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Abstract

Triplet generations in heavy atom-free organic molecules are primarily revealed to
proceed through singlet fissions (SFs) by investigating the contributions of SFs and
intersystem crossings to the generation rates. The spin-flip long-range corrected time-
dependent density functional theory calculations on 11 organic molecules known for
triplet generation under photoirradiation are performed. The correlation between the
descriptors for SF and the experimental singlet-to-triplet conversion rates strongly
supports the predominance of SF progressions in all these molecules, corroborated by
experimental observations of their triplet-triplet annihilations. Based on these findings,
we propose an updated conditions for SF progression: There is a high-absorption singlet
state just above the triplet-triplet excitation of chromophore dimer, or the singlet
(triplet-triplet) excitation itself is responsible for photoabsorption. To the best of our
knowledge, all organic molecules known for rapid triplet state generation fulfill these

conditions.
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The generation of triplet states in heavy atom-free organic molecules has been explained
through intersystem crossing (ISC).! ISC involves spin-forbidden transitions between dif-
ferent spin states, driven by relativistic spin-orbit couplings. This process results from the
interaction between electron spins and orbital angular momenta, with spin-orbit couplings
having the most pronounced effect as a local interaction that usually acts between electrons
near heavy atoms. The likelihood of ISC is determined by factors such as the presence of
heavy atoms, the energy gap between the lowest singlet excited state (S;) and the triplet
excited state (T,,) just below it, and adherence to the El-Sayed rule,?? which posits that ISC
proceeds through transitions between singlet and triplet states involving combinations of n7*
and " states. However, conventional experimental studies have observed that many triplet
generation processes in organic molecules significantly deviate from these criteria. Examples
include generation processes that are uncorrelated or negatively correlated with heavy atom
effects due to spin-orbit couplings,®® processes that proceed rapidly despite a significant
S1-T,, (S-T) energy gap,® processes that advance rapidly without adhering to the El-Sayed
rule,”® and processes with solvent dependencies unrelated to ISC.4° As findings related to
this study, an experimental study shows that the triplet generation rates of benzene deduced
from relativistic spin-orbit coupling inducing ISC is so insignificant that it has led to un-
supported speculations about conical intersections facilitating ultrafast S-T transitions.'® A
theoretical study on the S-T transitions in nanographene fragments, including pyrene and
triphenylene, have also found that the spin-orbit couplings are too small to account for the
observed S-T transition rates, even though it assumes that spin-spin interactions, which
normally inhibit S-T transitions, play a role in facilitating the triplet generations.!! These
findings suggest the presence of factors other than ISC driving triplet generation reactions
in heavy atom-free organic molecules.

Singlet fission (SF) is proposed as an alternative mechanism driving triplet generations
in heavy atom-free organic molecules. SF involves the conversion of singlet states (S,, n >1)

into triplet-triplet (TT) excited states through a spin-allowed transition. Subsequently, a



spin-forbidden transition occurs from singlet (TT) to quintet °(TT) excited states.!?14
through the zero-field splitting interaction®® or the triplet-triplet exchange interaction, 617
and the subsequent re-encounter ultimately splitting the quintet ®>(TT) state into two T

states,!® if it does not decay to the ground state:

So+ S, — Y(TT)—=5(TT) — 2T. (1)

SF occurs when the triplet excitation energy is slightly less than half of the singlet excitation

energy. 12:19:20

(TT) ~ 2AE(T) < AE(S,), 2)

where AF is the excitation energy. In recent studies, we investigated the possibility of SF in
three major heavy atom-free organic photosensitizers: benzophenone, boron-dipyrromethene
(BODIPY), and methylene blue. The results confirmed that SF can occur for all these

photosensitizers, because these satisfy the conditions for SF progression: !

1. Near-degenerate low-lying singlet and (TT) excitations with a significant S;-T energy

gap, and

2. a moderate m-stacking energy of chromophores, higher than but not far from the solva-

tion energy, to facilitate the dissociation and generation of triplet-state chromophores.

Experimental analyses, such as transient absorption spectrum studies, were undertaken to
compare and validate the observed results for these photosensitizers. The experimental data
robustly support the advancement of SF in these systems. Furthermore, the examination

22 and

of other heavy atom-free photosensitizers, such as tetramethyl BODIPY derivatives
silicon phthalocyanine used in photoimmunotherapy,? revealed solvent dependence in the
former and light intensity dependence and reaction acceleration in the latter, indicating SF

progression. These findings collectively suggest SF as a plausible common mechanism for
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triplet generation in organic molecules.

Various experimental evidence implicitly supports the occurrence of SF in heavy atom-
free organic molecules. Notably, TT annihilation, the reverse reaction of SF, leading to
delayed fluorescence, has been observed. T'T annihilation involves the progression from two
triplets (2T) to quintet (°(TT)), then to singlet (}(TT)), and finally to the ground state (Sy)
with photon emission.'? The TT annihilation process suggests the formation of stackings
between chromophores in the triplet state, creating an environment conducive to SF. It is
acknowledged that the SF rate is influenced by the configuration of the m-stacking arrange-
ment in materials,?* and that the formation of m-stacking is essential for SF. Furthermore,
solvent dependence observed in triplet generation provides another experimental indicator
of SF. Since SF involves dimerization, it requires dimerization energy higher than the sol-
vation energy in a solvent, leading to direct solvent dependence. In contrast, ISC proceeds
independently, and any changes in the excitation energy are minor, such as the stabilization
of charge transfer excitation in polar solvents. Clear solvent dependence has been reported
in the triplet generation of many heavy atom-free organic molecules, suggesting the involve-
ment of SF. Moreover, heavy atom effects are often not observed, and the progression can
be rapid even when there is a large energy gap between S; and the triplet state just below
it, violating traditional criteria for ISC. Triplet generation can also occur rapidly, even when
S1 and the triplet states of the de-excitation destination do not satisfy the El-Sayed rule.
Therefore, while experimental observations implicitly hint at singlet fission being involved in
triplet generation within heavy atom-free organic molecules, explicit experimental evidence
directly linking triplet generation in these molecules to singlet fission remains absent.

In this study, we explore the possibility of SF as the driving force behind the rapid gener-
ation of triplets in major organic molecules lacking heavy atoms - a phenomenon previously
ascribed to ISC, examined from an electronic state perspective. We employ the spin-flip
long-range corrected (LC) time-dependent density functional theory (TDDFT),* encom-

passing two-electron excitation correlation and long-range exchange effects. This enables



the treatment of electronic states featuring mixed intra- and intermolecular charge transfer
excitations, as investigated in this study. Our primary objective is to assess whether SF
can consistently explain previously unexplained experimental results concerning the triplet

generation in heavy atom-free organic molecules using this approach.



Excited state calculations were conducted on eleven heavy atom-free organic molecules
known for their rapid generation of triplet states: i.e., benzene, naphthalene, anthracene,
pyrene, perylene, triphenylene, bromonaphthalene, acetylanthracene, acetone, benzil and
biacetyl molecules. First, the geometry optimizations of the structures of these organic
molecules were performed using the wB97XD functional, a dispersion-corrected LC func-
tional, with the cc-pVTZ basis set.?0 Several initial structures were examined for the dimers.

Figure 1 displays the optimized structures for both monomers and dimers. The collinear spin-
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Figure 1: Optimized structures of the calculated organic molecules and their dimers. Ge-
ometry optimizations were performed using the wB97XD functional with the cc-pV'TZ basis
set. Note that two types of w-stackings are examined only for bromonaphthalene dimer.

flip TDDFT?"?® calculations with the long-range correction (LC)?%3% was then performed.

In the spin-flip LC-TDDFT calculations, the LC-BLYP functional, combining Becke 1988

32

exchange3! with Lee-Yang-Parr correlation,®? was utilized with the same basis set. Fur-



thermore, TDDFT calculations using the wB97XD functional (TDwB97XD) were conducted
for comparison. Notably, spin-flip LC-TDDFT has demonstrated the capability to accu-

2533 marking a significant

rately predict excitation energies with double excitation effects,
advancement in TDDFT accuracy. In contrast, conventional TDDFT calculations tend to
underestimate triplet excitation energies and overestimate singlet excitation energies for pho-
tosensitizers.3* All LC-DFT and LC-TDDFT calculations were carried out using the Gaus-
sian 16 Revision A.03 program,3® while spin-flip LC-TDDFT calculations were conducted

using the development version of the GAMESS program. 36



First, we categorize heavy atom-free organic molecules into four groups: small acenes
(benzene, naphthalene, anthracene), small polycyclic aromatic hydrocarbons (pyrene, pery-
lene, triphenylene), substituted acenes (bromonaphthalene, acetylanthracene), and small
ketones (acetone, benzil, biacetyl). Their ISC and SF potentials are assessed using spin-flip
LC-TDDFT calculations. For ISC, we focus on two key factors: the energy gap between
the S; state and the lower triplet state, and adherence to the El-Sayed rule which favors
nm* and 77" transitions. The study excludes the heavy atom effect as it centers on heavy
atom-free molecules. For SF, we consider the energy gap between the (TT); state and post-
dimerization absorption peaks, the number of states between these peaks and the (TT),
state, whether the S; state is immediately above the (TT); state, and their energy gap. The
oscillator strengths between the Sy and S; states are evaluated for both ISC and SF. Note
that examinations of vibrational spin-orbit couplings and other related aspects are omit-
ted from this study, because the initial process targeted, the formation of the singlet (TT)
state, is spin-allowed and occurs substantially faster than spin-orbit coupling. In Tables
S1 to S23 of the supporting information, the calculated excitation energies of the spin-flip
LC-TDBLYP are compared with the experimental and highly-accurate multiconfiguration
results. These tables validate the high accuracy of the calculated excitation energies and
also underscore the importance of incorporating double excitation effects into these excita-
tion energy calculations. Based on these criteria, we explore ISC and SF potentials for each
molecule type.

We begin our examination by focusing on the mechanisms of triplet generation in small
acenes such as benzene, naphthalene, and anthracene. While oligoacenes are well-known
molecular systems where SF occurs, these smaller units have been generally overlooked
for SF potential despite their capability to generate triplet states. This skepticism stems
from the fact that these molecules do not fulfill the traditional criteria for SF progression,
particularly conventional condition, which requires the S; excitation energy to be more than

double the T; excitation energy. Furthermore, the singlet-to-triplet conversion rate (ksr)



in these molecules is significantly lower than that observed in longer-chain oligoacenes like
tetracene and pentacene, where SF is a common occurrence: experimental kst values being
10°, 108, and 10® for benzene, naphthalene, and anthracene, respectively.

Figure 2 illustrates the calculated excitation energy levels for the monomers and -

stacking dimers of benzene, naphthalene, and anthracene. Note that blue arrows indicating
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Figure 2: Schematic diagrams of photo-induced state transitions in the monomers and 7-
stacking dimers of benzene, naphthalene, and anthracene, which integrate calculated spin-
flip LC-TDBLYP excitation energies, highlighting the primary transitions that contribute to
intersystem crossings in blue and singlet fissions in red. In the diagrams, less contributing
singlet and triplet excitations with minimal oscillator strengths are represented by gray and
blue gray bars, respectively. The blue arrows indicating state transitions from the ground
state (Sp) are only shown when the calculated oscillator strengths are sufficiently large.

state transitions from the ground state (Sp) are only shown when the calculated oscillator
strengths are sufficiently large. First, let us explore the potential for ISC in the monomers.
The schematic diagrams illustrated with blue arrows in Figs. 2(a) to (c) suggest a lack of
correlation between the magnitude of the energy gaps from S; excitation to the nearest lower
triplet excitations (S-T energy gaps) and the sequence of kgy. The calculated S-T energy
gaps, showing no correlation with ksr, are 0.70 eV (T), 0.16 eV (Ts), and 0.29 eV (Ty) for
benzene, naphthalene, and anthracene monomers, respectively. This lack of correlation is

also supported by experimental results showing an inverse relationship with values and by ab
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initio multireference theories, such as CASPT2 and MRMP, which also demonstrate no such
correlation, as shown in Tables S1, S3 and S5. This result is further supported by molecular
orbitals composing the main transitions of the excited states involved in the ISC, as shown in
Fig. S1 of the supporting information. As evident from these diagrams, all molecular orbitals
are pure 7 orbitals, with no orbitals possessing n-character. This illustrates a departure from
the aforementioned El-Sayed rule.

Shifting the focus to the w-stacking dimers of these small acenes, we find a similar trend.
Like with the monomers, there is no apparent correlation between the S-T energy gaps and
kst. The S-T energy gaps for the dimers are determined to be 0.68 eV (T;) for benzene, 0.13
eV (Ty) for naphthalene, and 0.73 eV (Ty) for anthracene, as detailed in Tables S2, S4 and
S6. This order does not align with the sequence of kgt at all. Taking into account the results
for monomers, the sequence of kst values does not align logically if the triplet generations are
attributed to the progression of ISC. This is further supported by the molecular orbital images
in Fig. S2 of the supporting information. These images reveal that the main transitions
involve both the source and destination states in 7w7* transitions, violating the El-Sayed
rule, albeit with a partial inclusion of charge transfer excitations.

Furthermore, when considering the potential for SF following dimerization, Fig. 2 pro-
vides valuable insights. As determined by spin-flip LC-TDBLYP calculations, the absorption
peaks marked by the tips of the red arrows correspond to specific excitations: Sg for benzene,
S¢ for naphthalene, and S3 for anthracene. The experimental absorption peaks in the UV-
Vis spectra align closely with these excitation energies. Importantly, the !(TT); excitation,
which triggers SF, exists in the energy region just below these absorption peaks. This indi-
cates that SF is likely to proceed easily. However, for benzene and naphthalene dimers, the
possibility of skipping the !(TT); state during de-excitation is high, which may contribute
to the observed order of kgr. In the case of anthracene dimer, it is crucial to note that the
(TT); excitation lies just below the absorption peak of the S; excitation, suggesting a high

probability of spin-allowed de-excitation to the *(TT); state and thus leading to a high kgr.
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This could explain the discrepancy between the calculated energy gaps and the experimental
kst values. Therefore, while singlet-to-triplet conversion via ISC shows no correlation with
kst, the scenario changes when considering SF progression. The findings imply that SF pro-
gression, a common feature in longer-chain oligoacenes, could also be a viable mechanism in
these smaller acene molecules. This analysis provides a more comprehensive understanding
of the photophysical behaviors of small acenes and their potential in SF applications.

SF progression has been extensively studied and reported in molecular systems with
one-dimensional extension.!? This raises an intriguing question: Is SF feasible in molecular
systems that extend two-dimensionally? To explore this, we focus on the potential for SF in
small polycyclic aromatic hydrocarbons (PAHs), such as pyrene, perylene, and triphenylene,
which resemble small graphene flakes. Notably, these small PAHs, even without heavy
atoms, are capable of generating triplet states under light irradiation, with experimental kst
values for pyrene, perylene, and triphenylene (10%, <10®, and 5x 107, respectively) indicating
significant triplet generation.?

Initially, we consider the potential for ISC in the monomers of these small PAHs. Figure
3 summarizes the calculated results for critical excitations involved in the ISCs for both the
monomers and 7w-stacking dimers of pyrene, perylene, and triphenylene. The accuracy of the
calculated energy levels aligns well with the reference CASPT2 calculation results, offering
excitation energies that are remarkably similar, as shown in Tables S7, S9, and S11 of the
supporting information. For the monomers, the S-T energy gaps obtained from spin-flip LC-
TDBLYP calculations are substantial: 0.37 eV (T5) for pyrene, 0.92 eV (T3) for perylene,
and 0.51 eV (Ty) for triphenylene. The order of these energy gap values is the opposite of the
experimental results for ks, which increase in the sequence of perylene, triphenylene, and
pyrene, contradicting the conventional view that triplet generation is driven by ISC. This
finding is consistent with the El-Sayed rule, examined in the context of the molecular orbitals
in Fig. S3 of the supporting information. As evident from these depictions, all excitations

in these monomers are 77* transitions, with no localized n orbitals in any molecular orbital.
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Figure 3: Schematic diagrams of photo-induced state transitions in the monomers and 7-
stacking dimers of pyrene, perylene and triphenylene, which integrate calculated spin-flip
LC-TDBLYP excitation energies, highlighting the primary transitions that contribute to
intersystem crossings in blue and singlet fissions in red. In the diagrams, less contributing
singlet and triplet excitations with minimal oscillator strengths are represented by gray and
blue gray bars, respectively. The blue arrows indicating state transitions from the ground
state (Sp) are only shown when the calculated oscillator strengths are sufficiently large.

Thus, the ISC in these molecules does not adhere to the El-Sayed rule, leading to the
conclusion that the possibility of ISC progression is extremely low, even considering the
large S-T energy gaps.

We extend our investigation to the w-stacking dimers of these small PAHs. Figure 3
includes schematic diagrams related to triplet generation in small PAH dimers. These dia-
grams indicate that the calculated S-T energy gaps, 0.34 eV (T3) for pyrene, 0.84 eV (Ts)
for perylene, and 0.66 eV (T;) for triphenylene as detailed in Tables S8, S10 and S12, still
display an inverse correlation with kgr, although slightly smaller than those for monomers.
As shown in Fig. S4 of the supporting information, the molecular orbitals forming the main
transitions, involving the S; excitation and immediately lower triplet excitations contributing
to ISC, adhere to the El-Sayed rule. Specific excitations demonstrate electron transferability,
indicating the need for long-range correction in TDDFT. However, none of these excitations

explicitly include n7* transitions with localized n orbitals, leading to the conclusion that the
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possibility of ISC progression in small PAH dimers is also extremely low.

Lastly, we turn our attention to the potential for SF progression in these small PAH
dimers. From Figs. 3, the high-absorption peaks correspond to specific excitations for each
dimer: Sy excitation for pyrene dimer, Sy excitation for perylene dimer, and Sg excitation
for triphenylene dimer. The calculated energy gaps between these absorption peaks and the
L(TT); excitation, obtained using spin-flip LC-TDBLYP, vary across the dimers: 0.57 eV for
pyrene, 0.51 eV for perylene, and 0.11 eV for triphenylene. For pyrene, the S; excitation, with
high absorption, is expected to be lower than the !(TT); one, facilitating bypassing of de-
excitation to the '(TT); state through direct de-excitations. The de-excitation of perylene
likely occurs via the S; state, which is close to the !(TT); excitation, suggesting a high
likelihood of SF progression. In the case of triphenylene, characterized by a narrow energy
gap between its absorption peak and the !(TT); excitation, the likelihood of SF progression is
limited due to the high probability of bypassing the !(TT); excitation during de-excitation,
a result of the many states surrounding this excitation. Based on these findings, the SF
progression probability is expected to follow the order of perylene, triphenylene, and pyrene,
explaining the order of kgp. This result supports the SF progression in these small PAHs.

Next, let us next delve into how the introduction of substituents impacts the potential
for SF progression in the triplet generation of organic molecules. While the addition of
heavy atom groups to molecules is often thought to lead to faster triplet generation due
to enhanced spin-orbit coupling effects, this is not always the case. In some instances, the
introduction of such groups does not accelerate, or even decelerates, the triplet generation
process. Contrarily, in certain cases, substituents can dramatically increase the rate of triplet
generation. This is exemplified by the high experimental kst values for bromonaphthalene
and acetylanthracene, which demonstrate the significant impact of substituents.

To comprehend these phenomena, we first focus on bromonaphthalene and acetylan-
thracene monomers. These molecules show a marked enhancement in triplet generation

when bromo and acetyl groups are added, respectively. We explore this effect through an ex-
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amination of ISC in the monomers of these substituted acenes. Figure 4 compiles calculated
results for the excitations involved in ISC for both the monomers and w-stacking dimers of

these molecules. The figure illustrates that the sequence of the S-T energy gaps inversely
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Figure 4: Schematic diagrams of photo-induced state transitions in the monomers and -
stacking dimers of bromonaphthalene and acetylanthracene, which integrate calculated spin-
flip LC-TDBLYP excitation energies, highlighting the primary transitions that contribute to
intersystem crossings in blue and singlet fissions in red. In the diagrams, less contributing
singlet and triplet excitations with minimal oscillator strengths are represented by gray and
blue gray bars, respectively. The blue arrows indicating state transitions from the ground
state (Sp) are only shown when the calculated oscillator strengths are sufficiently large.

correlates with kgt values for the monomers, specifically, 0.27 eV (Ty) for bromonaphthalene
and 0.78 eV (Ty) for acetylanthracene (see Tables S13 and S16 for the energy values). Note,
however, that the S; excitation of acetylanthracene significantly differs from the absorption
peak value in the experimental UV-Vis spectrum, suggesting that the actual S-T energy gap
for the acetylanthracene monomer might be considerably smaller than calculated. Therefore,
both substituted acenes could have energy gaps that do not impede ISC progression. When
considering the El-Sayed rule, these monomers exhibit a discrepancy. As depicted in Fig.

S5 of the supporting information, the molecular orbital compositions of the main transitions
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involving Ty and S; excitations related to ISC in bromonaphthalene include transitions from
localized n orbitals in the bromine group to 7* orbitals, partially adhering to the El-Sayed
rule. However, in acetylanthracene, all transitions are 77, indicating a lower probability of
ISC progression.

Turning our attention to the dimers, we found that the S-T energy gaps for bromon-
aphthalene dimers are relatively small, while those for acetylanthracene dimers are larger:
0.26 eV (Ts) for dimer 1, 0.27 eV (Ty) for dimer 2. and 0.75 eV (Ty) for bromonaphthalene
dimer 1 and dimers and acetylanthracene dimer, respectively, as shown in Tables S14, S15
and S17. This difference in energy gaps may influence the trend in kgt values for acetylan-
thracene dimers. According to Fig. S6 of the supporting information, the molecular orbitals
associated with the main transitions in ISC for bromonaphthalene dimers, containing heavy
atoms, are predominantly 77* type. However, they also feature molecular orbitals with n
orbitals localized on bromine atoms. This characteristic demonstrates a partial compliance
with the El-Sayed rule and implies a potential for slow ISC progression. In contrast, acety-
lanthracene dimers exhibit a slightly different molecular orbital composition compared to
their monomers. Figure S6 shows that there is a minor contribution of n7* transition in
the S; excitation for acetylanthracene dimers. This partial adherence to the El-Sayed rule
indicates a possibility of ISC progression, but the large energy gap suggests that the rate of
ISC progression would be considerably slow.

For SF progression in substituted acene dimers, Fig. 4 reveals that both bromonaphtha-
lene dimers and the acetylacetone dimer exhibit S3 excitations. The (TT); excitation for
bromonaphthalene dimers is just below the absorption peak S3, with energy gaps of 0.32 eV
for dimer 1 and 0.22 eV for dimer 2. This positioning indicates a potential for rapid SF pro-
gression. However, the presence of S; and Sy excitations below the (TT); excitation in these
dimers raises the likelihood of bypassing the (TT); state during de-excitation. Considering
the high probability of progressing to the S; excitation, it is anticipated that ISC to the Ty

state would also occur at a notable rate in these scenarios. For the acetylanthracene dimer,
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S; and S, excitations lie between the absorption peak and the (TT); excitation. Given that
the (TT); excitation is situated below the S; state, de-excitation is expected to proceed
until reaching the S; excitation. The small oscillator strength between the S; and S, states,
as shown in Table S17, implies a prolonged lifetime in the S; excitation before transition-
ing to the (TT); excitation. A key aspect for the acetylanthracene dimer is the potential
presence of a peak corresponding to the '(TT); excitation in the UV-Vis spectrum. The
absence of a corresponding excitation peak to the 2.82 eV value in both the monomer and
dimer of acetylanthracene suggests a direct SF progression, which could explain the large
kst observed.

We also investigate whether singlet fission (SF') progression is exclusively associated with
m-stacking or applicable to dimerizing systems as well. In conventional studies on SF, the
focus so far has been primarily on systems that form w-stacking dimers.'? However, some
molecules, which do not typically form m-stacking structures, still efficiently generate triplet
states. A key example of this phenomenon is observed in small ketones like acetone, benzil,
and biacetyl. Despite their structural characteristics not being particularly conducive to
dimerization, these small ketones demonstrate higher rates of triplet state formation com-
pared to small acenes. This is reflected in their experimental kst values, which are 5x 108,
5x 108 and 7x107 for acetone, benzil and biacetyl, respectively.! Traditional explanations for
the triplet state formation in these ketones have centered around ISC using n7* transitions
involving the n orbital of oxygen, but without specific verification.

To better understand the underlying mechanisms, we examine the possibility of ISC
progression in small ketone monomers and the role of SF in triplet state generation more
broadly. Figure 5 summarizes computational results related to excitations involved in the
triplet state generation for monomers and dimers of acetone, benzil, and biacetyl. For the
monomers, the spin-flip LC-TDBLYP calculations for the S-T energy gaps are significant:
1.43 eV (Ty) for acetone, 0.73 eV (Ty) for benzil, and 0.96 eV (T;) for biacetyl (for the

energy values, see Tables S18, 520, and S22). These calculated gaps also do not seem to
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Figure 5: Schematic diagrams of photo-induced state transitions in the monomers and dimers
of acetone, benzil and biacetyl, which integrate calculated spin-flip LC-TDBLYP excitation
energies, highlighting the primary transitions that contribute to intersystem crossings in blue
and singlet fissions in red. In the diagrams, less contributing singlet and triplet excitations
with minimal oscillator strengths are represented by gray and blue gray bars, respectively.
The blue arrows indicating state transitions from the ground state (Sp) are only shown when
the calculated oscillator strengths are sufficiently large.

correlate with the order of kgt values. Furthermore, the molecular orbitals in Fig. S7 of
the supporting information show that the main transitions of the S; excitation and the
immediate triplet excitation for each molecule are composed of molecular orbitals of the
same shape, indicating that ISC inherently involves transitions between excitations of the
same character. This finding implies that ISC is less likely to proceed in these small ketone
monomers, as they do not follow the El-Sayed rule.

Focusing on small ketone dimers, the calculated S-T energy gaps for the excitations in-
volved in ISC are also considerable. Figure 5 illustrates a notable distinction in excitation
energies between monomers and dimers, a contrast to the behavior observed in molecules
that undergo dimerization via m-stacking. On the other hand, the calculations show consid-
erable S-T energy gaps for acetone, benzil, and biacetyl dimers, similar to their monomer
counterparts: 1.42 eV (T) for acetone, 0.75 eV (T;) for benzil, and 0.95 eV (Ty) for biacetyl

(for the energy values, see Tables S19, S21, and S23). These values do not align with the
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order of kgt and are relatively large. However, like the monomers, these excitation energies
might differ from experimental results, prompting a closer look at whether they adhere to
the El-Sayed rule. In the case of acetone dimer, the main transitions of the S; excitation
and the underlying T excitation involve different destination molecular orbitals compared
to the monomer as shown in Fig. S8. This divergence occurs because the order of Ty and S,
is reversed in the dimer compared to the monomer. As a result, the T excitation involves
an n7* transition, while the S; excitation involves a w7* transition, increasing the likelihood
of ISC progression in the acetone dimer. For benzil and biacetyl dimers, however, even in
the dimer form, the S; excitation and the underlying T excitation are composed of the same
transitions, which indicates a lower likelihood of ISC progression. Therefore, the order of
kst cannot be fully explained by ISC alone in these cases.

In addition to ISC, we also consider the potential for SF progression in small ketone
dimers that do not involve m-stacking. According to Fig. 5, the (TT); excitations are
situated just below the S; excitations, with minimal energy gaps: 0.08 eV for acetone dimer,
0.03 eV for benzil dimer, and 0.23 eV for biacetyl dimer as shown in Tables S19, S21 and S23.
Given the near-zero oscillator strengths of the S; excitations, these states have prolonged
lifetimes, increasing the likelihood of transitioning to the *(TT); excited state rather than
returning to the Sy ground state. This high probability suggests that SF progression is very
likely in these small ketone dimers. However, the location of strong absorption peaks at
higher energy levels, such as Sg for the acetone dimer, S¢ for the benzil dimer, and S; for the
biacetyl dimer, could mean that relaxation to the S; excitation may take time, potentially
affecting the rate of SF progression. The notably high kgt values for acetone and biacetyl
may be attributed to the minimal energy gaps between the (TT); and S; states, which are
0.08 eV for acetone and 0.23 eV for biacetyl dimers, respectively. Following relaxation to
the S; state, a rapid transition to the '(TT); state is anticipated. These results show that
these small ketone dimers have a high likelihood of undergoing SF progression despite not

forming m-stacking. Nevertheless, due to the elevated energy levels of the absorption peaks,
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the relaxation process could be time-consuming, impacting the efficiency of SF progression.

Overall, our findings indicate that while 7-stacking is a common feature in molecules
exhibiting efficient SF, it is not an absolute requirement. Small ketone dimers, which do not
typically form m-stacking structures, still demonstrate a high potential for SF progression.
However, the detailed dynamics of the relaxation process and the specific characteristics of
the molecular orbitals involved play a crucial role in determining the efficiency and likelihood
of SF progression in these systems.

Based on the above findings that support the role of SF in triplet generation, it be-
comes imperative to explore the extent to which the variations in triplet generation rates
(kst) across different organic molecules can be thoroughly attributed to SF mechanisms. To
achieve this, it is essential to correlate kgt with various factors that significantly affect the
progression of SF and ISC. In our discussion regarding the possibilities of SF progression,
particularly in dimers, we focus on five key factors: the energy gap between the (TT); state
and the higher-energy absorption peak (AFE,us—(rT)), the singlet state corresponding to that
absorption peak (Sans), the singlet state just above the (TT), state (Ss(rry), the energy
gap between the (TT); and the S; states (AEg;_(rr)), and the oscillator strength of the S1
excitation in dimers (f§i™). Conversely, when discussing the potential for ISC progression,
particularly in monomers, we consider factors such as the energy gap between the triplet and
the Sy states (AFEs;_r), compliance with the El-Sayed rule, and the oscillator strength of
the Sy excitation in monomers (f§}°"°™"). Table 1 summarizes the key descriptors related to
singlet fission and intersystem crossing for the dimers and monomers of eleven heavy atom-
free organic molecules, arranged in ascending order of kst. As seen in the table, SF-related
factors, particularly AE,ps_(rT) and the presence of the S; state in Sy (pr), demonstrate a
strong correlation with the order of kgr. This is further emphasized by underlining values of
AE,ps—(rT) and AEg;_(r7) below 0.25 eV and instances where S. (pr) is S; in the table, indi-
cating their strong relation with kgr. The general trend aligns with smaller AF,p_(r1) and

AFEg;_(pr) values and instances where S () is Sy, except for specific cases like triphenylene
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and acetylanthracene, though constructing a data science model focused on kgt as the target
variable requires more data. In triphenylene dimer, the absorption peak is at the Sg exci-
tation, with the (TT); excitation between the Sg and S; excitations, both at higher energy
levels. The presence of the S; excitation and S; to Sg excitations below the (TT); excitation
suggests a high likelihood of skipping the (TT); excitation during relaxation. For acetylan-
thracene dimer, the absorption peak at the !(TT); excitation potentially contributes to its
large ks, as absorption at this excitation facilitates direct SF progression without needing
relaxation from other absorption peaks. Regarding ISC, the descriptors, particularly AFg;_T
and adherence to the El-Sayed rule, exhibit little correlation with kgt order. Furthermore,
both monomers and dimers mostly lack molecules with a high likelihood of ISC progression.
TT annihilation, the reverse reaction of SF, has been experimentally confirmed for all the
molecules studied as described above, further cementing SF as the primary mechanism for
triplet generations in these organic molecules.

To summarize the results, the sequence of descriptors influencing the acceleration of

triplet generation rates in heavy atom-free organic molecules is proposed as follows:

1. SF: Absorption peak at '(TT); excitation: Molecules exhibiting absorption at the

(TT); excitation show rapid triplet generation.

2. SF: Energy gap between S; and }(TT); excitations: Narrower gaps between the S; and

1(TT); excitations facilitate more rapid generation of triplet states in dimers.

3. SF: Energy gap between absorption peak and *(TT); excitation: A smaller energy gap
between the absorption peak and the (TT); excitation leads to even quicker triplet

state generation in dimers.

4. SF: Singlet state density above and below (TT); excitation: A lower number of singlet
states intervening between the absorption peak and the S; excitation accelerates triplet
state formation. In particular, fewer singlet states below the (TT); excitation lead to

faster generation of triplet states.
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5. SF: Immediate placement of S; excitation above '(TT);: The proximity of the S;
excitation right above the (TT); level enhances the efficiency of de-excitation to the

(T'T), state, thus expediting triplet state generation.

6. SF: Oscillator strength of the S; excitation: When the S; excitation lies directly above
the (TT); level, a diminished oscillator strength for the S; transition contributes to

more effective de-excitation to the '(TT), state.

7. ISC: Compliance with the El-Sayed rule: Adherence to the El-Sayed rule, which favors

certain transitions, predicts the likelihood of ISC processes.

8. ISC: Energy gap between the S; state and the nearest triplet state: Narrower energy
gaps between the S; state and the closest lower triplet state tend to facilitate quicker

ISC events.

Determining whether triplet generation in experiments results from SF or ISC based on yield
data is challenging; however, observing time-resolved photoluminescence is likely the most

effective method for distinguishing between these processes.?”
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Table 1: Descriptors for dimers and monomers of eleven heavy atom-free or-
ganic molecules linked to singlet fission (SF) and intersystem crossing (ISC),
respectively, including experimental values of the singlet-to-triplet conversion
rate, kgr. For SF, factors comprise the energy gap between the (TT); state and
the next higher-energy absorption peak, AFE,,,_(r1), the specific singlet state of
that absorption peak, S, the singlet state immediately above the (TT); state,
S~ (r1), the energy gap between the (TT), and the S, states, AEg;_(r1), and the
oscillator strength for the S; excitation, f§i™. For ISC, factors include the en-
ergy gap between the triplet and the S; states, AFg; 1, to assess compliance with
the El-Sayed rule, and the oscillator strength of the S; excitation, fg°**™*. All
energy values are presented in eV units. AL, r1) below 0.25 eV, the S, state in
S.(rm) and AEg;_(pr) under 0.25 eV are underlined to emphasize their correlation

with kgr.

Singlet fission Intersystem crossing
Molecules kst AB,pe (r1)Sabs S (rmAEg1_(rry fEM ABg;_rEl-Sayed fyjeromer
Benzene 10° 047 S¢Sy —2.02 0.0029 0.70 No  0.0000
Naphthalene 106 089 Sg¢  So —0.68 0.0008 0.16 No  0.0001
Pyrene 106 0.57 S5 S —0.35 0.1921 0.37 No  0.0014
Triphenylene 5107  0.11 Sy Sy —1.53 0.0001 0.51 No  0.0000
Biacetyl 7x107 361 S; S 0.23  0.0001 0.96 No  0.5456
Perylene <108 051 Sy S 0.31  0.0000 0.92 No  0.0001
Anthracene 108 095 S3 S 0.56  0.0000 0.75 No  0.0010
Acetone 5x10%° 342 Sy S 0.08 0.0379 1.43 No  0.0379
Benzil 5x10%  0.03 Sg¢  Sg —1.89 0.0005 0.73 No  0.0005

Bromonaphthalene 10° 0.22 S3 Ss3 —0.80 0.0014 0.27 Yes 0.0014
Acetylanthracene® ~10  1.01 S; S 0.48 0.0012 0.78 No  0.0012
Benzophenone(®¢) 10t 014 Sy Sg —1.99 0.0096 1.00 Yes 0.0012

(a) Ref.! . (b) The absorption peaks are anticipated for the '(TT); excitations. (c) Ref.?! .
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In conclusion, we have explored the triplet generation mechanisms of heavy atom-free
organic molecules by comparing the effective factors contributing to singlet fissions (SF's)
and intersystem crossings (ISCs). We have consequently revealed that SF is the predominant
route for the triplet generations.

In this study, we have examined the triplet generation mechanisms of 11 types of organic
molecules from the perspectives of ISC and SF progression possibilities. These molecules
included small acenes that extend in one dimension such as benzene, naphthalene, and an-
thracene; small polycyclic aromatic hydrocarbons that extend in two dimensions like pyrene,
perylene, and triphenylene; substituted acenes with substituents such as bromonaphthalene
and acetylanthracene; and small ketones forming dimers not involving m-stacking like ace-
tone, benzil, and biacetyl. As a result, no correlation was found between the triplet gen-
eration rates and factors considered to influence ISC progression, such as the energy gap
between the triplet and the S; states, or compliance with the El-Sayed rule. On the other
hand, the magnitude of triplet generation rates was found to be strongly correlated with
factors influencing SF progression, such as the energy gap between the (TT); state and
the higher-energy absorption peak, and the singlet state just above the (TT); state. This
leads to the conclusion that SF initiates the triplet generations in heavy atom-free organic
molecules. This conclusion is consistent with the experimental observation of triplet-triplet
annihilations, which are the reverse reaction of SF, in all these molecules.

Based on the above results, the conditions for SF progression are updated as follows:

1. There is a high-absorption singlet state just above the triplet-triplet excitation of chro-
mophore dimer, or the triplet-triplet excitation itself corresponds to an absorption

peak, and
2. the dimerization energy of chromophores is moderately above the solvation energy.
Under these conditions, the rate of SF progression is ranked in the following order:

1. SF occurs most rapidly when the (TT); excitation itself corresponds to an absorption
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peak.

2. If the (TT); excitation does not align with an absorption peak, a high rate of SF is

still achieved when an absorption peak is located directly above the (TT); excitation.

3. Even with a gap between the absorption peak and the (TT); excitation, SF can proceed
at a relatively fast rate provided the S; excitation is positioned immediately above the

(TT),.

These conditions are met by all organic molecules that generate triplet states rapidly, as far

as we know.
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Figure Captions

Fig. 1. Optimized structures of the calculated organic molecules and their dimers. Geometry
optimizations were performed using the wB97XD functional with the cc-pVTZ basis set.

Solvent effects were not considered in the optimizations.

Fig. 2. Schematic diagrams of photo-induced state transitions in the monomers and -
stacking dimers of benzene, naphthalene, and anthracene, which integrate calculated spin-
flip LC-TDBLYP excitation energies, highlighting the primary transitions that contribute to
intersystem crossings in blue and singlet fissions in red. In the diagrams, less contributing
singlet and triplet excitations with minimal oscillator strengths are represented by gray and
blue gray bars, respectively. The blue arrows indicating state transitions from the ground

state (Sp) are only shown when the calculated oscillator strengths are sufficiently large.

Fig. 3. Schematic diagrams of photo-induced state transitions in the monomers and -
stacking dimers of pyrene, perylene and triphenylene, which integrate calculated spin-flip
LC-TDBLYP excitation energies, highlighting the primary transitions that contribute to
intersystem crossings in blue and singlet fissions in red. In the diagrams, less contributing
singlet and triplet excitations with minimal oscillator strengths are represented by gray and
blue gray bars, respectively. The blue arrows indicating state transitions from the ground

state (Sg) are only shown when the calculated oscillator strengths are sufficiently large.

Fig. 4. Schematic diagrams of photo-induced state transitions in the monomers and 7-
stacking dimers of bromonaphthalene and acetylanthracene, which integrate calculated spin-
flip LC-TDBLYP excitation energies, highlighting the primary transitions that contribute to
intersystem crossings in blue and singlet fissions in red. In the diagrams, less contributing
singlet and triplet excitations with minimal oscillator strengths are represented by gray and
blue gray bars, respectively. The blue arrows indicating state transitions from the ground

state (Sp) are only shown when the calculated oscillator strengths are sufficiently large.
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Fig. 5. Schematic diagrams of photo-induced state transitions in the monomers and dimers of
bromonaphthalene and acetylanthracene, which integrate calculated spin-flip LC-TDBLYP
excitation energies, highlighting the primary transitions that contribute to intersystem cross-
ings in blue and singlet fissions in red. In the diagrams, less contributing singlet and triplet
excitations with minimal oscillator strengths are represented by gray and blue gray bars,
respectively. The blue arrows indicating state transitions from the ground state (Sy) are

only shown when the calculated oscillator strengths are sufficiently large.
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