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Singlet exciton fission (SF) is believed to have the potential to break the Shockley—Queisser limit for third-
generation solar cell devices, so it has attracted great attention. Conventional linear acene based SF
materials generally suffer from low triplet energy and poor photostability. We report herein two
flavanthrene derivatives, EH-Fla and TIPS-Fla, as new photostable singlet exciton fission materials. These
N-doped two-dimensional angular fused acenes have three sets of aromatic Clar sextets, making them
significantly more stable than linear acenes with only one sextet. Time-resolved spectroscopy
characterization reveals that the SF process occurs in the polycrystalline films of EH-Fla and TIPS-Fla,
with maximal triplet yields of 32% and 159%, respectively. The SF processes of these two molecules are

mediated by excimer states. In EH-Fla, the low-lying excimer prevents the SF process from occurring
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Accepted 14th July 2022 effectively, resulting in a low triplet yield. In contrast, the excimer state in TIPS-Fla is mixed with strong

CT coupling, which prompts efficient SF and results in a high triplet yield. Our results show that

DOI: 10.1038/d25c00263a flavanthrene is a promising SF chromophore for photoenergy conversion applications, while a fine-tune
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Introduction

Singlet exciton fission (SF) is a spin-allowed multi-exciton
generation process, in which one high-energy singlet exciton is
transformed into two or more low-energy triplet excitons.' SF
was first discovered in anthracene crystals in 1965,* but the
interest in SF did not renew until its application potential in
photon energy conversion was unveiled in the recent decade.
With multi-exciton generation capability, SF is believed to have
the potential to break the 33% Shockley—Queisser limit by
overcoming thermalization losses in third-generation solar cell
devices.>® However, the practical applications of SF materials
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of the intermolecular interaction is crucial for achieving high SF efficiency.

are greatly hindered by the limited availability of suitable
materials.”"* Extensive efforts have been made to develop
highly efficient SF materials and to understand their photody-
namic properties.

The basic energetic requirement for SF to occur is that the
singlet exciton energy (S,) is greater than or approximately equal
to twice the triplet exciton energy (T;)."* Importantly, intermo-
lecular interaction between neighbouring chromophores in
a solid-state plays a crucial role, as SF relies on appropriate
electronic coupling for fast and effective energy and spin
exchange to take place.”** Previous investigations into typical SF
chromophores, such as pentacene, tetracene, perylenediimide,
terrylenediimide, and diketopyrrolopyrrole, have revealed that
the SF behaviours are strongly dependent on their molecular
packing.*** Therefore, clarifying the influence of intermolec-
ular packing on the SF process in molecular aggregates and
understanding the correlation between intermolecular packing
and photodynamic behaviours is critical for realizing effective
SF materials.

For practical applications, an ideal SF material also needs to
meet several other criteria, including high SF yield, high triplet
energy, strong light absorption capacity and excellent photo-
stability.® To date, the most widely studied candidates for SF are
still acenes and their derivatives, because of their high triplet
yield and well-studied triplet behaviours.**** However, linear
acenes, such as pentacene, generally suffer from low triplet
exciton energy (0.86 eV) and poor photostability. Developing

© 2022 The Author(s). Published by the Royal Society of Chemistry
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new photo-stable SF materials with appropriate triplet exciton
energy is of great importance for the design of ideal SF mate-
rials. One of the common strategies for improving the photo-
stability of acenes is to lower the frontier molecular orbitals by
introducing electron-withdrawing groups, such as diimide
groups.*»* Besides, we have demonstrated that hetero atoms
containing pentacenes are more stable than pentacenes, and
their SF properties can be adjusted by changing the position
and number of the nitrogen atom.?*® The low triplet energies
of the acenes can be attributed to their migratory Clar's sextets
resulting in large localized diradical character, which compro-
mises chemical stability.”® Therefore, increasing the number of
Clar's sextets could be an efficient way to obtain stable SF
materials, as more Clar's sextets can reduce the diradical
character of the acenes and modulate their triplet energy.***

Herein, we report the design of photostable SF materials
based on the flavanthrene structure, which has an N-doped two-
dimensional angular fused acene framework. Compared with
linear acenes, two-dimensional angular fused acenes have more
aromatic Clar's sextets, making them significantly more stable
than linear acenes with only one sextet.*** Meanwhile, N-
doping can raise the ionization potential of the system, making
the molecular less susceptible to oxidization.**®* When the
number of benzene rings is the same, the bandgap of the
angular fused structure is higher, thereby raising the energy of
the singlet exciton.** Meanwhile, when nitrogen atoms are
introduced, the molecular energy levels can be adjusted by the
number and position of nitrogen atoms.***"*® Within the scope
of our knowledge, there has been no report of two-dimensional
angular fused acenes with SF properties to date. We demon-
strate that two soluble flavanthrene derivatives exhibit strong
photoabsorption and excellent photostability. Photodynamic
investigation of their exciton behaviours reveals a strong
dependence of SF efficiency on their intermolecular interac-
tions in their crystals.

Results and discussion

Herein, we synthesized two soluble flavanthrenes, EH-Fla and
TIPS-Fla, which have 2-ethylhexyloxy and triisopropylsilyla-
cetylene (TIPS) units as the soluble side groups (Fig. 1). The
calculations, based on density functional theory (DFT) and
time-dependent dense functional theory (TD-DFT), indicate
that the triplet exciton energies (T;) are 1.38 eV (EH-Fla) and
1.15 eV (TIPS-Fla), and the singlet exciton energies (S;) are
2.48 eV (Fla-EH) and 2.3 eV (TIPS-Fla). From the calculations,
the S; energies of both molecules are approximately equal to
twice their T;, which meets the energetic requirements for SF
to take place.

The single-crystal structure of EH-Fla was grown in chloro-
form by slow solvent evaporation. The crystal form is mono-
clinic in the P2,/c space group, in which EH-Fla has a slip-
stacked dimeric structure with a 3.31 A - distance. The single
crystal of TIPS-Fla has been reported in our previous research,*”
which is in the C2/c space group with a 3.38 A - distance. The
molecular scaffold of TIPS-Fla is nearly a plane, only slightly
distorted due to the steric interaction between the TIPS groups

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemical structure of EH-Fla (a) and TIPS-Fla (b), and the red
circle represents Clar's sextets. Crystal structures of EH-Fla (c) and
TIPS-Fla (d). EH-Fla dimer (e) and TIPS-Fla dimer (f) extracted from the
crystal structures.

and neighbouring flavanthrene cores. The molecules in the
dimer are asymmetrically staggered due to the large steric
hindrance of TIPS units.

EH-Fla can be spin cast into thin films due to its good
solubility. We cast the EH-Fla thin films on quartz and then
annealed them at 100 °C for 30 min to improve crystallinity. The
TIPS-Fla films were deposited on quartz using a home-made
vacuum-tube furnace. The natural aggregation in the films was
characterized by grazing-incidence wide-angle X-ray scattering
(GIWAXS). The in-plane and out-of plane line cuts from GIWAXS
were compared with the simulated powder patterns, as shown
in Fig. S1.f The diffractograms obtained by GIWAXS resemble
the simulated powder pattern, which implies that the inter-
molecular interactions observed in the thin film are similar to
those in the single-crystal structure.

The ultimate goal of exploiting SF-capable materials is to
access triplet states without sacrificing chemical stability. The
ambient stability of flavanthrene was compared with that of
TIPS-tetracene and TIPS-pentacene. From Fig. S2,7 we can see
that both TIPS-tetracene and TIPS-pentacene almost decom-
posed completely after about 8 hours under 18 W UV lamp
irradiation. In contrast, after 80 hours of UV irradiation, the
absorption of EH-Fla and TIPS-Fla solutions remained at 92%
and 99%, respectively. Meanwhile, EH-Fla and TIPS-Fla also
exhibited excellent stability in films and their absorption
remained above 95% after 80 hours of UV irradiation (Fig. S37).

Fig. 2 shows the absorption spectra of EH-Fla and TIPS-Fla in
dichloromethane solution. Compared to EH-Fla, the absorption
of TIPS-Fla is bathochromic shifted by approximately 35 nm,
which is attributed to that the TIPS groups expand the -
conjugation of the flavanthrene skeleton via the triple bonds.
The S; of EH-Fla and TIPS-Fla in solution is 2.4 eV and 2.24 eV
respectively, which is estimated from the absorption and
emission spectra in dichloromethane solutions. Rao et al.
indicated that strong absorption is needed for the application of
SF sensitized solar cells to reduce device thickness and mitigate
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Fig. 2 Steady-state absorption (solid lines) and emission spectra
(dashed lines) of dilute solutions (blue) and polycrystalline films (green)
of EH-Fla (a) and TIPS-Fla (b).

problems with triplet diffusion.® Both EH-Fla and TIPS-Fla show
strong absorption in the visible region and the molar extinction
coefficient of TIPS-Fla reaches almost 10° M~ cm ™" (Fig. S47),
higher than most reported SF materials.

Phosphorescence spectra of EH-Fla and TIPS-Fla in solution
are almost the same (Fig. S51), suggesting that the side chains
have little effect on the triplet energy. The T, energies of EH-Fla
and TIPS-Fla are both estimated to be around 1.08 eV from their
phosphorescence spectra, slightly lower than that predicted
using TD-DFT calculations. The measured S; is approximately
equal to twice the T, in solution, confirming that both EH-Fla
and TIPS-Fla meet the energetic conditions for SF.

It is known that the intermolecular interactions, particularly
long-range Coulomb coupling and short-range charge-transfer
(CT) between chromophores, play important roles in their
exciton behaviours.®® Based on a simplified Kasha's model,
long-range Coulomb coupling induced packing mode between
chromophores is usually described as J- and H-aggregates.*®
Kasha originally defined two kinds of aggregation through the
relative orientation of transition dipole moments (#). The
“head-to-tail” orientations (§ = 0) give rise to J-aggregates,
while “side-by-side” orientations (§ = 7/2) lead to H-aggregates.
H-aggregates are characterized by a spectral blue-shift with
diminished ratios of the first and second vibronic transitions
(Ap-0/Ap-1) relative to the monomers, while the J-aggregate shows
a spectral redshift with an increased A,_¢/4o_1 ratio.?*>°

The 6 value of EH-Fla is calculated to be 42° based on its
crystal structure, which is roughly in the middle range between
0° and 90°, so it is expected that it may exhibit both J and H
characteristics. The absorption spectra of EH-Fla in solutions
and thin films are compared in Fig. 2. In solution, the 0-
0 transition of EH-Fla is found at 514 nm as the strongest
absorption peak. In the thin film, the 0-0 transition is barely
observed at 536 nm as a shoulder. The 22 nm red-shift from the
monomer state to the aggregated state suggests a J-aggregation
characteristic. Meanwhile, the A, (/4,_; ratio of EH-Fla in solu-
tions is around 2.47, which is drastically decreased to 0.6 in the
thin film, showing a significant H-aggregation characteristic.

The 6 value for TIPS-Fla is 68°, higher than that for EH-Fla.
From the 6 values, one may expect stronger H-aggregation
characteristics of TIPS-Fla than EH-Fla, but the absorption
spectra suggest strong J-aggregation characteristics of TIPS-Fla.
First, TIPS-Fla shows a strong 0-0 absorption peak in the thin
film, which has the highest absorbance in the whole spectral
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range. The 0-0 transition in the film is bathochromic for 44 nm
compared to its solution spectrum. Both strong absorption and
the significant red-shift of the 0-0 absorption are consistent
with J-aggregation characteristics. Meanwhile, the Ay_o/4o-; of
the TIPS-Fla film is 1.06, which is also reduced compared to the
monomer Ay ¢/Ao-; in solution (2.47), showing a weak H-
aggregation characteristic. As discussed above, Fig. 2 indicates
that TIPS-Fla exhibits much stronger J characteristics in the thin
film than EH-Fla, which indicates that other strong intermo-
lecular interactions besides Coulomb coupling are playing
a dominating role in the crystal of TIPS-Fla.

From the crystal structures, the inter-plane distances of both
molecules are about 3.3 A, indicating strong -7 interaction.
This tight arrangement induces significant orbital overlap with
neighbouring molecules, resulting in non-negligible CT
coupling.” The calculation method for the CT coupling is
shown in the Theoretical calculation section of the ESL.{ The CT
coupling of EH-Fla and TIPS-Fla is —1435 cm™ ' and —5153
em™ ', respectively, which indicates that the CT coupling effect
in TIPS-Fla is dramatically stronger than that in EH-Fla.
Previous studies have pointed out that a negative CT coupling
will lead to a red-shifted absorption peak and an increase in the
Ap-o/Ag-; ratio.®®* It is reasonable to attribute the apparently
stronger J characteristics of TIPS-Fla observed in the absorption
spectra to its significantly more negative CT coupling than that
of EH-Fla.

Compared to the fluorescence in solution, the thin film
fluorescence of EH-Fla and TIPS-Fla is significantly red-shifted
and featureless, which indicates the existence of an excimer.
The fluorescence quantum yields of EH-Fla and TIPS-Fla in
solution are 64% and 82%, respectively. The fluorescence
quantum yield of EH-Fla film is very low (~0.1%), and the
fluorescence lifetime is 1.36 ns. The TIPS-Fla film shows
a higher fluorescence quantum yield (2.06%) than EH-Fla, and
the fluorescence lifetimes are 0.4 ns (89%) and 2.66 ns (11%)
from a bi-exponential fit. The fluorescence quantum yields of
the two samples in the films are significantly lower than those
in the solutions, indicating that there are other decay pathways
in the films.

The different electronic coupling properties of EH-Fla and
TIPS-Fla are expected to have a strong impact on their photo-
physical behaviours. We then investigated the excited state
dynamics of the two compounds in both solution and solid
states through femtosecond transient absorption spectroscopy
(fs-TA). First, the fs-TA spectra of EH-Fla and TIPS-Fla in dilute
dichloromethane solutions is shown in Fig. S6.f The singlet
exciton lifetimes of EH-Fla and TIPS-Fla are 3.34 ns and 1.93 ns
respectively. No evidence of long-lived species is in their solu-
tions, indicating that triplet formation associated with inter-
system crossing is neglectable.

The fs-TA spectra of EH-Fla and TIPS-Fla thin films were
acquired by exciting the samples at 400 nm with an excitation
energy of about 0.2 pJ. Fig. 3 shows the dynamic curve at
different wavelengths and evolution-associated spectra (EAS) of
both films. The fs-TA spectrum of EH-Fla (Fig. 3a) at early times
exhibits ground-state bleaching (GSB) from 450 to 550 nm,
which is consistent with the steady-state absorption (Fig. 2). The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a—c) fs-TA spectra at different delay times, the dynamic curve at different wavelengths and the evolution-associated spectra obtained

through global fitting of EH-Fla. (d—f) fs-TA spectra at different delay
associated spectra obtained through global fitting of TIPS-Fla.

excited-state absorption (ESA) features from 580 to 750 nm,
which are broadened compared to those in solution (Fig. S6at).
At later times, a new ESA appears at 520-540 nm overlapping
with GSB, indicating that a new species was generated. The fs-
TA spectrum of TIPS-Fla (Fig. 3d) shows GSB from 450 nm to 650
nm and ESA at 650-750 nm at the beginning. At later times,
a new spectral feature emerged at 540 nm overlapping with GSB.

The evolution-associated spectra (Fig. 3c and f) were ob-
tained from the Glotaran program.*’ The fs-TA spectrum of EH-
Fla is best fitted to a three-species sequential A - B — C — GS
model (details shown in the ESIf). For EH-Fla (Fig. 3c), the
initial state A shows a broad, featureless ESA signal. The near-
infrared fs-TA is shown in Fig. S9.f The ESA signal of EH-Fla
between 850 nm and 950 nm is part of the broad peak in the
visible region. It is known that transient absorption spectra of
aromatic excimers typically present as broadened, featureless
absorptions in the visible region.'”*~* Therefore, state A indi-
cates excimer state formation within 200 fs. Previous discus-
sions of aromatic excimers have identified a two-step
mechanism, which suggests that a relaxed excimer state is
generated from a non-relaxed or hot excimer state.**** State B
forms in 145 = 26.5 ps and shows an increasing ESA signal,
which is assigned as a structural relaxation process to form
arelaxed excimer geometry.** State B then decays to form state C
in 7g_,c = 463 ps. State C is assigned to a triplet pair which is
discussed below and in the ESI (Fig. S13 and S14t). The nano-
second transient absorption (ns-TA) spectra of EH-Fla are pre-
sented in Fig. S14,1 which gives the lifetime of state C as 176.3
ns with a single-exponential decay.

The fs-TA spectrum of TIPS-Fla is best fitted using a two
species sequential A — B — GS model (details shown in the
ESIf). For TIPS-Fla (Fig. 3f), state A shows a broad and
featureless ESA signal above 650 nm, which extends to around
1000 nm (Fig. S9t), suggesting the presence of an excimer
feature in state A. State B evolves from an excimer in 7, .5 = 500
ps, which is assigned to a triplet pair. The ns-TA spectra
(Fig. S14b and dt) indicate that the lifetime of state C is around
190.5 ns with a single-exponential decay.

© 2022 The Author(s). Published by the Royal Society of Chemistry

times, the dynamic curve at different wavelengths and the evolution-

The triplet nature of state C of EH-Fla and state B of TIPS-Fla
is confirmed by a triplet sensitization experiment. Fig. S17af
shows that the spectrum of the triplet obtained from sensiti-
zation of EH-Fla matches well with the state C and ns-TA spectra
at 50 ns, indicating that the state C is a triplet exciton. In the
TIPS-Fla film, the spectra of the triplet from sensitization, state
B and ns-TA spectra at 98 ns show very similar spectral features,
confirming that the state B of TIPS-Fla is also a triplet exciton
(Fig. S17bt). Further analysis of the decay dynamics at different
temperatures reveals that the state C of EH-Fla and state B of
TIPS-Fla are triplet pairs (details shown in ESI Fig. S13 and
S147).

The triplet yields are calculated by the energy transfer
method, in which a suitable triplet sensitizer undergoes energy
transfer to the triplet state of the SF chromophore (details
shown in the ESI{).>° To evaluate possible thermal effects on the
transient spectra, we have measured the ns-TA spectra of thin-
film samples on sapphire and quartz substrates. The kinetic
decay curves obtained on different substrates show that the
kinetic process is not significantly different after 10 ns
(Fig. S18%), suggesting that the thermal effect on transient
spectra can be excluded. The triplet yields of TIPS-Fla and EH-
Fla are then calculated to be 159% and 32% at 4 ns, respectively.

As shown in the above spectra, excimers are observed in the
films of both compounds. Several previous studies have explored
excimer-mediated SF processes in concentrated pentacene solu-
tions, perylenediimide dimers, and films of diketopyrrolopyrrole,
terrylenediimide, and dipyrrolonaphthyridinedione.'®***> In
the excimer-mediated process, SF occurs in two steps. First, a fast
transition from the '(S;S,) state to the excimer intermediate.
Second, a slower transition from the excimer intermediate to
Y(T,T,) occurs using the CT state in a superexchange interac-
tion.” An excimer state can be defined as a linear combination of
Frenkel exciton and CT states.*®* An excimer with a significant
CT state contribution could drive the excimer to SF via enhancing
electronic coupling between the singlet state and triplet pair
states.*>*®* In this work, the CT coupling of EH-Fla and TIPS-Fla
is calculated to be —1435 cm™ " and —5153 cm™ ", respectively.

Chem. Sci., 2022, 13, 9914-9920 | 9917
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Table1 The energy of the singlet exciton (E(Sy)), triplet exciton (E(Ty)),
excimer (E(Ex)) and charge-transfer state (E(CT))

E(S)%/eV E(Ty)"/evV E(Ex)"/eV E(CT)/eV
EH-Fla 2.25 1.08 2.11 2.57
TIPS-Fla 2.06 1.08 2.0 2.18

“ Values obtained from the experiment on films. ? Values obtained from
the experiment on solution. ©Values obtained from theoretical
calculations.
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Fig.4 Jablonski-type diagram of the main kinetic model for EH-Fla (a)
and TIPS-Fla (b) in thin films. In the EH-Fla film, the excimer acts as
a trap, which competes with the SF process. SF in the TIPS-Fla film
occurs through an excimer-mediated mechanism with strong CT
coupling and a close CT energy.

The result indicates that the CT coupling effect in TIPS-Fla is
significantly stronger than that in EH-Fla, which is more favor-
able to drive the excited-state population escaping from the
excimer trap and promote an efficient SF process.

Meanwhile, excimer formation changes the free energy
landscape for SF, which is expected to lower the S; and CT
energy.*”” When the excimer, S; and CT states are close in energy,
it is favorable for the mixing of these states to promote SF.****°
The calculated results show that the CT state energies of EH-Fla
are 2.57 eV and 0.46 eV above the excimer (2.11 eV) (Table 1).
Such a high CT state of EH-Fla is unfavorable for SF to occur via
a superexchange interaction. Consequently, the low-lying exci-
mer state of EH-Fla acts as a trap state and inhibits SF, resulting
in a low triplet yield. In contrast, TIPS-Fla has a strong CT state
at 2.18 eV, which is very close to both the singlet (2.06 eV) and
excimer (2.0 eV) states and therefore is favorable for SF to occur

(Fig. 4).

Conclusion

In conclusion, we report a new molecular design strategy for
efficient and photostable SF materials, which is based on the N-
doped two-dimensional angular fused acene framework of fla-
vanthrene. Both EH-Fla and TIPS-Fla exhibit a triplet exciton
energy of 1.08 eV, strong light absorption capacity and superior
photostability. Meanwhile, intermolecular interactions strongly
affect the SF efficiency of the two derivatives. In the films of EH-
Fla, both weak CT coupling and high CT energy inhibit the
efficient occurrence of SF, resulting in a low triplet yield (32%).
In contrast, the strong CT coupling along with the suitable CT

9918 | Chem. Sci, 2022, 13, 9914-9920
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energy of TIPS-Fla can efficiently drive the excited-state pop-
ulation escaping from the excimer trap and promote a SF
process, resulting in a high triplet yield (159%). Further
improvement of the SF yield may be achieved by optimizing
molecular packing by fine tuning the structure of the side
groups and enhancing CT coupling. TIPS-Fla exhibits several
attractive features, including high SF efficiency, a high blue-
green light absorption coefficient, high triplet energy and high
photostability. The results of this study indicate that flavan-
threne-based chromophore is promising for SF-based photo
energy conversion applications.
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