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Moleculardescriptors forhigh-throughput
virtual screening of fluorescence emitters
with inverted singlet-triplet energy gaps

Check for updates

Yu Pang, Juanjuan Wang, Junfang Yang & Qian Peng

The discovery of fluorescence materials with an inverted singlet-triplet (IST) energy gap, where the
singlet excited state (S1) lies below the triplet excited state (T1), mark a transformative advancement in
organic light-emitting diodes (OLEDs) technology. However, designing the potential IST emitters are
greatly challenging, and their IST energy gap, arising from double electron excitation, can only be
accurately described by time-consuming post-Hartree-Fock (HF) methods, which blocks large-scale
high-throughput screening speed. Here, we develop a four-orbital model to elucidate detailly the roles
of double excitations in the IST formation, and establish twomolecular descriptors (KS andOD) based
on exchange integral and molecular orbital energy. By these descriptors, we rapidly identify 41 IST
candidates out of 3,486 molecules. The descriptors-aided approach achieves a screening success
rate of 90% and reduces computational costs by 13 times compared to full post-HF calculations.
Importantly,wepredicted a series of excellent non-traditional near-infrared ISTemitters fromadataset
of 1028 compounds with emission wavelengths ranging from 852.2 to 1002.3 nm, which open new
avenues for designing highly efficient near-infrared OLED materials.

Organic light-emitting diodes (OLEDs) are widely used as light sources in
smartphone and TV displays, as well as in lighting panels1. A major
challenge in the development of OLEDs is to increase the internal
quantum efficiency (IQE) to achieve brighter devices2. In traditional
fluorescent OLEDs, only 25% of singlet excitons emit light due to spin
statistics, while 75% of triplet excitons are wasted3. To enhance IQE,
thermally activated delayed fluorescence (TADF) has emerged. In TADF
systems, triplet excitons are efficiently upconverted from the lowest triplet
state (T1) to the lowest excited singlet state (S1) by a reverse intersystem
crossing (rISC) process, resulting in a maximum IQE of close to 100%4.
Nevertheless, TADF-OLEDs suffer from severe efficiency roll-off, such as
triplet-triplet annihilation and triplet-polaron annihilation5,6. Thus, an
ideal scenario would be thermodynamically favorable down-conversion
with a negative singlet-triplet energy gap (ΔEST), accelerating the rISC
process without requiring thermal activation, and effectively overcoming
roll-off issues. Recently, azaphenalenes have gained considerable atten-
tion in the field of organic electronic materials because they exhibit an
inverted singlet-triplet (IST) energy gap (a violation of Hund’s rule)7–11.
And their high stability and color tunability make them ideal candidates
for applications in organic light-emitting diodes, as recently demonstrated
in experimental implementations12. The discovery and development of
IST materials mark a transformative advancement in OLED technology.
By enabling efficient rISC, these materials pave the way for next-

generation displays and lighting solutions with unprecedented efficiency
and performance.

Recently, many theoretical studies13–17 indicated that the participation
of double electron excitationplays a necessary role in predictingHund’s rule
violations, resulting in that the time-dependent density functional theory
(TDDFT), a popular method for calculating the excited states, miserably
failed in describing IST energy gap due to a lack of capturing double exci-
tations. Thus,more accuratebut expensivemethodswere adopted to predict
negative ΔEST, such as spin-component-scaled coupled cluster doubles
(SCS-CC2), equation-of-motion coupled cluster singles anddoubles (EOM-
CCSD), algebraic diagrammatic construction at the secondorder (ADC(2)),
complete active space perturbation theory of second order (CASPT2), or
n-electron valence-state perturbation theory of second order
(NEVPT2)18–22. Although many accurate electronic structure calculations
have been made, the mechanism of violations of Hund’s rule is still being
explored and unclear. Moreover, expensive and time-consuming calcula-
tions severely decrease the large-scale high-throughput virtual screening
(HTVS) speed for discovering IST materials. Therefore, it is imperative to
develop a fundamental model to disclose the mechanism of violations of
Hund’s rule, and construct key molecular descriptors to characterize this
property, in order to realize HTVS from a large-scale chemical space.

Here, we have developed a four-orbital model (FOM) with single and
double electron excitations to elucidate the roles of double excitations,
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energy levels, and exchange integrals of involved orbitals in the formation
mechanism of IST energy gap. And the IST mechanism is revealed that the
ultra-small HOMO-LUMO orbital overlaps and the significantly large
energy differences between orbitals involved in double excitation syner-
gistically induce negative ΔEST. Based on this mechanism, two molecular
descriptors (KS and OD) are built to figure out the conditions for the
occurrence of IST energy gap in azaphenalene derivatives. Using the two
descriptors, 41 IST cores are rapidly screened froma chemical space of 3,486
cores.Relative to expensivepost-HFcalculations, theperiodof screeninghas
been shortened by 13 times while the success rate of screening is as high as
90%. Importantly, a series of potential non-traditional near-infrared IST
materials froma dataset of 1028 compounds are predictedwith significantly
intersystem crossing rate from T1 to S1 and radiative rates, compared to the
systems that have been discovered so far. This research also marks the first
time that IST materials have been predicted and proposed as near-infrared
OLED emitters.

Results and discussion
Four-orbital model for IST molecules
Firstly, eight typical molecules (1-8) with IST energy gap reported in the
literatures7–9,19 and four common molecules (9-12) with normal positive
singlet-triplet (PST) energy gap are selected as computational models to
dissect the nature of electron transitions, as shown in Scheme 1. The geo-
metries of 12 molecules are optimized at B3LYP/cc-pVDZ level in the S0
state, and their excited-stateproperties in theS1 andT1 states are analyzedby
ADC(2)/cc-pVDZmethodwhichwas adopted in refs. 9,11,18 (more details
are found in Supplementary Information). The resultant vertical excitation
energy,ΔEST, and electronic transition properties of the S1 and T1 states are
shown in Tables S1-S4. From Table S1, it is expectedly seen that the ΔEST
values of molecules 1-8 are negative while those of molecules 9-12 are
positive. As stated in the references7, the components of double excitation in
both S1 and T1 states is very large with the values of around 10% for
molecules1-8, while its component is very small in theT1 state formolecules
9-12 (Table S2), which lead to their differences in ΔEST. For molecules 1-8,
the single electron excitations mainly happen between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) with proportions larger than 80%, and the double excitations
involve more orbitals, primarily including HOMO-2, HOMO-1, HOMO,
LUMO, LUMO+ 1 and LUMO+ 2 (Tables S3 and S4). Further checking
the properties of orbitals, it is found that HOMO-2 and HOMO-1,
LUMO+ 2 andLUMO+ 1 are degenerate in energy, respectively;while the
energy gaps between HOMO-1 and HOMO, LUMO+ 1 and LUMO are
significantly large, respectively, as seen in Table S5. Thus, for simplification,
it is reasonable to extract the four orbitals, HOMO-1, HOMO, LUMO, and
LUMO+ 1 from themultiple orbitals (Fig. 1a) to explore themechanismof
IST energy gap.

Then, a four-orbital model is constructed, including HOMO-1,
HOMO, LUMO, and LUMO+ 1 (Fig. 1a). The single and double electron
excitation processes and their wave functions in the FOM are given in Fig.
1b. Only one single excitation betweenHOMOand LUMO is considered in
both S1 and T1 states based on the discussion above, and their wave func-
tions are denoted as j 1ΨL

Hi andj 3ΨL
Hi, respectively.There take into account

eight sets of double excitations, j 1ΨL;L
H;Hi, j 1ΨLþ1;Lþ1

H;H i,j 1ΨL;L
H�1;H�1i,j

1ΨLþ1;Lþ1
H�1;H�1i,j 1ΨL;Lþ1

H;H i,j 1ΨL;Lþ1
H�1;H�1i, j 1ΨL;L

H;H�1i and j 1ΨLþ1;Lþ1
H;H�1 i for the

S1 state, and four sets of double excitations j 3ΨL;Lþ1
H;H i,

j 3ΨL;Lþ1
H�1;H�1i,j 3ΨL;Lþ1

H�1;H�1i and j 3ΨLþ1;Lþ1
H�1;H i for the T1 state (see Fig. 1b).

Under the framework of HF theory, the wave functions (j 1ΨL
Hi

andj 3ΨL
Hi) of the S1 and T1 states by single excitation configuration

interaction (CIS) can be expressed, and their energy difference is solved as
ΔECIS

ST ¼ 2KHL (the expression of the wave functions and the solution of the
excited state energy are described in the “Methods” section), the KHL is the
exchange integral ðHLjLHÞ between the HOMO and LUMO, which is a
non-negative number. Under the HF and double excitation configuration

interaction (CID) approximation, the energies of S1 andT1 states are solved,
denoted as E1;S, E2;S, E3;S, E4;S, E5;S, E6;S, E7;S and E8;S, and E1;T, E2;T, E3;T,
and E4;T corresponding to the order of states written above, respectively.
And the 32ΔEST are obtained inCID approximation (ΔECID

ST ) by combining
these S1 and T1 states. Here, the energy gap ΔECID

1;1 between E1;S and E1;T
taken as an example in 32 ΔECID

ST , their wave functions j 1ΨL;L
H;Hi and

j 3ΨL;Lþ1
H;H i are expressed see “Methods” section, and the correspondingE1;S

and E1;T are obtained as:

E1;S ¼
1
ΨL;L

H;H jĤ � E0j
1
ΨL;L

H;H

� �
¼ 2ðεL � εHÞ þ JH;H þ JL;L � 4JH;L þ KH;L

ð1Þ

E1;T ¼ 3
ΨL;Lþ1

H;H jĤ � E0j
3
ΨL;Lþ1

H;H

� �
¼ εL þ εLþ1 � 2εH þ JH;H þ JL;Lþ1 � KL;Lþ1

�2JH;Lþ1 � 2JH;L þ KH;Lþ1 þ KH;L

ð2Þ

where ε, J andK are energy, coulomb integral ðiijaaÞ, and exchange integral
ðiajaiÞ of orbitals, respectively. Then the energy difference ΔECID

1;1 between
E1;S and E1;T can be equal as:

ΔECID
1;1 ¼ E1;S � E1;T ¼ Δε1;1 þ ΔJ1;1 þ ΔK1;1 ð3Þ

the expression of the Δε1;1, ΔJ1;1 and ΔK1;1 can be seen in Supple-
mentary Information (SI). For other cases, the derivatives of wave functions
and energies of the S1 and T1 states, and their energy gap ΔECID

ST values are
displayed in SI. The resultant ΔECID

ST can be a positive or negative number.
Therefore, the total energy gap (ΔEtot

ST) is the sum of ΔECIS
ST and ΔECID

ST , and
whether its value is negative mainly depends on ε, J and K of involved
orbitals, as known from Eqs. 1–3 (Fig. 1a).

The inversion mechanism of IST molecules and molecular
descriptors
The molecular ε, J , K , En;S;1≤ n≤ 8 and En;T;1≤ n≤ 4 for molecules 1-12 are
calculated at HF level (computational details seen in SI) and their values are
summarized in Tables S6–S10. And the resultant ΔECIS

ST and ΔECID
ST are

Fig. 1 | Schematic illustration of four-orbital model (FOM). a The basis of FOM.
bThe wave functions of single and double electron excitations in the S1 and T1 states
in the FOM, H-1, H, L and L+ 1 are the abbreviation of HOMO-1, HOMO, LUMO
and LUMO+ 1, respectively.
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shown in Figs. 2a–c and S14–S25. From Fig. 2a, it is clearly seen that ΔECIS
ST

values of molecules 1-8 (0.242 to 0.828 eV) are much lower than those of
molecules9-12 (1.220 to 3.471 eV),which ismainly causedby theKHL given
in Table S8 due to ΔECIS

ST ¼ 2KHL. The KHL is determined by the spatial
overlap of the HOMO and LUMO. As shown in Fig. S13, the HOMO and
LUMO are well-separated in space in molecules 1-8, whereas exhibiting
significant overlap in molecules 9-12. These indicate that a small KHL or
slight HOMO-LUMO overlap facilitates the formation of IST energy gap.
Therefore, KHL is regarded as a descriptor for screening IST molecules,
labeled as KS in this work. The validity of this descriptor has been demon-
strated in reference10.

Let us move to double electron excitation properties, which is key to
generate the IST. FromFigs. S14-S25, it is found that inmolecule1-8, among
32 sets ofΔECID

ST , many values such asΔECID
1;2 (−8.421 to−5.049 eV),ΔECID

1;4
(–7.242 to −3.702 eV), and ΔECID

5;2 (−6.002 to −0.132 eV), are negative,
which are beneficial for the occurrence of IST energy gap. However, in
molecules 9-12, there are only a few negative values and their values are
more than −3.045 eV, which makes it difficult to nurture IST energy gap.
For example, molecule 6 has not only eleven highly negative ΔECID

ST modes
with the lowest ΔECID

1;2 of -6.206 eV, but also a very small ΔECIS
ST of 0.244 eV,

which is a typical IST molecule (Fig. 2b). In contrast, molecule 11 has four
negative ΔECID

ST modes (ΔECID
1;2 , ΔE

CID
1;3 , ΔE

CID
1;4 , ΔE

CID
2;2 ) with the smallest

ΔECID
1;2 value of -1.128 eV, and a large ΔECIS

ST of 1.220 eV, making it a com-
mon PST molecule. To better illustrate all of this, we further analyze the
ΔECID

1;2 , ΔE
CID
1;4 , and ΔE

CID
5;2 with the lowest negative values, and display their

componentsΔε (Δε1;2, Δε1;4, Δε5;2), ΔJ (ΔJ1;2, ΔJ1;4, ΔJ5;2) and ΔK(ΔK1;2,
ΔK1;4, ΔK5;2) in Figs. 2d-2f and Table S11-S13. It is found that the ΔJ and
ΔK are similar in molecules 1-12, with their values mainly ranging from
−2.000 to 2.000 eV. Differently, the Δε varies within a large range of
−10.000–0.000 eV. It is very low in IST molecules (mostly below
−4.000 eV), while it ismuchhigher inPSTmoleculeswith valuesmore than
ca. -3.500 eV. Based on these results, it can be concluded thatΔε is themost
critical factor in generating the ISTenergy gap. Look into thedefinitionofΔε
given in the SI, they are Δε1;2 ¼ εL � εLþ1 þ 2ðεH�1 � εHÞ,
Δε1;4 ¼ 2ðεL � εLþ1Þ þ εH�1 � εH, Δε5;2 ¼ 2ðεH�1 � εHÞ. Trigged from
these, we come up withOD ¼ εL � εLþ1 þ εH�1 � εH as the other mole-
cular descriptor for screening IST molecules.

So far, twomolecular descriptorsKS andOD, which are related to single
electron and double electron excitations respectively, have been established
for screening IST molecules. The competition between the exchange integral
between orbitals in single excitation (positive value) and the energy gap
between orbitals in double excitation (negative value) determines the occur-
rence of IST molecules. In addition, the python code for computing KS and
OD is provided in SI, all parameters of KS and OD are calculated at HF level.

High-throughput virtual screening using these descriptors
From the above discussion, it can be known that small HOMO-LUMO
exchange integral and double excitation are profit to induce the inversion of
singlet and triplet states in energy. Heterocyclic triazene derivatives were
reported to exhibit well-separated HOMO and LUMO and character of
double excitations, which are the candidates for thermally activated delayed
fluorescencematerials23,24. Therefore, nine triazene cores are selected here to
generate 3468 molecular cores by substituting different atoms in the ring
(see Fig. 3a) using RDKit25. Then the high-throughput virtual screening is
performed using KS and OD descriptors, and confirmed by post-HF
methods, and theworkflow is shown in Fig. 3b. Step I is the establishment of
database. All the initial structures generated from 3486 SMILES strings are
optimized and their frequencies are analyzed at B3LYP/cc-pVDZ level, and
the unstable structures with imaginary frequencies are removed, 3156 stable
structures are preserved. Step II is the molecular screening by molecular
descriptors. The orbital energies of 3156 molecules are extracted and the
descriptorsKS andOD are calculated, and the 338molecules are screened as
potential IST candidates when they meet KS < 0.400 eV and
OD <−3.000 eV. Step III is the verification of results. The S1 and T1 vertical
excitation energyΔE(S0!S1),ΔE(S0!T1) and verticalΔEST are computed
by using EOM-CCSD/cc-pVDZ and SC-NEVPT2(8,8)/cc-pVDZ methods
to identify the final IST molecules. Finally, the emission properties of the
winners are investigated.

Firstly, we analyze the KS and OD of 35 IST molecules reported in the
literature and identify the conditions required togenerate the ISTenergygap
(Figs. S26–S27). The results in Fig. S27 indicate that the values ofKS andOD
are almost always less than 0.400 eV and −3.000 eV, respectively, for all
molecules. Therefore, KS < 0.400 eV and OD <−3.000 eV are used as the
criteria for identifying IST molecules. According to these conditions, 338
molecules are screened from a total of 3156, as shown in Fig. 4a. Subse-
quently, the EOM-CCSD/cc-pVDZ method is adopted to calculate the
vertical excitation energies of the S1 and T1 states and their differencesΔEST
at the optimized S0-geometry for these 338 molecules, as illustrated in Fig.
4b. From Fig. 4b, it is evident that 72 out of the 338 candidates exhibit
negative ΔEST and are identified as IST molecules. Furthermore, the mul-
tireference SC-NEVPT2 (8,8)/cc-pVDZ method is used to refine the
selection, resulting in 41 IST molecules from these 72 candidates (Fig. 4c).
Due to limitations in computational resources, the choice of the SC-
NEVPT2 (8,8) active space represents a balanced compromise between
computational cost and accuracy. This descriptor-assisted screening
method (DASM) takes a total of 2.8 × 103h to screen 41 ISTmolecules from
a combined pool of 3156 molecules.

To validate the accuracy and efficiency of the descriptors KS and OD,
the EOM-CCSD/cc-pVDZmethod is directly applied to calculate the ΔEST

Fig. 2 | The energy decomposition analysis of
singlet excitation singlet-triplet gaps and double
excitation singlet-triplet gaps. a The singlet exci-
tation singlet-triplet gaps ΔECIS

ST of molecules 1-12.
b, c 32 sets of double excitation singlet-triplet gaps
modes for molecule 6 and 11. d–f The energy
decomposition Δε (Δε1;2, Δε1;4, Δε5;2), ΔJ(ΔJ1;2,
ΔJ1;4, ΔJ5;2) and ΔK (ΔK1;2, ΔK1;4, ΔK5;2) of ΔE

CID
1;2 ,

ΔECID
1;4 , ΔECID

5;2 .
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for all 3156 molecules. Among these, 117 molecules (S36-S152 in Fig. S28)
are identified with negative ΔEST (Fig. 4d). The values of the ΔE(S0!S1),
ΔE(S0!T1) and ΔEST for these 117 molecules are listed in Table S14. As
illustrated in Table S14, theΔE(S0!S1) ranges from 0.521 to 4.161 eV, and
the ΔE(S0!T1) varies between 0.551 and 4.609 eV, resulting in ΔEST
ranging from -1.427 to -0.0002 eV. Similarly, the SC-NEVPT2(8,8) method
is employed to further refine the selection, yielding 46 IST molecules from
these 117 molecules (Fig. 4e and Table S15). To check the impact of the
active space, the SC-NEVPT2(12,12) is also used for M1-M46, and the

results (Table S16) are similar to those of SC-NEVPT2 (8,8). Themolecular
structures and ΔEST energies at the SC-NEVPT2(8,8)/cc-pVDZ level for
these 46 IST molecules (M1-M46) are shown in Scheme 2. This full-
calculation screeningmethod (FCSM) takes a total of 3.6 × 104h to screen46
IST molecules from the pool of 3156 molecules, which is 13 times longer
than the time required for theDASMdescribed above. If the results of 46 IST
molecules identified by FCSM are regarded as the standard, the success rate
of DASM is close to 90%. These findings confirm that the DASM is both
reliable and highly efficient.

Fig. 3 | 3486 virtual data set generation and a high-
throughput virtual screening workflow establish-
ment using our descriptors. a Chemical structures
of 3486 candidates based on heterocyclic triazene
derivatives. b Overview of the high-throughput
virtual screening workflow using descriptor KS

and OD.

Fig. 4 | Comparison of the descriptor-assisted
screening method (DASM) and the full-
calculation screening method (FCSM). a The KS

andOD values of 3156 candidates. bTheΔE(S0!S1)
and ΔEST values of 338 candidates at EOM-CCSD/
cc-pVDZ level. cTheΔE(S0!S1) andΔEST values of
72 candidates at SC-NEVPT2 (8,8)/cc-pVDZ level.
d The ΔE(S0!S1) and ΔEST values of 3156 candi-
dates at EOM-CCSD/cc-pVDZ level. e The
ΔE(S0!S1) and ΔEST values of 117 IST candidates
at SC-NEVPT2(8,8)/cc-pVDZ level. f The CPU
times consumed by the DASM and the FCSM.
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For practical applications of IST molecules in OLEDs, their emissive
properties are further investigated. The geometric structures of the S1 andT1

states are optimized at TD-B3LYP/cc-pVDZ level, and the emission energy
(ΔE(S1!S0)), oscillator strength (f(S1!S0)), and adiabatic ΔEST are cal-
culated at EOM-CCSD/cc-pVDZ level for the 46 ISTmolecules. The results
are given in Table S17 and Fig. S29. It is seen that the adiabatic ΔEST of all
molecules arenegative, expect forM43, theΔE(S1→S0) ranges from0.160 to
1.316 eV, and the f(S1!S0) varies from 0.0000 to 0.0019. Among these,M3
is a potential IST core with ΔE(S1!S0) of 1.041 eV and f(S1!S0) up to
0.0019. Based onM3, 1,028 candidate molecules with fewer than 28 atoms
are generated by introducing 42 substituents at different positions (Fig.
5a and S30). The S0-geometries are optimized at B3LYP/cc-pVDZ level, and
the corresponding vertical excitation energiesΔE(S0!S1),ΔE(S0!T1) and
ΔEST are calculated at EOM-CCSD/cc-pVDZ level, as depicted in Fig. 5b.
There appear 794moleculeswith negativeΔEST.Herein, 476moleculeswith
ΔE(S0!S1)≥ 1.5 eV are extracted for further calculations of emission
energy and oscillator strength (Fig. 5c). As clearly shown in Fig. 5c, com-
pared toM3, the f(S1!S0) values are promoted by an order of magnitude,
up to 0.0178, which is a high value reported for near-infrared ISTmolecules
in the references.

Furthermore, the luminescence properties of molecules I1-I9 (Fig.
S31) with the highest f(S1!S0) are investigated. The related energies, spin-
orbit couplings, the rate constants of excited-state decays, and prompt and

delayed photoluminescence quantum yields (PLQY) are summarized
Tables S18-S21 and Fig. 5d. And the emissive spectra are plotted in Fig. 5e
with the assignments of some typical peaks in Fig. S32. Their emissive
spectra of these candidates are localized in the range from 862.4 to
1002.2 nm, and the spectral broad shapes mainly stem from the synergistic
vibronic progressions of multiple modes. Their radiative rate constants kr
range from 1.0 × 106 s-1 to 9.7 × 106 s-1, which is the largest ones for IST
systems. Their nonradiative rate constant from S1 to S0 state knr varies from
1.0× 107 s-1 to 6.0 × 108 s-1, which is considerably small for near-infrared
systemswith so narrow energy gaps. As expected, their intersystemcrossing
rate constants fromT1 to S1 (kT1!S1

) always overwhelms the corresponding
kS1!T1

, which reflect the advantages of IST molecules. As a result, they
exhibit high PLQYs. More surprisingly, among the similar IST molecules,
there appear prompt and delayed fluorescence in I4 and I9 while there is
only prompt fluorescence in the others. Among these compounds, I9 has

Fig. 5 | The virtual screening results from 1028
candidates. a Molecular structures of 1028 candi-
dates based onM3 cores. b The vertical ΔEST values
and ΔE(S0!S1) of 1028 candidates at EOM-CCSD/
cc-pVDZ level. c The oscillator strength and
ΔE(S1!S0) of 476 IST molecules at EOM-CCSD/
cc-pVDZ level. d Schematic diagram of the excited-
state processes and the photophysical parameters of
I9. e The photoluminescence spectra of molecules
I1-I9.

Scheme 1 | Chemical structures of the molecules 1-12 in four-orbital
model (FOM). Molecules 1-8 with IST energy gap reported, and four common
molecules 9-12 with normal PST energy gap.

Scheme 2 | The identified ISTmolecular cores. The molecular structures of 46 IST
molecular cores and their vertical ΔEST (eV) at SC-NEVPT2(8,8)/cc-pVDZ level.
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the highest PLQYof 3.5%, inwhich the prompt and delayed PLQYare 2.5%
and 1.0%, respectively, as shown inFig. 5d.Overall, a series of potential non-
traditional near-infrared IST emitters are predicted, and their quantum
efficiencies are satisfactory compared with traditional near-infrared
systems.

Summary
In this work, we have devised a four-orbital model (FOM) to elucidate in
detail the roles of single and double excitations in the IST formation in
azaphenalene derivatives. Importantly, under this model we have con-
structed two descriptors (KS and OD) based on molecular frontier orbital
energy and exchange integral, which can be easily obtained by simple
quantum chemistry calculation for molecules in the ground state. Out of a
dataset of 3,486 molecules, 41 IST molecular cores are identified using the
descriptor-assisted screening method, and verified with the state-of-the-art
methods. Compared with the results of the full-calculation screening
method, the accuracy of descriptor-assisted method is 90% with a speed
nearly 13 times faster. Furthermore, starting from the IST molecular core
with the largest oscillator strength, 1028 candidate molecules are generated
by introducing 42 substituents, and their photophysical properties are
investigated by combining post-HF method and thermal vibration corre-
lation function rate theory. And a series of potential near-infrared IST
emitters are predicted with emission wavelength ranging from 852.2 to
1002.3 nmand the highest PLQYof 3.5%at 880.7 nm,which canmatchand
outperform the currently reported traditional near-infrared fluorescence
systems inquantumefficiencies.Thisworkprovides adeeperunderstanding
of the origin of energy inversion in IST molecules, and offers valuable
insights for futuremolecular design. This work not onlymarks the first time
that ISTmaterials have beenpredicted andproposed asnear-infraredOLED
emitters but also paves the way for practical applications in areas such as
biomedicine and component determination. However, these descriptors
would limit to triangulene-based systems, and not suitable for other types of
IST systems. In the future, we will develop general descriptors andmachine
learning models for high-throughput screening IST candidates in more
diverse datasets.

Methods
The wave functions and excitation energy expression
Thewave functions j 1ΨL

Hi and j 3ΨL
Hi of the S1 and T1 states by CIS theory

can be expressed as:

j 1ΨL
Hi ¼

1ffiffiffi
2

p ðj�HLþ jH�LÞ; ð4Þ

j 3ΨL
Hi ¼

1ffiffiffi
2

p ðj�HL� jH�LÞ: ð5Þ

Here, the �H, �L and H, L indicate orbitals with α and β spin components,
respectively. The corresponding energies of singlet and triplet states can be
calculated as:

ECIS
S ¼ h1ΨL

H jĤ � E0 j
1
ΨL

Hi ¼ εL � εH þ 2KH;L þ JH;L; ð6Þ

ECIS
T ¼ h3ΨL

H j Ĥ � E0j
3
ΨL

Hi ¼ εL � εH þ JH;L: ð7Þ

And their energy difference is:

ΔECIS
ST ¼ ECIS

S � ECIS
T ¼ 2KHL: ð8Þ

The wave functions j 1ΨL;L
H;Hi and j 3ΨL;Lþ1

H;H i of the S1 and T1 states by
CID theory can be expressed as:

j 1ΨL;L
H;Hi ¼ j�LLi; ð9Þ

j 3ΨL;Lþ1
H;H i ¼ ðj�LLþ 1i þ j �Lþ 1LiÞ: ð10Þ

For the detailed expression of ΔECID
1;1 ¼ Δε1;1 þ ΔJ1;1 þ ΔK1;1 as:

Δε1;1 ¼ εL � εLþ1 þ 2ðεH�1 � εHÞ; ð11Þ

ΔJ1;1 ¼ JH;H � JH�1;H�1 þ 2JH�1;Lþ1 � JL;Lþ1 þ 2JH�1;L þ JL;L � 4JH;L;

ð12Þ

ΔK1;1 ¼ KH;L þ KL;Lþ1 � KH�1;Lþ1 � KH�1;L: ð13Þ

Electronic structure calculation
The geometries of all molecules in their S0, S1 and T1 states are optimized at
the (TD) B3LYP/cc-pVDZ level using the Gaussian 16 program package26.
The vertical excitation energies and the configurations of single and double
excitations formolecules 1-12 in both S1 and T1 states are determined using
the ADC(2)/cc-pVDZ method within the Q-Chem 5.2 software27, the
energy calculation at the EOM-CCSD/cc-pVDZ level is also performed on
Q-Chem 5.2. The SC-NEVPT2/cc-pVDZ method utilizing CASSCF cal-
culations based onMP2 natural orbitals in ORCA 6.0.1 software package28,
the SOC matrix elements based on T1-geometries are computed at SC-
NEVPT2/cc-pVDZ level using ORCA 6.0.1 package. Additionally, the
Coulombandexchange integrals for allmolecules are analyzed at theHF/cc-
pVDZ level, based on B3LYP-optimized geometries, employing the Mul-
tiwfn program29. We carry out the reorganization energy analysis between
the S0 and S1 states at S1-geometries using the molecular material property
prediction package MOMAP 2022B30–32. The computational system of the
server is based on the CPU model: Intel® Xeon® Platinum 8160 processor.

Photophysical properties calculation
The photoluminescence quantum yields of the prompt and delayed com-
ponents (Φp and Φd) are given by33:

Φp ¼ kr
kr þ knr þ kS1!T1

ð14Þ

Φd ¼
X1
k¼1

ðΦS1!T1
×ΦT1!S1

ÞkΦp ð15Þ

Here ΦS1!T1
andΦT1!S1

are the quantum efficiencies for ISC and reverse
ISC, respectively. The radiative decay kr from S1 to S0 state is computed
using kr ¼ fΔE2=1:49934, in which f and ΔE are the oscillator strength and
emission energy in cm-1, respectively. Thenon-radiative decay knr fromS1 to
S0 state, kS1!T1

from S1 to T1 state and kT1!S1
from T1 to S1 state, and the

emissive spectra are evaluated via the thermal vibration correlation function
(TVCF) method in MOMAP 2022B.

Data availability
The authors declare that the necessary data supporting the findings of this
study are available within the paper (and its Supplementary Information
files). All data are available from the corresponding author upon reasonable
request. The Python code for calculatingmolecular descriptor is available at
Supplementary information.
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Code availability
The Python code for calculating molecular descriptor is available at Sup-
plementary information.
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