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ABSTRACT: Singlet exciton fission photovoltaic technology requires
chromophores with their lowest excited states arranged so that 2E(T1) <
E(S1) and E(S1) < E(T2). Herein, qualitative theory and quantum chemical
calculations are used to develop explicit strategies on how to use Baird’s 4n
rule on excited-state aromaticity, combined with Hückel’s 4n + 2 rule for
ground-state aromaticity, to tailor new potential chromophores for singlet
fission. We first analyze the E(T1), E(S1), and E(T2) of benzene and
cyclobutadiene (CBD) as excited-state antiaromatic and aromatic
archetypes, respectively, and reveal that CBD fulfills the criteria on the
state ordering for a singlet fission chromophore. We then look at fulvenes, a
class of compounds that can be tuned by choice of substituents from Baird-
antiaromatic to Baird-aromatic in T1 and S1 and from Hückel-aromatic to
Hückel-antiaromatic in S0. The T1 and S1 states of most substituted fulvenes
(159 of 225) are described by singly excited HOMO → LUMO
configurations, providing a rational for the simultaneous tuning of E(T1) and E(S1) along an approximate (anti)aromaticity
coordinate. Key to the tunability is the exchange integral (KH,L), which ideally is constant throughout the compound class, providing
a constant ΔE(S1 − T1). This leads us to a geometric model for the identification of singlet fission chromophores, and we explore
what factors limit the model. Candidates with calculated E(T1) values of ∼1 eV or higher are identified among benzannelated 4nπ-
electron compound classes and siloles. In brief, it is clarified how the joint utilization of Baird’s 4n and Hückel’s 4n + 2 rules, together
with substituent effects (electronic and steric) and benzannelation, can be used to tailor new chromophores with potential use in
singlet fission photovoltaics.

■ INTRODUCTION

Research on solar energy harvesting is one of the most active
areas within chemistry, and photovoltaics technology is one of
the main directions for turning solar energy into electricity.
Today, three different generations of photovoltaics exist.1,2

The third and most recent generation includes materials able
to overcome the Shockley−Queisser limit (∼33%).3,4 This
generation includes singlet exciton fission photovoltaics, or
shortly singlet fission, i.e., a process where one photon of light,
absorbed by a molecule, is used to create two excitons of triplet
multiplicity in two molecules or in two chromophores linked
intramolecularly.5,6

In singlet fission, a molecule in its first singlet excited-state
(S1) kickbacks some of its energy, transferring it to a
neighboring ground-state (S0) molecule, and both end up in
the lowest triplet state (T1). For this process, one needs
molecules with their lowest excited states arranged according
to at least two key criteria: the S1 state and second triplet
excited (T2)-state should have energies higher than twice that
of the T1 state, i.e., 2E(T1) < E(S1) and 2E(T1) < E(T2). The
first criterion guarantees that the singlet fission is exergonic

and the second that the T1 + T1 → T2 annihilation is slow and
endergonic.5−7 Ideally, E(S1) should also lie 0.1−0.2 eV above
2E(T1). Desirably, the T2 state should be at an energy higher
than the S1 state, i.e., E(S1) < E(T2), so as to hamper
intersystem crossing from S1 to T2.

8 Combined, this means
that 2E(T1) < E(S1) < E(T2) for a singlet fission chromophore.
Finally, to maximize the efficiency in energy conversion, E(T1)
should preferably be close to or slightly above 1 eV as this
facilitates triplet exciton transfer and charge injection from the
molecule into a silicon electrode, which has a bandgap of 1.11
eV.9 Such a process was recently accomplished by tetracene
(E(T1) = 1.25 eV), enabling a combined exciton yield of 133%
± 13%.10 This and several other recent studies reveal that
efficient combinations of singlet exciton fission with semi-
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conductor technology can be accomplished to achieve triplet
exciton harvesting and charge injection into electrodes,
inducing photocurrents.11−15

A number of aspects need to be taken into account for the
enhanced design of singlet fission solar cells.16−18 We need, for
example, deepened mechanistic understanding of the exciton
fission process, better control of intra- and intermolecular
singlet fission rates, and improved understanding of how
singlet fission chromophores interact with each other as well as
with a semiconductor surface or quantum dot. To fit many
different technological setups we should also compose a library
of compounds that expands outside the acenes suitable for
singlet fission, and chromophores with higher E(T1) than the
present ones should be identified.17,18 However, how can
further chromophores with the desired characteristics be
discovered?
The search for materials suitable for singlet fission is not a

straightforward task, particularly as the experimental determi-
nation of E(T1) is less facile than for E(S1). However, with the
help of quantum chemical analyses, the search has evolved
considerably over the last years.8,19−27 The first experimental
evidence of efficient singlet fission was observed for anthracene
crystals, and research then expanded to tetracene and
pentacene materials.28−30 1,3-Diphenylisobenzofuran (DPB)
was the first compound observed to undergo singlet fission that
had been predicted by theoretical modeling.31,32

Recently, Bronstein, Musser, Friend, and co-workers used
for the first time the concept of T1-state Baird-aromaticity33−36

to analyze singlet fission chromophores.37 They studied
indolonaphthyridine thiophene (INDT) derivatives, which
they described as influenced by a resonance structure with a
4π-electron Baird-aromatic cycle. On the basis of quantum
chemical computations of nearly 10000 INDT derivatives, they
concluded that a significant part of these are influenced by
aromaticity to various extents in their T1 states and have the
appropriate relative arrangement of E(T1) and E(S1) to
function in singlet fission photovoltaics. Significantly higher
photostabilities of two INDT derivatives compared to TIPS-
pentacene were also observed,37 a feature of excited-state
aromatic molecules with 4nπ-electron cycles earlier noted by
Wan and Shukla for dibenz[b,f ]oxepins.38,39

Now, what are the explicit scopes of T1-state Baird-
aromaticity for the design of singlet fission chromophores,
and what are the limitations? It was argued by Ryerson et al.,40

when analyzing the INDT compounds by Fallon et al.,37 that
the intermediate triplet-state aromaticity yielding the E(S1) =
2E(T1) situation needs to be found through inspection of
calculated adiabatic excitation energies. Thus, a qualitative tool
should be desirable. Herein, we report on approaches for the
correlated tuning of the E(T1) and E(S1) of Baird-aromatic
chromophores by exploiting an earlier observed similarity in
the electronic structures of the T1 and S1 states of Baird-
aromatic molecules.39,41 Are their ways by which E(T1) and
E(S1) can be tuned predictably in a similar manner while
E(T2) is left unaffected or changes in another way than E(T1)
and E(S1)? How are compounds with E(T1) slightly above 1
eV identified, allowing for the combination of the singlet
fission process with existing silicon solar cell technology? We
develop a general design strategy by combining qualitative
theory on excited-state Baird- and ground-state Hückel-
aromaticity with quantum chemical computations. We arrive
at approaches that could be applied broadly to identify a
plethora of excited-state Baird-aromatic compounds and

compound classes potentially suitable for singlet fission
photovoltaics.

Design Strategies. Molecules with Baird-aromatic T1
states in general have a low E(T1), as the aromatic character
leads to a stabilization of that state relative to the S0 state,
which is Hückel anti- or nonaromatic.35,39,41 Cyclobutadiene
(CBD), which is T1-state Baird-aromatic, fulfills the first
criterion as E(S1)/E(T1) = 2.84.42 The opposite applies to
benzene (T1-state Baird-antiaromatic) because E(S1)/E(T1) =
1.35.43 Thus, one should search for (moderately) Baird-
aromatic compounds with E(T1) that are approximately
double the E(T1) of CBD (0.59 eV)42 to achieve an E(T1)
similar to the band gap of silicon (1.11 eV). If one can identify
compound classes influenced by Baird-aromaticity and
throughout which the S1 and T1 states are described by the
same HOMO → LUMO singly excited electron configuration
(except for a spin-flip), it should be possible to find specific
compounds that fit the requirements. In such compound
classes, the absolute changes in E(T1) and E(S1) should be
similarly large because the two states will be influenced in the
same manner by, for example, electronic or steric effects caused
by substituents. Throughout the compound class, the energy
difference between the two states will then equal twice the
exchange integral, i.e., ΔE(S1 − T1) = 2Kij = 2KH,L (i and j =
orbitals involved in excitation, H = HOMO and L = LUMO).
Now, if the E(T1) and E(S1) of the various specific

compounds in the compound class are plotted against an
(anti)aromaticity index (∼coordinate), one can tentatively
determine a threshold degree of (anti)aromaticity between the
compounds that satisfy the singlet fission criterion and those
that do not (Figure 1). At that threshold, E(S1) will equal twice

E(T1), and potential singlet fission chromophores will be
found on the right side of the threshold (orange region in
Figure 1). However, the hypothesis summarized in Figure 1
assumes that 2KH,L is constant over the interval, but even if
HOMO and LUMO keep their respective symmetries
throughout a compound class, their spatial localization may
shift; as a result, 2KH,L will change in size. The importance of
colocalization of the HOMO and LUMO to the same atoms
for a large 2KH,L becomes clear through a comparison of
naphthalene with azulene: naphthalene with a HOMO and

Figure 1. Desired arrangement of the lowest electronic states within a
particular compound class that encompasses both S0 aromatic (T1/S1
antiaromatic) compounds and S0 antiaromatic (T1/S1 aromatic)
compounds. Compounds within the orange region have 2E(T1) <
E(S1).
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LUMO colocalized to the same atoms has an ΔE(S1 − T1) of
1.7 eV, while azulene, where the HOMO and LUMO are not
fully colocalized and somewhat polarized toward different ends
of the molecule, has an ΔE(S1 − T1) of 0.5 eV.

44 Similarly, the
ΔE(S1 − T1) of individual compounds within a compound
class will vary if there is a change in the spatial distribution of
HOMO and/or LUMO throughout the class.
We first test our design strategy on substituted fulvenes

(pentafulvenes) being a compound class with E(T1) and E(S1)
that span a large part of the region between the corresponding
excited-state energies of benzene and CBD.45−49 This feature is
a result of the “aromatic chameleon” character of fulvenes,
meaning that they can adapt to the different aromaticity rules
in different electronic states: Baird’s rule in T1 and S1 and
Hückel’s rule in S0.

50 π-Electron withdrawing groups (EWGs)
at the exocyclic position lead to low-lying T1 and S1 states, as
they enhance the Baird-aromatic character of these states
(Figure 2A). Computations have shown that fulvenes and
related compounds with triplet ground (T0) states are

possible,50,51 explained by the fact that the cyclopentadienyl
cation (Cp+) has a triplet ground state.52−54 Assuming that the
T1 and S1 states are described by the same electron
configuration, except for the multiplicity difference, this
means that a particular EWG at the exocyclic position of a
fulvene will have the same stabilizing effect in S1 as in T1 when
compared to the parent fulvene as a reference.
Indeed, the tunability of E(T1) and E(S1) was earlier

observed experimentally for four fulvene derivatives: 1,2,3,4-
tetrachloro-6,6-dipyrrolidinofulvene (TClDPF), 1,2,3,4-tetra-
chloro-6,6-dimethylfulvene (TClDMF), 1,2,3,4-tetrachloro-
6,6-dicyanofulvene (TClDCF), and 6,6-dimethylfulvene
(DMF) (Figure 2B).45,46 For singlet fission, it is rewarding
that the experimental E(S1)/E(T1) ratio increases when going
from TClDPF to TClDCF (Figure 2B) so that E(S1) in
TClDCF is (at least) nearly twice larger than E(T1). With
TClDCF being a stable organic compound, together with the
recently reported INDT derivatives,37 it is revealed that a large
number of chromophores, which to various extents are

Figure 2. (A) Postulated (idealized) variation in excitation energies of fulvenes as one goes from electron donating groups (EDGs) to electron
withdrawing groups (EWGs). The figure displays the ideally constant energy difference between E(T1) and E(S1) (ΔE(S1 − T1) = 2Kij), upon
which our hypothesis is based. (B) E(S1)/E(T1) ratio for four experimentally investigated fulvene derivatives, i.e., TClDCF, TClDMF, DMF, and
TClDPF (see refs 46 and 47).

Figure 3. (A) Plots of HOMO and LUMO of the parent fulvene, and (B) two plots showing how E(T1)v, E(S1)v, and E(T2)v vary as functions of
the CC bond lengths marked in red. Calculations at TD-M06-2X/6-311+G(d,p) level.
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influenced by aromaticity in their T1 states, are awaiting to be
discovered and used in singlet fission photovoltaics. In fact, the
experimental ΔE(S1 − T1) values for the four fulvenes
displayed in Figure 2B are similar for three compounds
(TClDPF, TClDMF, and DMF) yet are possibly higher for
TClDCF, as only an upper limit of E(T1) was assessed for the
latter compound (1.45, 1.50, 1.52, and <1.11 eV, respectively).
The experimental E(S1)/E(T1) ratio of TClDCF, which is 1.95
or higher, suggests that this compound may indeed function as
a singlet fission chromophore.
The design strategy outlined for fulvenes in Figure 2A

utilizes electronic substituent effects, but altered steric
congestion can also change E(T1) and E(S1). Again, this
effect can be exemplified on fulvenes by altering the CC bond
lengths in silico. This modulates the energies of the HOMO
and LUMO (Figure 3A) by changing the strength of either the
bonding or the antibonding character of an orbital at a
particular bond. If the T1 and S1 states are HOMO → LUMO
single excitations, this allows for tuning of the E(T1) and
E(S1). As seen for the parent fulvene (Figure 3B), the relevant
states change in energy as a function of CC bond lengths, and
the absolute energy changes for the T1 and S1 states in each of
the two types of distortions. Specifically, the energies of the
two states decrease by 0.81 and 0.68 eV when the r2,3 bond is
shortened from 1.54 to 1.38 Å, and they decrease in energy by
0.98 and 0.86 eV when the r1,2 = r3,4 distances are elongated
from 1.35 to 1.45 Å. Thus, ΔE(S1 − T1) remains rather
constant if there is no gradual shift in the location of the
HOMO relative to the LUMO along the distortion coordinate.
The T2 state in the distorted parent fulvene, on the other hand,
displays smaller changes (0.19 and 0.48 eV, respectively).
Indeed, molecular contortion (bending and twisting) has
recently been shown to be one means for altering E(T1) and
E(S1) so as to improve singlet fission performance of an
existing chromophore.55

A further design approach is to combine Baird’s rule with
Clar’s rule,56−58 as that particular isomer among a series of
isomeric polycyclic antiaromatic hydrocarbons (PAAHs) that
maximizes the total number of aromatic monocycles in the T1
state (one Baird π-quartet or π-octet plus Clar π-sextets) has
the lowest E(T1) value.59 By selecting the proper isomer, it
should be possible to identify the T1-state Baird-aromatic
compounds with E(T1) = 1.1−1.2 eV, which fulfill the singlet
fission criteria. However, it is important to note that the
isomer, which is ideal for singlet fission, is not necessarily the
one that is the most strongly Baird-aromatic in its T1 state, as
also concluded by Ryerson et al.40 Another more established
approach for the design of singlet fission chromophores is the
diradical character-based design.6,20,24,26,60−62 It has been
found that molecules with the proper amount of open-shell
singlet diradical character often satisfy the singlet fission
criteria,26,63 and a connection between the diradical character
and aromaticity has been described for heteroacenes.24 A link
to our approach based on Baird-aromaticity can likely be
formulated, yet the extent of diradical character in the S0 state
may not necessarily reflect Baird-aromaticity in the T1 state
(vide inf ra).
Finally, it should be noted that our design strategies are

approaches for identification of candidate chromophores for
singlet fission. The strategies do not take into consideration,
for example, nonradiative decay processes from the S1 state to
the S0 state. Indeed, it has earlier been observed that some
4nπ-electron compounds can have very short excited-state

lifetimes (less than 1 ns),64 a feature that could limit the
applicability of Baird-aromatic chromophores in singlet fission
photovoltaics. We calculated spin−orbit coupling (SOC)
elements as a means to determine the probability for
intersystem crossings; however, photophysical processes that
are limiting for singlet fission performance are likely best
probed experimentally. Thus, further careful design is needed,
for example, to constrain the molecules into rigid frameworks,
hampering the geometric distortions that open pathways for
nonradiative decay.

■ RESULTS AND DISCUSSION

The validity of the design strategy is first examined on fulvenes
(pentafulvenes), as they represent a compound class in which
the (anti)aromatic character of both the S0 state and the T1
and S1 states can be varied extensively.45−49 Our computations
were mostly run with DFT at (U)M06-2X and TD-M06-2X
levels,65 but CASPT2//CASSCF multireference computations
were also performed.66 We primarily used a computational
scheme derived by Zeng, Hoffmann, and Ananth (ZHA),
which uses adiabatic excitations to the T1 state and vertical
excitations to the S1 (T2) states from the S0 (T1) optimized
structures. This approach gives the correct ordering of the T1,
S1, and T2 states of pentacene,

67 and it gives the E(S1)/E(T1)
ratios for pentacene and DPB above or close to 2 (2.33 and
1.96 with M06-2X, see Table S1). However, at times, we also
used either (i) vertically excited E(T1), labeled as E(T1)v as
opposed to the adiabatic ones labeled E(T1)a, or (ii)
adiabatically excited E(S1) labeled as E(S1)a. When evaluated
against the experimental E(T1) and E(S1) of pentacene,
tetracene, DPB, and the four fulvenes of Figure 2, it becomes
clear that the approach with vertical E(T1) and E(S1)
underestimates E(S1)/E(T1) when compared to experiments
while the ZHA approach exaggerates the ratio. The extent of
geometric relaxation in the S1 versus T1 states is important to
take into consideration, as this varies between the compound
classes.
Kaupp and co-workers previously used a TD-DFT-based

protocol for the screening of singlet fission chromophores and,
provided there is no evidence of multireference character, they
proposed vertical excitation energies computed with local
hybrid functionals.68 However, M06-2X was found to perform
similarly. For the T1 energies and optimized geometries of
substituted fulvenes, we recently observed a good agreement
between CASPT2 and M06-2X,49 and we therefore used
(U)M06-2X. For method assessments on CBD, benzene, DPB,
and pentacene, see the Supporting Information. In short, the
T1-, S1-, and T2-state orderings are the same with (TD-)M06-
2X and CASPT2, and the E(S1)v/E(T1)a with the two methods
using the ZHA scheme resemble each other. The (anti)-
aromatic character of fulvenes was determined through
nucleus-independent chemical shifts (NICSs)69,70 computed
with the GIAO method71 in the S0 and T1 states at optimized
geometries. NICS calculations in the S1 state are cumbersome,
and we instead used the electronic multicenter index (MCI)72

for selected compounds. The geometry-based HOMA
index73,74 is not ideal for small T1 aromatic molecules
(HOMA equals 0.73 for 3Cp+ and 0.45 for 3CBD, thus not
reflecting the aromatic ideal of 1.0), and we avoid it for the
fulvenes. In contrast, HOMA was used to assess the
aromaticity of individual 4nπ-electrons rings of polycyclic
compounds as the extent of aromaticity of individual rings in
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such systems cannot be determined by NICS as each ring is
influenced by several diatropic or paratropic circuits.
Design Strategy Tested on Substituted Model

Fulvenes. As pointed out by Zeng et al.,25 the parent fulvene
cannot be used for singlet fission applications since it has a
low-lying T2 state, and it also undergoes efficient S1/S0
radiationless decay via two possible conical intersections
(one planar and one twisted).75,76 As seen below, the first of
the two drawbacks is overcome by utilizing electronic
substituent effects. The second drawback can likely be
alleviated by benzannelation, leading to a rigidification of the
molecular structure. We explored fulvenes substituted at the
exocyclic 6-position (substituents X, Figure 4) and/or at the

endocyclic 2- and 5-positions (substituents Y). The sub-
stituents X and Y were selected as electron neutral, electron
donating, and electron withdrawing. With the chosen
substituents, we span fulvenes with calculated E(T1)a in the
range 0.10−2.81 eV. We did not consider fulvenes substituted
at the 3- and 4-positions because substituents at these positions
have only weak electronic impact due to steric hindrance,
which twists the substituents out of conjugation with the 5-
membered ring.49 It should also be emphasized that the
fulvenes of Figure 4 are model compounds (many are
experimentally unrealistic) that allow us to explore the design
hypothesis of Figures 1 and 2A. The initial set included 225
fulvenes, but 2 had triplet ground states (T0), 15 rearranged to
an isomeric compound in the S0 and/or T1 state, and 49 had a
HOMO and/or LUMO not analogous to those of the parent
fulvene. These 66 were not further analyzed, whereby the set
included 159 fulvenes (Table S2), i.e., 71% of the initial set.
Throughout the fulvenes with the T1 and S1 states described

as singly excited HOMO → LUMO excitations, there are still
complications. This is exemplified through two fulvenes that
represent limiting cases with, respectively, high and low E(T1)
and E(S1) values (Figure S1). The first fulvene with X = NH2
and Y = CN has E(T1)v = 2.92 eV, E(T1)a = 2.49 eV, and
E(S1)v = 4.19 eV, while the second fulvene with X = CN and Y
= NH2 has a triplet ground (T0) state −0.17 eV below the
lowest singlet state and E(S1)v = 1.45 eV. Although the
HOMO and LUMO each are analogous in the two
compounds, there is a marked difference in the spatial
distribution of LUMO that impact KH,L (Figure S1). As a
consequence, ΔE(S1 − T1)v,v equals 1.66 eV for the first of
these fulvenes while 0.66 eV for the second. The ΔE(S1 −
T1)v,a of the two fulvenes are fortuitously very similar (1.70 and
1.62 eV, respectively), while the ΔE(S1 − T1)a,a could not be
computed as it was not possible to locate the relaxed S1-state
geometries of the fulvenes with neither TD-DFT or CASSCF.
The two fulvenes above further represent limiting cases with

regard to singlet and triplet aromaticity because the first one is
strongly 6π-electron Hückel-aromatic in its S0 state (Baird-

antiaromatic in T1 and S1), while the second one is 4π-electron
Baird-aromatic in its T0 state (Hückel-antiaromatic in the
lowest singlet state). For the fulvene with X = NH2 and Y =
CN, NICS(1)zz,S0 = −24.8 ppm and NICS(1)zz,T1 = 23.8 ppm,
while for the fulvene with X = CN and Y = NH2, NICS(1)zz,S0
= 27.4 ppm and NICS(1)zz,T0 = −11.9 ppm. Noteworthy, the
strongly Baird-aromatic cyclopentadienyl cation in its T0
state,77,78 representing the limiting Baird-aromatic resonance
structure of a fulvene in its triplet state,49 has a NICS(1)zz,T0
value of −26.3 ppm. In its lowest singlet state, the
cyclopentadienyl cation is also strongly diradical, as evidenced
by a y0 value of 0.96. However, the fulvene with X = CN and Y
= NH2, having a T0 state, is not extensively diradical in its
lowest singlet state (y0 = 0.09), and other fulvenes with low
E(T1) have even lower diradical character (Table S10). This
should be compared with the reported diradical characters of
tetracene and pentacene (y0 = 0.28 and 0.42, respectively).63

Thus, although increased Baird-aromatic character of the T1
state lowers the E(T1) of fulvenes, it is not followed by
increased diradical character of the S0 states until one has
reached fulvenes with inverted order between the lowest
singlet and triplet states.
For the fulvenes in Figure 4, the changes in (anti)aromaticity

when going from S0 to T1, as given by ΔNICS(1)zz,T1−S0,
correlate to a reasonable extent with E(T1) (R

2 = 0.82, Figure
S3), similar to what we found earlier.49 However, when
regarding E(T1) in dependence of Baird (anti)aromaticity in
the T1 state (NICS(1)zz,T1) the correlation is lower (R2 = 0.68,
Figure S4). It is noteworthy that fulvenes with E(T1)a in the
range of 1.1−1.2 eV have NICS(1)zz,T1 values in the range of
−4 to −2 ppm, i.e., they are nonaromatic in their T1 states. In
the S1 state, we did not run NICS calculations due to
computational complications, yet calculations using the MCI
in the S1 and T1 states for selected fulvenes reveal that the two
states for each of the investigated fulvenes are similarly
(anti)aromatic (see Table S6).
In Figure 5A and B, we plot E(T1)v, E(T1)a, and E(S1)v

against NICS(1)zz,S0, thereby revealing that the computed S0-
state aromaticity, which is the easiest to calculate, led to good
correlations. Similar correlations were also found when plotting
these energies against the difference between the NICS in T1
and S0, ΔNICS(1)zz,T1−S0 (Figure S3), which should be the
NICS index that best matches E(T1). Importantly, and in
support of our hypothesis outlined above (Figures 1 and 2A),
it is clear in Figure 5A that E(T1)v, E(T1)a, and E(S1) vary with
NICS(1)zz,S0 in essentially identical ways. However, when
plotting ΔE(S1 − T1) against NICS(1)zz,S0, it is revealed that
only when both E(S1) and E(T1) are vertically excited energies
is there a reasonable fit with the mean average deviation
(MAD) from the least-squares fitted trendline of 0.10 eV
(Figure 5C). Here, it is also notable that ΔE(S1 − T1) is
gradually lowered as one goes to fulvenes that are S0
antiaromatic/T1 aromatic, a feature explained by the shift in
the spatial distribution of the HOMO and LUMO, leading to
small KH,L.
Now, how do these plots agree with the hypothesis

presented in Figure 2? Clearly, when based on the ZHA
scheme, the 2E(T1)a = E(S1)v threshold is reached at fulvenes
with NICS(1)zz,S0 = −13.5 ppm (dashed line in Figure 5B),
while when based on the approach with E(T1)v, the threshold
appears at the extrapolated value of 45.2 ppm. As the ZHA
scheme exaggerates E(S1)/E(T1) while the approach with
vertically excited E(T1) underestimates the ratio, it can be

Figure 4. Di- and tetrasubstituted fulvene derivatives included in this
work.
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concluded that the 2E(T1) = E(S1) threshold is placed along
the aromaticity coordinate represented by NICS(1)zz,S0. If the
threshold is placed in the middle between the two limiting
values then it is placed at NICS(1)zz,S0 = 15.8 ppm, i.e., at
fulvenes that are rather strongly Hückel-antiaromatic in S0 and
Baird-aromatic in T1.
With regard to the second threshold, E(S1) < E(T2), it is

clear in Figure 5D that E(T2) shows no correlation with
NICS(1)zz,S0 (R2 = 0.00). Because most substituted fulvenes
have E(T2) in the range 2.2−3.5 eV, it is gradually more
probable that the criterion E(S1) < E(T2) is met for fulvenes
with NICS(1)zz,S0 above 2.5 ppm, as the trendlines for E(T2)
and E(S1) cross at this value. Obviously, the fulvenes with
NICS(1)zz,S0 values at ∼15 ppm will also satisfy the second
criterion, but their E(T1) will likely be far below 1 eV.
As found above, by changing the bonding or antibonding

character of the HOMO and LUMO through geometric
distortions (Figure 3), one can tune E(S1) and E(T1) of the
parent fulvene simultaneously and similarly since the S1 and T1
excitations are described by the same singly excited
configuration except for the spin flip. Thus, ΔE(S1 − T1) is
constant along the distortion coordinate. However, ΔE(S1 −
T1) does not have the same value if one goes between
differently substituted fulvenes as the spatial (de)localization of
the HOMO and LUMO vary between the fulvenes. Hence, we
analyzed how the E(T1) and E(S1) values change upon
distortion in four substituted fulvenes in which the ΔE(S1 −
T1) values at the minimum geometry vary from 0.84 to 1.41 eV
(Figure 6). Upon distorting the C2−C3 bond length, the
E(T1) and E(S1) values change simultaneously and similarly in
three of the four fulvenes. The exception is 6,6-diaminofulvene
(Figure 6B) in which the S1 state at several of the geometries is
described by a different configuration than the T1 state,
revealing the importance of having the S1 and T1 states
described by the same configuration.
The calculations show that the hypothesis on the rational

tuning of E(T1) and E(S1) utilizing excited-state Baird- and

ground-state Hückel-aromaticity is valid with TD-DFT.
However, is that also the case at the CASPT2 level? The
latter calculations disclose potential multireference character
and whether the fulvenes exhibit double excitation character in
certain excited states or not. Table S7 lists the excitations at
CASPT2 and TD-M06-2X levels for a few fulvenes for which
the two criteria are met (or nearly met). In short, the E(T1) at
the CASPT2 level are similar or slightly higher (0.2 eV) than
those calculated with M06-2X. With regard to the E(S1), the
CASPT2 energies are higher in all cases except one and
sometimes 0.4 eV higher than those at M06-2X level. For the
lowest S0 and T1 states, the CASSCF calculations reveal one
predominant configuration with a weight between 0.80 and
0.93, revealing good agreement with %TAEe([T]) (Table S9)
for the first of these states. We observe that almost all of the
compounds preserve the energy order of the different states
and fulfill the singlet fission criteria (Table S7). The exceptions
are the two model fulvenes with X = BF2, Y = F and with X =
CN and Y = SiH3. For these fulvenes, E(S1) and E(T2) are very
close in energy, a feature that can lead to an S1/T2 intersystem
crossing. However, one still cannot discard the possibility for
singlet exciton fission because the calculated SOC for S1/T2 is
merely 1.7 cm−1, i.e., < 10 cm−1, which indicates a very weak
coupling,79 despite some cases with similarly small SOCs are
large enough for ISC.80 Further results on SOC elements,
which generally are small, and T1/S0 intersystem crossing are
given in the Supporting Information, yet ISC also depends on
the Franck−Condon weighted density of states according to
the Fermi Golden Rule,81 which is not considered in the
present work.

Earlier Experimentally Investigated Fulvenes. We next
considered the dicyanofulvenes (DCFs) that earlier have been
synthesized by Finke et al.82 We chose to explore six of these
DCFs using our strategy. The TD-M06-2X calculations using
the ZHA scheme point out that these compounds could serve
as singlet fission chromophores (Figure 7); however, the S1
and T2 states are close in energy for DClDPDCF. Importantly,
the adiabatic E(T1) are rather close to 1 eV, despite with M06-
2X all are below. Similarly as seen for the model fulvenes,
CASPT2 gives E(T1)a, which are higher than those of M06-2X,

Figure 5. Plots of excited-state energies and energy differences against
degree of (anti)aromaticity in S0. (A) E(T1)v and E(S1)v versus
NICS(1)zz,S0, (B) E(T1)a and E(S1)v versus NICS(1)zz,S0. (C) The
energy difference between the S1 and T1 states versus NICS(1)zz,S0
(D) E(T2)v and E(S1)v versus NICS(1)zz,S0 for tetrasubstituted
fulvenes. R2 is the squared correlation coefficient. NICS(1)zz,S0
computed at GIAO/(U)M06-2X/6-311+G(d,p) level. In (A), the
parent fulvene is indicated by red marks.

Figure 6. Variations in E(T)v, E(S1)v, and E(T2)v dependence on the
C2−C3 bond length (red) in four fulvenes. Data points marked *
correspond to other excitations than that of the singly excited
HOMO−LUMO configuration of the parent fulvene.
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with 0.2−0.4 eV. In their S0 states, DClDPDCF and TClDCF
are influenced by Hückel-antiaromaticity, evident by
NICS(1)zz,S0 values of 10.1 and 23.1 ppm, respectively. On
the other hand, they are nonaromatic in the T1 states, as the
NICS(1)zz,T1 values are −0.2 and 1.3 ppm, respectively.
Substituted fulvenes and fulvenoid species, which are clearly
Baird-aromatic in their T1 states, have been designed
computationally, but these have E(T1) which are far below 1
eV.50

Interestingly, the calculated E(S1)v/E(T1)a ratios of
DClDPDCF and TClDCF are well above 2, despite that
they are nonaromatic in T1. The other four DCFs in Figure 7
fulfill the E(S1)/E(T1) > 2 criterion, yet only three of them
fulfill the E(S1) < E(T2) criterion. The three DCFs that were
also calculated at the CASPT2 level have E(S1)/E(T1) ratios
that are similar to those at the M06-2X level.
A potential caveat for fulvenes is their nonrigidity, as they

can relax geometrically in the S1 and T1 state, making it
difficult to predict their usefulness as singlet fission
chromophores. Pentacene, tetracene, and DPB relax less in
energy in their T1 states compared to fulvenes (Table S8).
Interestingly, from the two ratios of E(S1)v/E(T1)v and E(S1)v/
E(T1)a (Table S8), one can conclude that the relative degree of
energy relaxation is smaller in the established singlet fission
chromophores than in the fulvenes investigated here.
Application to Other Compound Classes. Numerous

additional compound classes, which to various extents are
influenced by Baird-aromaticity in their T1 and S1 states and
have the potential to be suitable for singlet fission photo-
voltaics, can be listed. For that reason we explored if a similar
design strategy for fulvenes can be used to identify and tailor
CBDs, pentalenes, and their benzannelated derivatives as
suitable singlet fission chromophores. We showed earlier that
E(T1) of isomeric PAAHs vary with the number of aromatic
monocycles in the T1 state.59 In short, the isomer with the
lowest E(T1) has the maximum number of disjoint aromatic
monocycles (one triplet diradical Baird-aromatic π-quartet/π-
octet plus closed-shell Hückel-aromatic π-sextets). In other
words, it is described by Clar’s rule56−58 in an extended version
that incorporates Baird’s 4n rule.59 Provided the S1 state is
influenced similarly as the T1 state, we argue that the

benzannelation approach can be used to identify new singlet
fission chromophores since E(T1) and E(S1) will be changed in
energy by comparable amounts (cf. Figure 1).
The parent CBD has the correct arrangement of its T1, S1,

and T2 states for singlet fission (E(T1) = 0.51, E(S1) = 2.70
and E(T2) = 4.69 eV with M06-2X, Figure 8). However, it is

exceedingly unstable, and E(T1) is too low. Instead, three
substituted CBDs (SCBD1−SCBD3), which are persistent at
room temperature,83,84 were explored. Additionally, we probed
an experimentally unexplored silyl-substituted CBD (SCBD4)
with a more suitable energy level arrangement than the three
persistent CBDs. All four substituted CBDs fulfill the
fundamental singlet fission criteria, except the E(T1) of each
one is too low.
For the three tetrasilyl-substituted CBDs (SCBD2−

SCBD4), there is a correlation (R2 = 0.97) between E(T1)a
and the difference in aromaticity between S0 and T1, as

Figure 7. T1, S1, and T2 energies (in eV) of six previously synthesized fulvenes computed at TD-M06-2X/def2-TZVPD//M06-2X/6-311+G(d,p)
(normal print) and CASPT2(14in14)/ANO-RCC-VDZP//M06-2X/6-311+G(d,p) (italics) levels.

Figure 8. Parent and substituted cyclobutadienes and their excitation
energies (in eV) computed at TD-M06-2X/def2-TZVPD//M06-2X/
6-311+G(d,p) level.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.9b12435
J. Am. Chem. Soc. 2020, 142, 5602−5617

5608

http://pubs.acs.org/doi/suppl/10.1021/jacs.9b12435/suppl_file/ja9b12435_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b12435/suppl_file/ja9b12435_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.9b12435?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b12435?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b12435?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b12435?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b12435?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b12435?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b12435?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b12435?fig=fig8&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.9b12435?ref=pdf


measured by ΔNICS(1)zz,T1‑S0 (Figure S7). However, the CBD
with tBu substituents (SCBD1) does not correlate with them,
revealing that both electronic and geometric factors contribute
to the E(T1)a of substituted CBDs. Moreover, in the silyl-
substituted CBDs, the T1 and S1 states follow similar trends
(Figure S7) because the E(T1)a of SCBD3 and SCBD4
increases by 0.21 and 0.42 eV when compared to the E(T1)a of
SCBD2, while E(S1)v increases by 0.32 and 0.52 eV,
respectively. In contrast, the E(T2)v of SCBD3 and SCBD4,
within the ZHA scheme, is lower in energy by 0.34 and 0.71
eV, respectively, when compared to that of SCBD2.
Pentalenes as 8π-electron compounds were examined next,

and in the Supporting Information, we also discuss results for
indacenes being 12π-electron compounds. In particular, we
looked at substituents that induce geometry changes to see if
they alter the E(T1)a, E(S1)v, and E(T2)v to any significant
extents (Figure 9). Pentalenes are strongly T1-state Baird-

aromatic,59 but according to our calculations, the parent
compound only satisfies the 2E(T1)a < E(S1)v criterion. Two
further drawbacks are the calculated E(T1)a of ∼0.6 eV and the
exceptionally low stability of the parent pentalene; however,
persistent substituted pentalenes have been reported.85,86 One
could argue that substituents can tune E(T1) because the
HOMO and LUMO have opposing nodal features at the
formal C−C single bonds. However, substituents at the 1,2-
and 4,5-positions change E(T1)a minutely, even when they are
bulky. Rewardingly, the singlet fission criteria according to the
ZHA scheme are satisfied for all three substituted pentalenes.
Because CBD has the correct state ordering while benzene

does not (Figure 1), it should be possible to tailor compounds
with the proper ordering of E(T1), E(S1), and E(T2) through
fusion of benzene and CBD rings in certain proportions and
with certain connectivities. That said, how should CBD
optimally be benzannelated to arrive at suitable singlet fission
chromophores? Also, can sterically congestive substituents alter
the excited-state energy levels of the larger benzannelated CBD
compounds? A selection of benzannelated CBDs were
examined (Figure 10). The same reasoning and questions
were applied to pentalenes (vide inf ra).
Indeed, fusion of one CBD and one benzene ring into

benzocyclobutadiene (BENZCBD1) yields a compound that,

according to computations, has the correct state ordering for
singlet fission. The calculated E(T1)a is slightly higher than
ideal, yet BENZCBD1 is still a highly reactive species and may
also, as a result of the small CBD ring, decay nonradiatively to
the S0 state. Among the three isomers with one CBD and two
benzene rings, only one isomer satisfies the two singlet fission
criteria: BENZCBD2. Using the extended version of Clar’s
rule,59 it becomes clear that this isomer is the only isomer
among the three that can be described by two aromatic
monocycles in its T1 state: one triplet diradical Baird-aromatic
π-quartet and one closed-shell Hückel-aromatic π-sextet (see
Figure S19 for ACID plots).59 In the S0 state, it is notable that
the diradical character increases somewhat when going from
BENZCBD1 (y0 = 0.11, Table S10) to BENZCBD2 (y0 =
0.23).
An interesting aspect of the E(T1)a, E(S1)v, and E(T2)v of

the two naphtoCBDs is the fact that when going from
BENZCBD2 to BENZCBD3 the T1 and S1 states increase in
energy by near-identical amounts (0.86 and 0.84 eV,
respectively), while the T2 state goes up by much less (0.18
eV). This suggests that the T1 and S1 states in the two
compounds are described by the same electron configuration
(except for the multiplicity), following Figure 1. Indeed,
according to TD-DFT computations, the S1 states of both
compounds are singly excited HOMO → LUMO excitations
(see Table S18). Here, it can be noted that when increasing
the molecular size from BENZCBD1 to the dibenzannelated
BENZCBD2−BENZCBD4, the energy differences between
the vertical and adiabatic excited-state energies decrease, both
in T1 and S1 (Table S26).
One can tune E(T1) and E(S1) in two ways: through

benzannelation and through C−C bond length distortions (or
generally, geometric contortions).55 As seen below, the first
provides for larger tunings of the excited-state energies of
PAAHs because C−C bond length distortions in BENZCBD2,
a small PAAH, lead to variations in E(T1) and E(S1) in the
range of 0.1−0.2 eV (see Figure S15). In larger benzannelated
PAAHs, where HOMO and LUMO are delocalized over
further atoms, the energy tunings will be even smaller. Tuning
through benzannelation should therefore be the preferred
means to broadly identify PAAHs that satisfy the singlet fission
criteria, while bond length changes provide fine-tuning of
E(T1) and E(S1). When fusing a benzene ring onto
BENZCBD2, leading to BENZCBD5, the T1 and S1 states
are lowered in energy by 0.24 and 0.22 eV, respectively, while
the T2 state increases by 0.10 eV. Thus, E(S1)v follows the
pattern of E(T1)a when going from BENZCBD2 to
BENZCBD5, in line with the hypothesis outlined in Figure 1
providing a general means for singlet fission chromophore
design. Indeed, with BENZCBD5, we identify a PAAH that
satisfies the two singlet fission criteria; however, it is a truly
unstable compound87 with some diradical character in S0 (y0 =
0.28).
Several interesting patterns emerge when going to more

extensively benzannelated CBDs. Benzobiphenylene
(BENZCBD6) , when compared to b ipheny lene
(BENZCBD4), has E(T1) and E(S1), which are lower by
0.52 and 0.56 eV, respectively, while E(T2) is lower by 0.30 eV.
Hence, the E(S1)v/E(T1)a ratio upon fusion of one benzene
ring onto biphenylene in an angular manner increases from
1.57 to 1.73, while extending in a linear way to BENZPENT7
lowers it to 1.32. Further angular benzannelation to trans-
dinaphthoCBD (BENZCBD9) brings E(T1)a well below

Figure 9. Parent and substituted pentalenes and their excitation
energies (in eV) computed at the TD-M06-2X/def2-TZVPD//M06-
2X/6-311+G(d,p) level.
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E(S1)v, but the E(S1)v/E(T1)a ratio is still smaller than 2. Here,
it should be noted that the connectivity is crucial because
BENZCBD9 has a higher E(S1)v/E(T1)a ratio than the
isomeric BENZCBD8. Going to the penta- and hexabenzanne-
lated CBDs, BENZCBD10 and BENZCBD11, both singlet
fission criteria become satisfied within the ZHA scheme.
According to M06-2X, the first of these compounds has E(T1)a
in the ideal energy range. Another feature of importance is the
oscillator strengths for transitions to S1 in the benzannelated
CBDs, which are suitable for singlet fission. Indeed, transitions
to this state are weakly allowed in BENZCBD5, BENZCBD7,
and BENZCBD8 (Table S19), and one of these compounds
(BENZCBD5) is in theory interesting for singlet fission.
The Baird-aromatic character of a benzannelated 4nπ-

electron compound in its T1 state increases with the possibility
to form local aromatic monocycles (one Baird- and several
Hückel-aromatic ones).59 Still, the Hückel-antiaromatic
character of these compounds in their S0 states is significant,
in line with an often observed low stability, and NICS-XY scans
indicate that it is even accentuated in BENZCBD5 when
compared to the other two (Figure 11). However, the T1-state
Baird-aromaticity in the CBD ring in this compound is more
apparent according to NICS-XY; but a weak global diatropic
circuit also exists, as indicated by the ACID plot (Figure S19).
Interestingly, the CBD unit in BENZCBD5 in the T1 state
seems equally aromatic as in BENZCBD10 and BENZCBD11
but less aromatic to that of BENZCBD9 (Figure S17).
However, the assessment of the aromaticity of the CBD ring

Figure 10. Benzannelated cyclobutadiene compounds and their excitation energies (in eV) computed at TD-M06-2X/def2-TZVPD//M06-2X/6-
311+G(d,p) and CASPT2/ANO-RCC-VDZP//CASSCF(n,m)/ANO-RCC-VDZP (italics, n = m = 8 for BENZCBD1 and n = m = 12, for
BENZCBD2) levels. The compounds for which both singlet fission criteria are satisfied are marked in green. For full compound names, see Figure
S20.

Figure 11. NICS-XY scans of (A) BENZCBD1, (B) BENZCBD2,
(C) BENZCBD5, (D) BENZPENT1, (E) BENZPENT3, and (F)
BENZPENT7 in their S0 and T1 states calculated at GIAO/M06-2X/
6-311+G(d,p) level.
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based on NICS is not suitable, as the NICS value in a PAAH is
a composite of ring currents in several 4nπ-electron circuits.
HOMA, a geometry-based aromaticity index,73,74 is more
suited, and it indeed shows that the aromaticity of the CBD
ring in BENZCBD5 (HOMA = 0.41), which is close to that of
the T1-state CBD (HOMA = 0.45), is higher than in
BENZCBD9−BENZCBD11 (HOMA = 0.13, 0.21, and 0.27,
respectively). Here, it is notable that the HOMA of the T1

state of CBD is low, as the C−C bond lengths (1.434 Å) are
considerably longer than the reference value (Ropt = 1.388 Å)
that results in a HOMA of 1.0.
Similar patterns upon benzannelation to the CBDs are found

for pentalenes. A drawback with pentalenes is their transitions
to the S1 state, which are forbidden or very weakly allowed (for
calculated oscillator strengths, see Table S23); however, the
excitation to the S2 state in a 5,10-bis(styryl)-substituted

Figure 12. Benzannelated pentalenes and their excitation energies (in eV) computed at TD-M06-2X/def2-TZVPD//(U)M06-2X/6-311+G(d,p)
(normal print) and CASPT2/ANO-RCC-VDZP//CASSCF(12,12)/ANO-RCC-VDZP (italics) levels. The compounds for which both singlet
fission criteria are satisfied are marked in green. Additional benzannelated pentalenes are found in the Supporting Information. The * at the E(S1)v
of BENZPENT10 indicates the two-configurational character of the S1 state.
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dibenzo[a,e]pentalene has shown to provide an entry point to
singlet fission.88 The monobenzannelation in BENZPENT1
increases E(T1) when compared to the parent pentalene
(Figure 12), similar to what was found for CBD and
BENZCBD1, but BENZPENT1 is less ideal for singlet fission
as E(S1) ≈ E(T2). On the other hand, the energy relaxation in
the S1 state, calculated as E(S1)v − E(S1)a, is much smaller in
BENZPENT1 than in BENZCBD1 (Figure S26), and E(S1)a/
E(T1)a equals 2.06.
With a more isolated T1-state Baird-aromatic pentalene unit,

BENZPENT3 satisfies the singlet fission criteria according to
the ZHA scheme but with a slightly low E(T1). Interestingly,
dibenzo[a,e]pentalene (BENZPENT5), which corresponds to
the core of the compound that experimentally undergoes
singlet fission when excited to S2, satisfies none of the singlet
fission criteria, yet the bis(styryl)-substitution brings down
E(T1) whereby the experimentally explored compound fulfills
the criteria (see Figure S22 for a comparison of dibenzo[a,e]-
pentalene with 5,10-bis(styryl)dibenzo[a,e]pentalene). Note-
worthy, the 5,10-bis(styryl) substitution introduces a new
conjugation path, 1,8-diphenyl-octa-1,3,5,7-tetraene (see Fig-
ure S22), and the diradical spin density of the T1 state is
concentrated to this segment. The S1 state, in contrast, is not
lowered as much as the T1 state, yet this state is potentially
unsuitable for TD-DFT, as it is known that the S1 state in 1,8-
diphenyloctatetraene has double-excitation character.89−91

Opposing dibenzo[a,e]pentalene (BENZPENT5), dibenzo-
[a,f ]pentalene (BENZPENT6), the much less stable dibenzo-
pentalene isomer,92 satisfies both criteria, but its E(T1) is very
low.
The T1 and S1 states of all benzannelated pentalenes except

one are described by singly excited HOMO−LUMO
excitations (the exception being BENZPENT10 with an S1
state described as HOMO−2 → LUMO (63%) plus HOMO
→ LUMO (37%)). Thus, several trends can be observed when
expanding to larger benzannelated pentalenes. However, an
important feature to note in the four panels of Figure 13 is the
fact that E(T1) and E(S1) follow each other closely when the
benzannelation is changed. For that reason, one should
compare ΔE(S1 − T1) in a selection of compounds that
follow one type of benzannelation. For example, in Figure 13A,
the ΔE(S1 − T1)v,a spans from 0.94 to 1.11 eV, while ΔE(S1 −
T1)v,v spans from 0.39 to 0.63 eV, indicating a similar 2KH,L
within the specific selection of the compound. The first trend
to note is a gradual and similar lowering of E(T1) and E(S1)
found when going successively from BENZPENT5 to the
hexabenzannelated BENZPENT19 (Figure 13A), following the
angular connectivity that maximizes the number of aromatic
monocycles in T1.

59 With BENZPENT19, a compound that
has been synthesized and further investigated experimentally,93

one has reached a point where 2E(T1) < E(S1), i.e., one is
within the orange region of Figure 1. Interestingly,
BENZPENT19 has very similar E(T1)a, E(S1)v and E(T2)v
values to those of BENZPENT3, and it contains four angular
segments (∼BENZPENT3).
When instead going from the parent pentalene to the linear

dinaphtho[a,e]pentalene (BENZPENT16), both E(T1)a and
E(S1)v increase, the E(S1)v/E(T1)a ratio becomes successively
smaller, and E(T2)v is placed gradually further below E(S1)v
(Figure 13B). Interestingly, the ΔE(S1 − T1)v,a of BENZ-
PENT10, having a two-configurational S1 state (vide supra), is
smaller than that of the other four compounds in Figure 13B
(1.12 vs 1.26−1.34 eV). The linear connectivity, which is

undesirable for singlet fission chromophores, is further
evidenced from the isomeric tetrabenzopentalenes BENZ-
PENT12−BENZPENT16 (Figure S23). Also, on the basis of
NICS as well as HOMA, the T1-state aromatic character of the
pentalene unit decreases when going from BENZPENT13 and
BENZPENT14 to BENZPENT15 and BENZPENT16, i.e.,
from angular-benzannelated to linear-benzannelated com-
pounds. In the case of BENZPENT15, we have an
intermediate situation as the molecule is a combination of
linear and angular connectivities. Again, the inclusion of
angular-benzannelated segments leads to tuning of E(S1)/
E(T1) toward higher values while linear ones do the opposite.
However, there is also another route to benzannelated

pentalenes that satisfy the singlet fission criteria. Further
benzannelation of dibenzo[a,f ]pentalene BENZPENT6 yields
BENZPENT11 and BENZPENT17, which both recently were
synthesized.94 The first two satisfy the singlet fission criteria
(Figures 12 and 13C) but with low E(T1)a values and high
diradical characters (y0 = 0.48 and 0.60, respectively). Finally,
BENZPENT3 and BENZPENT7, similar to BENZCBD2 and
BENZCBD5, respectively, satisfy the singlet fission criteria.
Now, starting at BENZPENT3 and fusing a benzene ring or a
naphthalene unit to the opposite side of the pentalene unit,
one obtains benzonaphthopentalene (BENZPENT8) and
trans-dinaphthopentalene (BENZPENT14), respectively, for
which E(T1)a and E(S1)v increase by significant amounts and
the E(S1)v/E(T1)a ratio drops well below 2 (Figure 13D). The
same is found when going from BENZPENT7 to BENZ-
PENT12, revealing that a singlet fission chromophore can be
ruined by overbenzannelation. It is only when at the
hexabenzannelated pentalene BENZPENT19 with four angular
segments that the singlet fission criteria again are satisfied, a
compound in which the T1 state can be described with a
markedly Baird-aromatic central 8π-electron pentalene moiety
(HOMA = 0.75) and four Hückel-aromatic 6π-electron
units.59 Interestingly, when gradually building up the four
angular segments going from BENZPENT8 (HOMA = 0.47),

Figure 13. Variation in E(T1)a, E(S1)v, and E(T2)v calculated using
the ZHA approach as a function of benzannelation in selected
benzannelated pentalenes. Compounds that satisfy the singlet fission
criteria are represented by yellow bars. Computations at TD-M06-
2X/def2-TZVPD//(U)M06-2X/6-311+G(d,p) level. The * at E(S1)v
of BENZPENT10 indicates the two-configurational character of the
S1 state. Further comparisons are given in Figure S23. Results of T1-
aromaticity assessments are found in Figures S25−S28.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.9b12435
J. Am. Chem. Soc. 2020, 142, 5602−5617

5612

http://pubs.acs.org/doi/suppl/10.1021/jacs.9b12435/suppl_file/ja9b12435_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b12435/suppl_file/ja9b12435_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b12435/suppl_file/ja9b12435_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b12435/suppl_file/ja9b12435_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b12435/suppl_file/ja9b12435_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.9b12435?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b12435?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.9b12435?fig=fig13&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b12435/suppl_file/ja9b12435_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b12435/suppl_file/ja9b12435_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.9b12435?fig=fig13&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.9b12435?ref=pdf


BENZPENT14 (HOMA = 0.67), and BENZPENT18
(HOMA = 0.70) to BENZPENT19, the Baird-aromatic
character of the pentalene unit increases. Thus, benzannelation
together with an attention to connectivity can be used to
simultaneously tune E(T1) and E(S1) to similar extents such
that one reaches a situation where 2E(T1) < E(S1) < E(T2).
The General Design Approach and Its Limitations. As

the design approach applies to compound classes in which the
extent of excited-state Baird-(anti)aromatic character varies
among the individual compounds, E(T1) and E(S1) will change
similarly along the aromaticity tuning coordinate, while E(T2)
should remain more constant or change differently. The model
further assumes that throughout an investigated compound
class, (i) HOMO and LUMO each keep the same character
(∼symmetry), (ii) the T1 and S1 states are described by singly
excited HOMO → LUMO excitations, and (iii) the spatial
distributions of HOMO and LUMO are similar. The model is
not applicable to compound classes in which these require-
ments do not hold (for example, triafulvenes, vida inf ra), or it
is only applicable to a part of the compound class.
Information on the E(T1) and ΔE(S1 − T1) = 2KH,L of the

parent compound is needed for the most simple back-of-an-
envelope design using the model. A third parameter to
consider is the slope, i.e., the extent by which E(T1) and E(S1)
change in response to altered (anti)aromaticity, but a few
different compounds within the compound class must be
computed for this information. At the singlet fission threshold,
E(T1) = ΔE(S1 − T1) = 2KH,L. Thus, if the parent compounds
in two compound classes have the same E(T1) but different
2KH,L then the compound class with the larger 2KH,L will have
the threshold placed at a less T1 aromatic compound than what
is the case in the compound class with a smaller 2KH,L (Figure
14A and B). A series of further situations are exemplified in

Figure S37. Here it should be noted that the additional
fulfilment of the E(S1) < E(T2) criterion may restrict the useful
region, pushing it toward increased Baird-aromaticity.
The E(T1) of the parent compound depends on its extent of

T1 aromaticity; if the parent compound is strongly (weakly)
influenced by Baird-aromaticity it will have a low (high) E(T1).
The KH,L depends on the extent of colocalization of HOMO
and LUMO, as exemplified by naphthalene and azulene with
2KH,L values of 1.7 and 0.5 eV, respectively.44 Extrapolating
from this observation, by strict localization of HOMO and
LUMO to different atoms, one can, together with spin-
polarization, design a molecule (heptazine) that has its S1 state
at a lower energy than its T1 state,

95 i.e., a negative ΔE(S1 −
T1). To instead achieve a large positive 2KH,L, the HOMO and
LUMO should be localized to the same atoms, ideally a small
number (see siloles below).
However, as noted above, ΔE(S1 − T1) is not constant for

fulvenes (Figure 5A), as it decreased for fulvenes with EWGs
as exocyclic substituents, which lead to a polarization of
LUMO toward the substituents, and consequently, a lowered
2KH,L and ΔE(S1 − T1). On the other hand, the model applies
well to 1,1-disubstituted siloles, i.e., 1-silacyclopenta-2,4-
dienes, which are cross-hyperconjugated “aromatic chame-
leons”.47 For the latter compounds, ΔE(S1 − T1) varies within
the narrow interval of 2.14−2.34 eV (Figure 14C).
Rewardingly, siloles may provide access to singlet fission
chromophores with high E(T1) (∼2 eV) according to our
computations, and the 2KH,L is high due to colocalizations of
HOMO and LUMO to mainly the four C atoms of the diene
unit (Figure S35). As siloles are already extensively explored in
experiments,96,97 they may provide interesting targets as singlet
fission chromophores.
Although the design approach had complications with

pentafulvenes, the tria- and heptafulvenes are even more
complex. The parent tria- and heptafulvenes have E(T1) at
2.71 and 1.41 eV, respectively, and 2KH,L at 1.87 and 1.54 eV,
respectively. Thus, the parent heptafulvene, but not the
triafulvene, fulfils the 2E(T1) < E(S1) criterion. To lower
E(T1), exocyclic electron donating substituents X are needed
in both compound classes,45 but several substituted
triafulvenes in their T1 and S1 states are described by other
electron configurations than the singly excited HOMO →
LUMO configuration that corresponds to the T1 and S1 states
in the parent compound (see Figure S31). In heptafulvene, the
2E(T1) < E(S1) criterion is satisfied, but one needs to step
toward increased T1 aromaticity in order to achieve
heptafulvenes that also satisfy the E(S1) < E(T2) criterion.
However, the E(T1) and ΔE(S1 − T1) values vary extensively
among substituted heptafulvenes (see Figure S32 and Table
S28), and their nonplanar structures in S0 and/or T1 are
dilemma. Thus, the model also fails when large conformational
changes occur within a compound class, either along the
(anti)aromaticity coordinate in the S0 and/or T1 states or upon
excitation.
Our design approach also applies to the benzannelated

pentalenes (Figure 13). The parent pentalene is strongly Baird-
aromatic in T1, and it has an E(T1)a of 0.63 eV and 2KH,L of
1.26 eV. Thus, the singlet fission threshold should be placed at
benzannelated pentalenes that are less T1 Baird-aromatic than
the parent pentalene (BENZPENT3 or BENZPENT4 are
computed to be close to the threshold, Figure 12). Now, as the
NICS values of BENZPENT3 and BENZPENT4 are
composites of 8π-, 12π- and 16π-electron circuits, NICS is

Figure 14. (A and B) Schematic drawings of the changes in E(T1)
and E(S1) as functions of increased T1 and S1 aromatic character for a
compound class with (A) large KH,L and (B) small KH,L. Slopes of
E(T1) and E(S1) as well as the position and E(T1) of the parent
compound (marked as 0 on the x-axis) are kept constant in the two
plots. (C) 1,1-Disubstituted siloles with X and Y = H, Me, CF3, F,
SiH3, and SiMe3 as high-E(T1) singlet fission chromophores (for
explicit energies, see Figure S33). (D) Benzannelated pentalenes
where the terminal benzo rings have been exchanged for thiopheno
rings (for explicit energies, see Figure S36). A comparison against the
completely benzannelated pentalenes is given in the Supporting
Information.
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not a suitable method for the assessment of the T1 aromaticity
of a pentalene subunit within a benzannelated pentalene.
HOMA is a better aromaticity index, and we indeed find the
pentalene units in BENZPENT3 and BENZPENT4 to be less
aromatic (HOMA = 0.72 and 0.73, respectively) than the
parent pentalene (HOMA = 0.86). The design approach also
applies to thieno-annelated benzopentalenes (see Figure S36).
In regard to these, they have E(T1) that are slightly higher than
the purely benzannelated pentalenes (Figures 14D and S36),
revealing the impact of the incorporation of heterocycles as a
means for fine-tuning E(T1). Thieno-annelated benzopenta-
lenes could be synthetically feasible, and also, these could be
interesting targets for research on singlet fission photovoltaics.

■ CONCLUSIONS

Excited-state Baird-aromaticity in combination with Hückel
ground-state aromaticity can be used in the design of singlet
fission chromophores, but it is a double-edged sword. While
several compounds that formally can be written with Baird-
aromatic resonance structures fulfill the singlet fission criteria,
the specific compound within a certain compound class that is
most suitable, having an E(T1) of ∼1 eV, is not always strongly
T1-state Baird-aromatic. In order to identify the compounds
within a certain compound class that satisfy the singlet fission
criteria and that have E(T1) in a suitable energy range, we have
developed a general and qualitative design model.
If the T1 and S1 states throughout a compound class are (i)

dominated by the singly excited HOMO → LUMO
configuration, (ii) HOMO and LUMO each are of the same
character, and (iii) distributed spatially in the same manner
then the energy difference between the two states equals twice
the exchange integral, ΔE(S1 − T1) = 2KH,L (H = HOMO and
L = LUMO). As a result, the relative energies of the two states
are influenced by substituents (electronic or steric) and
benzannelation to similar extents. With this, we develop a
geometric model to identify a region along a tuning coordinate
(an ∼aromaticity/antiaromaticity scale or increased benzanne-
lation), within which 2E(T1) < E(S1) (orange region, Figure
1). It is noteworthy that when E(T1) goes below a certain
threshold, the E(S1) < E(T2) criterion generally becomes
satisfied (Figures 5B and 13A). However, the model also has
its limitations, the most notable being variations in KH,L and
thus ΔE(S1 − T1), among individual compounds in a
compound class.
Taken together, our study outlines the scope, limitations,

and complications in the usage of T1-state Baird-aromaticity
for the design of new singlet fission chromophores. The design
approach and the qualitative (geometric) model developed
provide a novel design rational. We show that through careful
selection of (stable) compound classes influenced by Baird-
aromaticity in T1 to various extents and with suitable E(T1)
and 2KH,L, one can tailor many new candidates for novel types
of singlet fission chromophores.

■ COMPUTATIONAL METHODS
All S0- and T1-optimized geometries were obtained using the M06-2X
functional65 and 6-311+G(d,p) basis set.98 Additionally, for benzene
and CBD, CASPT2 optimizations were carried out using the atomic
natural orbital (ANO-RCC-VDZP) basis set with a contraction [B, C,
N, O, F/3s2p1d, Si/4s3p2d, H/2s1p].99−101 For vertical excitations of
the substituted fulvenes, two methods were used: TD-M06-2X/def2-
TZVPD//M06-2X/6-311+G(d,p) and CASPT2-SA3/ANO-RCC-
VDZP//M06-2X/6-311+G(d,p) at the S0- or T1-optimized geo-

metries. As a multiconfigurational indicator, the percentage of the
perturbative triplet correction (T) to the total CCSD(T) atomization
energy (%TAEe[(T)])

102 was evaluated at the CCSD(T)/aug-cc-
pVDZ//M06-2X/6-311+G(d,p) level. Spin−orbit coupling (SOC)
elements were computed within the TD-M06-2X framework using
PySOC80 DFT, TD-DFT, and CCSD(T) calculations performed
using Gaussian 16 revision B.01,103 and CASPT2 computations were
carried out with OpenMolcas packages.101 Aromaticity was evaluated
in terms of the nucleus-independent chemical shift (NICS),69 ACID
plots,104 harmonic oscillator model of aromaticity (HOMA),73,74 and
multicenter index (MCI)72 computed at the M06-2X/6-311+G(d,p)
optimized geometries. NICS values were calculated at 1.0 Å above the
ring centers (NICS(1)zz)

70 using the gauge-independent atomic
orbital (GIAO) method.71 NICS-XY scans were performed using the
Aroma package, scanning from 1.7 Å above the plane of the
molecule.105 Distinctly negative NICS(1)zz values indicate the
aromatic character, values close to one indicate the nonaromatic
character, and distinctly positive values indicate the antiaromatic
character. For six PAAHs, NICS-XY scans were also computed using
B3LYP-106 and CAM-B3LYP-107 optimized geometries (see Figures
S19 and S18). MCI is an electronic index that provides a measure of
electron sharing among the atoms considered: the higher the MCI
value, the more aromatic the ring. MCI values were retrieved with the
ESI-3D program108 using the overlaps between the occupied
molecular orbitals obtained by AIMAll.109 The diradical and
tetraradical character have been calculated using the spin-projected
spin-unrestricted Hartree−Fock (PUHF) proposed by Yamaguchi110

(see more details in the Supporting Information).
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