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Molecules that violate Hund’s rule by exhibiting an inverted singlet—triplet gap (STG), where the first excited
singlet (S;) lies below the triplet (T;), are rare but hold great promise as efficient fifth-generation light
emitters. Azaphenalenes (APs) represent one of the few known molecular classes capable of such inversion
of the S;/T; energy ordering, yet a systematic exploration of all unique APs is lacking. Here, we investigate
104 distinct APs and classify them based on their adherence to or deviation from Hund’s rule using S;—T;
gaps computed with the second-order coupled-cluster method employing the Laplace transform (L-CC2).
To capture substitution-dependent pseudo-Jahn—Teller distortions that are inadequately described by MP2
and DFT methods, we employ focal-point extrapolation scheme to obtain near-CCSD(T)/cc-pVTZ-quality
geometries. We find three APs to undergo D3, — Cjsp, and ten to show Cy, — Cg symmetry lowering, leading
to a total of 117 configurations of 104 unique APs. Our study identifies top candidates with inverted STGs,
revealing how substitution and symmetry-lowering modulate these gaps to uncover new stable AP cores that
provide promising targets for designing molecular light-emitters.

I. INTRODUCTION

Organic light-emitting diodes (OLEDs) have attracted
significant attention due to their remarkable emissive
properties’. Successive generations of OLEDs have been
developed, each addressing limitations of its predeces-
sors2. Third-generation OLEDs rely on thermally acti-
vated delayed fluorescence (TADF), in which reverse in-
tersystem crossing (RISC) enables upconversion from the
first triplet (Ty) to the first singlet excited state (S;)2.
Fourth-generation OLEDs, based on hyperfluorescence,
combine TADF and fluorescence emitters but continue
to suffer from efficiency losses due to slow RISC and
long-lived triplet states, as well as stability concerns®.
However, the emerging fifth-generation emitters have the
potential to deliver the most efficient light-emitting ma-
terials®*. This new generation of emitters consists of
molecules that show the delayed fluorescence from in-
verted singlet and triplet states (DFIST), leading to a
down-conversion from T; to Sy, and the RISC becomes
thermodynamically favourable*. This unusual property
of a negative S1-T1 gap (STG), goes against the Hund’s
rule which states that for a closed-shell system with Sy
ground state, T should have a lower energy than S;%.

The theoretical origin of negative STGs arises from
the interplay between exchange and correlation effects”S.
From an exchange-only picture based on self-consistent-
field (SCF) orbitals, the S; and T states are represented
primarily by singly excited configuration state functions
(CSFs), ‘x4, and 3x,_,, where a and r denote the
occupied and virtual molecular orbitals (MOs) obtained
from the SCF calculation of the ground-state configura-
tion, 'yg. Typically, a and r correspond to the high-
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est occupied and lowest unoccupied MOs (HOMO and
LUMO), respectively. In the SCF formalism, the excita-
tion energies of the S; and T states can be expressed in
terms of singly excited CSFs as
ES1 = E(1Xa~>r) - E(1XO) =& —€a— Jar + 2Karv
(1)

ET1 = E(SXa—w‘) - E(1XO) =E&r — &g — Jara (2)
where J,, and K, are the Coulomb and exchange inte-
grals, respectively. The STG, therefore, becomes

STG = E(1Xa—)r) - E(3Xa~>r) = 2Kar~ (3)
As the spatial overlap between the densities of MOs a and
r decreases, K, diminishes, resulting in near-degeneracy
of S; and T;.9:10

However, reducing K, alone cannot invert the en-
ergy ordering. In a more accurate description accounting
for electron correlation effects, STG contains additional
terms that account for the way electrons dynamically ad-
just their spin densities to minimize Coulomb repulsion

STG = 2K, + A-Eco1r1r(spin)7 (4)

where A Eopr(spin) 18 the correlation-induced contribution
associated with dynamic spin polarization (DSP)711:12,
This term is intrinsically negative, AFEcqu(spin) < 0,
if DSP selectively stabilizes the singlet configuration
through double excitations that lower its energy rela-
tive to the triplet. This stabilization arises from singlet-
specific coupling to higher-order excited configurations,
which is absent for the triplet'®!%. The difference be-
tween the singlet and triplet correlation energies defines
the spin-correlation component of the STG

A-Ecorr(spin) = Ecorr(1Xa~>r) - Ecorr (SXaﬁr) (5)
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Note that, E(1x4—,) and E(3x4_,) denote the total en-
ergies of the S; and T, excited states, respectively (see
Egs. 1 and 2). Hence Eeorr(1Xassr) and Eeorr(3Xa_sr)
represent the corresponding correlation contributions to
these excited-state energies. The sign of AFEcopp(spin) 1S
therefore determined by the relative stabilization of the
singlet and triplet states due to electron correlation. In
most systems, this difference is modest and does not al-
ter the state ordering, but in molecules with very small
exchange splittings, the enhanced singlet stabilization
can render AFc,..(spin) sufficiently negative to invert the
STG. This criterion requires the opposite-spin correla-
tion effects to be stronger than the same-spin correla-
tion. Thus, while reducing orbital overlap lowers K,
and brings S; and T closer in energy, DSP is the true
physical origin of singlet-triplet inversion.

The emergence of negative STGs can be rationalized
within the simplified Hubbard framework, where corre-
lation effects are captured through an effective kinetic-
exchange (superexchange) term'!

t2

TG = 2K, — —
STG ar = NG (6)

where t is the effective electron-hopping integral between
sites (or orbitals) and AF is the energy penalty for dou-
ble occupancy. Here, the first term represents the direct
(Hund-type) exchange that stabilizes the triplet, while
the second term is analogous to the antiferromagnetic
superexchange interaction term (—t2/U) in the Hubbard
model'®. When the magnitude of this kinetic exchange
term outweighs the exchange contribution,
t2

NG > 2K, (7)

the singlet lies below the triplet, resulting in a negative
STG.

Leupin et al.? first proposed the possibility of an in-
verted STG in cycl[3.3.3]azine, commonly known as cy-
clazine (1AP), a triangular polycyclic molecule. Hund’s
rule violations manifested as negative STGs in both cy-
clazine and heptazine (7AP) were first predicted by com-
putational studies'®'”. Notably, Ehrmaier et al. also
provided experimental support for singlet— triplet inver-
sion in a heptazine derivative (tri-anisole heptazine) using
time-resolved photoluminescence measurements, where
an unusually long fluorescence lifetime persisted even
in the presence of molecular oxygen, which would nor-
mally quench triplet states'®. A subsequent computa-
tional analysis highlighted potential methodological pit-
falls affecting singlet—triplet inversions when lower-level
approaches are used®. However, high-level electronic-
structure calculations'®?%, including those employing
CC3, have unambiguously confirmed the existence of gen-
uine inverted singlet—triplet gaps. More recently, the IN-
VEST property was also confirmed for pentaazaphena-
lene (5AP) through an experimental study based on an-
ion photoelectron spectroscopy?!.

An exhaustive search?? of the structurally diverse
small-molecule chemical space, bigQM7w, containing
~13,000 molecules with CONF atoms?3, revealed no vi-
olations of Hund’s rule. This suggests that achieving
STG < 0 requires non-trivial molecular frameworks ab-
sent from conventional small-molecule chemical space??.

The present work undertakes a systematic study of all
possible N-substitution patterns in APs, encompassing
systems with nitrogen (N) atoms placed at electron-rich,
electron-deficient, or both types of sites. To obtain ac-
curate ground-state geometries efficiently, we employ a
geometry scheme that achieves CCSD(T)-level accuracy
through basis-set extrapolation of optimized internal co-
ordinates. Each AP is classified per point group, and
symmetry-lowering cases are identified by tracing reduc-
tions from the highest symmetry permitted by composi-
tion and connectivity to their low-symmetry subgroups.
STGs are then evaluated using the

CC2 response theory with Laplace-transform-based
treatment of the doubles contributions (L-CC2) to iden-
tify systems that violate Hund’s rule and to reveal
substitution- and symmetry-dependent trends governing
the gap. Extensive benchmarking showed L-CC2 to pro-
vide accurate excited-state energies for APs at a moder-
ate computational cost?*. The remainder of this article
presents qualitative analyses of the dataset, methodolog-
ical details, and trends illustrating how substitution and
symmetry-lowering modulate STGs across the chemical
space of APs.

Il. SYSTEMS AND METHODS
A. Enumeration of azaphenalene chemical space

Unique molecular structures can be generated from
Simplified Molecular Input Line Entry System (SMILES)
strings?®, with redundant entries removed using tools
such as OpenBabel?6. However, this procedure is not
entirely foolproof and it fails to identify certain unique
molecules, especially in the generation of chemical space
datasets. A more reliable strategy for comprehensive cov-
erage of chemical space is to mathematically enumerate
all possible structures using combinatorial techniques and
compare the resulting count with that obtained from enu-
meration by construction.

For molecules with a fixed molecular graph and atoms
substituted in a combinatorial manner, the total num-
ber of unique APs can be determined using the Polya
enumeration technique?’?8. This method enables the
systematic calculation of distinct isomers, expressed as
a pattern inventory, and has been widely applied in the
enumeration of chemical spaces?? 33,

To apply the Polya enumeration technique, the
maximal molecular symmetry group (G) of the graph,
in which atoms are substituted combinatorially, must
first be mapped onto an equivalent permutation
group. For APs, G corresponds to the Ds point
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group, which can be represented as the following set of
permutations: E = (1)(2)(3)(4)(5)(6)(7)(8)(9), C3 =
(1,4,7)(2,5,8)(3,6,9), C2 (1,7,4)(2,8,5)(3,9,6),
s (1)(2,9)(3,8)(4,7)(5,6),  CY
(4)(3,5)(2,6)(1,7)(8,9), C5" = (7)(2,3)(1,4)(5,9)(6,8).
The cycle structure of this group can be compactly
expressed as {P}, 2P3, 3PL Py}, where NP™ denotes N
permutations, each containing m cycles of length n.

The pattern inventory (Z) is defined as a function of
the maximal symmetry molecular symmetry group, G, as
follows

1
2= (8)

> A,

geg

where ¢ spans all elements of the permutation group G,
and |G| denotes the group order (which is 6 for the Dj
point group suitable to describe the triangular core of
APs). The symbol II; denotes the product over each
factor-cycle in the cycle representation of the element g,
while Fj, is the figure counting series. The identity ele-
ment is a product of 9 cycles of length 1, hence for the
identity element, II;F) corresponds to (C+ N)g. Simi-
larly, for the three-fold rotations, IIxFj corresponds to

(03 + NB)S, while for the two-fold rotations, II;F) cor-

responds to (C+ N) (C? + N2)4. Introducing these ex-
pressions in Eq. 8 results in the pattern inventory

Z

Cg + 2CgN + 8C7Ny 4+ 17CgN3 + 24C5Ny +
24C4Nj5 + 17C3Ng + 8CoN7 4+ 2CNg + No.

The coefficient of each term in Eq. 9 corresponds to the
number of unique APs with a given composition, con-
sidering the nine substitution sites shown on the top,
left of Figure 1. For instance, the second term of Eq. 9
(2CgN) indicates that two unique APs contain a single
N atom in the periphery of cyclazine. Similarly, the
fourth term (17CgN3) shows that there are 17 distinct
triazacyclazines (with three peripheral N atoms). Sum-
ming all coefficients in Eq. 9 yields a total of 104 unique
azaphenalenes. This count matches the set of unique
SMILES strings filtered using OpenBabel, with the cor-
responding structures illustrated in Figure 1.

All 104 APs shown in Figure 1 are named consistently
using a standard numbering scheme, where the periph-
eral carbon atoms are labeled from 1 to 9. Each system
is designated according to the positions occupied by N.
Systems with N atoms exclusively at positions 1, 3, 4, 6,
7, or 9 are topologically charge-stabilized and are less sus-
ceptible to pseudo-Jahn—Teller distortions, as discussed
in Ref. 34. In contrast, systems with N substitutions at
positions 2, 5, or 8 are topologically charge-destabilized
and undergo structural distortions to achieve a stable
geometry>*. Mixed systems, containing N atoms in both
stabilizing and destabilizing positions, are also possible;
however, these have not previously been thoroughly ex-

% [(C+N)7+2(C%+ N +3(C+N) (C2+N%)"]

9)

amined in the context of their geometric stability and
inverted STGs. In this work, we investigate all three
categories of APs.

B. Survey of APs

In 1980, Leupin and Wirz reported an unexpectedly
small STG of 0.04 eV for cyclazine, based on fluo-
rescence and energy-transfer experiments, suggesting a
possible inversion or near-degeneracy of S; and T;°.
Decades later, De Silva revisited'® this system using
modern computational methods such as ADC(2), pre-
dicting an STG (using vertical Eg, and Er, at the
So geometry) of —0.16 e€V. In their study, TD-DFT
with hybrid exchange—correlation functionals predicted
STG > 0, revealing the limitations of conventional
DFT in capturing INVEST. Ehrmaier et al.!” investi-
gated TAP (1,3,4,6,7,9-hexaazacyclazine; see Figure 1),
and confirmed inversion of the STG with the ADC(2)
method predicting —0.28 €V, in agreement with other
wavefunction-based methods. Subsequent computational
studies®19-34,37,41,48,54,62-66 1ave identified other deriva-
tives of APs exhibiting INVEST.

Notably, Aizawa et al.* computationally screened
~35,000 molecules and identified the 1,3,4,6,7,9-
hexaazacyclazine (7AP) derivative, HzTFEX,, as a
promising DFIST candidate with a negative STG. They
used temperature-dependent photoluminescence (PL)
decay measurements and kinetic analysis of the transient
PL data, to fit the temperature dependence of the ISC
and RISC rate constants (kisc and krisc, respectively)
using the Arrhenius equation, finding a negative acti-
vation energy difference AFst = —11 + 2 meV. This
provided an indirect experimental evidence of a negative
STG for a TAP derivative.

Another 7TAP derivative, HAP-3MF, was synthesized
and evaluated as an OLED emitter by Adachi and co-
workers®”, who demonstrated that it surpasses the theo-
retical efficiency limit of conventional fluorescent OLEDs
via TADF. Further theoretical analysis showed that this
molecule exhibits an inverted STG, thereby violating
Hund’s rule®®. Combined with the experimental time-
resolved photoluminescence evidence reported earlier for
other heptazine derivatives!”, these findings further es-
tablish 7AP-based systems as a prominent molecular
class exhibiting inverted STGs. Similarly, Actis et al.5?
reported an inversion of approximately 0.2 €V in a poly-
meric 7AP, combining time-resolved electron paramag-
netic resonance with steady-state optical spectroscopy.

Among the few direct experimental demonstrations
of singlet—triplet inversion, pentaazaphenalene (1,3,4,6-
tetraazacyclazine; 5AP) holds particular significance.
Wilson et al.2! provided the first direct spectroscopic
evidence of Hund’s rule violation in the closed-shell or-
ganic molecule, 5AP. Using anion photoelectron spec-
troscopy, they measured Eg, and ET, precisely, obtain-
ing a negative STG of —0.047(7) eV. This value agrees



TABLE I. List of azaphenalenes investigated in this work along with references to prior studies on these molecules. The N
substitution sites are classified as electron-rich or electron-deficient positions on the cyclazine periphery. A few systems exhibit
both stabilizing and destabilizing substitutions. Molecular structures and naming conventions are given in Figure 1.

S.No. System Past works Sites
Experimental Computational e~ rich e~ deficient

1 cyclazine® Ref. 9 Ref. 16, 19, 35-37

2 1-aza Ref. 38 and 39 v

3 2-aza Ref. 19, 3942 v
4 1,3-biaza Ref. 43 Ref. 37, 39, and 40 v

5 1,4-biaza Ref. 44 and 45 v

6 1,6-biaza Ref. 44 and 46 v

7 1,8-biaza Ref. 42 v v
8 1,9-biaza Ref. 47 Ref. 19, 36, 40, 41, and 48 v

9 2,5-biaza Ref. 19, 39, and 42 v
10 1,3,4-triaza Ref. 45 Ref. 36, 37, 40, 41, and 48 v

11 1,3,6-triaza Ref. 49 and 50 Ref. 42 v

12 1,4,7-triaza Ref. 51 Ref. 41, 52-54 v

13 2,5,8-triaza Ref. 19, 39, and 42 v
14 1,3,4,6-tetraaza Ref. 21 Ref. 19, 35, and 36 v

15 1,3,6,7-tetraaza Ref. 39 and 42 v

16 1,3,4,9-tetraaza Ref. 19, 36, 40, 41, and 48 v

17 1,3,4,7-tetraaza Ref. 39 and 42 v

18 1,3,4,6,7-pentaaza Ref. 49 and 50 Ref. 39, 42, 55, and 56 v

19 1,3,4,6,8-pentaaza Ref. 49, 50, and 57 v v
20 1,2,4,6,7,9-hexaaza Ref. 50 v v
21 1,3,4,6,7,9-hexaaza Ref. 17 and 50 Ref. 4, 16, 17, 19, 35-37, 40, 53, 54, and 58 v

22 1,2,3,4,6,7,9-heptaaza Ref. 59 v v
23 1,2,3,4,5,6,7,9-octaaza Ref. 59 and 60 v v
24 1,2,3,4,5,6,7,8,9-nonaaza Ref. 59-61 v v

@ special case with no N atoms in the periphery.

with ADC(2)-level 0—0 estimates of —0.094 eV and CC2-
level value of —0.085 eV reported in Ref. 36. Kusak-
abe et al.” further demonstrated that a dialkylamine-
substituted 5AP derivative, 5AP-N(C12),, exhibits bar-
rierless RISC and thermally activated ISC in transient
PL experiments, consistent with a negative STG.

A particularly significant computational contribution
was made by Loos et al.!®, who employed high-level
wavefunction-based methods to investigate ten APs, in-
cluding cyclazine (1AP), heptazine (7TAP), 2-azacyclazine
(2AP), 2,5-biazacyclazine (3AP), 2,5,8-triazacyclazine
(4AP), 1,9-biazacyclazine, among other molecules, at
high-symmetry geometries such as D3, and Cs, . Their
work provided theoretical best estimates (TBEs) of STGs
based on CCSD(T)/cc-pVTZ-level geometries, revealing
negative values for several systems and thereby establish-
ing a consistent and physically grounded description of
INVEST.

For large-scale screening of INVEST molecules, DFT
within the TDDFT framework remains the most prac-
tical approach for estimating STGs. However, TDDFT
based on standard DFT functionals such as, pure (i.e.,
semilocal), hybrid, and range-separated hybrid function-
als, are unable to provide a quantitatively reliable de-
scription of STGs. Previous studies?236:5471 have shown
that incorporating explicit electron correlation, such as

with second-order perturbation theory within double-
hybrid DFT, is essential for achieving STG values con-
sistent with correlated wavefunction-based methods.

Chanda et al.!! evaluated DFT and TDDFT meth-
ods for selected APs, finding that spin-scaled double-
hybrid functionals successfully reproduced negative
STGs. Their ASCF calculations based on hybrid DFT
functionals (e.g., B3LYP), where Eg, was obtained us-
ing the maximum-overlap method and Er, from a sep-
arate triplet-state SCF calculation, also yielded negative
STGs. This apparent agreement, however, was found
to arise artifactually from spin contamination in the S;
state than in the T; state. Interestingly, while such spin
contamination reflects an unphysical mixing of multiple
CSFs within a single-determinant framework, it nonethe-
less indicates the inherent configuration mixing character
of the S; state. This is consistent with the discussion in
Section I, where selective stabilization of Sy relative to T
was indicated as a prerequisite for realizing a genuinely
negative STG.

In addition to electron correlation, accurate treatment
of molecular geometry and pseudo-Jahn—Teller (pJT) ef-
fects is critical for describing STG inversion. Loos et
al.1? also reported certain molecules to exhibit negative
STGs only at high-symmetry geometries; upon relax-
ation, symmetry-lowering restored positive gaps. For in-



stance, cycloborane displayed an apparent negative STG
at its Dgy, saddle-point geometry, which became positive
at the true minimum with Cj}, symmetry.

Similar behavior has been reported for B,N-
substituted polycyclic aromatic hydrocarbons’?, where
high-symmetry transition-state structures exhibit nega-
tive STGs that become positive upon relaxation to the
true minima. An early work also showed that propalene,
pentalene, and heptalene in their high-symmetry geome-
tries possess a lowest excited singlet state lying below
the corresponding triplet™. More recently, high-level
calculations have demonstrated”® that this qualitative
behavior, i.e., negative STGs at high-symmetry struc-
tures that revert to positive values upon symmetry lower-
ing, persists for non-alternant hydrocarbons and bicyclic

molecules, in agreement with earlier investigations™.

Detailed analysis of six triangular candidates* con-
firmed that only two retained both their equilibrium ge-
ometry and negative STGs, while the rest underwent
pJT-driven distortions. The degree of distortion was
found to depend strongly on the level of theory. Specif-
ically, MP2 failed to capture pJT coupling, CCSD en-
hanced it, and CCSD(T) provided a balanced picture.
Among DFT functionals, B3LYP and wB97XD captured
the interaction partially but lacked quantitative accuracy
relative to CCSD(T). Collectively, these studies demon-
strate that realizing a genuinely negative STG requires:
(i) a correlated S; state exhibiting enhanced configu-
ration mixing that selectively stabilizes it relative to
Ty, and (ii) structural robustness against pJT distor-
tion. Recent benchmarks using local CC2 and ADC(2)
methods with Laplace-transform-based formulations fur-
ther confirm that these correlated methods offer an effi-
cient and accurate framework for screening medium-sized

molecules such as azaphenalenes and boraphenalenes?*.

Table I summarizes the APs that have been investi-
gated previously, along with corresponding references.
The 24 systems listed represent a subset of the 104 APs
considered in this work (see Figure 1). The observed
substitution patterns can be rationalized using the con-
cept of topological charge stabilization”®, which posits
that the placement of electronegative atoms (such as N)
at electron-rich sites of the unsubstituted parent system
(regions of high HOMO density) stabilizes the molecular
framework. In contrast, such a substitution at electron-
deficient (LUMO) sites tends to destabilize it. See Fig-
ure 2 for the distribution of the electron-rich/deficient
sites in the peripheral framework of AP. The details of
symmetry lowering are discussed in Section III B.

To quantify the effect of topological charge stabi-
lization through an independent descriptor, nucleus-
independent chemical shift (NICS) analysis was per-
formed in Ref. 34 for cyclazine (1AP), two APs
with N substitution at electron-rich sites (1,3,4,6-
tetraazacyclazine; 5AP and 1,3,4,6,7,9-hexaazacyclazine;
7AP), and three APs with N at electron-deficient sites: 2-
azacyclazine (2AP), 2,5-biazacyclazine (3AP), and 2,5,8-
triazacyclazine (4AP). The NICS(1)iso values of 5AP and

H
H H
electron rich center
H H replacing C by N is charge stabilizing
electron deficient center
H H replacing C by N is charge destabilizing
H H
1AP

Distribution of azaphenalenes

e-rich center (15) e- deficient center (3) mixed (85)
@ 2 20
Cs 7 0 N 2 63\ 8
Dsn 1 1 1
Gy 0 N 1 1 N 1
FIG. 2. HOMO and LUMO density distributions along the

periphery of cyclazine, illustrating the classification of substi-
tution sites as electron-rich (HOMO-dominated) or electron-
deficient (LUMO-dominated). The complete set of APs, de-
rived from these substitution patterns are categorized accord-
ing to the maximum symmetry point group allowed by their
composition; arrows indicate cases of symmetry lowering. Cy-
clazine, a special case undergoing D3y, —C'sp, distortion, is not
included in any of these classes, as it contains no N atoms
along the periphery.

TAP were found to have very small magnitudes, indi-
cating that these systems are essentially non-aromatic
with localized charge density. In contrast, the other four
systems, at their symmetric geometries, exhibited large
positive NICS(1)iso values (evaluated 1 A above the ring
centroid), characteristic of antiaromatic behavior””. The
relative trend followed 1AP < 2AP < 3AP < 4AP.
This analysis further suggests that 1AP is also suscep-
tible to structural distortion despite lacking N atoms at
topologically destabilizing (electron-deficient) sites. This
behavior can be rationalized by comparison with its par-
ent hydrocarbon, the phenalenyl radical, from which 1AP
is derived by N substitution at the central C atom. The
LUMO of the phenalenyl radical belongs to the af irre-
ducible representation of the Dsgy point group. The z-
basis function of D3y, corresponding to the central site,
also transforms as af, making the contribution of the
central atom to the LUMO symmetry-allowed. Conse-
quently, N substitution at this position corresponds to
an electron-deficient (LUMO) site, whereas the singly oc-
cupied MO (SOMO, af) of the radical is localized only
along the periphery. Upon distortion to a Cs3p geometry,
both the HOMO and LUMO of 1AP transform as a”,
enabling a stabilizing interaction with the HOMO that
outweighs the destabilizing mixing with the LUMO3%.
Overall, of the 24 previously studied APs listed in
Table I, including cyclazine, fourteen feature peripheral
N atoms at electron-rich positions, three at electron-
deficient sites, and six exhibit mixed substitution pat-
terns. Within the broader class of APs, those with N



substitution at electron-rich positions have been studied
far more extensively than those substituted at electron-
deficient sites. Notably, 1,4,9-triazacyclazine, which is
part of the chemical space of APs, has not been investi-
gated to date, either experimentally or theoretically, de-
spite featuring N substitution at electron-rich sites that,
according to Gimarc’s topological charge stabilization
principle’®, should confer enhanced stability. Among
the 85 APs with N at both electron-rich and electron-
deficient sites, only six have been studied before (see Ta-
ble I). By systematically examining the remaining 79 un-
explored molecules, our exhaustive enumeration of APs
substantially expands the pool of candidate molecules for
identifying potential INVEST systems.

C. Basis set extrapolation scheme for geometries

Complete basis set (CBS) extrapolation is typically
done for total electronic energy’®. A similar scheme
has also been performed for energy gradients, dubbed
“gradient scheme”™. Basis set extrapolations have also
been performed for geometrical parameters (i.e., “geom-
etry scheme”) such as bond lengths and bond angles, us-
ing carefully selected internal coordinates as shown in
Ref. 80.

For the minimum-energy geometries of APs, our de-
sired accuracy corresponds to the CCSD(T)/cc-pVTZ
level, as more approximate methods fail to capture pJT
effects adequately. However, full geometry optimizations
at the CCSD(T)/cc-pVTZ level are computationally pro-
hibitive. Therefore, for 104 similar systems, we apply the
geometry scheme for basis set extrapolation of geometric
parameters as follows.

CCSD(T), A
K COSD(T), Apr

__ ~CCSD(T)
VTZ ~ X

ccsD CcCsD
VDZ + | Xy1rz — Xvpz }10)

where the superscript Aprt denotes estimating
CCSD(T)/cc-pVTZ level internal coordinates, X = r
(distances) and X = 6 (angles) defining the Z-matrix
using CCSD values (with cc-pVDZ and cc-pVTZ basis
sets), and CCSD(T) values (with cc-pVDZ basis set).
The Z-matrix representation ensures translational and
rotational invariance of the structural parameters across
methods, allowing the extrapolation to act only on molec-
ular internal coordinates that are purely vibrational de-
grees of freedom. Furthermore, this representation pre-
serves the planarity of all AP structures examined in this
study. We validate the accuracy of the geometries ob-
tained through this geometry scheme for ten benchmark
systems previously studied in Ref. 34. Specifically, the
STGs computed on these extrapolated geometries show
excellent agreement with those obtained using geome-
tries optimized at the full CCSD(T)/cc-pVTZ level (i.e.,
without extrapolations). For comparison, the accuracy of
geometries optimized using DFT methods (B3LYP and
wB97XD) and MP2 with the cc-pVTZ basis set, as re-
ported in Ref. 34, was also evaluated, revealing that while

these methods capture general trends, they deviate in de-
scribing pJT distortions and other fine structural details
relative to the CCSD(T)/cc-pVTZ reference. These as-
pects are discussed in detail in Section ITT A.

D. CCSD(T) Diagnostics to probe symmetry lowering

It is essential to compute geometries at the CCSD(T)
level and to verify that the structures correspond to true
minima rather than transition states. Frequency calcu-
lations are typically used for this purpose, and if a tran-
sition state is identified, a normal-mode analysis is re-
quired to locate the corresponding minimum energy con-
figuration. However, vibrational frequency calculations
at the CCSD(T) level are computationally prohibitive
for medium-sized systems (with 10-30 atoms) such as
APs. Further, high-symmetry structures that are saddle
points on the potential energy surface (PES) cannot serve
as effective starting points for locating lower-symmetry
minima, since atomic forces vanish at the saddle points.
To address these aspects, Ref. 34 introduced a diagnos-
tic approach to assess structural stability imparted by
post-MP2-level correlation correction without requiring
frequency calculations and full-dimensional normal-mode
analysis.

Accordingly, constrained optimizations were first car-
ried out on high-symmetry structures (Dsnand Cay ),
with internal coordinates relaxed in Z-matrix represen-
tation at the MP2/cc-pVDZ level. Two interatomic dis-
tances that contribute to the soft-vibrational mode were
scanned, with r; € [1.30,1.50]A and ry € [1.30,71]A, in
increments of 0.01 A, to construct a two-dimensional PES
at the same level. Higher-level single-point CCSD(T)/cc-
pVDZ energies were then computed on the same PES to
probe whether post-MP2-level electron correlation cor-
rections suggest possible symmetry-lowering. When this
analysis revealed low-symmetry structures that are more
stable than the high-symmetry ones, the geometry cor-
responding to the identified pair of (ry,7) values was
used as the starting point for CCSD(T)-level full geome-
try optimization (i.e., without any constraints) to locate
the true minimum.

E. Computational details

Full geometry optimizations were performed for all 104
APs shown in Figure 1, under point-group symmetry
constraints, with internal coordinates defined through
Z-matrix representations. For each molecule, the in-
ternal coordinates were carefully selected to preserve
the intended point-group symmetry without introduc-
ing redundancies. Geometry optimizations were carried
out at both the highest allowed point group symme-
try and its largest subgroups, namely Cs, C Dgs, and
Cs C Cy,. For systems prone to symmetry lowering, ini-
tial geometries were generated through pJT diagnostic



analysis discussed in Section IIIB. The initial structures
of all 104 APs were first obtained using the universal
force field (UFF) in OpenBabel. Independent geometry
optimizations were performed at the CCSD/cc-pVDZ,
CCSD/ce-pVTZ, and CCSD(T)/cc-pVDZ levels. The re-
sulting geometries were then combined using the geome-
try scheme (Eq. 10) to obtain extrapolated CCSD(T)/cc-
pVTZ-quality coordinates for all systems. Overall, of the
104 APs, 13 were found to undergo pJT-driven distor-
tions, leading to a total of 117 distinct configurations
analyzed in this work.

For systems exhibiting pJT distortions, complete basis
set (CBS) extrapolations were performed to estimate the
automerization barrier, defined as the energy difference
between the high-symmetry saddle point and the corre-
sponding low-symmetry minima. The extrapolation was
carried out by combining CCSD(T) energies obtained
with the cc-pVTZ and cc-pVQZ basis sets, where the
Hartree-Fock (HF) energy from the cc-pVQZ basis was
taken as the reference and the correlation energy extrap-
olated according to

E::Lorr = ECCE)]?IS + OZTL73, (11)
where 7 is the cardinal number of the basis set.

It is well established that CC3 yields very ac-
curate STGs, but is computationally prohibitive for
large systems!®. As shown in Ref. 19 and 20, the
CC2/aug-cc-pVTZ method provides the best balance be-
tween accuracy and cost, with a mean absolute error
(MAE) and standard deviation of the error (SDE) of
0.013]0.011 €V relative to TBE reference values. Bench-
marking against twelve triangulene molecules Ref. 24
demonstrated that the density-fitted local CC2 re-
sponse method based on the Laplace transform (L-
CC2)8182 with the aug-cc-pVDZ basis set, offers accu-
racy (MAE|SDE = 0.016/|0.013 eV) comparable to CC2
with substantial computational savings. L-CC2 offers
significant speedups over canonical CC2 while retaining
similar accuracy. Accordingly, the S; and T; excitation
energies for all APs were computed using L-CC2 with the
aug-cc-pVDZ basis set.

All CCSD and CCSD(T) geometry optimizations, as
well as L-CC2 and CCSD(T)/CBS energy calculations,
were performed using Molpro (version 2015.1)%3. Fron-
tier MO and harmonic frequency analyses were per-
formed at the wB97XD/cc-pVTZ level using Gaussian
(version 16 C.01)8%.

I1l.  RESULTS AND DISCUSSIONS
A. Accuracies of geometries

As a first step in our investigation, we evaluated the ac-
curacy of the geometry scheme used for basis-set extrapo-
lation of minimum-energy structures to the CCSD(T) /cc-
pVTZ level. For this purpose, we selected the previ-

ously studied®® APs, 1,3,4,6-tetraazacyclazine (5AP) and
1,3,4,6,7,9-hexaazacyclazine (7AP) in their symmetric
geometries, along with cyclazine (1AP), 2-azacyclazine
(2AP), 2,5-biazacyclazine (3AP), and 2,5,8- triazacy-
clazine (4AP) in both their high-symmetry (saddle-
point) and symmetry-lowered (minimum-energy) config-
urations. For each of the ten systems, geometry optimiza-
tions were performed at the CCSD/cc-pVDZ, CCSD/cc-
pVTZ, and CCSD(T)/cc-pVDZ levels using Z-matrix
representations (see Data Availability to access the op-
timized coordinates). After obtaining these three sets of
geometries, Eq. 10 was applied to generate extrapolated
geometries of CCSD(T)/cc-pVTZ quality. STGs were
then computed at the L-CC2/aug-cc-pVDZ level for all
systems using these extrapolated geometries.

Table IT summarizes the L-CC2/aug-cc-pVDZ excita-
tion energies of the S; and T; states, along with the
corresponding STGs, for the benchmark systems op-
timized at the CCSD/cc-pVDZ, CCSD/ce-pVTZ, and
CCSD(T)/cc-pVDZ levels, as well as for the extrapo-
lated CCSD(T)/cc-pVTZ geometries obtained using the
geometry scheme described in Section II C. For compari-
son, the CCSD(T)/cc-pVTZ geometries of the same sys-
tems were collected from Ref. 34, and their correspond-
ing L-CC2/aug-cc-pVDZ excitation energies and STGs
were evaluated in the present work. The accuracies of
all four sets of geometries were assessed relative to these
reference data, with deviations quantified using the mean
signed error (MSE), MAE, and SDE. The results pre-
sented in Table IT show that the L-CC2 values of S1, T4,
and STG computed using the extrapolated geometries,

XS%;D(T)’ ADT are in excellent agreement with those ob-

tained from the fully optimized XS%;D(T) geometries.

The magnitudes of the errors clearly demonstrate that
this geometry extrapolation scheme yields systematically
smaller deviations across all error metrics, confirming its
reliability for large-scale data generation.

From Table II, it is evident that the extrapolated

geometries, XS%ZD(T)’ADT, yield the most accurate L-

CC2 STGs, with MSE, MAE, and SDE values of 0.002,
0.002, and 0.003 eV, respectively. This clearly demon-
strates that post-CCSD corrections to geometries are es-
sential for obtaining reliable excitation energies. Figure 3
presents histograms of the deviations in bond distances
and bond angles of the extrapolated geometries (Eq. 10)
relative to the reference CCSD(T)/cc-pVTZ structures.
The majority of molecules exhibit tiny deviations, with
bond-length errors confined to the range of —0.0015 to
+0.001 A and bond-angle errors concentrated between
—0.03° and +0.03°.

The only notable exception is cyclazine in its
Cjsp geometry, which shows a slightly larger angular de-
viation of about 0.05°. At the CCSD(T)/cc-pVTZ level,
cyclazine is characterized by a very shallow PES with re-
spect to symmetry-lowering distortions. Since CCSD is
known to over-stabilize the low-symmetry structure for
this system, the basis-set correction AYLZ derived from



TABLE II. Excited-state energies and error metrics for benchmark systems obtained using various methods for determining
L-CC2/aug-cc-pVDZ excitation energies (S1 and T; relative to Sp) and singlet-triplet gaps
(S1—T1) are reported in eV. Molecular names are followed by their point group symmetries in parentheses. Error metrics (in

minimum-energy geometries.

eV) are computed relative to L-CC2/aug-cc-pVDZ energies evaluated at CCSD(T)/cc-pVTZ reference geometries (

CCSD(T
XVTZ ™

)

from Ref. 34: MSE (mean signed error), MAE (mean absolute error), and SDE (standard deviation of error). MAE values are
obtained by subtracting the reference values from each method’s results.

CCsSD(T CCSD(T), A CCSD(T
System XUy X9r5° Xyvpz ™ Xy1z pT X1z 0
S1 Ty S1-T1 S1 T S1-T1 S1 T S1-Ty Sy T, S1-Ty Sy T, S1-T1
cyclazine (Dap ) 1.008 1.149 —0.141 1.053 1.184 —0.131 0.990 1.132 —0.142 1.033 1.167 —0.134 1.031 1.165 —0.134
cyclazine (Cap, ) 1.350 1.298 0.052 1.384 1.331  0.053 1.143  1.193 —0.050 1.181 1.228 —0.047 1.162 1.217 —0.055
2-aza (Cay ) 0.856 0.946 —0.09 0.916 1.001 —0.085 0.832  0.926 —0.094 0.889 0.978 —0.089 0.887 0.975 —0.088
2-aza (Cs) 1.388 1.203 0.185  1.436 1.249  0.187 1.180  1.087  0.093  1.224 1.129 0.095 1.211 1.120 0.091
2,5-biaza (Cay ) 0.725 0.799 —0.074  0.771 0.839 —0.068 0.699 0.774 —0.075 0.737 0.808 —0.071  0.734 0.806 —0.072
2,5-biaza (Cy ) 1.425 1.140 0.285 1.481 1.193 0.288 1.237  1.016 0.221 1.289 1.065 0.224 1.284 1.063 0.221
2,5,8-triaza (Dsy, ) 0.584 0.643 —0.059  0.620 0.675 —0.055 0.556  0.622 —0.066 0.593 0.651 —0.058 0.590 0.646 —0.056
2,5,8-triaza (Cay, ) 1.493 1.116  0.377 1.555 1.179  0.376 1.313  0.978 0.335  1.372 1.035 0.337 1.366 1.03  0.336
1,3,4,6-tetraaza (Cay ) 2.165 2.307 —0.142  2.223 2.350 —0.127 2,132  2.283 —0.151  2.190 2.326 —0.136 2.188 2.324 —0.136
1,3,4,6,7,9-hexaaza (Dgp ) 2.701 2.943 —0.242 2.758 2.981 —0.223 2.665 2.927 —0.262 2.723 2.952 —0.229 2.719 2.949 —0.230
MSE 0.052 0.025 0.027 0.102 0.069 0.034 —0.042 —0.036 —0.007 0.006 0.004  0.002
MAE 0.074 0.040 0.034 0.102 0.069  0.034 0.042 0.036 0.008 0.006 0.004  0.002
SDE 0.088 0.047 0.043  0.087 0.051  0.040 0.012 0.010 0.010 0.005 0.003 0.003
CCSD introduces a somewhat larger residual error for cy- 60
clazine compared to the other molecules. Nevertheless, I distances (96)
this deviation remains small in absolute terms and does 40
not alter the qualitative conclusions. In consistent with §
this trend, Table II shows that the difference in STG 8
CCSD(T), Apt CCSD(T) . 204
between the Xy 1 and Xy, geometries is

largest for cyclazine (in Csp, symmetry), but still amounts
to only 0.008 eV.

The primary contribution to the accuracy of
XS%%D(T)’ADT arises from the baseline CCSD(T)/cc-

pVDZ geometries, which already produce low error met-
rics (MSE, MAE, and SDE of —0.007, 4+0.008, and
+0.010 eV, respectively).  Although the CCSD/cc-
pVDZ and CCSD/cc-pVTZ geometries exhibit slightly
larger deviations, the basis-set correction incorporated

through the extrapolation scheme effectively brings

XEESDT). ADT 4146 close agreement with the reference

Overall, while CCSD(T)/cc-pVDZ geome-
tries may suffice for smaller systems, the geometry
scheme offers an attractive and computationally efficient
alternative for obtaining near-CCSD(T)/cc-pVTZ accu-
racy for electronically and structurally sensitive systems
such as APs.

The accuracies of the L-CC2/aug-cc-pVDZ excitation
energies obtained using geometries optimized with two
DFT methods (B3LYP and wB97XD) and MP2, with
the cc-pVTZ basis set, were also assessed using the same

error metrics (MSE, MAE, and SDE). The L-CC2 ener-

gies calculated with XS%;D(T) geometries from Table 1T

were taken as reference (see Table IIT). All three meth-
ods exhibit large errors relative to the reference data,
with wB97XD geometries showing the best performance
(MAE = 0.035 eV, SDE = 0.044 €V), followed by those
of B3LYP (MAE=0.080 ¢V, SDE = 0.109 V) and MP2
(MAE=0.095 eV, SDE = 0.138 €V). These results indi-
cate that wB97XD provides the most reliable geometries
among the three, and overall, both DFT methods out-
perform MP2. As reported in Ref. 34, DFT methods
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FIG. 3. Histograms of errors in bond lengths and bond

angles of the Z-matrix parameters for geometries optimized
using X\CfgzD(T)’ADT relative to the reference X\C,gzD(T) for

the benchmark systems listed in Table II.

are capable of capturing pJT distortions, particularly in
4AP, whereas MP2 tends to favor the high-symmetry
D3, configuration.

Figure 4 compares the individual bond lengths of the
Cs), configuration of 2,5,8-triazacyclazine (4AP) across
different methods, showing that the MP2-optimized
structure retains twofold rotational symmetry within
the molecular plane, characteristic of the Dsg), point
group. In contrast, all other correlated methods, in-
cluding the DFT methods B3LYP and wB97XD, cor-
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TABLE III. L-CC2/aug-cc-pVDZ energies of the S; and T states with respect to the So ground state along with the singlet-
triplet gap, S1-T1, are given in eV based on minimum energy geometries obtained with DFT and MP2 methods. Molecular
names are given along with point group symmetry in parentheses. Error metrics, in €V, compared to L-CC2/aug-pVDZ energies
determined with CCSD(T)/cc-pVTZ (from Table IT) geometries are given in the convention "Method — Reference": MSE: mean
signed error, MAE: mean absolute error, and SDE: standard deviation of the error.

System X XGE™T X2
St Ty S1-T4 S T S1-T S T S1-T
cyclazine (D3, ) 1.045 1.177 —0.132 1.067 1.195 —0.128 1.039 1.169 —0.130
cyclazine (Csyp, ) 1.045 1.177 —-0.132 1.067 1.195 —-0.128 1.039 1.169 —-0.130
2-aza (Cay ) 0.906 0.992 —0.086 0.929 1.011 —0.082 0.894 0.976 —0.082
2-aza (Cy) 0.906 0.992 —0.086 1.024 1.051 —0.027 0.885 0.965 —0.080
2,5-biaza (Cay ) 0.769 0.840 —0.071 0.789 0.856 —0.067 0.734 0.803 —0.069
2,5-biaza (Cs ) 0.769 0.840 —0.071 1.194 1.037 0.157 0.734 0.803 —0.069
2,5,8-triaza (Dgsy ) 0.621 0.677 —0.056 0.652 0.704 —0.052 0.580 0.635 —0.055
2,5,8-triaza (Csp ) 0.875 0.777 0.098 1.292 1.007 0.285 0.580 0.635 —0.055
1,3,4,6-tetraaza (Cay ) 2.186 2.324 —0.138 2.229 2.354 —0.125 2.206 2.336 —0.130
1,3,4,6,7,9-hexaaza (Dg], ) 2.733 2.956 —0.223 2.769 2.987 —0.218 2.739 2.964 —0.225
MSE —0.132 —0.054 -0.077 —0.016 0.010 -—0.026 —0.174 —0.084 —0.090
MAE 0.154 0.075 0.080 0.073 0.038 0.035 0.185 0.090 0.095
SDE 0.210 0.102 0.109 0.083 0.040 0.044 0.272 0.134 0.138

rectly break this twofold symmetry in the low-symmetry
Cjsy configuration.  The wB97XD functional also pre-
dicts symmetry lowering for 2-azacyclazine (2AP) and
2,5-biazacyclazine (3AP), while in the case of cyclazine
(1AP) such distortions are reproduced only by post-MP2
methods (CCSD and CCSD(T); see Table II). Therefore,
for systems such as 2AP, 3AP, and 4AP that exhibit topo-
logically destabilizing effects, wB97XD is preferable to
MP2 for geometry optimization.

B: CCSD(T)

C:CCsD E: wB97XD F: MP2

FIG. 4. For 2,5,8-triazacyclazine (4AP) in the Csn geometry,
C-C and C-N bond lengths are shown for structures opti-
mized using various methods with the cc-pVTZ basis set. All
bond distances are given in A. The MP2 results highlight its
inability to capture the pseudo-Jahn—Teller distortion from
D3h to Cgh .

The remainder of this study employs the extrapolated
geometries, XSg%D(T)’ADT, to compute STGs at the L-

CC2/aug-cc-pVDZ level across the chemical space of 104

APs and to investigate pJT symmetry lowering in sys-
tems that have not been previously examined.

B. Pseudo-Jahn-Teller (PJT) distortion and the impact on
singlet-triplet gap of azaphenalenes

We examined pJT distortions across the 104 APs using
the basis set extrapolation scheme for geometries as de-

scribed in Section II C to obtain equilibrium geometries

at the CCSD(T)/cc-pVTZ level, XS%D(T)’ADT, con-

strained to their maximal symmetry point groups (Dsy, ,
Csn, Cay, or Cs). The selected Z-matrix coordinates
allow in-plane distortions leading to D3y — Cj3 and
Cy, — Cgsymmetry lowering; further in-plane distor-
tions to the subgroups of Cs, or Cjwere not observed.
While out-of-plane distortions in the excited state (S;)
have been reported to play a role in the INVEST char-
acter® the present work focuses on in-plane (soft-mode)
distortions of the ground state (Sp) of APs.

Following Ref. 34, constrained MP2/cc-pVDZ op-
timizations were performed by varying two symmetry-
defining bond lengths along the Ds, — Cj,and
Cyy — Cspaths. Single-point CCSD(T)/cc-pVDZ en-
ergies were then computed along both the r; = ry line
(high-symmetry) and r; # 74 region (low-symmetry) to
locate minima. Low-symmetry minima correspond to
true pJT-distorted geometries.

Systems were classified as pJT-active if two criteria
were met: (1) |r; — 7| > 0.02 A at the asymmet-
ric minimum, and (2) the energy difference (AFE) be-
tween the lowest energy point in the r; = ry line and
the lowest energy point of the r; # ro region, satisfies
AE > 0.1 kJ mol~!. Harmonic frequency analyses at the
wB97XD/cc-pVTZ level were also used to identify bor-
derline cases. One such system, 1,2,8,9-tetraazacyclazine,
showed |r; — 79| < 0.02 A, AE < 0.1 kJ mol~! but ex-
hibited a single imaginary in-plane mode (177.3i cm™1),
confirming its structural instability in its Cs, geometry.

For the 13 systems that met the pJT criteria (Ta-



TABLE IV. For thirteen azaphenalenes undergoing pseudo-
Jahn—Teller distortion and symmetry lowering, singlet—triplet
gaps (S1—T1) are shown as predicted by the L-CC2 method
with the aug-cc-pVDZ basis set. Values corresponding to the
low-symmetry geometries are given in parentheses. The au-
tomerization barrier, E*, corresponds to the high-symmetry
saddle point (maximum) along the reaction pathway connect-
ing two equivalent low-symmetry minima. This quantity was
determined using two-point CBS extrapolation of CCSD(T)
energies with the cc-pVTZ and cc-pVQZ basis sets, and is re-
ported in kJ mol~'. Harmonic vibrational frequencies calcu-
lated for the high-symmetry configuration at the wB97XD /cc-
pVTZ level are also listed; except for cyclazine (1AP), a sin-
gle imaginary frequency corresponding to the unstable normal
mode was noted.

S1-T1 EF

Name Vimag
cyclazine® —0.134 (—0.047) 0.3 159°
2-azal —0.089 (+0.095) 2.3  533i
2,5-biaza® —0.071 (+0.224) 5.5 907i

2,5,8-triaza®
1,2,5,6—tetraazab
1,2,8,9-tetraazab
1,2,3,5,8-pentaazal
1,2,5,6,8-pentaazab
1,2,5,8,9-pentaazal
1,2,3,4,5,6,8-heptaazab

—0.058 (+0.337) 11.1 12364
—0.010 (+0.126) 1.0 4244
—0.089 (+0.009) 0.0 177¢
—0.066 (+0.147) 2.5 633¢
—0.047 (+0.188) 3.4 710¢
—0.022 (+0.188) 2.3 63l
—0.097 (+0.050) 0.6 424¢
1,2,3,4,5,8,9-heptaaza® —0.045 (+0.116) 0.7 4031
1,2,3,5,6,7,8-heptaaza® —0.099 (+0.083) 1.5 467
1,2,3,4,5,6,7,8,9-nonaaza® —0.188 (+0.296) 1.8 4443

@ Dgp— Cs, © Cay— Cs
¢ wB97XD predicts D3y, configuration as a minimum

ble IV), their final low-symmetry geometries were also
obtained using the geometry scheme. Figure 2 shows the
distribution of all APs by point-group symmetry and N
substitution pattern in the periphery, with arrows mark-
ing cases of symmetry lowering. Cyclazine, which is also
weakly pJT-active, undergoing a D3y, —Cj3y, distortion, is
excluded since it lacks peripheral N atoms.

Table IV also reports automerization barriers (E*), de-
fined as the energy of the high-symmetry saddle point
connecting two equivalent low-symmetry minima. These
barriers were obtained via two-point CBS extrapolation

of CCSD(T) energies with cc-pVTZ and cc-pVQZ ba-

sis sets calculated on XS,EE;D(T)’ADT. All systems ex-

cept cyclazine show one imaginary frequency (at the

wBI97XD/cc-pVTZ level using XS%%D(T)’ADT) at the

high-symmetry structure, corresponding to the unstable
in-plane mode. Cyclazine instead exhibits a small real
frequency (159 cm™1!), reflecting the weak pJT coupling
not captured at the DFT-level.

The large magnitudes of imaginary frequencies for the
other systems highlight strong vibronic coupling and the
need for careful geometry verification before interpret-
ing INVEST character, particularly when using MP2 or
other approximate methods for their geometry optimiza-
tion. For all systems in Table IV except cyclazine, the L-
CC2/aug-cc-pVDZ STGs change from inverted (negative
STG) to non-inverted (positive STG) upon relaxation.
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This behavior is observed for all three electron-deficient
systems (2-azacyclazine, 2AP; 2 5-biazacyclazine, 3AP;
2,5,8-triazacyclazine, 4AP) as well as for the nine mixed-
substitution systems, demonstrating that the STG in-
versions present at the highest-symmetry geometries are
removed by symmetry-lowering distortions.

The high-symmetry geometries of all 104 APs and
the low-symmetry geometries of thirteen distortion-prone
APs are provided for benchmarking and reproducibility
(see Data Availability).

C. Effect of symmetry and substitution pattern on
singlet-triplet gaps

As discussed in Section IIB, among the 15 APs fea-
turing N substitution at topologically charge-stabilizing
(electron-rich or HOMO-dominated) sites, 14 have been
investigated previously, with the exception of 1,4,9-
triazacyclazine. By contrast, only three systems (2AP,
3AP, and 4AP) contain N atoms at electron-deficient
(LUMO) sites, and none of these exhibit negative STGs
at their low-symmetry minima following pJT distortion.
The remaining 85 APs feature mixed substitution pat-
terns that are less straightforward to generalize. Hence,
we focus on cyclazine and 15 APs with N substitution
at electron-rich (HOMO) sites of cyclazine’s periphery,
which offers a chemically intuitive and structurally con-
sistent platform for identifying trends and design princi-
ples underlying Hund’s rule violation in the AP family.

Figure 5 presents the STGs of these topologically
charge-stabilized APs as a function of the number of N
atoms. Although no simple linear correlation is observed
across the 16 systems (including cyclazine), several sys-
tematic trends emerge that provide insight into struc-
ture—property relationships relevant for molecular design.
A clear trend is observed along the series cyclazine (1AP)
— 1,6-biazacyclazine — 1,3,6,7-tetraazacyclazine — hep-
tazine (7TAP), corresponding to a progressive decrease in
the STG. These systems define the lower bound of STG
values for a given number of N substitutions, with 7TAP
exhibiting the most negative STG.

The 1,3,4,6-tetraazacyclazine isomer (5AP), previously
studied by Wilson et al.2!, provides direct experimental
evidence for an inverted singlet—triplet ordering. Inter-
estingly, two other constitutional isomers of 5AP, namely,
1,3,6,7-tetraazacyclazine and 1,3,4,9-tetraazacyclazine,
exhibit distinct magnitudes of inversion despite shar-
ing the same Cy, symmetry. Among them, 1,3,6,7-
tetraazacyclazine shows a more pronounced negative
STG than 5AP, whereas 1,3,4,9-tetraazacyclazine dis-
plays a smaller inversion, highlighting the sensitivity of
the STG to substitution-induced perturbations in the
electronic structure.

Another interesting branch starts from cyclazine and
proceeds through 1-azacyclazine, 1,4-biazacyclazine, and
1,4,7-triazacyclazine, showing the opposite trend, i.e., a
gradual increase in the STG. The underlying reason is
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systems with N substituting the electron-rich carbon centers. 1,3,4,6-tetraazacyclazine (5AP) is the only unsubstituted aza-
phenalene for which the singlet-triplet has been experimentally measured (0-0 value is —0.047 €V)?'. Heptazine (7TAP) corre-
sponds to 1,3,4,6,7,9-hexaazacyclazine. Names of molecules with singlet-triplet gaps in the range < —0.2 eV, (—0.2, —0.15] €V,
(—0.15,—-0.1] eV, and > —0.1 eV are shown in red, orange, green, and blue.

illustrated by the frontier MOs in Figure 6. In 1-aza
and 1,4-biaza, the HOMO exhibits progressively greater
electron density at site-2, which corresponds to a LUMO
site in the parent compound, cyclazine. This redistri-
bution enhances the spatial overlap between the HOMO
and LUMO, increasing their exchange coupling. In 1,4,7-
triazacyclazine, N substitution at positions 2, 5, and 8
further amplifies the HOMO density at these sites, re-
sulting in the greatest HOMO-LUMO overlap within this
subset. The consequent increase in exchange interaction
stabilizes the T, state relative to S;, thereby producing
larger (positive) STGs.

D. Hund’s rule violating azaphenalenes

Among the 104 APs investigated, 13 exhibit pJT sym-
metry lowering, resulting in a total of 117 distinct con-
figurations (for the 13 systems both high and low sym-

metry structures are included). Singlet and triplet exci-
tation energies and corresponding STGs for the 30 APs
exhibiting negative STGs, computed at the L-CC2/aug-
cc-pVDZ level using the extrapolated equilibrium geome-

tries, XS%%D(T)’ ADT, are listed in Table V.

Of the 30 INVEST APs listed in Table V, 1,3,4,6,7,9-
hexaazacyclazine (heptazine, 7AP) with Dsp, symmetry
displays the most negative STG (—0.229 eV). The re-
maining systems comprise 15 molecules of Cy, symmetry,
13 of Cg symmetry, along with cyclazine (Csp, ). The oc-
currence of negative STGs in Cy structures indicates that
high molecular symmetry is not a prerequisite for achiev-
ing Hund’s rule violation. The oscillator strengths of
the first excited singlet state for the 30 INVEST systems
are also listed in Table V. For nearly all molecules, the
oscillator strengths are negligible; the only exception is
1,2,3,4,6,7-hexaazacyclazine, which exhibits a small but
non-negligible value of 0.01 a.u.

Notably, cyclazine (1AP) is the only system that un-
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dergoes pJT distortion while retaining a negative STG,
as summarized in Table IV. As stated before, none of the
three APs with N atoms exclusively at electron-deficient
(LUMO) sites (2AP, 3AP, and 4AP) show inverted gaps,
and thus they are absent from Table V. Among the 15
APs with N atoms exclusively at electron-rich (HOMO)
sites (see Figure 5), 12 exhibit negative STGs. Of these,
7AP has the most negative STG of —0.229 eV, while
1,3,4-triazacyclazine (Cs) has the least negative STG of
—0.063 eV.

Further, of the 30 INVEST-type APs, 17 originate
from the subset of 85 systems featuring mixed substi-
tution patterns, where N atoms occupy both electron-
rich (HOMO) and electron-deficient (LUMO) sites of the
parent compound cyclazine (see Figure 2). All 17 ex-
hibit negative STGs at their equilibrium geometries, cor-
responding to high-symmetry structures permitted by
their stoichiometry, i.e., none of these systems undergo
pJT distortion. These 17 species can be regarded as
derivatives of the topologically charge-stabilizing systems
that exhibit negative STGs in Figure 5, and their trends
can be rationalized by comparison with their respec-
tive parent compounds. For consistency, the TUPAC
convention of assigning the smallest possible indices to
the heteroatoms has been followed when identifying par-
ent—derivative relationships; for example, 1,3 or 1,3,6 are
preferred over 1,4 or 1,4,6, respectively (see cyclazine in
Figure 5 for the numbering scheme).

When comparing the S; and T; excitation energies,
all 17 derivatives show less negative values than their
parents, indicating that substitution of N at a LUMO
site of cyclazine narrows the HOMO-LUMO gap. In

the extreme cases, such as 2-azacyclazine (2AP), 2,5-
biazacyclazine (3AP), and 2,5,8-triazacyclazine (4AP),
this narrowing can enhance pJT coupling, as discussed
in Ref. 34. Among the 17 mixed systems, only 1,2,3,4,9-
pentaazacyclazine (Cy, ) exhibits a more negative STG
(—0.135 ¢V) than its parent 1,3,4,9-tetraazacyclazine
(Coy , STG = —0.119 V), while the remaining 16 systems
show larger (less negative) gaps than their respective par-
ents. However, this apparent deviation is small com-
pared to the uncertainty of the L-CC2 method (MAE =
0.016 eV, SDE = 0.013 €V for systems of similar size and
topology, see Section IIE for more details). Hence, both
systems can be considered to possess effectively similar
STGs within the predictive uncertainty of the method.

IV. CONCLUSIONS

The fifth-generation OLEDs rely critically on the
inverted singlet—triplet gaps (STGs)3¢, a unique fea-
ture of light-emitting molecules that operate via de-
layed fluorescence from inverted singlet and triplet
states (DFIST)%. Molecules exhibiting this behavior
are termed inverted singlet-triplet energy gap (INVEST)
systems®1929 Achieving INVEST depends on a del-
icate interplay of molecular topology, electronic struc-
ture, and geometric stability. Despite intense research
interest, only a handful of molecules have been exper-
imentally confirmed to possess negative STGs, among
which azaphenalenes (APs) represent the most promis-
ing and systematically studied class. In this work, we
present a comprehensive enumeration and analysis of



TABLE V. The energies of S; and T; states along with
singlet-triplet gaps (S1—T1) in €V for the thirty azaphenalenes
calculated using L-CC2/aug-cc-pVDZ on the CCSD(T)/cc-
pVTZ-quality minimum energy geometries determined using
the geometry scheme, XS%ZD(T)’ ADT The Sy — Sy oscillator
strengths (f, in atomic units) are given in parentheses next
to the S; energies. The molecules are arranged in the order

of most to least negative STG.

Molecule (Symmetry) S1 (f) Ty S1—T1
1,3,4,6,7,9-hexaaza (Dap ) 2.723 (0.000) 2.952 —0.229
1,3,6,7-tetraaza (Cav ) 2.127 (0.000) 2.304 —0.177
1,3,4,6,7-pentaaza (Cs)  2.466 (0.002) 2.632 —0.166
1,6-biaza (Cay ) 1.560 (0.001) 1.701 —0.141
1,3,4,6-tetraaza (Cav ) 2.190 (0.002) 2.326 —0.136
1,2,3,4,9-pentaaza (Cay ) 1.914 (0.000) 2.049 —0.135
1,2,4,6,8,9-hexaaza (Cay ) 1.779 (0.001) 1.901 —0.122
1,3,4,9-tetraaza (Cay ) 2.126 (0.006) 2.245 —0.119
1,6,8-triaza (Cay ) 1.434 (0.000) 1.551 —0.117
1,3-biaza (Cay ) 1.643 (0.003) 1.758 —0.115
1,9-biaza (Cay ) 1.583 (0.003) 1.696 —0.113
1,2,3,4,5,6-hexaaza (Cay ) 1.722 (0.001) 1.833 —0.111
1,3,6-triaza (Cs ) 1.968 (0.001) 2.073 —0.105
1,2,3-triaza (Cay ) 1.412 (0.000) 1.510 —0.098

1,2,3,6,7-pentaaza (Cay )

1,4,9-triaza (Cs)

)
)
)
)
)
)
)
)
)
)
)
)
g
1.831 (0.006) 1.926 —0.095
1.924 (0.003) 2.015 —0.091
)
)
)
)
)
)
)
)
)
)
)
)
)
)

1,2,4,6,9-pentaaza (Cs)  2.016 (0.002) 2.095 —0.079
1,2,3,4,6,7-hexaaza (Cs) 2.200 (0.010) 2.278 —0.078
1,2,3,4,6,9-hexaaza (Cs) 2.323 (0.001) 2.400 —0.077
1,3,4,7-tetraaza (Cs) 2.338 (0.003) 2.403 —0.065
1,2,3,4,6-pentaaza (Cs)  1.979 (0.002) 2.042 —0.063
1,3,4-triaza (Cs) 1.986 (0.005) 2.049 —0.063
1,2,6,9-tetraaza (Cs) 1.655 (0.005) 1.709 —0.054
cyclazine (Csy, ) 1.181 (0.000) 1.228 —0.047
1,3,4,6,8-pentaaza (Cay ) 2.045 (0.007) 2.091 —0.046
1,5,9-triaza (Cay ) 1.415 (0.007) 1.444 —0.029
1,3,5-triaza (Cs ) 1.560 (0.004) 1.587 —0.027
1,2,3,4-tetraaza (Cs ) 1.825 (0.004) 1.851 —0.026
1,3,5,8-tetraaza (Cay ) 1.359 (0.005) 1.382 —0.023
1,3,5,7-tetraaza (Cs ) 1.932 (0.002) 1.940 —0.008

all possible N-substituted APs, reporting 104 unique
molecules. These were classified as topologically charge-
stabilizing (N substitution at electron-rich sites), topo-
logically charge-destabilizing (N substitution at electron-
deficient sites), or mixed, depending on the location of
the N atoms in the periphery. We also compiled prior
studies on this molecular family, noting that only 24 of
the 104 possible APs have been explored before.

We highlighted the critical role of geometry optimiza-
tion in accurately determining STGs and, hence, in iden-
tifying genuine INVEST systems. While pseudo—Jahn—
Teller (pJT) distortions in the closed-shell electronic
ground state already require careful treatment, the phys-
ically relevant quantities for INVEST are the adia-
batic (0-0) STGs, which are particularly sensitive to
symmetry-lowering distortions in the open-shell excited
states. Such pJT distortions in excited states are gener-
ally more prevalent and pronounced than in the ground
state and can qualitatively alter the STG upon relax-
ation. Vertical STGs evaluated at high-symmetry ge-
ometries therefore provide only an initial indication of
a possible inversion, whereas reliable conclusions require

14

adiabatic gaps obtained at fully relaxed geometries. The
pJT distortions inherent in several APs are not cap-
tured by methods such as B3LYP and MP234. For
distortion-prone systems, only CCSD(T)-quality geome-
tries provide reliable, stable structures. To achieve this
accuracy efficiently, we employed a geometry extrapola-
tion scheme based on basis-set additivity, enabling near-
CCSD(T)/cc-pVTZ precision at significantly reduced
computational cost. Among the 104 APs, thirteen un-
dergo symmetry lowering from their high-symmetry con-
figurations to low-symmetry minima, resulting in a total
of 117 distinct geometries analyzed.

Cyclazine, the parent member with a single central
N, serves as a special case. It is the only system that
retains a negative STG, even after pJT distortion to
its low-symmetry minimum (Csy, ). All other APs pos-
sess peripheral N atoms, displaying diverse electronic ef-
fects. Among the 15 systems with N substitution ex-
clusively at electron-rich centers, 12 exhibit negative
STGs at their equilibrium geometries. Of these, 1,4,9-
triazacyclazine emerges as a previously unexplored mem-
ber with potential INVEST character. Analysis across
the 15 topologically stabilized systems further reveals
that high-symmetry members (D3, and Cyy ) display
minimal HOMO-LUMO overlap, akin to cyclazine, while
some of the lower-symmetry species (Cs, and Cy) show
greater frontier MO overlap, resulting in larger, positive
STGs. All three APs with N atoms solely at electron-
deficient sites undergo pJT distortion, losing their in-
verted gap behavior. The remaining 85 systems feature
mixed substitution patterns, of which only six have been
explored before.

Excitation energies and STGs of all 117 systems, de-
rived from 104 unique APs, were evaluated using the L-
CC2/aug-cc-pVDZ method, which provides benchmark-
level accuracy for INVEST molecules at moderate com-
putational expense?*. Among the 13 distortion-prone
systems, only cyclazine maintains a negative vertical
STG, while all others yield positive values in their
minima. Across the entire set, heptazine (7AP) dis-
plays the most negative STG (—0.229 €V), consis-
tent with prior reports!™'®.  Interestingly, 1,3,6,7-
tetraazacyclazine (STG=-0.177 €V) exhibits a more
negative gap than its constitutional isomer 1,3,4,6-
tetraazacyclazine (5AP, STG=-0.163 e¢V) that has been
experimentally verified?!.  1,3,4,6,7-pentaazacyclazine
(6AP, Cs) and 1,6-biazacyclazine (Ca,) also feature
STGs less negative than 7AP but more negative than
5AP.

Overall, 30 APs are identified here as potential IN-
VEST systems, providing concrete molecular cores for
the design of next-generation OLED emitters with in-
verted singlet—triplet ordering. Of these, only a few
have been previously studied. Future extensions of this
work should include 0-0 corrections to refine predicted
gaps and a detailed examination of excited-state dynam-
ics. The choice of geometry optimization method re-
mains critical, especially for systems exhibiting pJT ac-



tivity. Functionalized APs such as those of 5AP"? and
7TAP*%9 offer natural starting points for experimental ex-
ploration. While this study focuses on N-substitution,
the observed structure—property trends can be general-
ized to other heteroatom substitutions or other function-
alizations. Realizing such broader chemical spaces will
require integration of evolutionary design strategies with
high-throughput quantum chemistry.

V. SUPPLEMENTARY INFORMATION

i) Geometries and additional data are available in
the AP117 dataset®®, ii) Table S1 presents names and
SMILES representations, iii) Table S2 presents excita-
tion energies and singlet—triplet gaps.

VI. DATA AVAILABILITY

The data that support the findings of this study are
within the article and its supplementary material.
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