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ABSTRACT: Singlet fission (SF) materials have the potential to
overcome the traditional external quantum efficiency limits of
organic light-emitting diodes (OLEDs). In this study, we
theoretically designed an intramolecular SF molecule, 5,5'-
bitetracene (SSBT), in which two tetracene units were directly
connected through a C—C bond. Using quantum chemical
calculation and the Fermi golden rule, we show that S5BT
undergoes efficient SF induced by geometry relaxation in a locally
excited singlet state, '(S,S;). Compared with another high-
performing SF system, the tetracene dimer in the crystalline
state, SSBT has advantages when used in doped systems owing to
covalent bonding of the two tetracene units. This feature makes
SSBT a promising candidate triplet sensitizer for near-infrared
OLEDs.

B INTRODUCTION

Singlet fission (SF) is a nonradiative decay process that
generates two triplet excitons from one singlet exciton."”
Organic molecules that undergo SF potentially increase the
number of triplet excitons and are of great interest for
apphcatlons as triplet sensitizers for organic optoelectronic
devices.”~> Over the past decade, the triplet harvesting effect of
SF molecules has been applied to light-conversion devices,
such as photodetectors” and organic solar cells.* Recently, the
effect has been used to improve the exciton-generation
efficiency of near- infrared organic light-emitting diodes
(NIR-OLEDs).” Although NIR-OLEDs have attracted great
interest because of their potential apphcatlons to bioimaging,
telecommunication, and night-vision devices,"™® the external
quantum efficiencies (EQEs) of NIR-OLEDs remain low
compared with those of visible OLEDs.” Most NIR-OLEDs
contain phosphorescent molecules as emitters, and hence, their
EQE depends on the triplet harvesting efficiency of the host
materials. The use of an efficient SF molecule as a triplet host
can break the traditional limit of the EQE, increasing the
maximum potential to 125%. Furthermore, by incorporating a
thermally activated delayed fluorescence molecule, the
maximum potential EQE may be improved up to 200%.
However, studies of SF-based NIR-OLEDs have been limited
partially because there are few available SF materials suitable
for triplet sensitizers in NIR-OLEDs.

Among these few SF materials, tetracene (Tc) is one of the
most commonly studied SF molecules””” ™" and its
derivatives undergo SF. Examples of Tc-based SF molecules
include S,12-diphenyltetracene,'®'” rubrene,'®™** and linked
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Tc molecules.”* % T, S,12-diphenyltetracene, and rubrene
have intermolecular SF, whereas linked Tc molecules have
inter- and intramolecular SF. Although Tc derivatives have
high SF efficiency, the performance depends on the relative
geometry of the two interacting Tc’s. From the viewpoint of
device fabrication, molecules that have intramolecular SF are
advantageous because SF materials are often used in an
amorphous state and/or mixed with other materials in devices.

In a previous study, based on quantum chemical calculations
and the Fermi golden rule, we theoretically investigated
structure—property relationships in the intramolecular SF rates
of several Tc-based molecules.” We found that the SF rate of
para-phenylene-linked bis(ethynyl tetracene) largely depends
on the torsion angle between the two Tc units. In this study,
we theoretically designed a 5,5'-bitetracene (SSBT, Figure 1),
in which two Tc units are directly linked by a C—C bond. The
torsion angle between the Tc units is expected to be a large
well-defined value because of steric repulsion between
hydrogen atoms bonded to 4/6 and 4'/6’ carbon atoms
(Figure 1). Hence, SSBT is a prototypical molecule for studies
of intramolecular SF. However, despite the simple molecular
structure without any covalent linker and substituent, intra-

Received: October 1, 2020
Accepted: November 17, 2020
Published: December 1, 2020

https://dx.doi.org/10.1021/acsomega.0c04809
ACS Omega 2021, 6, 2638—2643


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Katsuyuki+Shizu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chihaya+Adachi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hironori+Kaji"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.0c04809&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04809?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04809?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04809?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04809?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04809?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/6/4?ref=pdf
https://pubs.acs.org/toc/acsodf/6/4?ref=pdf
https://pubs.acs.org/toc/acsodf/6/4?ref=pdf
https://pubs.acs.org/toc/acsodf/6/4?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c04809?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html

ACS Omega

http://pubs.acs.org/journal/acsodf

Figure 1. Chemical structure of SSBT with an atom labeling scheme
for carbon atoms and ball-and-stick representation of the optimized
'(S4S,) geometry of SSBT calculated at the TD-wB97X-D/6-31G(d)
level of theory. The pink arrow shows the torsion angle between the
two Tc units.

molecular SF in S5BT has not been investigated. Furthermore,
as far as we are aware, there have been no reports describing its
synthetic routes and photophysical, electrochemical, and
thermodynamic properties. Toyota et al. reported that they
failed to synthesize S5BT but successfully obtained S5BT
derivatives by introducing triisopropylsilylethynyl groups into
the 12 and 12’ carbon atoms.

B RESULTS AND DISCUSSION

Figure S1 compares optimized '(SyS,), '(SoS;), and *(T,T,)
geometries of SSBT with optimized Sy, S;, and T, geometries
of the isolated Tc. The method of geometry optimization is
described in detail in the Computational Methods section.
From the calculated C—C bond lengths (Figure S1), in the
'(SoSe)—>(T,T;) geometry, the individual Tc units have
character of the S)/T, geometry of the isolated Tc. In the
'(SoS;) geometry, one of the Tc units has the character of the
So geometry of the isolated Tc, whereas the other has the
character of the S, geometry. The torsion angles were
calculated to be 89.7, 82.7, and 88.4° for the '(S,S,),
'(SeS;), and *(T,T,) geometries, respectively (Figure S1),
and their difference was at most 7°. Figure S2 shows a
complete energy diagram containing the '(S,S,), '(SoS;), and
5(T,T,) geometries. From Figure S2, the energy difference
between '(S,S,;) and (T, T,) largely depends on the molecular
geometry, whereas the energy difference between '(T,T;) and
>(T,T,) is smaller than kT at room temperature (26 meV),
irrespective of the molecular geometry (Table S12). Thus,
molecular geometry affects SF efficiency by varying the
'(SoS1)—"(T,T,) energy difference.

Figure 2 shows a state-energy diagram and transition rates
calculated at the '(S,Sy) and '(S,S;) geometries. We assume
that SF is initiated by photoexcitation of '(SyS,) at the '(S,S,)
geometry. Because the transition dipole moment between
1(S4So) and '(S,S,) is large (3.0478 debye, Table S7), it is
reasonable to consider that '(S,S,) is the initial excited state of
SF. After formation of '(S,S,) by photoexcitation, '(S,S;) will
be nonradiatively converted into '(SyS,), *(S,S,)’, or (T, T})
via internal conversion (IC). Alternatively, for a radiative
process, '(S,S;) will be converted into '(S,S,), resulting in
fluorescence. Calculated '(SpS,) — '(S¢So), '(SeS;) —
1(84S,)’, and (S,S;) = '(T,T,) nonradiative transition rates
and fluorescence rate were 1.8 X 10% 1.1 x 10'°, 2.7 x 107, and
1.4 X 10° s7!, respectively, and therefore, the '(S,S;) —
1(SeS;)’ excitation is the most probable interstate transition
among them. Another possible decay channel from '(S,S,) is
the geometry relaxation (vibrational relaxation) that deforms
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Figure 2. Energy—level diagram and transition rates (s™') calculated
at the '(SoS,) and '(S,S;) geometries. Dashed arrows show
nonradiative transitions; solid arrows show radiative transitions;
curved arrow shows geometry relaxation in '(S,S;).

the molecular geometry into the '(S,S;) geometry. Because the
typical frequency of molecular vibrations is 10'> to 10 s~'*!
and faster than the '(S,S,) — '(S,S,)’ transition rate, the
geometry relaxation is the dominant decay channel from
1(84S,). Some (S,S;) can be excited to '(S,S,)” and further
excited to !(T,T,). However, because calculated (S,S;)’ —
1(S,S;) and '(SyS;)" — (T, T,) rates are 2.5 X 10"" and 3.4 X
10" 57!, respectively, even though '(S,S;)’ is generated, only
approximately 10% of '(S,S;)’ is converted into '(T,T)).
Hence, at the '(S,S,) geometry, geometry relaxation mainly
occurs and SSBT does not undergo efficient SF via the '(S,S,)
— YT,T,) nor *(SpS;) = '(S¢S;)" — '(T,T,) transitions.

After SSBT deforms to the '(S,S;) geometry, '(SyS;) can be
nonradiatively converted into '(SyS,) or '(T,T,) or radiatively
converted into '(SyS,). Calculated (S,S;) — '(SyS,) and
1(84S,) = '(T,T,) nonradiative transition rates and '(S,S,) —
1(S4S,) radiative transition rate were 1.6 X 107, 8.4 X 10'°, and
7.8 X 10% 57!, respectively (Figure 2). The '(S,S;) = '(T,T,)
nonradiative transition rate is several orders of magnitude
faster than the other rates and is the dominant transition
pathway from '(S,S;). The calculated *(S,S;) — *(T,T,) rate
of 8.4 X 10" s7! is comparable to that calculated for crystalline
Tc* (1.7 x 10" s7') but one-order of magnitude smaller than
that calculated for a para-phenylene-linked Tc dimer™ (2.1 X
10'* s7"). The energy difference between '(T,T,) and *(T,T,)
was calculated to be 7 meV, which is smaller than kgT at the
room temperature (26 meV). Hence, if the '(T,T,) —
S(T,T,) conversion rate is faster than the '(S;S;) = '(S4So)
radiative transition rate (7.8 X 10% s7'), 3(T,T,) is produced
efficiently. The °(T,T,) formation is followed by geometry
relaxation that changes the molecular geometry into the
3(T,T,) geometry, at which the '(T,T,) lies 641 meV lower in
energy than '(S,S;) (Figure S2). The large '(T,T;)—"(S,S,)
energy difference results in a small '(T,T;) — '(S,S;) rate of
1.6 X 10° s7' at the °(T,T,) geometry, and therefore, even
though '(T,T,) is generated from *(T,T,), '(T,T,) does not
convert back into !(S,S,).

The above SF scenario of 5SBT is summarized as follows. (i)
After photo-excitation of '(S,S,), the molecular geometry
relaxes to the '(SyS,) geometry. (i) The '(S,S;) — '(T,T,)
transition occurs efficiently, followed by (T, T,) — (T,T,)
owing to the very small energy gap of 7 meV between the two
(the energy gap is always small irrespective of the geometry,
see Figure S2). (iii) The molecular geometry relaxes to the
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3(T,T,) geometry and finally 3(T,T,) splits into two T| states.
Here, we discuss the reasons for the fast '(S,S,)—'(T,T,) IC
rate (3.5 X 10" s7') at the '(SyS,) geometry from the
viewpoint of vibronic coupling. Figure 3 shows calculated V,,
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Figure 3. V,, P,, and rc,, vs wavenumber plots for the '(SoS,) —
'(T,T,) transition calculated at the stable '(S,S,) geometry.
Wavenumbers of the vibrational modes designated by arrows are
108 and 129 cm™": four-ring out-of-plane bending (108 cm™); ring—
ring in-plane bending (129 cm™).

P,, and ric,, versus wavenumber plots for the transition (the
description of vibrational modes follows that used by Mackie et
al.*®). SF is promoted by vibrational modes, for which the "1Cm
values are large. From eq 1, ryc, is large when the product of
V,,’P,, is large. Because P, is large for wavenumbers 0—400
cm™!, the vibrational modes for wavenumbers <400 cm™
mainly activate the '(S,S,)—'(T,T,) IC (Figure 3). The sum
of rc,, of the vibrational modes for wavenumbers <400 cm™!
was calculated to be 2.7 X 10* s7!, which accounts for 79% of
the total IC rate of 3.5 X 10" s7'. The largest and second
largest ¢, correspond to the low-frequency modes (129 and
108 cm_i). The trend that low-frequency modes activate
1(8pS;)—"(T,T,) IC is same as that observed for crystalline Tc.

Next, we discuss the reason for the large V,, values of SSBT.
As previously reported,’”** V, values are large when the
spatial overlap (p) between the wave functions of '(S,S;) and
'(T,T,) is large. Figure S4 shows the highest occupied
molecular orbital (HOMO), lowest unoccupied molecular
orbital (LUMO), HOMO — 1, and LUMO + 1 of the
Hartree—Fock determinant calculated at the stable '(S,S,)
geometry based on the RAS-2SF(4,4)/6-31G(d) method.
Reflecting the broken symmetry of the '(SyS;) geometry, the
HOMO, LUMO, HOMO — 1, and LUMO + 1 are localized
on one of the Tc units. One would expect that the p
distribution would be localized because of the localized
HOMO, LUMO, HOMO - 1, and LUMO + 1. However,
unexpectedly, the p distribution is largely delocalized over the
two Tc units (Figure SS). This is because '(T;T;) is mainly
expressed in terms of double electron excitations between the
Tc units (e.g., PHomo- T Honior see Table $8): the HOMO — 1
— LUMO excitation is a single electron excitation from the left
to the right Tc, whereas the HOMO — LUMO + 1 excitation
is single electron excitation from the right to the left Tc. In this
sense, '(T,T;) can be viewed as having a charge transfer

2640

character. Because p is largely distributed, various vibrational
modes have strong vibronic coupling (Figure 3).

The triplet energy of SSBT is important when SSBT is used
as a triplet-exciton sensitizer for phosphorescent emitters. If
the triplet energy of S5BT is too low, phosphorescent emitters
that can accept the triplet energy are limited and SSBT would
be useless as a triplet-exciton sensitizer even if SSBT showed
efficient SF. Since SSBT has two Tc units, there is a possibility
that the triplet energy of SSBT is largely lowered compared
with Tc because of the 7-conjugation over the two Tc units.
To exclude the possibility, we calculated the triplet energies of
SSBT and Tc (Supporting Information). SSBT was found to
have a triplet energy (1.26 eV, 983 nm) comparable to that of
Tc (1.29 eV, 963 nm), suggesting that the 7-conjugation has
little influence on the triplet energy.

B CONCLUSIONS

From the restricted-active-space double spin-flip (RAS-2SF)
calculations and the Fermi golden rule, we theoretically
designed a promising intramolecular SF candidate, SSBT. We
predict that SSBT undergoes efficient '(T,T,) formation after
geometry relaxation to the stable '(SyS;) geometry. The largely
twisted structure of the SSBT promotes a very fast '(SyS,) —
'(T,T,) transition rate based on both the small
'(SS;)—'(T,T,) energy difference and the large vibronic
couplings at the '(SyS;) geometry. The calculated '(S,S;) —
(T, T,) transition rate of SSBT is comparable to that of the Tc
dimer in the crystalline state, suggesting that the directly
connected structure of SSBT is advantageous for realizing
efficient intramolecular SF. SSBT is a promising triplet-
sensitizing SF molecule for developing SF-based NIR-OLEDs.

B COMPUTATIONAL METHODS

To investigate the SF mechanism of SSBT using the Fermi
golden rule, we consider the following electronic states: (1) the
singlet ground state, '(S,Sy); (2) two singlet excited states
mainly expressed in terms of singly excited electronic states,
'(S4S1) and '(S,S;)’, where (SyS;)" lies higher in energy than
'(S4S1); (3) the singlet excited state mainly expressed in terms
of doubly excited electronic states and denoted the correlated
triplet pair, '(T,T,); and (4) the quintet state, >(T,T,). First,
we used density functional theory (DFT) and time-dependent
DFT for geometry optimization and frequency analysis of
'(S6S0), '(SeS1), and *(T,Ty): for '(S,S,) and *(T,T,), the
®wB97X-D/6-31G(d) and UwB97X-D/6-31G(d) methods
were used, respectively; for '(S,S;), the TD-wB97X-D/6-
31G(d) method was used.”® Second, for the respective
optimized geometries, the multiexcitonic states, including
1(86S0), 1(S6S1), *(S0S,)’, and (T, T,), were calculated based
on a configuration interaction approach called the RAS-2SF
method for four electrons in four orbitals™ [denoted as
RAS(4,4)-2SF/6-31G(d)]. A detailed description of the
geometry optimization and RAS-2SF calculation are given in
Supporting Information. The geometry optimization and
frequency analyses were performed with the Gaussian 16
program package™ and the RAS-2SF calculations were
performed with a code written by Casanova implemented in
the Q-Chem program package.*® The methods of the quantum
chemical calculations are described in detail in the Supporting
Information. In the previous work, SF properties were
calculated only for a '(S,S,) geometry.39 Hence, if a molecule
is largely deformed during SF, the previous method would give
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unreliable SF rates. To consider effects of geometry
deformation on SF properties, in this work, SF rates are
calculated for '(S,S,), '(SeS;), and *(T,T,) geometries.

The nonradiative and radiative transition rates were
calculated with the RAS(4,4)-2SF/6-31G(d) wave functions
and the Fermi golden rule. The method of calculating the
nonradiative transition rates has been described in detail
elsewhere,” and their validity has been demonstrated for
intramolecular and intermolecular SF rates.’”** The IC rate
(ric) for an interstate transition can be written as the sum of
contributions from all the individual vibrational modes: rc =
Zﬂlerlc,m, where M is the total number of vibrational modes.
f1c,, can be expressed as

2

= - P
ol -E (1)
v, = <q>f 90y q>i>
" o, 2)
p = sinh(lﬂhwm) 3 exp{—(i + vm)ﬂhwm}

2 = 2
X {v,D(AE + hw,) + (v, + 1)D(AE — hw,,)}
(3)

where the suffixes i and f denote the initial and final states,
respectively; the suffix m denotes the mth vibrational mode; V,,
denotes the vibronic coupling between the initial and final
states owing to the mth vibrational mode; @' and ®f denote
electronic wave functions of the initial and final states
calculated using the RAS(4,4)-2SF/6-31G(d) method, respec-
tively; U,, denotes the electron—nucleus potential, and Q,,
denotes the normal coordinate of the mth vibrational mode; E
— E. denotes the Franck—Condon energy difference between
the electronic energies of the initial and final states; AE also
denotes the energy difference between the initial and final
states but calculated from corrected RAS(4,4)-2SF/6-31G(d)
energies’** (the method of the calculating corrected energies
is described in the Supporting Information);  denotes the
inverse temperature (87! = kT, where kg is the Boltzmann
constant and T is the temperature); and ®,, and v,, denote the
angular frequency and vibrational quantum number of the mth

vibrational mode, respectively; D(x) = %%},z denotes the
X

Lorentzian distribution function (y = fwhm/2 and fwhm = 600
cm™") describing dephasing effects owing to interactions with
surrounding molecules in the solid state.”” The parameter P,
contains information regarding the density of the final
vibrational states. Equation 3 assumes the harmonic approx-
imation for vibrational modes and same mode approximation.
Under the assumptions, the radiative transition rate (r,,: em

4o 247

an Hie 1 where

denotes emission) can be expressed as r,,, =

f i

e e

Wy = and p; are the transition dipole moment between

the initial and final states. @, and p; are calculated by the
RAS(4,4)-2SF/6-31G(d) method.
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'(SpS;) with respect to normal coordinates of SSBT
calculated at the stable '(S,S;) geometry; And
calculation method of the T, energies of SSBT and Tc
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