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Abstract. Thermally activated delayed fluorescence (TADF) is the internal
conversion of triplet excitons into singlet excitons via reverse intersystem crossing
(RISC). It improves the efficiency of OLEDs by enabling the harvesting of nonradiative
triplet excitons. Multiple resonance (MR) induced TADF chromophores exhibit an
additional advantage of high color purity due to their rigid conformation. However,
owing to the strict design rules there is a limited number of known MR-TADF
chromophores. For applications in full-color high-resolution OLED displays, it is
desirable to extend the variety of available chromophores and their color range.
We computationally explore the effect of chemical modification on the properties
of the MR-TADF chromophore quinolino[3,2,1-de]acridine-5,9-dione (QAD). QAD
derivatives are evaluated based on several metrics: The formation energy is associated
with the ease of synthesis; The spatial distribution of the frontier orbitals indicates
whether a compound remains an MR-TADF chromophore or turns into a donor-
acceptor TADF chromophore; The change of the singlet excitation energy compared
to the parent compound corresponds to the change in color; The energy difference
between the lowest singlet and triplet states corresponds to the barrier to RISC; The
reorganization energy is associated with the color purity. Based on these metrics,
QAD-6CN is predicted to be a promising MR-TADF chromophore with a cyan hue.
This demonstrates that computer simulations may aid the design of new MR-TADF
chromophores by chemical modification.
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1. Introduction

Organic light-emitting diodes (OLEDs) are widely used in displays and lighting[1, 2, 3].
Owing to spin statistics, only 25% of electrically generated excitons are in a singlet
state and the remaining 75% are in a triplet state. The radiative decay of triplet
excitons to the singlet ground state is forbidden by selection rules, limiting the lighting
efficiency of OLEDs. Thus, utilization of triplet excitons is crucial to the design and
development of a new generation of OLEDs. In the first conventional OLED device,
which was fabricated in 1987, only singlet excitons could be utilized for fluorescence
[4]. In so-called second generation OLEDs, phosphorescent heavy-metal complexes were
used to harvest triplet excitons [1, 5, 6, 7]. Heavy metal atoms enhance spin-orbit
coupling, which facilitates intersystem crossing (ISC) between states with different spin
multiplicities. However, they are expensive and environmentally hazardous. “Third
generation” OLEDs are based on thermally activated delayed fluorescence (TADF)
chromophores [8, 9, 10, 11, 12, 13]. TADF molecules have a small energy gap, AEgsr,
between the lowest singlet excited state, S7, and the lowest triplet excited state, T7. This
enables thermal activation of the formally spin-forbidden reverse intersystem crossing
(RISC) process from the long-lived T} state to the radiative S state, followed by a light
emitting transition from S to the ground state, Sy. TADF chromophores may be metal-
organic complexes [14, 15, 16], but advantageously, they may be purely organic molecules
9, 17, 18, 19] or molecular nanocrystals [20, 21, 22]. Purely organic TADF chromophores
are cheaper and biocompatible, which is attractive for wearable devices and biomedical
applications [18, 23]. The internal quantum efficiency (IQE) of TADF-based OLEDs may
reach nearly 100% [24, 25], i.e. full conversion of all excitons into photons. In addition
to their main application in OLEDs, TADF chromophores may also be used to enhance
the efficiency of solar cells by upconversion of low-energy incident photons, which
would otherwise be lost, into higher-energy photons, above the absorption threshold.
Upconversion via triplet-triplet annihilation (TTA) takes place in mixtures of sensitizer
and emitter chromophores[26, 27, 28, 29, 30]. TADF molecules may serve as sensitizers,
converting low-energy singlet excitons into triplet excitons, which subsequently combine
into higher-energy singlet excitons in the emitter[31, 32, 33, 34, 35].

The first reported purely organic TADF molecule was eosin in 1961 [8]. Therein,
TADF was observed at elevated temperatures because an energy barrier of AFgr =
0.37 eV must be thermally overcome in the endothermic RISC process. In 2011, Adachi
et al. demonstrated that spatially separating the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) leads to a very small
electron exchange energy and thus to a very small AFEgr, producing efficient TADF at
room temperature [36]. They synthesized a donor-acceptor molecule, where the HOMO
and LUMO were localized on the donor and acceptor moieties, respectively, exhibiting
a small AEgy of 0.11 eV and efficient TADF [36]. Since then, numerous donor-acceptor
TADF molecules have been experimentally synthesized and/or theoretically proposed
thanks to the variety of possibilities of combining different numbers and types of donor
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Figure 1. MR-TADF chromophores: (a) DABOA, (b) QAD and its frontier molecular
orbitals visualized with an isosurface value of 0.014 au, (¢) QAD-DAJ, (d) QAD-3Ph,
(e) QAD-7Ph, and (f) QAD-XR, where X indicates the C atom on the QAD skeleton
where the chemical group R is attached.

and acceptor moieties [9, 12, 11, 10, 13, 19]. One drawback of donor-acceptor TADF
molecules is their conformational flexibility, as they often contain rotatable single bonds
between donor and acceptor moieties.[37] This may lead to a significant difference
between the ground state geometry and the excited state geometry, resulting in a broad
emission peak with a full width at half maximum (FWHM) typically ranging from 70
to 100 nm [9]. This poor color purity limits the application of TADF chromophores in
high-resolution displays.

In 2015, Hatakeyama et al. proposed a new design strategy, harnessing multiple
resonance (MR) induced TADF to significantly reduce the FWHM to about 30 nm [38,
39]. MR-TADF molecules are rigid “graphene flakes”, comprising several six-membered
rings doped with electron-donating atoms, such as N and O, and electron-withdrawing
atoms, such as B. For example, the first reported MR-TADF molecule, 5,9-dioxa-13b-
boranaphtho(3,2,1-de]anthracene (DABOA), is shown in Figure 1(a). O atoms and their
second neighboring C atoms (indicated in blue) contribute to the HOMO, whereas the
B atom and its second neighboring C atoms (indicated in red) contribute to the LUMO.
The HOMO and LUMO are spatially separated on two groups of atoms due to the
opposite resonance effect of O and B atoms, leading to a small AFEgr of 0.15 eV and
the experimental observation of TADF [38]. Additional MR-TADF chromophores have
been experimentally synthesized [40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51], however
their number is extremely limited compared to donor-acceptor TADF molecules. This
is because the framework of MR-TADF molecules must be a conformationally rigid
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small graphene flake. In addition, there is only one spatial arrangement of electron
donating and withdrawing atoms, where each atom is surrounded by atoms of the
opposite character. Furthermore, the electron donating and withdrawing atoms are, for
the most part, limited to N or O, and B, respectively. One exception is quinolino[3,2,1-
de]acridine-5,9-dione (QAD, also known as DiKTa or QAO), shown in Figure 1(b), where
a carbonyl group serves as the electron withdrawing unit. The restricted design space of
MR-TADF molecules limits their applications in both full-color high-resolution displays
and TTA upconversion. For displays, a range of colors is desirable, which requires a
variety of species with different S; energies. For TTA upconversion, it is desirable to
reduce the energy loss and increase the anti-Stokes shift, which corresponds to the energy
difference between the incident and upconverted photons. To this end, the T energy
of the TADF sensitizer should be as close as possible to the T} energy of the emitter
molecule [31, 32, 33, 34, 35]. Therefore, MR-TADF molecules with different excitation
energies are required to pair with different TTA emitters.

Chemical modification is a promising strategy for tuning the excitation energies
of chromophores for diverse applications [9, 31, 33, 52, 53, 54]. This avenue has been
explored in search of more MR-TADF molecules. For example, the 9-dimethyl-9,10-
dihydroacridine (DMAC) donor has been experimentally substituted onto QAD, yielding
a new molecule, 7-(tert-butyl)-3,11-bis(9,9-dimethylacridin-10(9H)-yl)quinolino[3,2,1-
de]acridine-5,9-dione (QAD-DAd), shown in Figure 1(c) [44]. However, QAD-DAd is
a donor-acceptor TADF molecule rather than a MR-TADF molecule. The LUMO is
still on the QAD framework, but the HOMO has shifted from the QAD framework
to the two DMAC donor moieties. Due to the rotatable bonds between the QAD
core and the DMAC moieties, the FWHM of the QAD-DAd emission peak is
significantly broadened, leading to poor color purity compared to QAD [44]. Two
additional phenylated QAD derivatives have been experimentally synthesized, namely
3-phenylquinolino[3,2,1-de]acridine-5,9-dione (QAD-3Ph) and 7-phenylquinolino|3,2,1-
de]acridine-5,9-dione (QAD-7Ph) [45], shown in Figure 1(d) and (e). In contrast to
QAD-DAd, QAD-3Ph and QAD-7Ph are fortunately still MR-TADF chromophores.
The spatial distribution of their HOMOs and LUMOs on the QAD core is unchanged
upon phenyl substitution. The only difference is that their HOMOs are extended over
the additional phenyl rings [55]. The FWHMs of QAD-3Ph and QAD-7Ph are 30 and
22 nm, respectively, slightly smaller than the 32 nm of QAD [44, 45]. However, the
Sp energies of QAD, QAD-3Ph, and QAD-7Ph, estimated based on their absorption
peaks, are 2.85, 2.80, and 2.78 eV, respectively, quite similar to each other [44, 45].
An effective route of chemical modification that would significantly tune the excitation
energies of MR-TADF chromophores without turning them into donor-acceptor TADF
chromophores is thus still missing.

We use computer simulations to investigate the effect of chemical modification on
the excited-state properties of MR-TADF molecules. Density functional theory (DFT)
[56] and time-dependent density functional theory (TDDFT) [57, 58] offer an appealing
balance between accuracy and efficiency, as discussed in Section 3.1. We study QAD
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derivatives, denoted as QAD-XR, where X indicates the substitution position on the
QAD skeleton and R indicates the substituent group, as shown in Figure 1(f). The
QAD derivatives are evaluated based on several metrics. In Section 3.2, we evaluate
the formation energy, which is associated with the ease of synthesis. In Section 3.3,
we examine the spatial distribution of the frontier orbitals. In Section 3.4, we evaluate
the excited-state properties of the QAD derivatives, including the change of the singlet
excitation energy compared to the parent compound, which corresponds to the change
in color, the energy difference between the lowest singlet and triplet states, A Fsr, which
corresponds to the barrier to RISC, and the reorganization energy, which is associated
with the color purity. Based on these metrics, QAD-6CN is predicted to be a promising
MR-TADF chromophore with a cyan hue. The AFEgsr and reorganization energy of
QAD-6CN are comparable to those experimentally observed MR-TADF chromophores.
The case study of QAD derivatives may be instructive for the development of new
MR-TADF chromophores by chemical modification. This may help extend the range of
available colors of MR-TADF chromophores and improve their performance.

2. Computational Details

All calculations were performed with version 5.0.0 of the ORCA code [59]. Ground
state and excited state geometries were optimized with the wB97X-D functional [60],
which includes empirical pairwise dispersion corrections|[61]. Def2-TZVP basis sets[62]
were employed and tight SCF convergence criteria corresponding to an energy tolerance
of 1 x 107® au were used. Atomic positions were fully relaxed until the maximal
force was below 3 x 107% au. Optimized geometries were used in excited state
calculations. TDDFT calculations were performed using the def2-TZVP basis sets [62].
Reference were performed using the domain-based local pair natural orbital (DLPNO)
implementation [63, 64] of the similarity transformed equation of motion coupled cluster
theory with single and double excitations (DLPNO-STEOM-CCSD) [65]. DLPNO-
STEOM-CCSD calculations of QAD, QAD-3Ph, and QAD-7Ph were performed using
the def2-TZVP basis sets [62]. The resolution of identity (RI) approximation was used
with the def2-TZVP/C auxiliary basis sets [66]. The truncation parameter for singles
pair natural orbitals (PNOs) was 1-107!, and the active space selection thresholds for
occupied and virtual orbitals were set to 5- 1072 [67].

3. Results and discussion

3.1. Performance of TDDFT

TDDFT is a formally exact theory of excited state. However, its predictive power
strongly depends on the choice of approximation for the exchange-correlation (xc)
functional. With semi-local functionals, the self-interaction error (SIE) affects the
DFT orbital energies and further propagates to the TDDFT excited states, leading
to energy underestimation of charge-transfer (CT) excitations, where electron and hole
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are spatially separated [68, 69, 70]. The effect of SIE may be mitigated by mixing
a fraction of range-separated exact (Fock) exchange with the semi-local exchange and
correlation [71, 72, 73, 74, 75, 76, 77]. Functionals with 100% Fock exchange in the
long range and a range separation parameter of about 0.30 bohr~! have been shown to
provide a balanced description between valence and CT excitations [75]. This includes
the long-range corrected (LC) hybrid functionals LC-BLYP [78] and wB97X [79] and the
range-separated double hybrid functional wB2PLYP [80]. Although these functionals
systematically overestimate excitation energies, the relative values among different states
and different molecules are generally reliable [75]. Thus, we compare TDDFT excitation
energies of QAD derivatives with QAD and rely on qualitative trends to gain valuable
insight. We note that with such functionals, CT states may be over-corrected to become
erroneously higher in energy than valence states for some molecules [75]. Therefore,
validation against high-level quantum chemistry methods is still recommended for QAD.

For validation purposes, TDDFT results for QAD, QAD-3Ph, and QAD-7Ph were
benchmarked with respect to experimental values and high-level quantum chemistry
calculations using the domain-based local pair natural orbital (DLPNO) implementation
(63, 64] of the similarity transformed equation of motion coupled cluster theory with
single and double excitations (DLPNO-STEOM-CCSD) [65]. The equation of motion
(EOM) approach is an extension of the ground state coupled cluster (CC) theory
to compute excitation energies by a linear operator on the similarity transformed
Hamiltonian [81]. Within STEOM-CCSD, a second similarity transformation is
performed, which reduces the computational cost and yields more accurate excitation
energies than EOM-CCSD. The DLPNO technique [63, 64] enables computing the
ground state CC energies for large molecules. It has been demonstrated that the
DLPNO-STEOM-CCSD approach does not lose any significant accuracy relative to
its canonical counterpart [82, 67, 83, 84, 81, 85]. In particular, the mean absolute
error (MAE) of DLPNO-STEOM-CCSD compared to experiments for CT excitations
of various TADF molecules has been found to be only 0.09 eV [75].

As shown in Figure 2(a), the MAE of DLPNO-STEOM-CCSD compared to
experiments for QAD, QAD-3Ph, and QAD-7Ph is about 0.11 eV, consistent with
previous results for a benchmark set of other TADF molecules [75]. TDDFT is
benchmarked here using the global hybrid functional B3LYP [86], the long-range
corrected (LC) hybrid functionals LC-BLYP [78] and wB97X [79], and the range-
separated double hybrid functional wB2PLYP [80]. The latter three functionals have
100% Fock exchange in the long range and range separation parameters of about
0.30 bohr—!. Tabulated energies are provided in the Supplementary Material. Due
to the large fraction of Fock exchange included in the range-separated hybrid and
double-hybrid functionals, their MAEs are over 0.80 eV, considerably larger than
that of TDDFT@B3LYP. Despite producing absolute S; energies in closer agreement
with experiments and DLPNO-STEOM-CCSD, the performance of TDDFT@B3LYP
strongly depends on the character of specific excited states (CT vs. valence) and is
not systematic [75]. In addition, TDDFT@B3LYP yields incorrect S; energy ordering



FElectron. Struct. 0 (2022) 000000 7

08

MAE (eV)

04

0.0 - -(a) - .

00F-T-=-=-"- - T -1 ]

-0.04 } QAD-3Ph

-0.08

QAD-7Ph
-0.12

S,(QAD-XR)-S,(QAD) (eV)

(b)
-0.16 :

S S

-0.04 |
-0.08 | QAD-3Ph

042 ¢ QAD-7Ph

-0.16

T,(QAD-XR)-T,(QAD) (eV)

Figure 2. (a) MAEs of DLPNO-STEOM-CCSD and TDDFT referenced to
experiments [44, 45] for the S; energies of QAD, QAD-3Ph, and QAD-7Ph. (b) S; and
(c) Ty energies of QAD-3Ph (black) and QAD-7Ph (red) compared to QAD. Tabulated
excitation energies are provided in the Supplementary Material.

between QAD-3Ph and QAD-7Ph, as shown in Figure 2(b). This erroneous S; energy
ordering of QAD-3Ph vs. QAD-7Ph has also been reported by others [45]. In contrast,
the experimentally observed trends in the relative S; energies of QAD, QAD-3Ph, and
QAD-7Ph [44, 45] are accurately reproduced with the LC-BLYP, wB97X, and wB2PLYP
functionals. We further compare the T} energies obtained with these three functionals to
DLPNO-STEOM-CCSD in Figure 2(c). Erroneous ordering of 77 energies of QAD-3Ph
and QAD-7Ph is found with the wB97X and wB2PLYP functionals. Moreover, with
the wB2PLYP functional, the triplet state dominated by the transition from HOMO to
LUMO is energetically over-corrected to be the third lowest excited state, T3, instead
of Ty, for QAD, QAD-3Ph, and QAD-7Ph. Only the LC-BLYP functional provides a
qualitatively correct description of the spectral composition of excited states and correct
relative energy ordering of excited states between QAD and its derivatives. Therefore,
we proceed to use TDDFTQLC-BLYP for the study of chemical modification of QAD
and our discussion is restricted to qualitative trends between different molecules.
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Figure 3. Formation energies of QAD-XR referenced to QAD-7R.

3.2. Substituent groups

We consider five chemical groups, methyl (Me), phenyl (Ph), carbazole (Cz), cyano
(CN), and 1,3-dicynobenzene (DCN), and five substitution sites, denoted as 2, 3, 4, 6,
and 7 in Figure 1(f). The Me group is electron donating because electrons withdrawn
from the H atoms create excess negative charge over the C atom. The Ph group is
electron withdrawing by induction, but aryl groups can be either electron donating or
withdrawing by resonance, depending on where they are attached. The Cz, CN, and
DCN groups are commonly used in donor-acceptor TADF molecules [9, 17, 87, 88]. Cz
is a widely used strong donor moiety thanks to its advantages, including inexpensive
starting materials, ease of functionalization at the N atom, several linkage positions,
and the conformational stability of aromatics [17]. The CN group is widely employed
as a strong acceptor moiety, often in the form of CN substituted aromatics, such as
DCN [9, 89, 90, 91]. Both CN and DCN are considered here because their conjugation
may be different. The linear CN group adopts a coplanar conformation with the QAD
framework. In contast, the DCN group is twisted, possibly breaking its conjugation with
the QAD skeleton. The substitution of CN group on MR-TADF molecules has been used
in developing full-color TADF chromophores [92]. For example, an MR-TADF molecule
has been red-shifted from emitting yellow light to emitting orange-red light by attaching
a CN group on a C atom contributing to the LUMO [92]. Here, substitution positions
contributing to both HOMO, such as 3 and 7, and LUMO, such as 2, 4, and 6, are
investigated. The theoretical case study of QAD substituted with different groups and
on different positions may be informative for chemical modification of other MR-TADF
chromophores.

To assess the relative stability and the prospects of synthesizing the proposed
compounds, we begin by analyzing the formation energies of QAD derivatives, shown
in Figure 3. Relative formation energies may affect the yields of different products in
experimental synthesis. For each substituent, R, the formation energy of the derivative
QAD-TR is referenced to zero because substituents are usually experimentally attached
to positions 3 and 7, the para-position to the central N, which contribute to the HOMO.
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For example, [1,1’-biphenyl]-4-amine, where a Ph and an amine are para-substituted
on a benzene ring, was used as a reactant in the synthesis of Ph-substituted QAD,
yielding 53% QAD-3Ph and 27% QAD-7Ph [45]. In comparison, p-toluidine, where a
Me and an amine are para-substituted on a benzene ring, was also used in the synthesis
of Me-substituted QAD, yielding a 1:1 mixture of QAD-3Me and QAD-7Me [93]. This
implies that, although a considerable amount of QAD-3R and QAD-7R may be obtained
simultaneously owing to their similar formation energies, the substituent group may also
affect the yields. In contrast, if the substituent is attached on a meta-position to the N,
such as 2, 4, and 6, the formation energy varies significantly. The formation energies
of QAD-4R and QAD-6R are larger than the other three, especially QAD-2R, owing to
the repulsion of the O atom. If a substituent is expected to be attached on an atom
contributing to the LUMO, position 2 may be superior to 4 and 6 in terms of relative
stability and product yield. The steric hindrance of the O atom is also reflected in
the dependence of the formaiton energy on the size of the substituent. The small Me
results in lower formation energies at positions 4 and 6 relative to 7, compared to bulkier
groups. Therefore, if a large chemical group is employed to functionalize QAD, positions
2, 3, and 7 may be energetically favored. It is noted that many donor-acceptor TADF
molecules comprise ortho-substituted phenyl rings [94]. Therefore positions 4 and 6 are
also investigated despite their proximity to the O atom. All five substituents and five
substitution positions are calculated to provide a theoretical insight into designing MR-
TADF chromophores, although some of these compounds may be difficult to synthesize
experimentally.

3.3. Frontier orbitals

As a first stage of assessing the proposed compounds as TADF chromophores, we visually
inspect the DF'T orbitals to investigate the effect of side group substitutions on the
spatial distribution of the frontier orbitals. Ideally, the substituents should enable
tuning the chromophore’s color without changing the nature of the TADF from MR
to donor-acceptor. Figure 4 shows the frontier orbitals of QAD derivatives. The spatial
distribution of the frontier orbitals depends on the character of the substituent. Of all
substituents, only the strong donor, Cz, turns QAD into a donor-acceptor molecule,
regardless of the substitution position. The HOMO and LUMO are spatially separated
and localized on the Cz moiety and QAD skeleton respectively. Due to the rotatable
single bond between Cz and QAD, the optimal molecular geometries of the ground
state and excited states may differ more than in the rigid unsubstituted QAD, which
may lead to a broadened emission peak and poor color purity.[95, 96, 97, 98] This
agrees with the experimental observation of a very large FWHM in QAD-DAd, whose
HOMO is located on the two DMAC strong donor moieties [44]. Thus, functionalization
with strong electron donating groups may be detrimental to the performance of MR-
TADF molecules. The other groups studied here, including the weak electron donating
group Me and the strong electron withdrawing groups CN and DCN, do not alter the
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Figure 4. Frontier orbitals of QAD-XR obtained with DFTQLC-BLYP. The molecular
orbitals are visualized with an isosurface value of 0.014 au.
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distribution of the frontier orbitals on the QAD skeleton. Hence, these QAD derivatives
are still considered as candidate MR-TADF chromophores.

For Me, Ph, CN, and DCN, whether the frontier orbitals are extended to the
substituents depends on the electron donating/withdrawing character of the atom, to
which the substituents are attached. For example, the C atoms in positions 3 and 7
of QAD act as electron donors and contribute to the HOMO. Thus, the HOMOs are
extended from these atoms to the Me, Ph, CN, and DCN substituent groups, whereas
the LUMOs are still localized on the QAD skeleton [55]. This is observed even for
the strong withdrawing groups, CN and DCN. These acceptors typically contribute to
the LUMOs. However, when attached to the 3 and 7 positions, they contribute to
the HOMOs of QAD-3R and QAD-7R. It is noted that CN is coplanar with the QAD
skeleton and DCN is twisted. The torsion angle between DCN and QAD somewhat
breaks 7 conjugation between them and slightly limits the HOMO distribution on DCN
in QAD-3DCN and QAD-7DCN. In contrast to QAD-3R and QAD-7R, the LUMOs of
QAD-2R are extended to the substituent groups, whereas the HOMOs are not, due to the
electron withdrawing character of the C atom in position 2. The C atoms in positions
4 and 6 have a similar electron withdrawing character to the C atom in position 2.
However, they are close to the O atom of QAD, which creates steric hindrance. This
results in larger torsion angles between QAD and the Ph and DCN substituents attached
to positions 4 or 6, compared to other substitution positions, breaking the = conjugation.
Thus, the spatial extension of the frontier orbitals to Ph and DCN attached to positions
4 and 6 is relatively small. Torsion angles between the QAD skeleton and substituents
are provided in the Supplementary Material.

We now turn to investigate the effect of chemical substitutions on the frontier
orbital energies of the QAD derivatives. Figure 5 shows the frontier orbital energies of
QAD-XR, referenced to unsubstituted QAD. Tabulated orbital energies are provided
in the Supplementary Material. Generally, the HOMO and LUMO energies of Me and
Ph substituted QAD derivatives are within 0.15 eV of QAD, due to the relatively weak
electron donating/withdrawing character of Me and Ph. The HOMOs of QAD-XCz are
0.19 to 0.52 eV higher than QAD because they are contributed by the Cz strong donor
instead of the donating atoms on the QAD skeleton. The HOMO and LUMO energies of
CN and DCN substituted QAD derivatives are both significantly decreased. Although
they originate from the same atoms as in the parent QAD), they are energetically lowered
by attached acceptors. It is noted that despite the similar behavior of the CN and DCN
substituted derivatives, the difference between the LUMO energies of QAD-6CN and
QAD-6DCN is 0.14 eV. This demonstrates that DFT and TDDFT calculations can aid
the molecular design of MR-TADF chromophores by capturing the qualitative differences
in the frontier orbital spatial distributions and the quantitative trends in their energies,
induced by chemical modifications.
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Figure 5. The change in the DFTQLC-BLYP HOMO (lower panel) and LUMO
(upper panel) energies of QAD-XR, referenced to QAD, in units of eV. Tabulated
orbital energies are provided in the Supplementary Material.

3.4. Ezcited states

If proposed derivatives are deemed likely to be synthesizable, and their ground state
orbital energies are modified while retaining their MR-TADF nature, a detailed
investigation of their excited states should be performed. Figure 6(a) shows the HOMO-
LUMO energy gaps of Me, Ph, CN, and DCN substituted QAD derivatives referenced to
QAD. For the most part, the trends in the S; energies in panel (b) track the changes in
HOMO-LUMO gaps for all substituents, implying that side groups modify the excitation
energies of QAD mainly through the molecular orbital energies. The S; energies of QAD-
4Ph and QAD-6Ph are outliers, as they are lower than expected based on the HOMO-
LUMO gaps. This is because upon Ph substitution in positions 4 and 6, the second
lowest singlet excited state, Sy, of QAD-(4/6)Ph, localized on the carbonyl groups,
becomes lower in energy than the S; of QAD, which is dominated by the transition
from HOMO to LUMO, as illustrated in Figure 7. A change of the energy ordering
of the two lowest singlet excited states is also found in QAD-4CN. In addition to the
change of the energy ordering, the spatial distribution of the three lowest singlet excited
states also changes. The excited states distributed symmetrically on both carbonyl
groups of QAD become localized exclusively on only one carbonyl group of QAD-4Ph.
The excited state dominated by the HOMO — LU MO transition is mostly unchanged,
except for an increased spatial distribution on the carbonyl group near the Ph.

The T states of Me, Ph, CN, and DCN substituted QAD derivatives are still
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Figure 6. (a) The DFTQLC-BLYP HOMO-LUMO gap, (b) TDDFTQLC-BLYP Sy,
(¢) TDDFT@QLC-BLYP T3, and (d) TDDFTQLC-BLYP AFEgr of QAD derivatives
referenced to QAD. The energy unit is eV. Tabulated excitation energies are provided
in the Supplementary Material.

dominated by the HOMO — LUMO transition. This is reflected in the contribution
of the HOMO — LU MO transition to 77, provided in the Supplementary Material, as
well as in the T} energies, shown in Figure 6(c). The trends in the 7} energies track
the changes in the HOMO-LUMO gaps more closely than the S; energies. This analysis
of the S; and T; excited states of QAD derivatives demonstrates the importance of
TDDFT simulations in search of MR-TADF chromophores. Although Me, Ph, CN,
and DCN substituted QAD derivatives are candidate MR-TADF chromophores based
on the visual inspection of their ground-state frontier orbitals, their excited states may
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Figure 7. Energies of the three lowest singlet excited states for QAD (left) and QAD-
4Ph (right). The excited states dominated by the transition from HOMO to LUMO
are shown in red. The excited states localized on the carbonyl groups are shown in
black. The electron density differences between the excited state and the ground state,
obtained with TDDFTQLC-BLYP, are visualized for each state, with an isosurface
value of 0.0018 au. The blue and green represent electron loss and gain.

not retain an MR-TADF nature, such as the S; of QAD-4Ph, QAD-6Ph, and QAD-
4CN. Fortunately, TDDFT simulations reveal the relative decrease of their S; energies
compared to the changes of the HOMO-LUMO gaps. In particular, although QAD-4Ph,
QAD-6Ph, and QAD-4CN may no longer be considered as MR-TADF molecules, the
relative decrease of their S; energies leads to the three smallest AEgr in Figure 6(d),
which may further facilitate TADF.

With the exception of QAD-4Ph and QAD-6CN, the S; energies of QAD derivatives
are within 0.10 eV of QAD, as shown in Figure 6(b). Although this difference appears to
be small, it is sufficient to noticeably change the color of a TADF chromophore. Of all
the derivatives studied here, QAD-6CN exhibits the largest difference of S; from QAD,
0.16 eV. Applying this energy decrease to the experimental emission energy of QAD, 466
nm, yields 496 nm, corresponding to changing blue light to cyan light. This difference
is consistent with experiments in which the attachment of a CN group has changed the
emission of MR-TADF molecules from blue to green light and from yellow to orange-
red light, corresponding to decreasing S; by 0.08 and 0.12 eV, respectively [92]. The
emission maximum of some MR-TADF molecules may be too high in energy for OLEDs,
such as the 398 nm of DABOA, shown in Figure 1(a). Chemical modification may red-
shift their emission peaks to visible light for applications in OLEDs. It is noted that,
a small energy decrease, such as a 0.10 eV through side group substitution, is enough
to shift the emission peak of DABOA to blue light. However, chemical modification
may not be sufficient, if the emission peak of an MR-TADF molecule is much higher in
energy than the visible region, or a very large shift of the S} energy within the visible
region is required to change the light color. Therefore, based on our analysis, chemical
modification may be useful for fine tuning the emitted light around the color of the
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Figure 8. (a) Profiles of an optimal MR-TADF chromophore (left) and a donor-
acceptor chromophore (right). Vibrational energy levels are indicated by numbers.
Ao and A\ are the ground-state and excited state reorganization energies. (b)
Reorganization energies (black) of QAD, QAD-7Ph, QAD-7Cz, QAD-4Ph, and QAD-
6CN, obtained with the wB97X-D functional and oscillator strength of the S; states
(red), obtained with the LC-BLYP functional. Tabulated values of Ao, A1, and
oscillator strength are provided in the Supplementary Material.

parent MR-TADF compound, consistent with experimental observations [92].

Next, we assess emission color purity of QAD derivatives. The FWHM generally
stems from geometry relaxation and vibrational broadening, as illustrated in Figure
8(a). The FWHMs of the emission and absorption peaks are determined by the
ground-state reorganization energy, \g, and the excited state reorganization energy,
A1.196, 97, 98, 99, 100, 101]. Owing to the conformational rigidity of an optimal MR-
TADF molecule, the difference between the relaxed Sy and S} geometries is negligible.
As a result, the emission occurs between the 0 vibrational energy levels of the ground
state and the excited state. In contrast, the spatial distribution of the electron density in
the ground state and in the excited state of donor-acceptor chromophores is significantly
different due to the charge-transfer excitation character [102]. This, together with the
rotatable bond between donor and acceptor moieties, leads to significantly different
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relaxed Sy and S7 geometries. Owing to the large geometry difference, more vibrational
energy levels are involved in emission, broadening the emission peak. Therefore, the
emission FWHM may be related to the ground-state reorganization energy, Ag. It
is noted that the contributions of normal vibration modes to reorganization energies
may be analyzed to further demonstrate the source of FWHM. Peng et al. developed
the thermal vibration correlation function (TVCF) formalism[103], which is taken
into account in the activation energy of TADF, AG[101]. AG is predicted to be a
more appropriate descriptor of donor-acceptor TADF chromophores instead of AFEgr
because of the vibration relaxation. Despite the in-depth understanding of the normal
vibration modes, the reorganization energies are enough for the evaluation of the
FWHM. Figure 8(b) shows the reorganization energies of representative molecules. The
parent compound, QAD, is a typical MR-TADF molecule with a very low reorganization
energy. QAD-7Ph is also an MR-TADF molecule, but its HOMO is extended to the Ph
substituent (see Figure 4). QAD-7Cz is a donor-acceptor chromophore with a rotatable
bond between the donor and acceptor moieties. Substitutions on position 7 are relatively
easy to perform experimentally because the steric hindrance of the O atom is avoided.
Upon Phenyl substitution on position 7 of QAD, Aq slightly increases. In comparison,
Ao of QAD-7Cz is increased by as much as 50% with respect to QAD, considerably
broadening the emission peak. This analysis agrees with the experimentally observed
high color purity of the MR-TADF chromophores QAD-3Ph and QAD-7Ph, and the
poor color purity of the donor-acceptor chromophore QAD-DAd [44, 45].

Using QAD, QAD-7Ph, and QAD-7Cz as references, we evaluate the color purity
of the two best candidates, QAD-4Ph and QAD-6CN in Figure 8(b). QAD-4Ph stands
out as having the lowest energy barrier to overcome in RISC, AEsyr. QAD-6CN has
the largest S; energy change compared to QAD. QAD-4Ph exhibits a Ay higher than
its isomer QAD-7Ph, and even higher than the donor-acceptor molecule QAD-7Cz.
Although QAD-4Ph has the smallest AFEgr, its emission peak may be considerably
broadened. Even worse, its oscillator strength of the S; state in Figure 8(b) is smaller
than half of the QAD, reducing the quantum efficiency of radiation. The difference in
oscillator strength for QAD-4Ph possibly results from the energy ordering change of the
two lowest singlet states in Figure 7. The oscillator strength of the Sy state of QAD-
4Ph, dominated by the HOMO — LU MO transition, is 0.22, similarly to the S; state
of QAD. In terms of the light color and the color purity, QAD-6CN is a promising new
MR-TADF candidate. The chemical substitution changes the emission color of QAD
from blue to cyan, while retaining a similar reorganization energy to QAD-7Ph, whose
color purity has been experimentally confirmed [45]. Furthermore, QAD-6CN has a
similar AFg¢p and a similar oscillator strength of the S; state to the parent MR-TADF
chromophore, QAD.
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4. Conclusion

In summary, we have used computer simulations to investigate the effect of chemical
modification on the excited-state properties of an MR-TADF chromophore, as a strategy
for expanding the available color range for applications in OLEDs. We considered
the QAD parent compound funcitonalized with five substituents of different electron
donating/withdrawing ability in different positions. First, we evaluated the DFT
formation energies of all compounds as an indicator of the ease of synthesis. We find
that substitutions on positions 4 and 6 are more difficult owing to the steric hinderance
of the O atom, in particular for bulky side-groups.

Second, we examined the spatial distribution of the DFT frontier orbitals to assess
whether the substituted compounds retain their MR-TADF functionality. We find that
strong electron donating groups, such as Cz, shift the distribution of the HOMO, such
that it is localized on the donor moiety rather than on the QAD skeleton. This turns
QAD into a donor-acceptor chromophore and is thus detrimental to MR-TADF. Other
substituents, including Me, Ph, CN, and DCN, may preserve the high color purity
because the spatial distribution of the HOMO and LUMO over the QAD skeleton is
retained.

Third, we used TDDFT based on the long-range corrected hybrid functional LC-
BLYP to evaluate the excitation energies of the QAD derivatives. We examined the
change in the S excitation energy, which corresponds to the change in the emission
color, and the difference between the S; and 77 excitation energies, AFEgr, which
corresponds to the energy barrier for TADF. We find that chemical modification changes
the excitation energies of QAD derivatives mainly by changing the ground state frontier
orbital energies. QAD-6CN exhibits the greatest change in color compared to the parent
compound, followed by QAD-4Ph. QAD-4Ph is found to have the smallest AFgr
of the compounds studied here, which may further facilitate TADF, whereas QAD-
6CN has a similar AFEgr to QAD. However, side-group substitution changes the energy
ordering of the excited states of QAD-4Ph, such that the lowest singlet excited state is
no longer dominated by a HOMO to LUMO transition, but by a transition localized on
one carbonyl group. This effectively changes the MR-TADF functionality despite not
appearing to be so based on the spatial distribution of the DFT HOMO and LUMO.
This demonstrates the necessity of TDDFT analysis beyond the visual inspection of
ground-state frontier orbitals.

Finally, we considered the reorganization energy, which corresponds to the color
purity of TADF chromophores. The reorganization energy of QQAD-4Ph is found to
be significantly higher than that of QAD and of QAD-7Ph. Therefore, the increase
in the reorganization energy may be attributed to the change in the nature of the S,
excited state rather than the rotatable bond with the phenyl side group. Based on
the reorganization energy, QAD-4Ph may exhibit a considerably broadened emission
peak, prohibiting its application in high-resolution displays. The reorganization energy
of QAD-6CN is similar to that of QAD-7Ph, which has been experimentally observed
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to exhibit MR-TADF with high color purity.

We thus conclude that QAD-6CN stands out as a promising MR-TADF
chromophore based on all the performance metrics considered here. It is predicted
to exhibit efficient MR-TADF thanks to the low energy barrier to RISC, and high color
purity, thanks to the low reorganization energy. It is expected to emit light with a
lighter cyan hue compared to the blue color of QAD. The case study of QAD derivatives
demonstrates that chemical modification of MR-TADF chromophores may change the
color of their light emission and/or improve their TADF performance without decreasing
their color purity. Similar computational studies may be helpful to the development
of new MR-TADF chromophores for applications in full-color high-resolution OLED
displays, as well as in solar-cells utilizing TTA upconversion.
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