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Introduction

Organic light-emitting diodes (OLEDs) serve as one

of the most promising types of light-emitting electronic

devices due to low operating voltage, fast response, high

brightness, and capability of achieving mechanical flexibility

and/or semitransparency on flexible and/or transparent

substrates. In recent decades, OLEDs serve as the basis

of rapidly developing modern LED display technologies,

gradually replacing traditional LCD technology. In the

future, OLEDs may become light sources for lighting

applications, including conformal ones with an arbitrary

nonplanar surface and flexible sources. Moreover, the

OLED’s emitting area can be of almost any size, in

sharp contrast with popular inorganic LEDs having a small

emitting area.

LEDs are based on the electroluminescence (EL) effect,

whose efficiency is defined by the rate of radiative recom-

bination of electron-hole pairs injected from the LED elec-

trodes. In organic materials, the lowest electronic excited

states correspond to excitons, or, in terms of semiconductor

physics, electron-hole pairs bound by coulombic attraction.

Exciton binding energy in organic materials is considerably

higher than the thermal energy at room temperature, which

makes them the lowest excited states. Deep studies in

exciton physics emerged in the 1960s: the first monograph

in this field written by V.M. Agranovich — one of the

pioneers in the exciton theory — was published in 1968 [1].
Excitons play a key role in OLEDs because their generation,

transport, recombination processes and interaction with

other quasiparticles are critical for the OLED efficiency.

Increase in the OLED efficiency and operational lifetime

is the key objective in this field. Moreover, for display

technology, it is important to achieve the highest possible

EL color purity (i.e., monochromaticity) for each of the

primary colors — red, green, and blue — to achieve

fuller color reproduction. This paper reviews the recent

achievements and issues in one of the most promising,

fast-growing and young OLED fields that emerged in

2016 and is based on the so-called multiresonant (MR)
luminophores [2]. Luminophores of this type potentially

have a 100% fluorescence (FL) quantum yield (QY) and

a narrow FL band compared with that of semiconductor

quantum dots. This review mostly focuses on the concepts,

approaches, and issues in the field of MR luminophores and

to a lesser extent on MR luminophores themselves that are

addressed in a series of recent works [3–5].

OLED generations

The OLED light-emitting diodes layer includes organic

luminophores with a triplet state (T1) whose energy is

typically 1EST ∼ 0.3−0.6 eV below the first excited singlet

state (S1), see Figure 1. One of the key factors affecting

the OLED efficiency is the EL quantum yield, defined as

the probability of emitting a photon per one electron-hole

pair injected into OLED. Internal and external ELQYs are

distinguished as follows: the first one describes the total

number of EL photons emitted in the OLED active layer,

while the second one is the number of EL photons that

exited from OLED to the solid angle 2π formed by the

OLED emitting area. Whereas the internal ELQY may reach
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Figure 1. Jablonski diagram with the flowchart of main relaxation

processes following electric excitation of a thermally delayed

fluorescence (TADF) luminophore. S0 and S1 are the singlet

ground and excited states, T1 is the triplet state, 1EST is the

energy difference between the S1 and T1 states. PF is the prompt

fluorescence, DF is the delayed fluorescence, ICS and ICT are the

internal conversion, respectively, S1 → S0 and T1 → S0, ISC is the

intersystem crossing, RISC is the reverse intersystem crossing, PH

is the phosphorescence.

100%, the external ELQY is always much lower due to a

relatively low light outcoupling efficiency as a result of total

internal EL reflection in the OLED layers and nonoptimal

orientation of the EL emitting dipoles that, ideally, should

be oriented in the OLED plane. Therefore, if no special

measures for orientation of light-emitting diodes dipoles and

reduction of waveguide-effect–related losses are taken in real

practice, the external ELQY does not exceed 20−30% [6,7].

Generally (if no special spin-selective electrodes are

used), due to the random spin statistics of electron-hole

pairs injected from the electrodes, 75% of these pairs may

generate triplet excitons. In turn, radiative transitions of

triplet excitons to the ground state (S0) have extremely

low rates, being forbidden in the dipole approximation;

therefore, most organic luminophores usually relax nonra-

diatively from these states. First-generation OLEDs based

on FL (i.e. on the S1 → S0 transition) lose as much as

75% in ELQY because its theoretical limit is 25%, which

corresponds to the probability of singlet electron-hole pair

formation assuming random spin statistics. The probability

of radiative transition from the triplet state T1 to the ground

state S0 (T1 → S0), i.e. phosphorescence, is considerably

enhanced in the presence of heavy atoms (for example,

iridium) in the luminophore; such molecules are the basis

for the active layer of many commercial second-generation

OLEDs (Figure 2). In principle, ELQY of OLEDs based on

phosphors with heavy atoms may reach 100%, however,

they have a number of disadvantages. For example, it

is not easy to fabricate stable blue and violet OLEDs

probably due to a relative weakness of the corresponding

metal-carbon bonds; moreover, the most successful iridium

phosphorescent luminophores are rather expensive and have

a relatively wide emission band, i.e. insufficient color

purity, high degree of which is necessary for current

and future display technologies. Difficulties in creating

high-performance and long-lifetime blue luminophores for

OLEDs have resulted in a situation where the blue pixel

in modern three-color smartphone screens occupies more

than 50% of the total area of all pixels (blue, green, red)
to ensure the acceptable brightness [8], which, in particular,

may limit the resolution of OLED-based screens.

Research community is currently focused on the third-

generation OLEDs (Figure 2) that are based on lu-

minophores exhibiting thermally assisted delayed fluores-

cence (TADF), see Figure 1. Such luminophores were

known before, but the rapid development of TADF-based

OLEDs was kickstarted by the work of Adachi et al. in

2012 [9] and has resulted in over 3,000 articles published

on the TADF topic to date. In TADF luminophores, the

S1 and T1 levels are so close in energy that there is a high

probability of thermally assisted reverse intersystem crossing

(RISC) from the triplet state to the singlet state (T1 → S1);
fluorescent transition from the latter to the ground state

(S1 → S0) occurs with a delay determined by the RISC rate.

As in the 2nd-generation OLEDs, both triplet and singlet

excitons contribute to EL, so ELQY of the 3rd-generation

OLEDs can potentially reach 100%. For example, in 2023,

achievement of a nearly-100% internal ELQY for a blue

single-layer TADF OLED was reported [10]. The main

objective of the molecular design of TADF molecules is

to reduce 1EST down to a value of the order of thermal

energy at room temperature (25meV), meanwhile retaining

a noticeable oscillator strength of S1 → S0 transition, to

prevent competing nonradiative processes from deactivating

the S1 and T1 states.

A concept of fourth-generation OLEDs is currently being

formed to compensate for the disadvantages of TADF

materials. For example, the most challenging bottleneck of

TADF luminophores is a long fluorescence lifetime resulting

from a small dipole moment of the S1 → S0 transition

and/or from a relatively slow RISC process. The latter

leads to an elevated concentration of triplet excitons in

the OLED active layer and, thus, to a limitation of the

OLED operational lifetime. Indeed, since the triplet exciton

lifetime is relatively high, their elevated concentration leads

to a higher probability of triplet-triplet, singlet-triplet and

triplet-polaron annihilation. These processes, in turn, lead

to considerable energy release, in particular, at host or

dopant molecules of the OLED active layer, which increases

the probability of various destructive processes such as

dissociation of chemical bonds of the dopant and/or host

molecules [11]. One can compensate these disadvantages

of TADF materials within the so-called hyperfluorescence

concept that is assigned to the 4th-generation OLED. The

51 Optics and Spectroscopy, 2024, Vol. 132, No. 8



802 D.I. Dominskiy, O.G. Kharlanov, D.Yu. Paraschuk

1987

st1  gen

Fluorescence

2000

nd2  gen

Phosphorescence

2012

rd3  gen

TADF

2014

th4  gen

Hyperfluorescence

Figure 2. OLED generations.

approach is based on adding an extra, so-called terminal

emitter to the OLED emitting layer already doped with

the TADF luminophore. The terminal emitter accepts

energy from the S1 state of the TADF luminophore through

energy transfer [12]. Thus, in hyperfluorescent OLEDs,

exciton generation, transport and radiative relaxation are

performed by different materials. However, a complicated

structure of the emitting layer is the reverse side of such

separation of the functions by different materials, which

may be an obstacle on the way to commercialization.

Finally, one of the fascinating and counterintuitive ideas that

should be assigned to the 4th-generation OLED approaches

is the creation of luminophores with an inverse ST -gap
(E(T1) > E(S1)), which generally makes it possible to

achieve a 100% FLQY/ELQY without TADF. Though this

idea contradicts the simplest version of Hund’s rule, it has

been recently implemented experimentally by a Japanese

research group [13]. So far, however, the inverse ST -
gap has been experimentally confirmed only for a couple

of DABNA derivatives [14] and one type of compounds

with quite sophisticated synthesis [15], and molecular design

approaches for such luminophores are in their infancy [16].

Structure and properties of multiresonant
luminophores

TADF luminophores

A common feature of the molecular structure of TADF

luminophores is the presence of donor and acceptor frag-

ments. The highest occupied molecular orbital (HOMO)
is localized mainly on the donor fragments and the lowest

unoccupied molecular orbital (LUMO) is localized mainly

on the acceptor fragments (Figure 3). As a result, the

overlap of frontier orbitals (i.e. LUMO and HOMO)
is relatively small, which makes it possible to reduce

considerably the energy splitting of the S1 and T1 states

(1EST) and to ensure an efficient delayed FL.

The most studied TADF luminophores consisting of at

least one donor and one acceptor molecular fragments are

known as donor-acceptor luminophores. Among the donor

fragments of TADF luminophores, carbazole, spiro-acridine,

triphenylamine, and their derivatives are most widely used.

Benzonitrile, triazine, diphenylsulfone, benzophenone, and

their derivatives are generally used as acceptor fragments.

Small frontier-orbital overlap is often achieved by rotating

the molecule’s acceptor fragments with respect to the donor

ones (both of them are usually planar) at a relatively large

angle to considerably reduce overlap of the π-orbitals of the

specified fragments. A less often used concept of charge-

transfer donor-acceptor complexes relates to the case of

the approximately parallel donor and acceptor fragments

interacting mainly
”
through space“ [17–23], i.e. similar to

the interaction between the donor and acceptor molecules

in charge-transfer intermolecular complexes. However,

small frontier-orbital overlaps in such donor-acceptor TADF

luminophores usually lead to a low oscillator strength of

the S0−S1 transition, which considerably increases the

luminophore’s radiative relaxation time allowing various

nonradiative processes to deactivate the S1 state and, thus,

to reduce the luminescence QY. Thus, the low oscillator

strength of the S1−S0 transition, which is a significant

disadvantage of the donor-acceptor TADF luminophores, is

often the price one has to pay for a small 1EST splitting.

A wide emission band (more than 50 nm at half max-

imum) is another significant disadvantage of the donor-

acceptor TADF luminophores, which considerably reduces

the color purity, a critical property for current and future

display technologies. To overcome the above-mentioned

disadvantages, in 2015−2016, a Japanese group led by

T. Hatakeyama proposed a new type of TADF luminophores

known as multiresonant luminophores [2,24], where the spa-

tial separation of frontier molecular orbitals is implemented

at the alternating donor and acceptor atoms, rather than at

polyatomic donor and acceptor molecular fragments1 [2].
MR molecules are polycyclic hydrocarbons with acceptor

and donor heteroatoms, for example, boron and nitrogen,

respectively, which correspond to ortho-substituents on the

benzene ring (D and A with respect to three external

benzene rings in Figure 3, b). In the structure of the MR

molecule, the donor and acceptor atoms themselves are

located in a para position with respect to each other. Such

structure leads to localization of the HOMO/LUMO mainly

at the donor/acceptor atoms and carbon atoms that are in

meta positions with respect to these atoms. In alternant

1 The term
”
multiresonant“ appeals to the so-called resonance theory

proposed by L. Pauling, which was an intuitive evolution of the valence

bond method. The presence of donor and acceptor atoms in the above-

mentioned positions on aromatic rings lets one draw many various resonant

structures within the resonance theory.

Optics and Spectroscopy, 2024, Vol. 132, No. 8
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Figure 3. Illustration of molecular design concepts for TADF luminophores. (a) Donor-acceptor TADF luminophores usually contain

covalent-bonded donor and acceptor molecular fragments that are usually rotated from each other at a significant angle to reduce the

HOMO/LUMO overlap. (b) In MRTADF luminophores, electron-donor atoms are placed in ortho positions on the conjugated ring

with respect to electron-acceptor atoms in the annulated aromatic structure, resulting in the HOMO/LUMO localization mainly on

donor/acceptor atoms.

hydrocarbons, which MR luminophores are usually assigned

to, all atoms can be classified into two groups — the
”
blue“

and the
”
red“ ones in Figure 3, b (also referred to as marked

and unmarked [25]), — so that blue/red atoms are bonded

only to red/blue atoms, respectively. As a result, one frontier

orbital (HOMO) in MR luminophores is localized mainly

at the blue atoms and the other one (LUMO) is localized

mainly at the red atoms (Figure 3, b).

In comparison with the donor-acceptor TADF lu-

minophores having a wide emission band, MR lu-

minophores generally demonstrate a narrow band [5]:
typical FL bandwidths are 20−40 nm [26–28] and down

to 14 nm in record-breaking cases [26] (Figure 4). This

is achieved due to the two following circumstances. First,

frontier molecular orbitals in MR luminophores are non-

bonding in the ideal case [25] because they vanish at the

nearest neighbors of a given atom, i.e. between the nearest

pairs of blue (red) atoms in Figure 3, b. As a result, the

electron density between these neighboring atoms, which

is defined by the frontier orbitals, vanishes. Consequently,

the order of the corresponding π-bonds is equal to zero [29],
because the ground-state electron density is mainly localized

at the group of blue (red) atoms. Therefore, bond length

variation, in particular, due to vibrations, does not affect

the frontier orbital energies and their contributions to the

electron-vibrational (vibronic) interaction. Such an alternant

feature of the frontier orbital topology leads to a strongly

suppressed vibrational structure of absorption and emission

bands of the MR molecules and, thus, can provide a narrow

emission bandwidth. Second, a rigid molecular structure

of the MR luminophore makes it possible to get rid of

typical low-frequency vibrational modes that are typical of

the donor-acceptor TADF luminophores. As a matter of

fact, the donor and acceptor fragments are often connected

by one covalent (usually single) bond, around which low-

frequency vibrations are possible that strongly modulate

the overlap of frontier orbitals and, thus, provide a strong

vibronic coupling. In turn, the strong coupling leads to high

Huang−Rhys factors and, therefore, to wide absorption and

luminescence spectra. Similar low-frequency vibrations are

possible in the case of
”
through-space“ interaction between

the donor and acceptor molecular fragments.

A common feature of the donor-acceptor TADF lu-

minophores is the low oscillator strength of the S1−S0

transition as a result of small overlaps of their frontier

orbitals — HOMO and LUMO. However, because of

multiple, but relatively small overlap
”
patches“of frontier

orbitals in the MR luminophores, the oscillator strength

of the S0−S1 transition can be quite high for them. For

example, for the very first MR luminophores, it was in the

range of 0.2−0.4 [2,5], for other luminophores, the oscillator

strength reached 0.7 [30]. As a result of the considerable

oscillator strength of the S0−S1 transition and the weak

vibronic coupling that facilitates reduction of the nonradia-

tive relaxation efficiency, FLQY of the MR luminophores

can reach 90% and higher [2,5]. Note that, owing to

the above-mentioned multiple overlap patches of frontier

orbitals, reduction of the electron repulsion effects should

be expected, which should facilitate reduction of 1EST

compared with the donor-acceptor TADF luminophores.

The most pronounced alternant topology of the frontier

orbitals is implemented when a series of marked and

unmarked atoms in the polycyclic skeleton of the MR

luminophores are substituted with atoms having strong

acceptor and donor properties, i.e. with boron and nitrogen,

respectively. Thus, for example, by varying the degree of

substitution of carbon atoms in graphene with nitrogen

and boron atoms, the band gap of the material can be

changed from zero (graphene, no heteroatoms), to ∼ 6 eV

(hexagonal boron nitride) [31], no carbon atoms, with the

HOMO localized at nitrogen atoms [32]).

Besides boron, the acceptor atom can be carbon from

the carbonyl group (>C=O) whose bivalent nature governs

its location only at the periphery of a polycyclic MR

51∗ Optics and Spectroscopy, 2024, Vol. 132, No. 8
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Figure 4. External quantum efficiency, EQE, of OLEDs with active layer based on MR luminophores for various EL wavelengths,

λEL [4,41-92]. Full width at half maximum (FWHM) is given in nanometers.

luminophore (QAD-2Cz, Figure 5). Besides nitrogen,

the donor atom can be oxygen from an ether group

(PXZ-BN, Figure 5), as well as other elements from the

chalcogen group, for example, sulfur (2PTZBN, Figure 5)

and selenium (CzBSe, Figure 5). Inclusion of atoms (into

the respective positions, see Figure 3, b) with stronger donor

properties or with more pronounced acceptor properties

into the molecular structure of the MRTADF luminophores

leads to an increase in the HOMO energy and to a

decrease in the LUMO energy, respectively. Thus, the

optical gap of an MR luminophore can be adjusted.

MR luminophores are sometimes classified into the fol-

lowing groups in accordance with the types of electron-

acceptor and electron-donor atoms included in them:

boron/nitrogen (B/N) [2,33], boron/oxygen (B/O) [26,34],

carbonyl/nitrogen (>C=O/N) [35,36], [35,36], so-called

multi-heteroatomic systems, where more than two dif-

ferent types of heteroatoms are used [27,37], and

novel indolocarbazole-based π-systems (t3IDCz , Fig-

ure 5) [38,39] that do not contain apparent acceptor

heteroatoms. Note that not all MR luminophores ex-

hibit the TADF effect as, for example, indolocarbazole

luminophores [40]. This is probably associated with too

large a 1EST gap of about 0.3 eV [40] which is accounted

for by the large frontier-orbital overlaps in them, larger than

those in the donor-acceptor MRTADF luminophores.

As for the field of inorganic LEDs, the key objective

is to develop an efficient, bright and durable OLED that

emits blue and violet narrow-band EL because all other

spectral colors can be relatively easily generated from such

short-wavelength radiation using appropriate luminophores.

Figure 4 shows the values of external ELQY reported in

published studies for most of the known MR luminophores

emitting in various spectral ranges. As shown in the figure,

most of the research is devoted to blue luminophores for

which external ELQY of up to 40% is reported. Not too

many MR luminophores have a narrow EL bandwidth,

and this is a sign of insufficient level of understanding of

the correlation between the molecular structure and the

luminescence bandwidth.

MR luminophores from the B/N group (Figure 5) are

the most well-studied ones. For this group, the first

MRTADF luminophore called DABNA (5,9-diphenyl-5,9-
diaza-13b-boranaphtho[3,2,1-de]anthracene), as well as

DABNA-1) and several derivatives thereof were synthe-

sized [2,26,93,94]. There are over 1200 citations of one

of the first reports on DABNA-type luminophores published

in 2016 [2]. Just over 10 research teams primarily

from Southeast Asia, in particular, China and Japan, are

currently working in the field of DABNA-type luminophores.

DABNA-1 and DABNA-2 luminophores have demonstrated

violet and blue (400−469 nm) radiation with FLQY of 88%

and 90%, respectively, at 1EST of 0.18 eV and 0.15 eV in a

Optics and Spectroscopy, 2024, Vol. 132, No. 8
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Figure 5. Examples of MRTADF luminophores. Color of each name corresponds to the luminescence spectrum [4].

well-known mCBP film (with a doping level of 1wt.%) that
is widely used as a host for luminophores in various types

of OLEDs. These films as part of the OLED active layer

have shown high ELQY of 13.5% and 20.2% with violet

color coordinates (0.13, 0.09) and (0.12, 0.13), respectively,
along with narrow EL spectra (FWHM of 28 nm). Though
OLEDs based on DABNA-1 and DABNA-2 have shown very

high roll-off with an increase in the OLED current value,

they are promising candidates for the development of pure

violet TADF materials.

A DABNA-1 derivative known as t-DABNA [33] is

another prominent representative of the boron-nitrogen MR

luminophore group. The authors reported that t-DABNA-

based OLED samples had the maximum ELQY of 31%.

In another study, addition of carbazole to the boron atom

in para position in the t-DABNA structure (TBN-TPA)
increased FLQY to 97% and reduced 1EST to 0.03 eV in

a toluene solution [95]. A TBN-TPA-based blue OLED has

shown a very high external ELQY of 32% with its peak

at 447 nm and FWHM of 27 nm [95]. In 2018, DABNA

derivatives with two and three boron atoms (B1−4) were

demonstrated [96]. All the materials showed violet and

blue emission in the range from 441 nm to 455 nm with

FWHM of 32−34 nm in PMMA films with the doping

level of 1wt.%. FLQY was within 33−57%, and 1EST

was within 0.15−0.18 eV in the PMMA films. OLEDs

with one of the synthesized materials (B2, Figure 5)

in a concentration of 1wt.% in the mCBP host have

demonstrated a maximum external ELQY of 18% with an

EL peak at 460 nm and FWHM of 37 nm A DABNA-1 core

dimer (ν -DABNA) with two boron atoms and two donor

groups based on diphenylamine attached to the DABNA

cores in para positions with respect to the boron atom was

reported in 2019 (Figure 5) [26]. ν -DABNA luminophore in

the DOBNA-OAr host (1wt.%) has shown FLQY of 90%

with its peak at 467 nm and 1EST = 17meV. Though the π-

conjugation degree of ν -DABNA has increased compared

with DABNA-1, the emission peak was still in the blue

region as for DABNA-1. This can probably be attributed

to a somewhat nonplanar conformation of the polycyclic

molecule skeleton leading to reduction of the characteristic

delocalization length of the π-electrons and not causing

optical gap reduction. However, compared with DABNA-1,

ν -DABNA has increased FLQY and reduced 1EST. A

ν -DABNA-based OLED has shown a record-breaking exter-

nal ELQY (34.4%) with blue color coordinates (0.12, 0.11)
and very narrow EL width (18 nm at half maximum) [26].
Moreover, this device has shown quite a low efficiency roll-

off with brightness, below 10% at 1000 cd/m2. This is

currently the highest efficiency and lowest roll-off among

OLEDs based on the MRTADF luminophores. Though

most of the studies on MR luminophores are focused

on the blue spectrum, attempts were made to achieve

green-emitting and red-emitting luminophores. For exam-

Optics and Spectroscopy, 2024, Vol. 132, No. 8
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ple, the QAD-2Cz compound using a carbonyl/nitrogen

donor-acceptor pair has shown an emission wavelength of

530 nm with a maximum ELQY of 27% at a sufficiently

high 1EST = 170meV [97]. R-BN MR luminophore and

its derivative with red-emitting tertiary-butyl substituents

R-TBN were demonstrated in [98]. The authors claimed to

have created OLEDs based on MRTADF luminophores with

the longest wavelength, with EL spectra peaks at 664 nm

and 686 nm at ELQY up to 28%.

Note that relatively planar MR luminophores are prone

to aggregation with formation of H-aggregates, which

feature a low oscillator strength of the S0−S1 transition,

so that the luminescence efficiency may be reduced. To

inhibit the aggregation effects in MR luminophores, bulky

alkyl (methyls, tertiary butyls) or π-conjugated (phenyl,
carbazole, etc.) substituents are added to their molecular

structure. One typically attempts to arrange substituents of

the latter type at a large angle (usually more than 60◦) to

the plane of the π-conjugated molecular core typically by

using steric effects. Moreover, molecular orbitals of the π-

conjugated substituents, even when oriented at a large angle,

can partially overlap with those of the π-conjugated core of

the MR luminophore, which is used to shift the emission

spectrum into a longer-wavelength region.

RISC rate

One of the main disadvantages of all types of TADF

luminophores is a relatively low RISC rate, which, first, may

reduce the TADF efficiency and, second, leads to a relatively

high concentration of triplet excitons. The latter ones have a

long lifetime and, as mentioned above, serve as precursors

for various OLED degradation processes. Therefore, in

terms of molecular design of the MRTADF luminophores,

the research community is focused to a great extent on the

increase in the RISC rate (Figure 1) characterized by the

rate constant kRISC.

RISC is a nonradiative transition induced by spin-

orbit coupling with the corresponding matrix element

〈S1|ĤSO|T1〉 for two electron states |S1〉 and |T1〉,
where ĤSO is the spin-orbit coupling operator, so that

kRISC ∝ |〈S1|ĤSO|T1〉|2, according to the Fermi golden rule.

Within the most popular approach, kRISC is calculated using

the semiclassical Marcus theory (Marcus−Levich−Jortner

model) [99,100]:

kRISC =
2π

~
|〈S1|ĤSO|T1〉|2 × FCWD, (1)

where ~ is the reduced Planck’s constant, and FCWD is the

Franck−Condon weighted density of states calculated from

the vibrational spectrum of |T1〉. Note that FCWD contains

an exponential factor whose exponent includes 1EST, due

to which kRISC grows significantly as 1EST reduces.

Matrix element of the spin-orbit coupling operator

The spin-orbit coupling operator in the central-field

approximation, which is deemed to be reasonable for many

organic molecules, reads

ĤSO =
e2

2m2
ec2

∑

I

∑

i

Zeff
I

r3iI
l̂iI · ŝi (2)

where me is the electron mass, e is the electron charge,

c is the speed of light, Zeff
I is the effective dimensionless

charge of nucleus I , r iI is the distance between the valence

electron i and the nucleus I , l̂iI is the orbital momentum

operator of the electron i with respect to the nucleus I , ŝi is

the spin operator of the electron i .
As long as expression (2) corresponds to a fixed nuclear

configuration, the matrix element 〈S1|ĤSO|T1〉 in general

depends on the coordinates of the nuclei Q and in the two-

level model approximation can be written as:

〈S1|ĤSO|T1〉=〈S1|ĤSO|T1〉
∣

∣

∣

Q=0
+

∑

k

∂〈S1|ĤSO|T1〉
∂Qk

∣

∣

∣

Q=0
·Qk ,

(3)
where Qk is the vibrational coordinate corresponding to the

normal mode k , and the configuration Q = 0 corresponds

to some fixed position of the nuclei, for example, to

the equilibrium geometry of |T1〉. The first term in (3)
corresponds to the Condon approximation on the basis

of which equation (1) is derived, and the second term

constitutes the Herzberg−Teller approximation. These

Condon and Herzberg−Teller contributions are similar to

those arising in the theory of optical transitions, where the

operator of electric dipole interaction with electromagnetic

radiation is used instead of ĤSO. At the same time, for

some MRTADF luminophores, equation (3), whose second

term includes the vibronic coupling, is still insufficient for

a correct description of the spin-orbit coupling in them

because higher-energy singlet and triplet states beyond S1

and T1 should be accounted for [101], i.e. it is necessary to

go beyond the two-level model, see, for example, [30,102].
Such high-energy states can be considered in 〈S1|ĤSO|T1〉
by including the spin-vibronic coupling, so that the second-

order perturbation theory introduces mixing of electron

states with the same multiplicity via the nuclear kinetic

energy operator [101].
Namely, for example, in the ν -DABNA-type luminophores

and their analogues BOBO-Z, BOBS-Z, BSBS-Z containing

the same polycyclic π-conjugated skeleton, but with the

N atoms substituted with the O and/or S atoms, the

experimental data on kRISC agrees best with the theoretical

data when both the Condon and Herzberg−Teller contri-

butions according to equation (3), as well as the spin-

vibronic contribution are considered in 〈S1|ĤSO|T1〉 [102].
In particular, theoretical calculations performed by the

authors show that, for ν -DABNA, more that 80% of the con-

tribution to 〈S1|ĤSO|T1〉 is provided by the T1 → T2 → S1

transition induced by the spin-vibronic coupling, while
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Figure 6. Correlation between the experimental kRISC and 1EST value for the MR luminophores as reported in

Refs. [5,55,61,64,69,72,79,81−92,121,122]. Smooth line corresponds to a linear regression in the (log kRISC, 1EST) coordinates, with

the Pearson correlation coefficient of −0.39 and the p-value for t-test equal to 7× 10−15 . Black dots indicate the MR luminophores

containing one or more heavy atoms of the third and the following periods.

in luminophores with sulfur atoms (BOBS-Z, BSBS-Z),
97−98% of the contribution to 〈S1|ĤSO|T1〉 is provided by

the two-level model describing the T1 → S1 transition.

A much stronger spin-orbit coupling directly between |S1〉
and |T1〉 and a high kRISC in BOBS-Z and BSBS-Z contain-

ing, respectively, one and two S atoms, as compared with

ν -DABNA and BOBO-Z [102] is associated with the heavy-

atom (sulfur) effect. Indeed, spin-orbit coupling grows

dramatically as the nuclear charge increases [103,104],
which is known as the heavy atom effect. Therefore,

inclusion of heavy atoms, in particular, of sulfur and heavier

atoms, in the MRTADF luminophore structures should

increase the RISC rate considerably, i.e. increase kRISC,

which is observed experimentally (see Figure 6, black dots).
Thus, increase in the concentration of heavy atoms in

the luminophore molecular structure might seem to be a

good strategy for molecular design of the MRTADF lu-

minophores. However, this approach may lead to a decrease

in the OLED operational lifetime because heavy atoms form

weaker chemical bonds, i.e. bonds having a relatively low

bond dissociation energy compared with that for the C−C

bond. This weak-bond effect is particularly troublesome

for blue iridium luminophores, for which, despite very

high efforts, an acceptable stability for utilization in LED

technologies has not been achieved.

Within the leading-order perturbative description of the

spin-orbit coupling between the S1 and T1 states, the

coordinate parts of wave functions of the two states

correspond to the same electronic configuration with

one electron on HOMO and one electron on LUMO.

In the leading-order approximation, they can be constructed

from the products of wave functions of these two or-

bitals, (ψHOMO(x1)ψLUMO(x2) ∓ ψHOMO(x2)ψLUMO(x1))/
√
2,

where the plus sign corresponds to S1, the minus sign

to T1, and x1,2 are the spatial coordinates of the electron

pair that occupies HOMO and LUMO. As a result, in a

planar molecule, for example, S1 and T1 have the same

reflection properties with respect to the molecular plane,

therefore, the Condon contribution to 〈S1|ĤSO|T1〉 (first
term in equation (3)) is suppressed. This selection rule

is reflected in the El-Sayed rules [105], according to which

the rate of ISC between the states corresponding to the

Optics and Spectroscopy, 2024, Vol. 132, No. 8



808 D.I. Dominskiy, O.G. Kharlanov, D.Yu. Paraschuk

molecular orbitals of the same type (for example, S1 → T1)
is much lower than that between the states with orbitals of

different types (for example, S1 → T2)
2.

Moreover, the molecular point symmetry group can

impose additional restrictions on 〈S1|ĤSO|T1〉 [104,106].
Namely, selection rules associated with the symmetries

of the molecule are governed by the orbital part ĤSO in

equation (2) because spin degrees of freedom are internal

and the unperturbed Hamiltonian without the spin-orbit

coupling does not couple to them. In particular, in

planar π-conjugated hydrocarbons where only atomic pz -

orbitals contribute to the frontier molecular orbitals, the

purely electronic contribution to 〈S1|ĤSO|T1〉, i.e. one

without considering the vibronic or spin-vibronic couplings

(see equation (3)), is very small [103,104]. Indeed, the

orbital momentum operator l̂I entering the Hamiltonian (2),
when acting on the pz -orbital of its own atom I , gives

l̂I,z |pz ,I〉 = 0, while the action of l̂I,y (l̂I,x ) is reduced to

a rotation of the pz -orbital by π/2 about the y (x) axis, i.e

to its transformation into a px (py) orbital and multiplication

by i~ (−i~) [103,104], or, in the general case,

l̂I,α|pβ,I〉 = i~eαβγ |pγ,I〉, (4)

where indices α, β, γ run over x , y, z , and eαβγ is the Levi-
Civita symbol (totally antisymmetic unit pseudotensor).
The matrix elements of l̂I follow from equation (4):
〈pα,I |l̂I,β |pγ,I〉 = i~eαβγ . In particular, all diagonal ma-

trix elements are equal to zero, 〈pz ,I |l̂I |pz ,I〉 = 0, more-

over, the matrix elements 〈pz ,I |r−3
I l̂I |pz ,I〉 are also vanish,

where r I is the distance from the electron to the Ith
nucleus. Figuratively speaking, interaction between the

orbital motion of the pz -electron and its spin vanishes.

More rigorously, the matrix element ĤSO between the

S1 and T1 states with the same electronic configura-

tion reduces to single-electron spinless expectation values

〈ψHOMO|r−3
I l̂I,z |ψHOMO〉, 〈ψLUMO|r−3

I l̂I,z |ψLUMO〉 over the

states that are linear combinations of atomic orbitals |pz ,J〉,
and one-center contributions, that correspond to I = J in

the sums over the latter ones, vanish. Thus, effectively,

the S1 → T1 transition does not involve electron spin

interactions with the intraatomic orbital momentum, but

involves interactions only with the orbital momentum of

the electron motion across the molecule, which is sup-

pressed proportionally to the small atomic-orbital overlaps

〈pz ,J |pz ,J′〉, J 6= J′ [103,104]. In fact, the contributions

to the interaction are made only by three-center integrals

〈pz ,J |r−3
I l̂I,z |pz ,J′〉, i.e. by those with I 6= J 6= J′ 6= I . It

is important to note that the three-center integral values

are considerably suppressed due to the r−3
I , factor, which

2 In this context, it is sometimes said that, according to the El-Sayed

rules, a spin change from 0 to 1 during ISC should be accompanied by

a change in the orbital momentum of the corresponding states. Such

terminology is avoided here because S1 and T1, generally speaking, do

not have a definite orbital momentum (though being eigenfunctions of

the reflection operator with respect to the molecular plane for planar

molecules).

leads to an extremely weak spin-orbit coupling in planar

π-conjugated hydrocarbons [103].
Nevertheless, the polycyclic skeleton of the MR lu-

minophores often contains the N atoms (see, for exam-

ple, Figure 5) that are not in the pure sp2-hybridized

state, but host a minor contribution of the sp3-hybridized

orbitals resulting in the N atoms being slightly out of

the molecular plane, the molecule thus becoming non-

planar. As a result of such a symmetry breaking, the

π-orbitals have a small admixture of the σ -orbitals, so

that the π-orbitals include not only the pz -components

of atomic orbitals, but also low-weight px - and py -

components. Hence, a contribution to the matrix element

ĤSO can now be made by the nonzero matrix elements

of l̂I corresponding to the same atom (see equation (4)),
for example, 〈px ,I |r−3

I l̂I,y |pz ,I〉, so the spin-orbit coupling

may be considerably enhanced compared with the planar-

molecule case [107,108]. Thus, nitrogen atoms included

in the polycyclic structure of the MR luminophore, should

contribute to increasing kRISC. In addition, lone electron

pairs of the n-orbitals of the nitrogen atoms (as well as,

for example, those of oxygen and sulfur atoms) can also

actively contribute to the spin-orbit coupling, due to the

following factors. First, the corresponding nπ-transitions
may contribute significantly to the excited states of various

multiplicities. Second, the n-orbitals are oriented in the

plane of the π-conjugated molecule, i.e perpendicularly to

the pz -orbitals, which ensures a considerable magnitude

of the 〈nI |r−3
I l̂I,y |pz ,I〉 matrix element (see equation (4),

where I corresponds to the N atom) because the rotated

pz -orbital corresponding to l̂I,y |pz ,I〉 significantly overlaps

with the n-orbital [104,106]. As a result, the singlet-

triplet transition matrix elements between the ππ- and

nπ∗-states, 〈Sππ∗ |ĤSO|Tnπ∗〉, can be much larger than

the matrix elements that connect the states formed only

by the π-electrons, 〈Sππ∗ |ĤSO|Tππ∗〉, in accordance with

the El-Sayed rules [104,105,108]. In polyheterocyclic

compounds, the nπ∗-transitions are supposed to contribute

significantly to higher states, in particular, to S2 and T2, and

may contribute considerably to ISC and RISC [104,106].
At the same time, according to the quantum chemical

calculations within the two-level model, for the MR-

TADF luminophores without heavy atoms, typical matrix

elements of the spin-orbit coupling are not too high

for 〈S1|ĤSO|T1〉 (∼ 0.01 cm−1), but are much higher for

〈S1|ĤSO|Tn〉 (∼ 0.5 cm−1, n = 2, 3) [30,82], which agrees

with the El-Sayed rules. Note that the typical values

of 〈S1|ĤSO|T1〉 for iridium phosphors used in the 2nd-

generation OLEDs are 2 to 3 orders of magnitude higher

and exceed 100 cm−1 [99].

RISC rate constant: experimental approaches

In a number of cases, kRISC can be extracted from the

experimental FL kinetics and FLQY 8 = 8p + 8d, where

”
p“ and

”
d“ subscripts refer to the prompt and delayed FL,

respectively, using a three-level kinetic model describing
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the photophysical processes shown in Figure 1 [109].
FL kinetics of the TADF luminophores usually has a

typical two-exponential profile with decay times τp and τd
corresponding to the prompt and delayed FL (PF and DF in

Figure 1), respectively. As long as τp and τd are usually

in the nanosecond and microsecond range, respectively,

(sometimes in submillisecond range [110]), 8d/8p can

be extracted from the experimental kinetics as a ratio of

areas under the profiles of the delayed and prompt kinetic

components.

The above-mentioned kinetic model is expressed in terms

of two coupled first-order linear differential equations with

five rate constants corresponding to ISC (k ISC), RISC

(kRISC), radiative (kS
r ) and nonradiative (kS

IC) relaxations for

S1 → S0, as well as to the sum of the phosphorescence

and nonradiative relaxation rate constants (kT = kT
r + kT

IC)
for the T1 → S0 transition (Figure 1). Moreover, as

long as the ISC and RISC processes are cyclic in nature

(S1 → T1 → S1 → . . ., Figure 1) with excitation energy

leakage in each cycle from S1 at the rate kS
r + kS

IC and

from T1 at the rate kT , then 8p and 8d are related

to ISC QY (8ISC) and RISC QY (8RISC) as follows:

8d + 8p = 8p/(1− 8ISC8RISC) [111]. Considering that kS
r

can be found from a definition of the prompt FLQY,

8p = kS
r τp, by experimental measurement of 8p and τp,

whereas QYs of all the processes are determined by the

corresponding rate constants, there are only four equations

available for calculation of the five above-mentioned rates.

Therefore, in general, one can unambiguously find all

the rate constants from the experimental FL kinetics and

FLQY only using additional assumptions. In particular,

for the most efficient luminophores, for example, those

with 8p > 90−95%, internal conversion contribution to

the S1 → S0 transition is ignored, i.e. kS
IC = 0 is as-

sumed [109,112]. Also in some cases, the relaxation

T1 → S0 is ignored, i.e. kT = 0 is assumed [7,109],
also implying 8RISC = 1, which is probably not always

sufficiently justified. To completely determine all the

kinetic model parameters, one could also measure the

phosphorescence lifetime (1/kT ), however, such data for

the MRTADF luminophores is usually not reported, which

may be due to very weak phosphorescence intensity.

Note that RISC in some MRTADF luminophores prob-

ably occurs via higher triplet states Tn (n = 2, 3, . . .),
see the section below. Therefore, the three-level model may

potentially become inadequate, so that, for example, a four-

level model should be used instead [109]. However, the

latter contains more unknown parameters than the three-

level model does, which reduces the potential of the four-

level model for experimental data interpretation.

1EST gap

1EST is one of the key factors that determine the value

of kRISC, therefore, efficient TADF luminophores are sought

for among molecules with the narrowest 1EST gap possible.

The gap, in turn, can be extracted from the experimental

data using two following methods. The first method involves

recording of the FL and phosphorescence spectra of a

luminophore in solution or in an appropriate host and and

identifying the energy shift between the two spectra [26].
This can usually be achieved for MR luminophores at

low temperatures (usually liquid nitrogen). Alternatively,

the temperature dependence of the FL intensity can be

measured, and its approximation by exp(−1EST/kBT ) can

then be used to find 1EST [9]. In some cases, the two

methods give different values of 1EST. In particular, for

ν -DABNA, the second method gives a considerably higher

1EST (70meV) than the first one does (17meV), which is

attributed to the involvement of higher triplet states (T1, T2,

etc.) in RISC [26] due to the spin-vibronic coupling.

In principle, 1EST can be derived from quantum chemical

calculations, which is particularly valuable for molecular

design of the TADF luminophores, however, the most

widely used density functional theory calculations pro-

vide quite unreliable estimates in the case of small gaps

1EST < 1 eV, which depend considerably on the functional

used [113–115]. Therefore, predictive power of 1EST

calculations using density functional theory methods and,

especially, using semi-empirical methods is quite limited.

On the other hand, ab initio methods such as the coupled

cluster method give much more accurate results [116],
however, these methods demand a lot of computational

resources, and their capabilities are significantly limited by

the number of luminophore atoms, so that DABNA-1-sized

molecules can hardly be calculated accurately using such

methods.

The small 1EST gap is an important, but not the only

parameter defining kRISC. This is illustrated in Figure 6

showing a correlation between kRISC and 1EST plotted

from the experimental data on the positions of FL and

phosphorescence spectra as described above. As follows

from this figure, kRISC generally grows as 1EST decreases,

however, the degree of correlation of these two values is

quite modest. Such a low degree of correlation may be

related to the following factors. First, effective involvement

of higher triplet states in RISC is possible, for which the

exponent should contain the gap E(Tn) − E(T1), where

n = 1, 2, . . . is the number of the triplet excited state

involved in the RISC process. This is indicated by a

series of studies where, despite a relatively small 1EST,

the rate kRISC is moderately low (Figure 6), see, for

example, [80,117–120]. In fact, as mentioned above, the

matrix element of the spin-orbit coupling between the S-
andT -states with the same electronic configuration, for

example, 〈S1|ĤSO|T1〉 or 〈S3|ĤSO|T3〉, should be small in the

Condon approximation according to the El-Sayed rule [105].
Second, the value of 〈S1|ĤSO|T1〉 can potentially strongly

vary for different MR luminophores. Finally, kRISC may

be determined inaccurately from the experimental data due

to the assumptions concerning kS
IC and/or kT (see above).

Note that the highest values of kRISC were reported for the

MRTADF luminophores with heavy atoms (Figure 6, black

dots), which is quite expected.
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TADF OLED stability

One of the severe disadvantages of TADF OLEDs is

their insufficient operational stability in working conditions,

especially for blue and shorter-wavelength OLEDs, and

increasing the stability is one of the important problems to

be solved [11]. The published research on the TADF OLED

operational stability is very insufficient and incomplete,

which is probably associated with the following circum-

stances. First, the data on low-stability OLED samples

is probably often not published for
”
marketing“ reasons,

not to reduce the publication potential of the results

obtained. Moreover, it is highly likely that results for

more stable TADF luminophores are not published, but are

rather withheld for further patenting and commercialization.

Second, the OLED operational stability parameters depend

considerably not only on the TADF luminophore itself, but

also on a set of other OLED parameters and measure-

ment conditions, in particular, on the device architecture,

utilization of additional layers, availability and quality of

OLED sealing, on the atmosphere (inert gas vs. natural

atmosphere, temperature, etc.) [11]. These parameters and

conditions are often much different in publications of various

research teams, which significantly hinders the comparison

of operational stability results. Third, to improve the OLED

operational stability, it is of prime importance to identify

the mechanisms of OLED degradation [123], which requires

targeted photo/electrophysical and EL studies supported by

device physics simulations, for example, using drift-diffusion

models. There is very little amount of such research

on TADF OLED, but these studies are very important,

allowing one to identify the key
”
culprits“ responsible for

OLED degradation, namely, various excited states including

singlet, triplet and/or polaron states. For example, the

efficiency roll-off with an increase in current is often associ-

ated with the triplet-triplet annihilation, while the triplet-

polaron annihilation may be responsible for irreversible

degradation [124]. The OLED operational stability is usually

measured by the time of roll-off down to 50% of the initial

brightness (LT50), with 1000 cd/m2 usually taken for the

latter. The first MRTADF OLED versions on DABNA-1

and its derivative t-DABNA showed very short operation

lifetimes LT50= 36.5 and 135 h at 1000 cd/m2, respec-

tively, [11] (recalculation to LT50 at a reference brightness of

1000 cd/m2 was performed using a procedure from [125]).

Attempts were also made to use MRTADF as a terminal

emitter in the emitting OLED layer as, for example, in [126],

where t-Bu-ν-DABNA as a terminal emitter for pMDBA-DI

showed LT50= 440 h at 1000 cd/m2. According to [127],

the longest operational lifetime among MRTADF OLEDs

is demonstrated by the OLED based on the DBA-DI

luminophore in a mixed mCBP-CN:DDBFT host, for which

LT50= 540 h at 1000 cd/m2 was reported.

Conclusion

Thus, the analysis of the literature data shows that

the key
”
bottlenecks“ of the 3rd-generation OLEDs are

the wide EL band, leading to a reduced color purity,

and the insufficient operational stability. At the same

time, the MRTADF luminophores, in particular, of the

DABNA class, appear to be one of the most promising

types of materials for the 3rd-generation OLEDs. Though

these luminophores exhibit high EL efficiency, increase in

the TADF OLED operational lifetime and brightness is a

complicated and important problem requiring identification

of the correlation between the luminophore/host molecular

structures and the photo/electrophysical and EL properties,

both for the isolated luminophore and the one in the host,

or in the luminophore neat film, where interactions of

host/luminophore excitons and charges with various excited

states are important. It appears that the most promising

approach to the search for TADF luminophores that are

most suitable for OLED technologies is in a combination

of theoretical calculations of the molecular structure and

electronic properties at the isolated-molecule level, detailed

experimental and theoretical studies of photophysical pro-

cesses, primarily using luminescence spectroscopy, and

OLED simulations using drift-diffusion models accounting

for the behavior of excitons of various multiplicities.
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