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ABSTRACT: Hund’s rule, derived from direct exchange (K),
dictates that triplet (T1) lies below singlet (S1), leading to the 25%
limit for electrofluorescence. Kinetic exchange (−t2/U) from
charge-transfer perturbation can stabilize S1 over T1, enabling
inverted singlet−triplet (IST) gaps and offering a promising route
to triplet harvesting. Such materials are exceedingly rare, and
systematic design remains elusive. Here, we employ newly
developed target-state optimized density functional theory (TSO-
DFT) for cost-effective excited-state calculations, yielding reliable
IST signatures with the B3LYP functional. Subsequently, we apply a
high-throughput virtual screening (HTVS) to explore nitrogen-
doped hydrocarbons derived from C10H8, C14H10, C16H10, C18H12,
and C20H12 molecular cores via isomerization. This workflow
screens 118 081 viable structures down to 34 potential candidates exhibiting negative S1−T1 gaps, an appreciable oscillator strength
of ≥0.01, and fast RISC rates (∼108 s−1). This study provides a discovery pipeline for novel IST emitters and a curated library of
visible-light candidates for next-generation optoelectronics.

The spin multiplicity of excited states in molecules is
crucial for organic electroluminescence.1 This spin

statistics limit the internal quantum efficiency (IQE) of
organic light-emitting diodes (OLEDs) owing to the 1:3
singlet:triplet excited-state ratio and the spin-forbidden nature
of triplet-state emission.2 Considerable attention has been paid
to optoelectronic emitters owing to their rich photophysical
properties and versatile device applications, which are linked to
the unique characteristics and evolution of their singlet and
triplet excited states. To address this fundamental limitation,
two primary strategies for harvesting photons from dark triplet
excited states have been developed. The first approach employs
transition metal complexes that introduce strong spin−orbit
coupling (SOC), enabling triplet-state emission via phosphor-
escence.3,4 The second strategy employs purely organic
molecules that exhibit thermally activated delayed fluorescence
(TADF). These materials are designed with a minimal energy
separation between their S1 and T1 excited states. This small
S1−T1 gap allows ambient thermal energy to promote triplet
excitons back to singlets via reverse intersystem crossing
(RISC).5 While the TADF mechanism bypasses the use of
costly transition metals, the resulting delayed fluorescence
typically has a lifetime in the microsecond-to-millisecond
range. This extended duration allows detrimental annihilation
processes to compete effectively with the delayed fluorescence
of the triplet excitons. Such annihilations contribute to a
decrease in device efficiency at high operating currents, a
phenomenon known as an efficiency roll-off in OLEDs.

Furthermore, these processes can generate high-energy
excitons that accelerate the chemical degradation of materials,
which is a significant challenge in blue OLEDs.6

The discovery of negative S1−T1 gaps (ΔEST < 0) has
sparked a tremendous amount of interest, as it enables the
natural conversion of electropumped triplets into singlet
emission.7 Such violations of Hund’s rule were previously
confined to unstable diradicals, to charge-transfer excited states
in large molecules, and to systems exhibiting strong light−
matter coupling.8−11 A paradigm shift occurred with the
theoretical identification of cyclazine compounds exhibiting
negative ΔEST values, termed inverted singlet−triplet (IST)
emitters (Figure 1a).12 This unusual property offers novel
avenues for improving device performance. A negative S1−T1
gap facilitates more efficient RISC and exciton utilization by
enabling thermodynamically favorable downconversion with-
out requiring thermal activation. The inversion of singlet−
triplet state ordering arises from a delicate balance between
direct exchange interactions and secondary superexchange

energy, namely, E Kt
EST
2

= + , where direct exchange
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interaction K stabilizes the triplet state (Hund’s rule) and the
first term is the superexchange energy first discovered by P. W.
Anderson, which is a secondary effect, usually small, but could
be remarkable for a charge-transfer type of excited state,
outweighing the direct exchange interaction, and producing a
negative S1−T1 gap.13,14 Although various azaphenalene
analogues have been investigated experimentally since the
1980s for their photophysical properties and later as TADF
emitters.15,16 The four-decade gap between the identification
of azaphenalenes as molecules with an inverted energy gap and
their application in devices, even within the same molecular
family, underscores the rarity of compounds that exhibit
singlet−triplet inversion.17
Recent research has expanded the known examples of scarce

IST materials that violate Hund’s rule, and the underlying
mechanisms remain an active area of investigation. Establishing
new design principles for inverted gaps that depend on key
factors to fine-tune control over electronic interactions is
vital.18 Excitation energies are commonly calculated using
time-dependent density functional theory (TD-DFT), a
workhorse of computational photophysics. Unfortunately,
standard TD-DFT fails to predict the inverted gaps in IST
compounds.19 Consequently, all quantum chemistry methods
based on a single-excitation framework, including configuration
interaction singles (CIS) and TD-DFT (with or without the
Tamm−Dancoff approximation), are fundamentally incapable
of accurately describing these systems. While high-level
methods such as multireference or coupled-cluster theory

provide the necessary accuracy, their prohibitive computational
cost limits their applicability to larger molecules.20 A further
complication is that in these anti-Hund molecules, in which the
S1 state typically has very low oscillator strengths ( f), often the
S1−S0 transition is symmetry-forbidden, rendering S1 a
nonemissive dark state.21 Therefore, IST materials that
combine a negative ΔEST with efficient light emission are
exceptionally rare, and there are few clear design strategies.
Motivated by the need for efficient high-throughput virtual
screening (HTVS) of IST compounds, we explored whether
simpler, cost-effective calculations could serve as a reliable
prescreening tool, offering accuracy comparable to more
expensive methods. Here, we utilize a new, practical, and
accurate computational protocol to predict IST gaps. This
protocol was subsequently employed to explore novel chemical
motifs that function as highly emissive anti-Hund materials,
thereby advancing this promising yet underexplored frontier of
molecular design.

■ MATERIALS PERSPECTIVE
Initial work on closed-shell inherent IST molecules focused on
cyclazine and its derivatives, later expanding to include
nonalternant hydrocarbons.22 In 2019, Ehrmaier et al. used
time-resolved spectroscopy on a heptazine chromophore. They
reported the surprising absence of delayed fluorescence,
indicative of an exceptionally long S1-state lifetime and the
presence of an inverted S1−T1 gap.23 In a significant high-
throughput screening study, Aizawa et al. theoretically

Figure 1. (a) Mechanism of inverted singlet−triplet (IST) emission. (b) Molecular building blocks and design strategies. (c) Computational
screening workflow used in this study.
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identified and subsequently synthesized heptazine derivative
HzTFEX2 from 34 596 candidates. The compound exhibited
an experimental ΔEST of −11 meV, a non-zero S1 oscillator
strength, and an EQE of approximately 17%, resulting in
delayed fluorescence with a short time constant of 0.2 μs.24 In
2024, Sun et al. demonstrated that modifying heptazine with
various substituents effectively yields negative ΔEST values (as
low as −0.362 eV) and enhanced oscillator strengths (up to
0.04). These designed emitters also exhibit a rapid RISC rate
of 108 s−1 and emit light across a broad spectrum ranging from
339 to 716 nm.25 Despite considerable efforts to tune the
negative ΔEST and oscillator strength ( f) in cyclazine cores for
potential IST chromophores,26−28 the fundamental challenge
of achieving the high visible-light emissivity required for
practical device fabrication persists. Efforts to control the
singlet−triplet energies of nonalternant hydrocarbons have
explored multiple avenues, such as Heilbronner substitution,
double-bond delocalization, through-bond charge transfer, and
the design of bridged derivatives.29−32 Alternative chromo-
phores that combine a negative ΔEST (<0) with high oscillator
strength have yet to be explored, despite their potential to
advance optoelectronic devices. We address this gap by
presenting the systematic study of excited-state inversion in
alternant and nonalternant hydrocarbons.

■ METHODOLOGICAL PERSPECTIVE
Direct measurement of ΔEST in IST materials is experimentally
challenging because the transition is spin-forbidden, necessitat-
ing complementary theoretical studies. Nevertheless, theoreti-
cal methods also face a significant challenge in achieving
chemically accurate predictions of excited-state energies in IST
materials. The most widely used and economical method for
predicting ΔEST, TD-DFT, fails to capture excited-state
inversion as it inadequately accounts for distinct excited-state
configurations. The consensus in the literature is that
describing S1/T1-state inversion requires computationally
intensive, correlated, wave function-based methods. For
example, methods such as an equation-of-motion coupled
cluster with single and double excitations (EOM-CCSD),
linear-response second-order approximate coupled-cluster
singles and doubles (LR-CC2), second-order algebraic
diagrammatic construction (ADC(2)), along with their spin-
scaled variants (SCS), and state-averaged complete-active-
space self-consistent-field-based techniques, including SA-
CASSCF, strongly contracted N-electron valence-state pertur-
bation theory (SC-NEVPT2). Complete-active-space pertur-
bation theory (CASPT2) is frequently employed to study IST
emitters. These methods are favored because they incorporate
the necessary electron correlation at a tractable computational
cost for targeted studies.19,21,30,33 The computational cost of
such calculations, often several hours per molecule, precludes
their use in automated screening of thousands of candidates.
The Pariser−Parr−Pople (PPP) semiempirical method offers
an ultrafast and robust screening tool for IST emitters,
although its underlying approximations miss hits for certain
compound classes.34 The physical origin of singlet−triplet
inversion has been traced to a delicate balance between direct
exchange and kinetic exchange (superexchange) contribu-
tions.11 The latter, arising from virtual hopping processes,
preferentially stabilizes the singlet state and can, when
sufficiently strong, overcome the direct exchange-driven triplet
stabilization:

E
t

E
KST

2
= +

where t is the hopping integral between involved orbitals, ΔE
denotes the energy difference between the paired and unpaired
configurations, and K represents the direct exchange
interaction. This kinetic exchange mechanism is expressed
mathematically in wave function theory by including doubly
excited configurations.35 In practice, double-hybrid functionals
achieve only mixed success because their correlation effects
require a judicious and benchmarked choice for reliable
modulation.36−38 Building on these principles, Zhang et al.
developed target-state optimized density functional theory
(TSO-DFT), which enforces an orbital-subspace constraint to
prevent variational collapse while allowing full orbital
relaxation for the target excited configuration.39 This approach
excels precisely where conventional TD-DFT fails, charge-
transfer states, making it ideally suited for investigating IST
emitters. Here, we utilize TSO-DFT to resolve the debate over
the sign of the S1−T1 gap and to establish its magnitude within
the HTVS domain.

■ BENCHMARK STUDY
TSO-DFT can be classified as a ΔSCF method, yet it
circumvents the persistent issue of variational collapse by
design. It partitions molecular orbitals into distinct subspaces
based on a target excited state, thereby avoiding collapse by
construction through an orbital-subspace constraint. In
contrast, recent studies have achieved IST gaps using ΔSCF
by imposing constraints on orbital overlap with a target state
during the SCF procedure.36,40 To benchmark the perform-
ance of the TSO-DFT method, we selected two standard
methods, EOM-CCSD and ADC(2), as references. These
methods are well established in the literature on IST emitters
and have been widely used to validate new methodologies.
Initially, we tested TSO-DFT on five experimentally reported
IST emitters (5AP, A6AP-Cz, HzTFEX2, HzTFEP2, and
HzTFET2), along with one positive-gap molecule,
HzPipX2.24,41,42 TSO-DFT predicted a negative S1−T1 gap
for all compounds except A6AP-Cz, and it also failed to
reproduce the positive gap for the closely related HzPipX2
molecule (Figure S1). Figure S2 presents a benchmark
comparison of experimental values with three DFT functionals
(B3LYP, PBE0, and M06) using the TSO-DFT method for the
S1 energy, T1 energy, and S1−T1 gap. Both B3LYP and PBE0
yielded results comparable to the experimental S1 energy, T1
energy, and S1−T1 gap, except for A6AP-Cz, whereas M06
showed larger deviations. Accordingly, we selected the B3LYP
functional for all subsequent calculations. As these initial
results were insufficient to conclusively assess accuracy, we
expanded our benchmark set to include 10 theoretically
proposed cyclazine-based (molecules 1−10) and 10 non-
alternant-based (molecules 11−20) compounds. The molec-
ular structures and calculated excitation properties are
summarized in Table S1, and trends are shown in Figures
S3a−d and S4a−d. Figure S5a−f presents correlation plots of
S1 energies, T1 energies, and ΔEST values for molecules 1−10
against the EOM-CCSD and ADC(2) reference levels. Table
S2 summarizes the mean absolute deviations (MAD), root-
mean-square deviations (RMSD), and linear correlation
coefficients (R2) between TSO-DFT and the two reference
methods. For the cyclazine compounds, TSO-DFT showed
excellent agreement with both reference methods. The MAD
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for S1 energies was 0.219 eV against EOM-CCSD and 0.100
eV against ADC(2), with R2 values of 0.95 and 0.96,
respectively. For T1 energies, the MAD values were 0.183 eV
(EOM-CCSD) and 0.148 eV (ADC(2)), with nearly perfect
correlations (R2 = 1.00 for both). The ΔEST MAD values were
0.086 eV (EOM-CCSD) and 0.124 eV (ADC(2)). Notably,
TSO-DFT achieved 100% accuracy in predicting the sign of
the S1−T1 gap compared to both reference methods. For the
nonalternant hydrocarbon emitters, Figure S6a−d shows
correlation plots for S1 and T1 energies, and Table S3 reports
the corresponding metrics. The MAD for S1 energies was 0.155
eV (EOM-CCSD) and 0.138 eV (ADC(2)), with R2 values of
0.92 and 0.86, respectively. For T1 energies, the MAD values
were 0.162 eV (EOM-CCSD) and 0.154 eV (ADC(2)), with
R2 values of 0.98 and 0.96, respectively. The ΔEST MAD was
0.096 eV against EOM-CCSD and 0.169 eV against ADC(2).
TSO-DFT aligned with EOM-CCSD for all molecules except
molecule 12, whereas ADC(2) predicted all nonalternant
molecules with a negative S1−T1 gap. These results establish
TSO-DFT as an accurate and cost-effective method, providing
a practical and reliable computational tool for the rational
design of IST emitters.

■ MATERIAL DESIGN
Most prior investigations of alternant and nonalternant
hydrocarbons have employed limited, case-specific molecular
selections, and systematic coverage of chemical space remains
rare, albeit with a few exceptions.43 To address this, we
implemented a database-curated approach using PubChem to
assemble a structurally diverse library. We selected specific
molecular formulas, C10H8, C14H10, C16H10, C18H12, and
C20H12, to represent a series of increasing molecular size and
π-conjugation length. This progression enables systematic
coverage of the spectral region from shorter to longer
wavelengths through controlled π-extension. For each formula,
we queried PubChem to compile a comprehensive set of
neutral, closed-shell hydrocarbon isomers derived from
isomerization of the parent cores. Structures containing formal
charges, radical character, or carbon atoms with sp or sp3
hybridization (with very few exceptions) were excluded. This
search yielded 7, 20, 30, 36, and 57 unique neutral scaffolds for
the C10H8, C14H10, C16H10, C18H12, and C20H12 series,
respectively, as shown in Figures S7−S10. To systematically
explore the impact of nitrogen doping on hydrocarbon
properties, termed aza-hydrocarbons, we employed two
systematic strategies: (i) varying the position of the nitrogen
atoms and (ii) varying the number of nitrogen atoms
introduced (Figure 1b). The positional strategy involved
enumerating all unique doping sites within each hydrocarbon
scaffold to avoid duplicate structures. The numerical strategy
involved generating all possible doping configurations for a
given number of nitrogen atoms, starting with one nitrogen
atom and progressing to the theoretical maximum defined by
the number of hydrogen atoms in the parent molecular
formula. This comprehensive enumeration ensures coverage of
structures predicted to exhibit spatially disjointed frontier
molecular orbitals (FMOs). This key geometric feature
promotes kinetic exchange while enabling comprehensive
sampling of the full configuration space of nitrogen doping
patterns. The resulting combinatorial libraries comprised large,
unique libraries of N-doped hydrocarbons: 1021 (C10H8),
12 092 (C14H10), 22 562 (C16H10), 112 892 (C18H12), and
187 175 (C20H12) distinct molecules. In total, this process

yielded a data set of 335 742 unique N-doped hydrocarbon
structures. The initial libraries for C18H12 and C20H12 were
prohibitively large for high-throughput computational screen-
ing, containing 112 892 and 187 175 unique structures,
respectively. To render the screening computationally feasible,
a subset of 13 core units (see Figures S9 and S10) was selected
from each library based on their smaller exchange integral. This
selection process resulted in a refined library of 42 211
structures for C18H12 and 40 195 for C20H12. Combined with
the other libraries, this afforded a final total of 118 081 unique
aza-hydrocarbon structures for further study (Table 1).

■ COMPUTATIONAL PIPELINE
The systematic identification of potential IST emitters from a
library of 118 081 molecules necessitates a carefully designed
computational pipeline. An exhaustive geometry optimization
of all structures at the DFT level (e.g., B3LYP/def2-SVP) is
prohibitively expensive despite being the standard for
accurately computing excited-state energy gaps. To overcome
this challenge, we implemented a multitiered strategy that
balances computational efficiency with requisite accuracy, as
illustrated in Figure 1c. First, to rapidly preoptimize geometries
from the initial library and correct local strain, all structures
were refined using the MMFF force field.44 These precondi-
tioned geometries were then optimized using the semi-
empirical GFN2-xTB method,45 which has been shown to
reproduce DFT-optimized geometries with high fidelity for
conjugated organic molecules and to yield reliable trends in
energy gaps.34 These preoptimized geometries were used as
input for high-throughput excited-state screening using the
TSO-DFT method. This efficient approach enabled the rapid
identification of candidate molecules with a target negative S1−
T1 energy gap. To ensure that these candidates represent true
minima and possess accurate electronic properties, a final
validation step was performed. All molecules exhibiting
negative S1−T1 gaps in the initial screen were reoptimized at
the B3LYP/def2-SVP level of theory, and subsequent
frequency analysis confirmed the absence of imaginary
modes. Their excited states were subsequently re-evaluated
using TSO-DFT calculations at the same level of theory. This
two-tiered workflow, which leverages fast, semiempirical
methods for initial screening and reserves costly DFT
calculations for final validation, enables accurate, computa-

Table 1. Number of Studied Molecules and Summary of
Molecular Screening Results across Different Hydrocarbon
Familiesa

−ΔEST
no. of potential
molecules

molecular
formula

no. of studied
molecules GFN2-xTB B3LYP S1 f both

C10H8 1021 4 3 3 2 2
C14H10 12 092 187 113 21 28 11
C16H10 22 562 800 407 52 349 11
C18H12 42 211 715 495 70 124 4
C20H12 40 195 491 391 51 63 6
total 118 081 2197 1409 197 566 34

aScreening criteria: ΔEST < 0, S1 ≥ 1.70 eV, and oscillator strength ( f)
≥ 0.01. The molecular structures for the 34 potential molecules are
depicted in Figure 5.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.6c01031
J. Phys. Chem. Lett. 2026, 17, 6233−6244

6236

https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6c01031/suppl_file/jz6c01031_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6c01031/suppl_file/jz6c01031_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6c01031/suppl_file/jz6c01031_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.6c01031/suppl_file/jz6c01031_si_001.pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.6c01031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


tionally tractable discovery of IST emitters across ultralarge
chemical spaces.

■ ANALYSIS OF STRUCTURAL CLASSES
To evaluate the scalability, efficiency, and selectivity of our
computational pipeline, we applied it to a systematically
constructed series of five N-doped polycyclic hydrocarbon
libraries. These libraries, based on the C10H8, C14H10, C16H10,
C18H12, and C20H12 hydrocarbon cores, represent a combina-
torial design space of 118 081 unique molecular structures.
The initial stage of the pipeline involved rapid MMFF force-
field optimization, followed by high-throughput geometry
optimization of all designed structures using the semiempirical
GFN2-xTB method. This step proved to be highly robust, with
successful optimizations achieved across >99% of the total
library. Subsequent calculation of excitation energies using the
TSO-DFT method served as our primary filter for the target
IST property (ΔEST < 0). This high-throughput screening
identified a primary candidate pool of 2197 molecules spread
across all five libraries (Figure 2). The hit rate at this stage
showed a clear dependency on molecular size and complexity,
ranging from 0.4% for the smallest C10H8 library (4 of 1021) to
3.5% for the C16H10 library (800 of 22 562), suggesting that

larger, more conjugated systems offer a greater configurational
space for engineering the electronic conditions necessary for a
negative S1−T1 gap. Figure 2 shows the statistics of the
screened molecules as a function of the S1−T1 gap calculated
by the TSO-DFT method. A well-known trade-off between the
S1−T1 gap and f is evident in the plots, where f increases with
the S1−T1 gap. Although balancing such trade-offs is a key
concern, achieving excited-state control requires effort; thus,
no single parameter can be optimized without sacrificing the
others. As shown in Figure S11, the maximum vertical S1
energies span ∼5 eV for the C10H8 and C14H10 structures. This
range decreases to ∼3.50 eV for C16H10 and to ∼3 eV for
C18H12 and C20H12. These observations indicate that
increasing molecular size and π-conjugation significantly shift
the absorption to longer wavelengths. Furthermore, some
compounds exhibit negative S1 energies, indicating instability
in the ground-state wave function, which may result from
GFN2-xTB optimization. However, such instabilities are rare
for molecules with a negative S1−T1 region, except in the case
of C16H10 family.
The 2197 primary candidates were promoted to a rigorous

DFT validation tier. Each structure was reoptimized at the
B3LYP/def2-SVP level of theory, followed by TSO-DFT

Figure 2. Relationship between the S1−T1 gap and oscillator strength across hydrocarbon families, calculated using GFN2-xTB-optimized
geometries (red, negative ΔEST; blue, positive ΔEST; n = number of negative ΔEST candidates).
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calculations to obtain refined excitation energies. This higher-
fidelity validation is critical because it corrects for the
semiempirical method’s approximate nature and yields
quantitatively reliable electronic structures. Of the initial
2197 GFN2-xTB hits, 1409 molecules retained a confirmed
negative ΔEST, corresponding to an overall validation rate of
64% (Figure 3a). This substantial retention rate underscores
the effectiveness of the GFN2-xTB method as a reliable
prescreening tool for this specific electronic property,
successfully filtering out most noncandidates while preserving

the vast majority of true negatives for more costly DFT
analysis. We now examine each category among the 1409 IST
candidates. For each molecular family, we consider the number
of negative-gap molecules derived from each bare core, the
HOMO-LUMO exchange integral (KH‑L), and the frontier
molecular orbitals of representative derivatives (Figures S12−
S16). A clear correlation emerged across all molecular families.
Hydrocarbon cores with low static KH‑L values were markedly
more likely to yield derivatives with a negative S1−T1 gap. This
trend is illustrated by the productivity of specific parent cores

Figure 3. Relationship between the S1−T1 gap and oscillator strength across hydrocarbon families, calculated using B3LYP-optimized geometries
(red, negative ΔEST; blue, positive ΔEST; n = number of negative ΔEST candidates) (a) without f ≥ 0.01 and (b) with f ≥ 0.01 criteria.
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within each molecular family. For example, in the C10H8
family, the azulene core produced just two negative-gap
derivatives (Figure S12a,b). Within the C14H10 family (Figure
S13a−c), bare cores 3 and 13 generated 95 and 8 negative-gap
derivatives, respectively. For the C16H10 family, bare cores 9,
20, and 22 yielded 25, 20, and 346 negative-gap derivatives,
respectively (Figure S14a−c). This pattern of high output
continues in larger families; in C18H12, bare core 16 produced
370 negative-gap derivatives (Figure S15a,b), and in C20H12,
bare core 51 yielded 356 negative-gap derivatives (Figure
S16a,b). Notably, more than half of the bare cores that yielded
negative-gap derivatives among the 13 bare cores discussed
here originated from the C18H12 and C20H12 families. While a
small static exchange integral provides a favorable starting
point, it is not determinative on its own. This is evident in
instances in which bare cores with relatively high KH‑L values
nevertheless produced derivatives with negative gaps. For
example, bare core 12 from the C14H10 family has a KH‑L of
0.04 au, yet three of its derivatives, molecules 7344, 7361, and
7410, exhibit a diminished KH‑L and a negative gap. Similar
behavior was observed for bare cores 2, 4, 27, and 30 from the
C16H10 family. These derivatives achieve inversion through
structural modifications that enhance the kinetic exchange
contribution, effectively overcoming an otherwise unfavorable
direct exchange. These analyses establish KH‑L as a key
predictor, with values of ≤0.015 au (±0.005 au) representing
an optimal regime for realizing a negative gap. Nevertheless,
this HTVS study demonstrates that even cores with a high
static exchange can be tuned toward inversion when structural
variations sufficiently amplify the kinetic exchange contribu-
tion, ultimately yielding negative-gap emitters.
Having established a robust set of 1409 validated IST

candidates, we first imposed a threshold on the oscillator
strength ( f ≥ 0.01) to ensure that the S1 state possesses
sufficient radiative coupling for efficient fluorescence. This
filter reduced the pool to 566 candidates (Figure 3b), showing

that molecules with both a negative S1−T1 gap for efficient
RISC and an appreciable oscillator strength are rare. Second,
to target the relevant visible emitting region, we applied an S1
energy threshold of 1.70 eV and yielded 197 molecules (Figure
4). The combined filter enforcing a negative S1−T1 gap,
minimal oscillator strength, and sufficiently high S1 energy
produced a final set of 34 high-confidence candidates (Table 1
and Figure 5). They represent an extraordinary reduction of
the original combinatorial space by a factor of nearly 3500 to 1.
These final candidates are informatively distributed across all
five hydrocarbon classes. Specifically, they originate from the
following bare core structure numbers: 2 (C10H8), 3 and 12
(C14H10), 9 and 22 (C16H10), 16 (C18H12), and 17, 20, and 36
(C20H12). The systematic application of our pipeline across
libraries spanning 2 orders of magnitude in size definitively
establishes its efficacy and scalability. The workflow reliably
navigates a vast combinatorial space through a tiered, property-
specific filtering process, culminating in a very small, high-value
set of molecules that simultaneously satisfy multiple demand-
ing design criteria for IST emitters.

■ PROMISING IST CANDIDATES
The 34 candidates that passed the excitation screening filters
(ΔEST < 0 eV, f ≥ 0.01, and S1 ≥ 1.70 eV) represent a high-
confidence starting point. This final set comprises two
molecules (azulene core) from the C10H8 family, 11 from
the C14H10 family, 11 from the C16H10 family, four from the
C18H12 family, and six from the C20H12 family, confirming the
presence of viable IST emitters across all major structural
classes studied. Table 2 summarizes the calculated excitation
energies, SOC magnitudes, and RISC rates for these 34
candidates. The S1−T1 gaps range from −0.006 to −0.110 eV,
magnitudes that are thermodynamically favorable for RISC. All
molecules exhibit appreciable oscillator strengths ( f = 0.01−
0.110) for the S1 state, indicating strong radiative decay
channels necessary for efficient fluorescence. To quantitatively

Figure 4. Relationship between the S1−T1 gap and S1 energy across hydrocarbon families calculated using the B3LYP optimized geometries, where
n is the number of negative ΔEST candidates with S1 ≥ 1.70 eV highlighted in red.
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evaluate IST emitter feasibility, we computed SOC matrix
elements and RISC rates. The SOC between S1 and T1,
together with the energy gap, governs the RISC process. The
computed RISC rate, derived from the energy gaps and SOC
matrix elements, is the most direct metric of TADF efficiency.
Several candidates exhibit exceptionally high predicted RISC
rates on the order of ∼107−108 s−1. These include molecule 90
from the C10H8 series; molecules 844, 894, 1003−1005, 1099,
1135, 1136, and 7361 from the C14H10 series; molecules 4733,
15 737, 16 068, and 16 071 from the C16H10 series; molecules
13 134, 13 612, 13 622, and 14 037 from the C18H12 series; and
molecules 4181, 4259, 4475, and 7923 from the C20H12 series.
These rates are comparable to or exceed those of the best-
known TADF emitters, suggesting very fast triplet harvesting
and high internal quantum efficiency. Among the 34 final
candidates, 22 show strong potential as IST emitters, whereas
the remaining molecules exhibit poor RISC due to weak SOC
between the S1 and T1 states.
To conclude, we have presented a computationally efficient,

scalable screening pipeline for discovering organic emitters
with an inverted singlet−triplet energy gap. Our systematic
investigation across the C10H8, C14H10, C16H10, C18H12, and

C20H12 molecular series establishes clear structure−property
relationships, enabling the targeted discovery of IST emitters
with tunable emission profiles. Critically, the TSO-DFT
methodology (with the B3LYP functional), benchmarked
against experimentally reported and theoretically proposed
IST molecules, shows superior accuracy in predicting negative
ΔEST compared to standard EOM-CCSD and ADC(2)
methods, establishing it as a uniquely cost-effective tool for
IST emitter design. By integrating semiempirical prescreening
with high-fidelity TSO-DFT validation, we successfully
navigated a combinatorial space of more than 118 000 N-
doped hydrocarbons, identifying candidates that simultane-
ously satisfy photophysical criteria: a negative ΔEST, visible
range emission (S1 ≥ 1.70 eV), and oscillator strength ( f ≥
0.01). The multistage screening reduces the candidate pool by
nearly 4 orders of magnitude, ultimately isolating 34 potential
IST molecules, several of which show promisingly high RISC
rates of 107−108 s−1. This result underscores the exceptional
rarity of viable IST candidates within the vast combinatorial
landscape of aza-hydrocarbons, where the kinetic exchange
must be strong enough to overcome the intrinsic triplet
preference, a search often likened to spotting a single spark in

Figure 5. Final 34 potential IST candidates across different hydrocarbon families, with corresponding molecule ID, S1 energy, S1−T1 gap, and
oscillator strength ( f) values.
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the darkness. Moreover, the explored chemical space itself
suggests the existence of potential IST candidates with
emission beyond 800 nm, pointing toward the promising yet
underexplored near-infrared (NIR) region, an active area of
research. Overall, this work establishes a robust computational
framework and identifies high-potential molecular candidates
to directly address the scarcity of next-generation organic IST
emitters, paving the way for their future development of
optoelectronic devices.

■ COMPUTATIONAL DETAILS
Ground-state geometry optimizations were performed using the
B3LYP functional with ORCA version 6.0.1.46,47 Excited-state EOM-
CCSD and ADC(2) calculations were conducted using the Q-Chem
software.48 All TSO-DFT single-point calculations were performed
using the Qbics 0.5 package with the B3LYP, PBE0, and M06
functionals.49 Within the TSO-DFT framework, excitations were
constructed based on simple single-electron excitations between the
HOMO and LUMO orbitals.

The RISC rate between the T1 and S1 states was calculated using a
semiclassical Marcus equation.50,51
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where kB denotes the Boltzmann constant, T is the temperature (set
to 300 K), and λ is the reorganization energy. A λ value of 0.15 eV
was used, consistent with reported values that account for medium-
induced relaxation effects.52 SOC prefactor V was calculated at the
optimized S0 geometry using the PySOC code.

53 All calculations were
carried out in the gas phase medium using the def2-SVP basis set.

■ ASSOCIATED CONTENT
Data Availability Statement
The data used to generate our results are available on GitHub
(https://github.com/msmahaanr/High-Throughput-Virtual-
Screening-of-Aza-Hydrocarbons-for-Inverted-Singlet-Triplet-
Emitters.git).

Table 2. Calculated Excitation Energies (in electronvolts), Oscillator Strengths ( f), SOC Values (in inverse centimeters), and
RISC Rates (in inverse seconds) for the Final 34 Potential IST Emitters

energy SOC RISC

molecule id S1 T1 S1−T1 f S1−T1 S1−T2 S1−T3 T1−S1
C10H8

90 2.389 2.422 −0.033 0.014 1.243 0.000 0.067 4.25 × 108

120 2.125 2.152 −0.027 0.015 0.001 1.210 6.963 5.28 × 102

C14H10
844 1.755 1.832 −0.077 0.010 0.238 0.618 1.793 2.66 × 107

894 1.935 2.016 −0.081 0.018 0.491 0.617 1.245 1.18 × 108

993 1.775 1.850 −0.075 0.024 0.000 6.655 0.000 1.20 × 10
994 1.702 1.773 −0.071 0.012 0.073 4.823 0.183 2.35 × 106

1003 1.986 2.055 −0.069 0.020 0.303 0.459 6.628 4.01 × 107

1004 1.743 1.776 −0.033 0.029 0.371 1.370 6.251 3.79 × 107

1005 2.168 2.282 −0.113 0.018 0.927 3.170 0.911 5.23 × 108

1099 1.732 1.748 −0.016 0.016 0.566 5.666 2.496 6.69 × 107

1135 1.755 1.802 −0.046 0.015 0.649 7.092 0.457 1.39 × 108

1136 2.198 2.295 −0.098 0.013 0.955 1.209 6.723 5.09 × 108

7361 1.868 1.905 −0.036 0.056 2.181 1.211 1.203 1.37 × 109

C16H10
4733 1.982 2.010 −0.029 0.011 0.269 0.727 0.194 1.88 × 107

4746 1.753 1.799 −0.046 0.010 0.000 0.712 0.011 −
4755 2.104 2.154 −0.051 0.011 0.048 0.800 0.156 8.00 × 105

4760 1.913 1.961 −0.049 0.018 0.000 0.843 0.087 2.24 × 100

4808 2.060 2.100 −0.040 0.013 0.138 4.105 0.049 5.79 × 106

15 555 1.748 1.814 −0.066 0.110 0.000 0.201 12.667 1.10 × 10
15 737 1.734 1.805 −0.071 0.083 0.157 4.606 0.157 1.10 × 107

15 797 1.820 1.903 −0.083 0.083 0.073 0.190 9.397 2.62 × 106

16 006 1.718 1.803 −0.085 0.058 0.002 0.982 0.472 1.32 × 103

16 068 1.735 1.782 −0.048 0.033 0.516 0.379 5.026 9.04 × 107

16 071 1.809 1.902 −0.093 0.058 0.806 5.374 5.245 3.50 × 108

C18H12
13 134 1.805 1.862 −0.057 0.029 0.641 2.455 6.513 1.57 × 108

13 612 1.758 1.838 −0.080 0.023 0.386 6.586 7.324 7.23 × 107

13 622 1.997 2.081 −0.084 0.016 0.346 4.072 7.002 6.01 × 107

14 037 1.960 2.053 −0.094 0.012 0.335 8.249 8.918 6.10 × 107

C20H12
4181 1.708 1.722 −0.015 0.011 1.025 0.001 0.661 2.16 × 108

4259 1.721 1.733 −0.011 0.012 1.003 0.069 0.659 1.92 × 108

4475 1.795 1.801 −0.006 0.016 1.045 0.005 5.244 1.91 × 108

7923 1.884 1.900 −0.016 0.039 1.063 0.000 0.147 2.36 × 108

25 978 1.752 1.785 −0.033 0.011 0.013 0.700 0.021 4.93 × 104

26 237 1.931 1.965 −0.034 0.012 0.000 0.734 5.686 1.82 × 100
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