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Abstract

The concepts of symmetry-controlled thermally activated delayed fluorescence (SC-
TADF) and inverted singlet—triplet (iST) structure are proposed. Molecules that can exhibit
SC-TADF or have an iST structure can be employed as a light-emitting molecule in organic
light-emitting diodes. The molecular symmetry plays crucial roles in these concepts since
they are based on the selection rules for the electric dipole transition, intersystem cross-
ing, and nonradiative vibronic (electron—vibration) transitions. In addition to the symmetry
conditions for the SC-TADF and iST molecules, the molecules should have small diagonal
and off-diagonal vibronic coupling constants for suppressing vibrational relaxations and
nonradiative vibronic transitions, respectively, and a large transition dipole moment for the
fluorescence process. Analyses using the vibronic coupling and transition dipole moment
densities are employed to reduce the vibronic coupling constants and to increase the transi-
tion dipole moment. The preferable point groups in the development of SC-TADF and iST
molecules are discussed on the basis of the ratios of forbidden pairs of irreducible represen-
tations. It is found that the existence of the inversion symmetry is preferable for designing
SC-TADF and iST molecules. On the basis of these guiding principles, we designed some
anthracene and pyrene derivatives as candidate iST molecules. Their electronic structures,

spin-orbit couplings, transition dipole moments, and vibronic couplings are discussed.
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1 Introduction

In recent years, light-emitting molecules have been studied intensively because of their applica-
tion for organic light-emitting diodes (OLEDs). !~ Although great progress has been made in
the field of OLEDs, high external quantum yield (QY) of OLEDs remains a subject of great
interest. According to spin statistics, singlet and triplet states are formed in a 1:3 ratio in
exciton formations; therefore, the maximum internal QY is limited to 25% in fluorescence
OLED:s. ' Phosphorescence OLEDs*> overcome this limitation by using mainly triplet exci-
tons, but achieving both long operational lifetime and high efficiency remains difficult. !~
Significant advances, however, have been made in thermally activated delayed fluorescence
(TADF) OLEDs, 1529 which also utilise both triplet and singlet excitons?'.

The TADF molecules should have a small energy gap AEgT between the first excited singlet
S and triplet T states to enhance intersystem crossing (ISC) with thermal excitation. The small
AEgt can be achieved by reducing exchange integrals. For this reason, the TADF molecules

are designed for a donor—acceptor system '°

so as to have a small overlap between the donor
and acceptor. 15.22 However, there exists a trade-off between the reduction in exchange interac-
tions and the enhancement of transition dipole moments (TDMs). To overcome this difficulty,
one should pay attention to other types of TADF molecules. For example, Sn—porphins > and
fullerenes 2323 have been reported to be TADF molecules, although they are not donor—acceptor
systems.

According to Kasha’s rule, a light-emitting state is the lowest excited state because of the
nonradiative transitions from the higher states.?%?’ For this reason, focus has usually been on
the S and T states as light-emitting states. However, it is well known that there exist exceptions
to Kasha’s rule?® (e.g., azulene?®). The dominant fluorescence process of azulene is not the
S1 — Sp transition but the So — Sy transition. Moreover, the photoluminescence quantum
yield (PLQY) is not so small (being ~20%),3*3? which is ascribed to suppressions of the
nonradiative decay S» — S caused by vibronic (electron—vibration) couplings.3? This suggests
that, as long as nonradiative vibronic transitions are suppressed, light emission from the higher
excited state can be expected.

A high molecular symmetry reduces the number of active modes for vibronic couplings
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between the higher and lower states because of their selection rules. Furthermore, if strengths
of the vibronic couplings can be reduced as well as the number of them, nonradiative processes
are suppressed because of weak vibronic couplings with the small number of active modes.
Accordingly, we can expect light emission from the higher excited state.

Let us consider a fluorescent S,, state that lies energetically close to a triplet state T, (m > 1,
n > 2; see Fig. 1) from which the electric dipole transition to any lower triplet state T, —
Ty (for all k; 1 < k < n) is symmetrically forbidden and from which the ISC T,, — S,, via
spin-orbit coupling is symmetrically allowed. Fluorescence is assumed to be observed from the
electric dipole transition from S,, to S; (m > [ > 0). In addition, from the view of efficiency, it
is preferable that the ISC S,,, — Ty is also assumed to be symmetrically forbidden. Under these
conditions, the ISC T,, — S,, occurs before emissions from T,,. The T, exciton generated by
electric excitation can transform into the S,, exciton without undergoing a fluorescence process
from T, to Ty. It should be pointed out that the formation of T, (n > 1) exciton is one of key
issue, but recently Ma et al. have published the experimental evidence that the hot T, excitons
are generated in the PTZ-BZP OLED 33,

The energy gap between S,, and T, is simply denoted as AEst = Es, — ET,. It should be
noted that, in the literature on TADF OLEDs, AEsT means the energy gap between S; and
T;. 1618 If AEgt is positive and small, TADF from the S,, exciton via the T, exciton with
thermal excitation can be expected irrespective of the values of the subscripts m and n. High
molecular symmetry can prohibit undesirable transitions, which results in fluorescence even if
the AEgt between S and T is somewhat larger than that for conventional TADE. We call this
new type of TADF a symmetry controlled TADF (SC-TADF). One of the advantages of this
approach is that the candidates are not restricted to donor—acceptor systems. Therefore, we can
overcome the trade-off between the reduction in exchange interactions and the enhancement of
TDMs.

In contrast, if AEgT is negative, triplet excitons can transform into singlet ones without
thermal excitation. We call the electronic structure with a negative AEgt an inverted singlet-
triplet (iST) structure. Contrary to the TADF molecules of the donor—acceptor type, SC-TADF

or iST molecules can have a large TDM between the S,, and S; states. However, the TDM of a
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TADF molecule based on the donor—acceptor model ' is inevitably small, because of the small
overlap density between S; and Sg to reduce the exchange integral and, therefore, the small
AEgt. In this article, we report the principle for designing SC-TADF and iST molecules based
on selection rules and apply it to the anthracene and pyrene derivatives shown in Fig. 2.

In addition to use of selection rules, the suppression of vibrational relaxations and nonra-
diative vibronic transitions S,, — S; and T,, — Ty 1s required. Large vibrational relaxations
cause small Franck—Condon factors, which lead to suppression of radiative transitions. Strong
internal conversions can lower PLQY and ELQY. The vibrational relaxations and internal con-

versions are caused by vibronic couplings343

or electron—phonon couplings, and their mag-
nitudes are given by vibronic coupling constants (VCCs). Even if the selection rules are fully
employed, there always exist vibronically active modes such as totally symmetric modes for
diagonal VCCs. Therefore, vibrational relaxation and nonradiative vibronic transitions via such
active modes should be suppressed as much as possible. In other words, the VCCs should be
reduced as well as the number of active modes. The VCCs can be analysed in terms of the
vibronic coupling density (VCD).36-38 The TDM, which is a factor in the fluorescence rate, can
be represented in density form as the transition dipole moment density (TDMD).3® We have
successfully applied the VCD and TDMD analyses to anthracene chlorides to explain their
PLQYs*. Therefore, the validity of these analyses have been confirmed. The combination of
the VCD and TDMD analyses helps us to reduce VCCs and increase TDMs, respectively. We
have succeeded in controlling the VCCs and TDMs using VCD and TDMD analyses: PLQY
for 1b (see Fig. 2) was measured to be 96%.4! As examples of the VCD and TDMD analyses,
we discuss 2 and 2a (see Fig. 2) in the Electronic Supplementary Information (ESI).

In this article, we present a principle for designing SC-TADF and iST structures by con-
sidering symmetry and using VCD and TDMD analyses. We designed anthracene and pyrene
derivatives 1la—1c and 2a—2e as iST molecules (Fig. 2). In Section 2.1, we present the selection
rules for electric transition dipole moment and spin-orbit coupling. The preferable point groups
are discussed in Section 2.2, with a focus on the selection rule of the D,; point group. The
selection rules of the point groups D3, and Dy, are mentioned in Section S1 of the ESI. The

VCD and TDMD concepts are described in Sections S2 and S3 of the ESI, respectively. The
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calculation methods are described in Section 3. The electronic structures of these candidates are
discussed in Section 4.1 for the anthracene derivatives and in Section 4.2 for the pyrene deriva-
tives. The definition of fundamental structure is given in Section S4 of the ESI. The VCD and
TDMD analyses for pyrene 2 and its derivative 2a are expounded in Section S5 of the ESI. Their

oscillator strengths are discussed in Section 4.3. We summarise the present study in Section 5.

2 Theory

2.1 Selection rules

For simplicity, we assume that / =0, m = k = 1, and n = 2, hereafter. We denote singlet
wavefunctions as Ws,, Ws, and triplet wavefunctions as W'r,, Wr,. They belong to I's,, I's,,
I'r,, and I'r, irreps, respectively.

The TDM is given by

I‘LSI—>S0 = <1PS1“‘A1'|1P50>7 (D)

where fl is the electric dipole moment operator. The TDM between the T, and T states is also
defined by the same expression as Eq. (1).

We consider the one-electron term of the spin-orbit coupling as the origin of the ISC.4?
The spin-orbit integral is defined by the matrix element of the one-electron part of the effective

spin-orbit coupling operator Hsq:
{s,—1, = (¥'r,|Hso|¥s,)- 2)

The symmetry for the orbital part of the operator Hso is governed by the symmetry of orbital
angular momentum I. An ISC is forbidden if the matrix element of the orbital angular momen-
tum 7 is equal to zero. Because the one-electron operators of the electric dipole moment @ and
orbital angular momentum I are tensor operators of rank one, or vector operators, we can derive
their selection rules based on their irreps: If initial and final states belong to I'y and I, irreps,

respectively, and a tensor operator belongs to I's irrep, and if the inclusion relation*3

IhelsxIy 3)
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holds, the transition between I'| and I', states is allowed; otherwise, the transition is forbidden.
For the electric dipole and spin-orbit interactions, we will discuss the allowed or forbidden pairs
of irreps for some point groups later.

In addition to the electric dipole and spin-orbit couplings we discuss the selection rule for

the vibronic coupling. The diagonal VCC is defined by
VL(X = <‘PSI |V(X|qlsl>7 (4)

where V,, denotes the electronic part of the vibronic coupling operator of normal mode o that

belongs I'3 irrep. The off-diagonal VCC is defined by
Vioe = (s, [Va| ¥s, ) (5)

The VCC between the triplet states is also defined by Eq. (5). All the VCCs between the single
and triplet states are zero. The diagonal VCC V| o gives rise to vibrational relaxation in the S;
state. The off-diagonal VCC V) q is a factor of the rate constant of the internal conversion S
— Sp. In the case of I'; € I'3 X I'y, the I'3 mode is active in vibronic couplings, and nonradiative
vibronic decay via the '3 mode is allowed between the electronic states I'y and I',. The vibronic
transition is not completely forbidden in any molecule because the active I'3 mode always exists.
In other words, a nonradiative vibronic transition is inevitable. However, the number of active
modes can be suppressed by designing a highly symmetric molecule. Moreover, the concept of
vibronic coupling density enables us to reduce the VCCs of the active modes with an appropriate

molecular design. We will discuss the application of the vibronic coupling density later.

2.2 Point group symmetry

Point group symmetry is crucial for an iST structure and SC-TADF. From the viewpoint of
molecular design, we can easily design iST or SC-TADF molecules if a forbidden pair of
(['1,I,) frequently appear in all possible pairs of irreps. In this subsection, we discuss the
ratio of the forbidden pairs (I';,I") for the electric dipole transition and the spin-orbit coupling.

As an example, we focus on the selection rules of the D, point group. The character table
for Dy, is shown in Table S1%*. The position operator components £, ¥, and 2 belong to Bs,,

B»,, and By, respectively. The electric dipole moment operator components are the same irreps

7
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because they are proportional to the position operators. If the initial state is a totally symmetric

representation I'j = A, the direct products I'; X I'y are decomposed as follows:
B3u><Ag:B3u7 By XAg:BZM7 By ><Ag:Blu- (6)

Hence, the radiative transition via electric dipole coupling from the initial A state is allowed
when the final state is B3, By, or By,. The selection rule is summarised in Table 1.

The orbital angular momentum operator components I, lAy, and l; belong to B3g, Bo,, and
B, respectively. If the initial state is I'y = By, the direct products between the irreps of the
components of the orbital angular momentum, I'3, and that of the final state, I';, are given as

follows:
B3g><Blu:BZM7 BZgXBlu:B?;ua BngBlu:Au- (7

The selection rule for the spin-orbit coupling is summarised in Table 2.

Since the number of conjugacy classes, n. is equal to the number of irreps, n,,* the total

2

number of all possible irrep pairs is equal to n2> = n2. For the D, point group, n. = 8. As
shown in Tables 1 and 2, the number of forbidden pairs, ns, or the number of “x” s, is 40.
Therefore, the ratio of the forbidden pairs, nys / ng, is 62.5% (40 out of 64). It should be noted
that inversion symmetry plays an important role. According to the Laporté rule,* the electric
dipole transition is forbidden when both I'; and I, are gerade (g) or ungerade (u#). Therefore,
half of the irrep pairs (I'1, I ;) are at least forbidden if the point group has inversion symmetry.
Similarly, if the irrep pair (I'y, I2) is (u, g) or (g, u), the matrix element of the orbital angular
momentum is zero. For this reason, the ratio of the forbidden pairs for spin-orbit coupling is
also over 50% in the point group with inversion symmetry. The selection rules for Dsj and Dy,
are described in the ESI.

The ratios of forbidden pairs and the numbers of elements (order), n,, are tabulated in Table

3. The order of the ratios is as follows:

D6h>0h>lh:D4h>D2h>D3h>Td>ci:C2h>D2d:C4V>D2:C2V>C3V>Cs:C1.

8)
Note that this series is not the same as the order of n,. This series suggests that it is no accident

that the TADF molecule Cgy2? has I, symmetry and that the Sn—porphins !> are nearly Dyy,.

8
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In other words, they can be SC-TADF molecules. Molecules with the high symmetry of Dgp,
Oy, Iy, D4y, Doy, and so on are good candidates for iST and SC-TADF molecules. This series

indicates the meaning of high symmetry in the present problem.

3 Calculation Method

We designed anthracene derivatives 1la—1c¢ and pyrene derivatives 2a—2e with D,;, symmetry
(see Fig. 2). The anthracene, pyrene, and their derivatives were optimised for the Sy state and
the stability of their structures were confirmed by using vibrational analyses. The calculations
were based on the B3LYP/6-31G(d,p) level of theory. Then, excited singlet and triplet states
were obtained by employing TD-B3LYP/6-31G(d,p) calculations. These calculations were car-
ried out by using the Gaussian 09 program.*® The spin-orbit coupling integrals were calculated

using the effective nuclear charge*’8

with our code. The vibronic coupling constant, vibronic
coupling density, electron-density difference, and overlap density were also obtained with our

program.

4 Results and Discussion

4.1 Anthracene and its derivatives

Prior to the designed molecules, we discuss anthracene 1. Energy levels of 1 are shown in Fig.
3 (a). The energy levels for the Sy, Ty, T;, and T3 states are 1.804, 3.274, 3.299, and 3.509, in
eV. The energy level for the T, state is much lower than that for the S; state. The energy gap
between S; and T is negative but the ISC between them is forbidden. The energy gap between
S1 and Tj is equal to —0.2345 eV and the spin-orbit integral is 0.27 cm™! (0.033 meV). Since
the electric dipole transition from T3 to T, is allowed, the T3 exciton can make a transition to
the T, state, and the molecule in the T, state can fluoresce to the T; state. In addition, the
molecule in the T, state can undergo nonradiative vibronic transitions. The spin-orbit coupling
Ty — S is forbidden so that the ISC T, — S| and phosphorescence Ty — S are probably very

weak. Thus, anthracene 1 is neither an iST molecule nor an SC-TADF molecule.
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We have already designed and reported anthracene derivative 1a as a highly efficient fluores-
cence molecule.*! Molecule 1a was designed by using VCD and TDMD analyses to suppress
vibronic coupling and enhance radiative transition. Molecule 1a was synthesised, and high pho-
toluminescence quantum yield (PLQY = 96%) was observed in solution. Here we discuss the
iST structure of 1a. The energy levels of anthracene derivative 1a are shown in Fig. 3 (b). The
energy levels for the Sy, Ty, and T, states are 2.304, 1.244, and 2.345, in eV. The energy level
for the S state indicates green fluorescence. The energy level for the T; state is much lower
than that for the S; state. The energy gap between S; and T, is negative and the ISC between
them is allowed. In addition, the electric dipole transition between T, and T is forbidden. Be-
cause the electric dipole transition Ty — T is forbidden, the nonradiative vibronic transitions
from S is suppressed, and the radiative transition S; — Sy is enhanced in the molecular design
of 1a,*! the T, exciton can be converted into the S; state without thermal excitation, and the S;
state can fluoresce. Therefore, 1a can be categorised as an iST molecule.

Molecules 1b and 1¢ were designed for solubility. Their symmetries are lowered because of
the alkyl substitutions, and, therefore, the selection rules are broken in the strict sense; the point
groups for 1b and 1c¢ are C; and Gy, respectively. The energy levels of 1b and 1¢ are shown
in Fig. 4. It is found that the energy levels of 1b and 1c¢ are not so different from those of 1a.
Figure 4a shows that all the transitions in 1b become allowed. For 1¢, in contrast, the spin-orbit
coupling between S| and T becomes allowed, and the electric dipole transitions from S, to S
and from T, to T are still forbidden (Fig. 4b). However, comparing the electronic structures of
1b and 1c¢ with that of 1a, one sees that the alkyl substitutions do not affect their electronic states
so much that 1b and 1c keep their transition probabilities in spite of the symmetry breaking. The
transition probabilities corresponding to the forbidden transitions in 1a are almost zero ( see Fig.
3 (b) ): For molecule 1¢, the TDM of the electric dipole transition from T, to Ty is 1.18 x 10-°
a.u., and that from S, to S; is 1.12 x 107° a.u.; the spin-orbit integral between S and T is
0.008 cm™~!. The spin-orbit integrals between T — S; and TDM:s of 1b and 1c are almost the
same as those of 1a. This is because the electronic states are not changed by the alkyl groups.
Therefore, molecules 1b and 1¢ can also be expected to be iST molecules.

We define a fundamental structure, as the molecular structure that has higher symmetry

10
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than the original structures (see Section S4 of the ESI). As long as the electronic structure of
the symmetric fundamental structure is almost maintained against modifications, for example
by adding substituents, the molecule can be categorised as an SC-TADF or an iST molecule.

This is because the relevant transition probabilities are little affected by the modifications.

4.2 Pyrene and its derivatives

49-52 are also fluorescent molecules.

Pyrene 2, of which point group is Dy, and its derivatives
Pyrene derivatives 2a—2e are examined to determine whether they are iST molecules. The
nonradiative decays cannot be completely suppressed, even if the symmetry of the molecule is
high. There remain some vibronically active modes. These pyrene derivatives were designed to
have small VCCs and large TDM. The reason why they have the suppressed VCCs and enhanced
TDM is expounded in the Section S5 of the ESI, with a focus on pyrene 2 and its derivative 2a.
The energy levels of pyrene 2 are shown in Fig. 5. The energy levels of the Sy, T1—T4 states are
3.718, 2.123, 3.463, 3.569, and 3.617, respectively, in eV. The T1-T4 levels are lower than the
Sy state. Though the spin-orbit integral between T, and S; is allowed and the electric dipole
transitions T4 — T3 and T3z — T are allowed, T, — T is forbidden. It is found that the energy
gap between the S| and T, states is large for thermal activation. Therefore, pyrene 2 is not an
iST molecule nor an SC-TADF molecule.

The energy levels for the pyrene derivative 2a are shown in Fig. 6a. The energy levels
for Sy, Ty, T, and T3 states are 2.520, 1.474, 2.767, and 2.804, in eV. The energy gap AEst
between S| and T, has a negative value of —0.247 eV, and the ISC T, — S is allowed. The
electric dipole transition T, — T is forbidden. Therefore, 2a is an iST molecule. However, T3
is close to T, with a small energy gap of 0.037 eV, and the electric dipole transition from T3 to
Ty is allowed. Therefore, in electric excitation, T3 excitons as well as the T, excitons can be
generated, and the T, exciton can also make a thermal excitation to the T3 state, which can give
rise to fluorescence and nonradiative vibronic transitions. The processes discussed above would
be faster than the ISC, with the rate of the ISC being small in spite of the negative energy gap
of AEgt. Accordingly, we cannot expect 2a to be an iST molecule.

We designed 2b to enlarge the energy gap between the T, and T3 states of 2a. To make

11
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the energy levels of T, and S; of 2a closer and to increase the energy difference between T,
and T3 of 2a, we introduce two fluorine atoms into 2a because the pseudodegeneracy in 2a
originates from weak interaction between the four 1-pyrrolylethynyl groups. As the result, the
energy levels of the S, T», and T3 states become 2.481, 2.564, and 2.757, in eV, respectively.
The energy gap AEst between S and T, becomes narrower in 2b than 2a, as shown in Fig. 6b;
the value of AEgt for 2b is equal to —0.083 eV. Therefore, 2b can be an iST molecule.

The energy levels for pyrene derivative 2¢ are shown in Fig. 7. As is the case in 2a, 2¢
is not identified as an iST molecule because of the forbidden T, — S; transition. In addition,
T, and T3 excitons are generated with nearly equal probability because of their pseudodegen-
eracy (T, 2.519 eV; T3 2.530 eV). The T, exciton cannot be transformed into an S; exciton
because the ISC T, — S; is forbidden. Therefore, the T, exciton can give rise to the electric
dipole transition T, — Tj as well as nonradiative vibronic transitions. For pyrene derivative 2c,
1,3,6,8-tetrakis(phenylethynyl)pyrene, its synthesis and PLQY measurement (99%) have been
already reported.>?>? The high PLQY can be ascribed to the small off-diagonal VCCs and the
large TDM, as discussed for 2a in the ESI.

The energy levels of 2d and 2e, which are also fluorinated molecules, are shown in Fig. 8.
The energy levels between the T, and Tj states are large enough in both 2d and 2e to avoid
the generation of the T3 exciton in electric excitation and in the thermal excitation from T, to
T3. The transitions T — S; are allowed with negative AEgt. In addition, the electric dipole
transitions T, — T are forbidden. Hence, 2d and 2e are categorised as iST molecules. As is
not the case in 2¢, the T, exciton of 2d and 2e can be generated selectively because they have
large energy gaps between the T, and T3 states.

The efficient formation of T, or T,, exciton is crucial in the iST and SC-TADF mechanism.
If the T, or T, states cannot be formed in OLEDs, the T; exciton could give rise to nonradiative
decay. Therefore, the device design for the formation T, (n > 1) exciton, for example, tuning
of orbital levels of host materials in an emitting layer, would be important to realize highly

efficient OLED using the iST and SC-TADF mechanism.

12
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4.3 Oscillator strength

The values of oscillator strengths f between the S and Sy states and energy gaps AEgt between
the T, and S; states are summarised in Table 4. It is found that 1a, 1b, 1c, 2b, 2d, and 2e have
large f values and negative AEgT within 0.1 eV and preferable electronic structures. Hence,

they are good candidates for iST molecules.

5 Conclusion

We have proposed symmetry-controlled thermally activated delayed fluorescence (SC-TADF)
and inverted singlet-triplet (iST) structure. The advantage of the iST and SC-TADF concepts is
that they can extend the scope for the molecular design other than the donor—acceptor systems.

The design principles for SC-TADF and iST molecules are as follows:
1. The electric dipole transition between the S,,;, and S; states is symmetrically allowed,
2. spin-orbit coupling between the T,, and S,, states is symmetrically allowed, and
3. the electric dipole transition between the T, and Ty states is symmetrically forbidden,

where each of /, m, and n is a certain integer satisfying m > 1, n > 2, and m > [ > 0. Note
that & is all the natural numbers satisfying 1 < k < n. Moreover, to increase the quantum yield,
it is preferable that the spin-orbit coupling between the T; and S,, states be symmetrically
forbidden. These processes compete with nonradiative vibronic transitions S,, — S; and T,, —
Tj. Though they are inevitable in a molecule, the number of active modes can be reduced in
a highly symmetric molecule. Moreover, we can suppress nonradiative vibronic transitions by
reducing the off-diagonal vibronic coupling constants of the remaining active modes. To reduce
vibronic couplings we have used a vibronic coupling density analysis. In addition, to increase
the transition dipole moments between the S,, and S; states, we have employed the transition
dipole moment density concept. The molecules 1a, 2b, 2d, and 2e satisfy all the conditions
above.

Even if molecular symmetry is low, the molecule can be categorised as an SC-TADF or an

iST molecule, as long as the fundamental structure, defined as a subunit of the molecule where

13
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the electron density difference Ap,, and the overlap density p,,; are mostly localised, satisfies
the above conditions. By analysing Ap,, and p,,, we have found that the alkyl substitutions
to the anthracene derivative 1a do not affect the electronic structures as much compared with
the fundamental structure. Therefore they do not change the transition probabilities so much.
Hence, 1b and 1c¢ are also expected to exhibit almost similar fluorescence properties to 1a.
From the viewpoint of molecular design, inversion symmetry is important because of the
Laporté rule. The preferable point groups are Dy, Oy, I, D4y, Dy, and so on because they
have a high ratio of forbidden irrep pairs for electric dipole transition and spin-orbit coupling.
From our preliminary calculations on Cgy and Sn-porphins, we have found that they can be
SC-TADF molecules. Molecule 1a has already been observed as a highly efficient fluorescent
molecule in solution (PLQY = 96%). The measurement of its ELQY is under investigation.
Syntheses of the other candidates (2b, 2d, and 2e) are also in progress. These results will be

published in the near future.
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Table 1: Selection rule for the electric dipole moment operator in D, symmetry. Entries of x, y,
and z mean that the component of electric dipole transition is allowed. The notation X indicates

a forbidden irreps pair.

Ag Blg BZg B3g Ay B, By, B3,

Big X X X Z X X y
By, X X 'y X X z
B3, X X y Z X
Ay X X X X
By X X X
BZu X X
B3u X
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Table 2: Selection rule for the orbital angular momentum operator 1 in Dy, symmetry. Entries
of [, l,, and [, indicate the nonzero component of 1. The notation X indicates a forbidden irreps

pair.

Ag By By, Bsgz Ay, B By By

A, x [ ly L, x X X X

By, X Iy Iy x X X X
By, X I, x X X X
B3, X X X X X
A, S Ly Iy
By X Loy
By, x I
B3, X

21



Journal of Materials Chemistry C Page 22 of 35

Table 3: Order (the number of elements) of the point group, n,, the number of the conjugacy
classes, n., the number of the forbidden electric dipole transitions and intersystem crossings,

ny, and ratio of the forbidden irreps pair to all of the irreps pairs.

Point group n, n. ny Ratio(= nf/n%) (%)

C, 2 2 0 0
Ci 2 2 2 50
Cop 4 4 8 50
Cay 4 4 4 25
Csy 6 3 2 22.2
Cay 8 5 12 48
D, 4 4 4 25
Doy 8 5 12 48
Dy, 8 8 40 62.5
Dy, 12 6 20 55.6
Day 16 10 74 74
Des 24 12 112 77.8
T 26 5 13 52
Oy 48 10 76 76
I, 120 10 74 74
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Table 4: Point groups (PPS), energy differences between the Franck—Condon S and T states,

AEgsT, and oscillator strengths f between the S and Sy states.

Molecule PG AEst (eV) f

1 D,, —0.0251¢ 0.0586
la Dy, —0.0418 0.6202
1b C;1  —0.0636 0.6092
lc Gy, —0.0444 0.6204
2 Dy, 0.2552 0.2565
2a Dy, —0.2475 1.0973
2b D,, —0.0834 1.1035
2c Dy, —0.1482¢ 1.2209
2d Dy, —0.0224 1.3284
2e Dy, —0.0346 1.3265

¢ The intersystem crossing To — S is symmetrically forbidden.
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Figure Captions

Fig. 1: Schematic representations for the energy diagram of (a) symmetry-controlled thermally
activated delayed fluorescence and (b) the inverted singlet-triplet structure. Each of [, m, and
n is a certain integer satisfying m > 1, n > 2, and m > [ > 0, and £ is all the natural numbers

satisfying 1 <k < n.

Fig. 2: Structures of anthracene 1 and its derivatives 1la—1c¢ and those of pyrene 2 and its deriva-

tives 2a—2e.

Fig. 3: Energy levels for (a) anthracene, 1 and (b) its derivative, 1a. The green and orange

values indicate the transition dipole moment in atomic units and the one-electron spin-orbit in-

1

tegral in cm™ °, respectively.

Fig. 4: Energy levels for anthracene derivatives: (a) 1b and (b) 1¢. The green and orange values
indicate the transition dipole moment in atomic units and the one-electron spin-orbit integral in

cm™!, respectively.

Fig. 5: Energy levels for pyrene, 2. The green and orange values indicate the transition dipole

moment in atomic units and the one-electron spin-orbit integral in cm ™!

, respectively.
Fig. 6: Energy levels for pyrene derivatives: (a) 2a and (b) 2b. The green and orange values
indicate the transition dipole moment in atomic units and the one-electron spin-orbit integral in

cm™!, respectively.

Fig. 7: Energy levels for pyrene derivatives, 2¢. The green and orange values indicate the

transition dipole moment in atomic units and the one-electron spin-orbit integral in cm™!, re-

spectively.

Fig. 8: Energy levels for pyrene derivatives: (a) 2d and (b) 2e. The green and orange values
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indicate the transition dipole moment in atomic units and the one-electron spin-orbit integral in

cm™!, respectively.
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O Allowed Transition
X Forbidden Transition

-« Fluorescence
-«— Intersystem Crossing

S; _v S, y
SC-TADEF iST

Figure 1: Uejima et al.
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Figure 2: Uejima et al.
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A graphical and textual abstract for the Table of contents entry

SC-TADF 1ST

Text: The concepts of symmetry-controlled thermally activated delayed fluorescence
(SC-TADF) and inverted singlet-triplet (iST) structure are proposed. SC-TADF or iST

molecule can be used as a light-emitting material.
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SC-TADF



