maxi-
mum coinciding with a large decrease in SySp, which also displays
a characteristic “dip” and subsequent rise to steady state levels
for all systems. Prob(SyT1) now evolves more slowly due to the
need for one triplet to relax in order to populate this state. Com-
paring these state population dynamics trends to @r(kex, t) also
confirms that the T T growth and subsequent decay to SoT1 dom-
inate the behavior of this observable. Without a bimolecular pro-
cess to relax T1T1, the chromophores never get back in “sync”
in the pentacene dyads, which is not the case in TD-A. Similar
to lower kex values (e.g., Fig. 3), population dynamics of [T-T]
states are usually complete well before their SoT1 and T1T; coun-
terparts reach their steady state levels. Immediate depletion of SySo
means Prob([T-T]) is highest at the beginning of the excitation
pulse and trends monotonically downwards. It also bears repeating
that the simultaneous presence of two relaxed chromophores is far
less probable at steady state under continuous excitation in the pen-
tacene systems. Following this trend, but to a lesser degree, TD-A
shows the highest steady state Prob([T-T]) due to triplet-triplet
annihilation.
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Figure 5 shows the case for the largest excitation rate used
for our simulations (kex = 108 sil). The most striking feature of
state population dynamics is the significantly faster depletion of
SoSo once the excitation pulse turns on. Namely, SoSo reaches its
steady state level at near zero probability within <1 us, which is
typically at the experimental limit of detection for EIMS.” This
trend also explains lower initial values observed at this excitation
rate [see Figs. 2(c), 2(f), 2(i), and 2(])]; the excitation is compet-

[Fig. 5(b)].

itive with the average excited state lifetime. Correspondingly, the

to T1T;. Consequently, singlet fission is inhibited due to slower
relaxation to SoSo, but Prob(TT:) remains large. When excita-
tion is ceased, relaxation dynamics of SoT show a rise in prob-
ability that coincides with the decay of the sizable T, T popula-
tion. Time constants are comparable to the natural triplet lifetime
(~1/kjsc) in the pentacene-based systems, whereas triplet-triplet
annihilation greatly accelerates the triplet population decay in TD-A

These simulations of EIMS responses and state population

singlet fission product probability, Prob([T-T7), exhibits strong and
rapid growth up to a large maximum (>0.5) followed by a rapid
equilibration to drastically lower steady state probabilities in the
PD systems. In contrast, TD-A again demonstrates the strong effect
of the triplet-triplet annihilation (T1T; — [T-T]) channel. Sub-
sequently, Prob(T;T) rises to its characteristic maximum in PD
systems (which is the main cause of the emission dip) and main-
tains high levels at steady state. The reason why steady state popula-
tions of Sy T are also substantially lower than observed for smaller
kexc values is that the larger excitation frequency favors greater
T1T: production realized through intersystem crossing from S;T}

dynamics illustrate several useful and practical aspects of resolv-
ing singlet fission processes on longer time scales from fluorescence
emission. First, the excitation rate-dependent ground state bleach
effect observed in Fig. 2 can be most readily traced to the dynam-
ics of the states with the largest occupation probabilities, namely,
Prob(SoSo), Prob(SoT1), and Prob(T:T), which also correspond to
the longest residence times. At low excitation rates, triplet probabil-
ities are relatively low and population dynamics largely reflect the
natural decay kinetics (i.e., k}sc). However, increasing the excita-
tion rates effectively leads to saturation where the triplet buildup is
faster, but depopulation is limited by a first order decay. The only
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exception to this rule is the TD-A system. Consequently, varia-
tions in @,(kex, t) over the pulse duration tend to be less pro-
nounced and increased triplet production at higher excitation rates
is negated by triplet-triplet annihilation. Although it is conceiv-
able that triplet-triplet annihilation is possible in the pentacene-
based dyads, we chose to not deviate from the original models in
order to ensure better harmonization of observables and populations
measured from both transient absorption and fluorescence spectro-
scopies. For the sake of illustration, a comparison of different triplet—
triplet annihilation rate constants can be found in the supplementary
material; a comparatively slow triplet-triplet annihilation rate con-
stant (krr = 1.1 x 10° s7!) has a significant effect on the EIMS
response. A key objective moving forward will be to confirm that all
reaction channels are valid over the entire measurement timeframe,
which further requires careful control of sample conditions that are
known to cause large fluctuations in responses.

Since we proposed that dips in the EIMS response are a clear
indication of iSF, we now consider if the corollary is valid. In other
words, is the absence of a dip proof against the operation of iSF?
For the experimental parameters we used (100 ns time-bins, similar

in magnitude to commercially available multichannel analyzers), the
resolution of the triplet pair state probability is not accessible, and
the observable dip in the EIMS response is due to the simultaneous
existence of uncorrelated triplets (T, T1), which prevents excitation
and appears as a ground state bleach effect. Through the inves-
tigation of the TD-A system, we demonstrated that triplet-triplet
annihilation can virtually erase the dip signature due to these uncor-
related triplets. Hence, in general, the corollary does not hold since
the long-lived products of iSF can be eradicated by triplet-triplet
annihilation, thus preventing the ground state bleach causing the
dip.

However, on smaller time scales, the proposed corollary may
hold. If iSF were irreversible, a dip in the EIMS response commen-
surate with the triplet pair lifetime would be expected but would
require better time resolution. While we did not examine EIMS
responses on faster time scales, such experimental capabilities do
exist. However, this is predicated on the assumptions that absorp-
tion by the triplet pair state is unlikely or does not result in emis-
sion, and that the triplet pair state is slow to reform the emissive
singlet.
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Based on the wealth of iSF-related behavior present in the EIMS
responses above, we are optimistic that given adequate constraints,
experimental data may be iteratively fit and rate constants retrieved.
In this way, single molecules may be interrogated to elucidate the
range of effects of conformation and nano-environment on the iSF
process, with possibly paradigm-shifting outcomes. However, with-
out sufficient fitting constraints (i.e., usage of a kinetic model and
rate constant magnitudes from transient absorption spectroscopy),
it may be impossible to retrieve quantitative results from an EIMS

experiment.
In addition to EIMS, fluorescence correlation spectroscopies
(FCS) may be used to interrogate triplet processes.”””” Unlike

EIMS, which is applicable at single-molecule and ensemble levels,
FCS requires the interrogation of as few molecules at a time as pos-
sible since the signal is proportional to 1/N,. In addition, correla-
tion spectroscopies require excitation rates commensurate with the
characteristic lifetime sought for detection, which stems from the
fluorescent nature of the experiment. Specifically, if a dark period
is not followed by emission, then we cannot know how long the
molecule spent in a “dark” state. To investigate triplet pair lifetimes,

excitation rates of ~10° s~ must be applied, ensuring that significant
triplet populations will exist under CW excitation. Under our prin-
cipal assumption that the presence of a single triplet prevents iSF in
a dyad, steady state probabilities of triplet pair states in pentacene
dyads under such conditions are ~1% (see Fig. 5), making detection
via FCS problematic. These conditions do not necessarily rule out
the possibility of correlation techniques to detect singlet fission, but
they do present serious obstacles for characterizing relaxed iSF sys-
tems that produce significant triplet pairs. Based on our predictions
thus far, FCS may be used to access lifetimes of the T, T, and Sy T
states. While FCS has been successfully applied to measuring triplet
kinetics in three-level systems under single molecule conditions,” "’
the more complex kinetics of iSF-active systems may be too intricate
for the technique to unravel alone.

B. Tracking non-equilibrium triplet populations
from temporally delayed fluorescence modulation

A variation on the EIMS experiment presented above, namely,
the probing of the system with excitation light after different
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periods of relaxation, is an approachable technique for estimating
triplet relaxation kinetics in single molecules."”"*’ In contrast to
the continuous excitation utilized in traditional FCS, kinetics during
rest periods in variable-rest EIMS (VR-EIMS) are far more simple,
which makes this method akin to transient absorption spectroscopy.
In iSF dyads, the emissive response to EIMS is sometimes altogether
different from the monomer [Figs. 1(b) and 2], but the principle of
VR-EIMS is the same: the presence of excited states is detectable by
the change in the EIMS response from that of the completely relaxed
case.

Consider the response of a system that has not yet relaxed,
which possessed substantial Prob(T;T;) while at steady state con-
ditions. During relaxation, while k.x. = 0 (i.e., when the excitation
pulse turns off), T1T; states decay into SoT; at a rate twice that
of the triplet relaxation rate constant due to the presence of two
triplets that may undergo the process. Therefore, Sy T is populated
by T1 T faster than SoT; decays, assuming T1T; is depleted pri-
marily by triplet relaxation. This seemingly obvious process serves
to promote Prob(SoT:) to higher levels than possible at steady
state (Fig. 5). When the system is excited with a high Prob(SoT1),
the initial emission response (Ip) will be due to a higher radiative
yield than either @.(SoSo) or @r(kexc, ss), the relaxed and steady
state radiative yields, respectively. This result holds as long as
D (SoT1) - Pexc(SoT1) > Dr(SoSo) and is strikingly apparent in a
variable-rest EIMS experiment.

ARTICLE scitation.org/journalljcp

In the following, we simulate VR-EIMS responses that cap-
ture each model dyad system in different stages of triplet relaxation
by varying the temporal delay between successive excitation pulses.
Figure 6 illustrates cases for kex = 10° s7! and kexe = 10° s7! for each
dyad with delays denoted numerically in each column. The lowest
excitation rate used previously (i.e., kexc = 10* sfl) was not included
because changes in population dynamics are too small to produce
significant changes in @, (kex, t). In normal EIMS experiments, delay
times between successive pulses are usually made sufficiently long to
ensure the system (i.e., triplets) can completely relax before the next
pulse excites the molecule; here, this is only true for the first pulse in
the sequence.”

Comparing initial @, levels for each pulse offers a simple yet
effective way to judge experimentally whether triplets have suf-
ficiently relaxed. Considering the left half of Fig. 6, where kex
= 10° 57!, we see PD-A, TD-A, and PD-B exhibiting a simi-
lar response to shorter delay periods: The initial emission yield
increases due to residual triplet populations. The opposite is true for
PD-C, where shorter delay periods cause a decrease in the pulse-
specific initial emission yields. TD-A again serves to contrast the
effects of a radiative yield that is largely unaffected by the balance of
the most emissive states: @,(SoT1) - Pexc(SoT1)/ P (SoSo) ~ 1, and the
emissive response fails to reveal population dynamics. Both PD-A
and PD-B show a large increase in initial per-pulse @, levels (Io)
as delay times decreased indicating residual triplet populations
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FIG. 6. Simulated VR-EIMS responses of iSF dyads depicted as fluorescence yields. Pulse delays decrease from left to right, as shown by vertical gray bars. The excitation
rates are 108 s~ (left column) and 108 s~ (right column) for PD-A [(a) and (b), respectively], TD-A [(c) and (d), respectively], PD-B [(e) and (f), respectively], and PD-C [(g)
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[ie., Prob(SoT1)] impeded singlet fission, hence, increased Iy.
Conversely, reductions in initial per-pulse @, levels were found
in PD-C under the same conditions, which follows from the fact

that W = 0.82; as in a monomer, triplets in PD-C

only reduce overall emission yields. Generally, when ke is equal
to 10° s7, reducing the delay time between pulses brings ini-
tial per-pulse @, levels closer to @,(kex, ss) due to the inability
of dyads to undergo singlet fission, while non-zero triplet popu-
lations exist. However, steady state emission counts remain nearly
unchanged demonstrating that alterations in triplet production
kinetics due to non-zero Prob(SoT;) and Prob(T:T)) at the begin-
ning of the pulse do not impact population relaxation on longer time
scales.

Increasing kexc to 10% s7! leads to stark changes in VR-EIMS
transients due to the fact that the saturative behavior dominates for

SOSO — -SOT1 TTLLL T1T1 —-—-S1T1

ARTICLE scitation.org/journalljcp

all systems (right half of Fig. 6). Specifically, this effect appears as
markedly diminished Iy values compared to when kex = 10° s 1.
This saturation indicates that excitation is competitive with the
decay of [T-T]. For the first pulse in the sequence, PD-A, PD-
B, and PD-C display the usual dip feature, whereas TD-A exhibits
a strong monomer-like behavior (replicating the right column
of Fig. 2). As delays decrease, all dyads revert to a monomer-
like behavior in terms of the shape of each emission response.
TD-A shows the fastest quenching due to triplet-triplet annihila-
tion” and the largest intersystem crossing yield of all the dyads.
Viewing the sequence as a whole, PD-A and PD-B show ini-
tial emission levels that increase as delays decrease (maxima at
pulses 4 and 3, respectively), until rest period (v), where the initial
emission trend reverses. Conversely, PD-C’s initial emission levels
trend monotonically downward through the sequence.
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To aid in the discussion of Fig. 6, time-dependent populations
for keye = 10° 57! are depicted in Fig. 7. These results illustrate how
reducing the rest time between pulses causes the initial Prob(SoT1)
to change from 0 at the start of the first pulse to approximately
steady state levels at the start of the final pulse. This leads to a
flattening of the EIMS response in later pulses as the initial radia-
tive yield becomes more and more like the steady state. Meanwhile,
the initial Prob(SoSo) changes from 1 at the start of the first pulse
to near steady state levels at the beginning of later pulses, causing
Prob(T,T1) to lose its temporary peak and thereby diminish the
emission dip signature exemplified in the relaxed dyad response.
PD-B shows the weakest adherence to this paradigm, mainly due
to the large and fast rise in its emission yield, a characteristic
resulting from the shortest transition time from TT to SyT), and
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largest @,(SoT1) - Pexc(SoT1)/Pr(SoSo), among all the dyads (16.6, see
Table I).

Figure 8 shows the state population dynamics when ke
=10% 71, revealing that when Prob(SySo) has not relaxed to 1 by
the start of the excitation pulse, the ground state bleach “dip” effect
in the corresponding EIMS responses is starkly reduced (compare
the later pulses in the right half of Figs. 6 and 8). Moreover, we
observe triplet quenching behaviors commonly observed for sin-
gle emitters, as shown for the simple monomer case in Fig. 1. The
inability to produce multiple triplets is due to larger Prob(SoT1) lev-
els, which relax according to kjsc. The reversion to monomer-like
triplet quenching at higher excitation rates (see the right column
of Fig. 6) raises intriguing questions concerning the possible inter-
play between states, which may be encountered in dilute solution
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experiments due to random orientations of active chromophores
within the iSF dyad structure. Similar to Fig. 7, the possibility of
triplet-triplet annihilation in TD-A leads to a rapid depopulation
of T1 T, populations resulting in relatively little change in the fluo-
rescence yield modulation behavior with different delay times. Most
importantly, the growth in initial pulse-specific emission yields at
intermediate rest times [i.e., pulses iv and v in Figs. 6(b) and 6(f)]
is indicative of Prob(SoT1). For instance, when triplet-triplet anni-
hilation can be discounted, the initial emission of each pulse can
be related back to the population dynamics and the triplet decay
rate constant k}sc. Using a reaction rate equation, %[SoTl] =2
“kisc[ T1 T1]=kisc[SoT1] (in the absence of excitation), which leads to
a maximum in Prob(SyT1) (and thus a maximum in the initial emis-
sion yield) when 2 - [T T1] = [So T1]. This implies that the kinetics of
T, T and Sy T relaxation in productive iSF single molecules may be
accessible with VR-EIMS techniques.

IV. CONCLUSIONS

Extending stochastic kinetic modeling to EIMS type exper-
iments reveals unique dynamics signatures emerge in time-
dependent fluorescence responses when iSF dyads are excited with
rectangular, quasi-CW excitation waveforms. Perhaps the most
notable and unambiguous emissive marker of singlet fission in dyads
is the appearance of a “dip” feature from the complete ground state
bleach. Population state dynamics uncover that the dip originates
primarily from the formation of the relaxed and decohered triplet
pair state, T1Ti. Thus, a lack of T, T, production or fast decay of
T1T: will diminish the dip signature. A less robust indicator of
iSF in dyads is an increase in the emission yield when excitation
rates are faster than the triplet decay. This effect is peculiar because
it springs from the fact that the SoT) state has a larger emission
yield than the dyad ground electronic state, SoSo, due to its inabil-
ity to undergo singlet fission. The result is that systems that have
high yields of irreversible singlet fission demonstrate rise dynam-
ics in their EIMS response in a complete reversal of the monomer
behavior. We point out that systems with low singlet fission yields
(i.e., PD-C) do not show a strong dip feature or any rise dynam-
ics, while the most productive dyad PD-B exhibits such a large
dynamic increase in the emission yield that a dip is not always appar-
ent. While only the tetracene-based iSF dyad (TD-A) included the
possibility of triplet-triplet annihilation, we expect this bimolecu-
lar exciton-exciton interaction channel to play a major role in the
triplet decay under excitation and in the dark. Additionally, the pos-
sibility of recycling the emissive singlet state may be realized by
either the triplet pair or annihilation on longer times. VR-EIMS
provides a simple way to detect triplet-triplet annihilation, espe-
cially in the case of short delay times between successive pulses. For
example, if little effect on prompt intensities is observed, then abnor-
mally shorter triplet decay times are very likely caused by triplet-
triplet annihilation. VR-EIMS experiments can also directly resolve
the dynamics of the SoT state, which should appear as larger ini-
tial fluorescence yields within a saturative excitation regime. Over-
all, these simulations demonstrate that reliable correlations between
multi-exciton state population dynamics and EIMS responses can
be resolved in iSF dyads that enable the use of fluorescence probes to
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detect the singlet fission activity on time scales comparable to triplet
lifetimes.

SUPPLEMENTARY MATERIAL

See the supplementary material for details of the excitation
pulse generation, effects of varying intersystem crossing, triplet—
triplet annihilation, and singlet fission rate constants on EIMS
responses.
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