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Molecules with an inverted singlet–triplet gap (STG) between the first excited
singlet and triplet states, for example, heptazine, have recently been reported and
gained substantial attention since they violate the famous Hund’s rule. Utilizing
state-of-the-art high-level ab initiomethods, the singlet–triplet gap vanishes and
approaches zero from below whatever is improved in the theoretical description
of the molecules: the basis set or the level of electron correlation. Seemingly, the
phenomenon of inverted singlet–triplet gaps tends to vanish the closer we
observe.
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1 Introduction

The energy difference between the first excited singlet S1 and the corresponding first
excited triplet T1 states is generally referred to as the singlet–triplet gap (STG). It makes sense
to speak of the STG only between pairs of excited singlet and triplet states when they possess
the same, or at least very similar, spatial electronic wave functions and differ essentially only
in the spin part of the total wave functions. It is defined positive when the triplet state is lower
than the singlet state, which is the natural order due to the favorable exchange interaction of
the unpaired electrons, leading to an overall lower total energy of the triplet state than the
singlet state. Previously, in 1927, Friedrich Hund postulated the energetic preference of an
open-shell system toward its high-spin state, which became well-known in the field of
chemistry as part of “Hund’s rules” (Hund, 1925, 1927).

The STG plays an important role in photochemistry as it is relevant for intersystem
crossing (ISC) from the singlet to the triplet state manifold, which generally leads to a loss of
fluorescence. A small STG, however, is also known to lead to thermally activated reverse
intersystem crossing (RISC) from the triplet to the singlet state, indicated by subsequent
fluorescence. This process is currently known as thermally activated delayed fluorescence
(TADF), which is exploited for efficient organic light-emitting diodes (OLEDs) (Shi et al.,
2022; Nakanotani et al., 2021).

Recently, several organic closed-shell molecules with exceptionally small singlet–triplet
gaps between the first excited singlet S1 and triplet T1 states have been reported, with
heptazines and cycl[3.3.3]azines among others holding great promise for their application as
TADF emitters (Ehrmaier et al., 2019; De Silva, 2019; Ricci et al., 2021; Li et al., 2022)
Interestingly, quantum-chemical calculations conducted on heptazine, cycl[3.3.3]azine, and
related compounds revealed an inverted (negative) singlet–triplet gap, with the first excited
singlet state possessing a lower total energy than the corresponding triplet state. These so-
called inverted singlet–triplet (INVEST) molecules thus formally violate Hund’s rule.

Focusing on heptazine as the most widely theoretically studied INVEST molecule, the
most reliable calculated STGs become all negative and singlet–triplet state inversion is
observed. In Pollice et al. (2021), STGs of heptazine were reported ranging from −0.109 eV at
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the level of the third-order algebraic diagrammatic construction
(ADC) scheme for excited states (ADC(3)) with a cc-pVDZ basis set
up to −0.344 eV at the domain-based local pair natural orbital
(DLNPO) n-electron valence perturbation theory of second order
(NEVPT2) with six electrons in the six valence orbital (6,6) level of
theory using the def2-SV(P) basis set. Equation-of-motion (EOM)
coupled-cluster with singles and doubles (CCSD) yields −0.180 eV
when canonical orbitals and the cc-pVDZ basis set are used,
and −0.214 eV with frozen natural orbitals (FNOs). It has been
noted that the linear-response time-dependent density functional
theory (TDDFT) with standard exchange-correlation kernels yields
consistently positive STGs for heptazine independent of the amount
of non-local Hartree–Fock (HF) exchange (Bhattacharyya, 2021;
Ricci et al., 2021; Tuckova et al., 2022). The larger the static amount
of HF exchange in the xc-kernel, the higher positive the computed
STG tends to be, which is not surprising since the STG is in first
order driven by the exchange interaction of the unpaired electrons.
In addition, long-range corrected functionals like ωB97XD yield an
STG of 0.23 eV in combination with the Tamm–Dancoff
approximation (TDA) (Ricci et al., 2021). Only when the spin-
flip variant of TDDFT is applied or double-hybrid long-range-
corrected xc-functionals are used, negative STGs are obtained
(Pollice et al., 2021; Tuckova et al., 2022). At the DFT/MRCI
level, STG of heptazine has been found to be close to zero,
i.e., −0.01 eV (Dinkelbach et al., 2021), however, still conserving
the negative sign. Based on these findings, the computational hunt
for improved INVEST molecules for use in OLEDs started (Pios
et al., 2021; Pollice et al., 2021; Sobolewski and Domcke, 2021; Sanz-
Rodrigo et al., 2021; Li et al., 2022; Tuckova et al., 2022).

Recently, experimental evidence of small negative STGs in
substituted derivatives of heptazine has been reported (Ehrmaier
et al., 2019; Aizawa et al., 2022). Using time-resolved
photoluminescence and transient absorption spectroscopy, the
luminescence of a chemically stable heptazine derivative has been
shown to be insensitive to the presence of external heavy atom
sources and triplet-quenching oxygen, confirming its fluorescence
characteristic and suggesting the lack of an ISC decay channel into a
lower-lying triplet state (Ehrmaier et al., 2019). Temperature-
dependent measurements of the fluorescence rate revealed the
time constant of TADF to anomalously decrease with decreasing
temperature, leading to the conclusion that the emissive singlet state
is the lowest. Recent theoretical calculations of rate constants
demonstrated the efficiency and temperature dependence of
TADF do not exclusively depend on STG; moreover, the rates
were determined by an interplay of vibrionic effects and near-
zero STGs, i.e., practically degenerated S1 and T1 states, which
were shown to be optimal for efficient RISC in OLEDs
(Dinkelbach et al., 2021).

For a singlet–triplet state inversion to occur, the exchange
interaction among the unpaired electrons needs to be small, and
an additional mechanism stabilizing the singlet state over the triplet
state needs to be present. Previously, this stabilization of the singlet
state has been attributed to energetically low-lying doubly excited
singlet configurations, with which the singlet state can interact but
not the triplet state (De Silva, 2019). Within this work, we aim at
gaining a deeper understanding of singlet–triplet state inversion and
try to identify the physical mechanism leading to it. For this
objective, we study the proto-typical INVEST molecules

heptazine and cycl[3.3.3]azine, and also include the hypothetical
boron derivative cycl[3.3.3]borane (Figure 1) in our studies to see
the effect of switching from an electron-rich to an electron-deficient
system on STG. High-level ab initio methods will be utilized
including the effect of triples in the calculation of STGs as well.
The electronic structures of the excited states will be analyzed using
advanced analysis tools to obtain a better picture of their physical
nature, possibly explaining the inversion of STG. We will see,
however, that the only significant difference in the electronic
structure of the singlet S1 and triplet T1 states, besides their spin
states, is the entanglement between the particle and the hole in the
corresponding singlet and triplet excitons. Moreover, the closer we
look or, in other words, the more accurate we try to compute the
STGs of heptazine, cycl[3.3.3]azine, or cycl[3.3.3]borane, the less
negative they become, until all become positive at the highest
affordable level of the electronic structural theory.

2 Computational details

All gas-phase geometry optimizations were performed at the
RI-MP2/cc-pVTZ level of the theory using the PSI4 software
package (Smith et al., 2020). The vertical excited states have been
computed at the theoretical levels of the algebraic diagrammatic
construction methods for the polarization propagator at the
second and third orders of the perturbation theory (ADC(2)
and ADC(3)) (Wormit et al., 2014; Schirmer, 1982; Harbach
et al., 2014). STGs have also been computed as the difference in
total energies of the first excited singlet S1 and triplet T1 states
computed at the level of coupled cluster singles and doubles
(CCSD), as well as CCSD with perturbative triples correction
(CCSD(T)) (Purvis and Bartlett, 1982; Raghavachari et al., 1989),
denoted in the following as δ values. For these calculations, the
underlying unrestricted Hartree-Fock reference has been
tweaked to converge with the open-shell singlet and triplet
states, in which the highest occupied molecular orbital
(HOMO) is replaced by the lowest unoccupied molecular
orbital (LUMO) using the maximum overlap method (MOM)
(Gilbert et al., 2008). The excited-state wave functions of S1 and
T1 have been studied using exciton analyses, as implemented by
the open-source software library for wavefunction analysis,
libwfa (Plasser et al., 2022). For all excited-state calculations,
the Q-Chem software package in version 5.2 was used
(Epifanovsky et al., 2021).

3 Results

3.1 Excited state characteristics

All three investigated molecules, namely, heptazine, cycl[3.3.3]
azine, and cycl[3.3.3]borane, possess a symmetry-forbidden and
thus spectroscopically dark excited singlet S1 state. This state is
represented in the molecular orbital picture as essentially pure
electronic transition of a single electron from the HOMO to the
LUMO. The corresponding difference densities (Figure 2) reveal the
expected ππ* characteristic of the S1 state in all three molecules. The
corresponding first excited triplet T1 state exhibits an identical
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orbital composition, with one electron occupying the HOMO and
another electron with identical spin occupying the LUMO of the
ground-state configuration. A short observation at the difference
densities of the S1 and T1 states in these molecules (Figure 2) reveals
them to be indistinguishable from the singlet and triplet states in the
same molecule. Although those between the nitrogen derivatives are
practically identical, only the difference densities of cycl[3.3.3]
borane are slightly different due to its electron-deficient nature
compared to the nitrogen derivatives.

The vertical excitation energies of the S1 and T1 states at the
ADC(3)/cc-pVTZ level are 0.81 and 0.87 eV for cycl[3.3.3]azine,
2.81 and 2.88 eV for heptazine, and 0.55 and 0.65 eV for cycl
[3.3.3]borane. This results in negative STGs for all three
molecules of −0.06, −0.07, and −0.10 eV at the equilibrium
geometry of the singlet ground state S0. Seemingly, switching
of an electron-rich system (azine) to an electron-deficient system
(borane) leads to an increase in the negative singlet–triplet
gap. The number of nitrogen atoms in heptazine compared to

FIGURE 1
Lewis structures of cycl[3.3.3]azine, heptazine, and cycl[3.3.3]borane.

FIGURE 2
Difference densities (isovalue = 0.005) of cycl[3.3.3]azine, heptazine, and cycl[3.3.3]borane computed at the ADC(3)/cc-pVTZ level.
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cycl[3.3.3]azine has, on the contrary, only a negligible influence.
It is important to note that geometry optimization of the triplet
state leads to only insignificant changes of the singlet–triplet gap,
for example, from 0.063 to 0.067 eV in the case of cycl[3.3.3]azine
at the ADC(3)/cc-pVTZ level. The induced geometric change
upon excitation of a single electron in these systems is minimal
due to the rigidity of the systems. The insignificant difference
between vertical and adiabatic STGs of heptazine derivatives is
further highlighted in the literature (Ehrmaier et al., 2019;
Dinkelbach et al., 2021).

3.2 Excitonic properties of S1 and T1

Exciton analyses are insightful tools for complex electronic
excited-state wave functions (Bäppler et al., 2014; Plasser and
Lischka, 2012; Plasser et al., 2014b; Plasser et al., 2014b; Plasser
et al., 2015; Mewes and Dreuw, 2019). They are based on the two-
particle exciton wave function, which is obtained from the transition
density matrix, and can be used to compute expectation values, thus
studying the physical properties of the corresponding electronic
state.

Following this general procedure, the spatial sizes of the singlet
and triplet excitons of S1 and T1 of cycl[3.3.3]azine, heptazine, and
cycl[3.3.3]borane have been computed. Interestingly, the excitons of
cycl[3.3.3]azine and cycl[3.3.3]borane possess very similar sizes
around 3.5 Å for both the S1 and T1 states. Heptazine, on the
contrary, exhibits distinctively smaller singlet and triplet excitons
of around 3.2 Å (Figure 3). The exact values are given in the
Supplementary Material. However, the trend in the spatial extent
of the excitons does not correlate with the trend in the observed
STGs since heptazine and cycl[3.3.3]azine have similar STGs but
differ in exciton sizes.

A second insightful exciton property is the spatial correlation of
the hole and electron within the exciton. The correlation coefficient,
defined as

Reh � 〈rh · re〉 − 〈rh〉 · 〈re〉
σhσe

, (1)

is positive when the electron and hole are spatially correlated, and
negative when they are anti-correlated. σh and σe correspond to the
root-mean-square sizes of the hole and electron distributions,
respectively. As can be seen in Figure 3, the spatial electron–hole
correlation of both states S1 and T1 increases from 0.08 in cycl[3.3.3]
azine and cycl[3.3.3]borane to 0.14 in heptazine. Again, this trend in
the computed correlation coefficients cannot be related to the
calculated STGs.

An alternative measure to estimate the importance of electron
correlation and the multi-configurational characteristic is to inspect
the natural transition orbitals (NTOs) and their occupation
numbers (Martin, 2003). In order to quantify how many pairs of
NTOs are essential to characterize an electronic transition, the so-
called natural transition orbital participation ratio (Luzanov and
Zhikol, 2010; Plasser and Lischka, 2012) has been introduced:

PRNTO � ∑iλi( )2
∑iλ

2
i

, (2)

with λi representing the weights of the respective NTO pair
configurations. Inspection of the values of PRNTO for the S1 and
T1 states of cycl[3.3.3]azine, heptazine, and cycl[3.3.3]borane reveals
them to be described by a single NTO pair. They exhibit a negligible
multi-configurational characteristic with values for PRNTO close to
one. The only possibly significant difference that can be seen for the
singlet and triplet states of heptazine is where PRNTO is slightly larger
for the singlet state than for the triplet state (Figure 3).

FIGURE 3
Exciton size (left), NTO participation ratio PRNTO (middle), and the electron–hole correlation coefficient Reh (right) of excitons corresponding to the
S1 and T1 states of cycl[3.3.3]azine (blue), heptazine (green), and cycl[3.3.3]borane (red) at the theoretical level of ADC(3)/cc-pVTZ.
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To corroborate this initial finding, we analyze the excited singlet
and triplet states further by computing the entanglement entropy
between the electron and hole according to

SH|E � −tr ρ̂E log2ρ̂E[ ]
� tr ρ̂H log2ρ̂H[ ]
� ∑

i

λi log2λi,
(3)

as well as the corresponding number of entangled states via

ZH|E � 2SH|E � 1/∏
i

λλii , (4)

where ρ̂E and ρ̂H are the density operators defined for the electron
and hole subsystems, for which NTOs are the eigenfunctions
(Plasser, 2016). Subsequently, the transition density, i.e., the
electron and hole subsystems can be analyzed with respect to
their von Neumann entanglement entropy (Bester et al., 2004). In
principle, the entanglement entropy quantifies the correlation
between the electron and hole, and it can, thus, serve as a
criterion for how well excited states are described at a certain
level of the theory, or in other words, how converged the
theoretical description is when going from a lower to a higher
level of the theory. In the case of well-described states, the
entanglement entropy should not change when higher levels of
the theory are employed.

At the ADC(2) level, SH|E has values of 0.115 and 0.091 for S1
and T1 of cycl[3.3.3]azine, respectively, revealing the electron
and the hole to be strongly correlated in the triplet state than that
in the singlet state. Going with ADC(3), the entanglement
entropy increases to 0.239 and 0.135 with a substantially
larger value for the singlet state than for the triplet state,
while the number of entangled states ZH|E does not change
and instead supports the finding of PRNTO. Seemingly, the
description of the excitons is not yet converged at the level of
ADC(2), in particular in one of the singlet state, since SH|E

changes strongly. Going with heptazine, the hole and electron
are overall strongly entangled than in cycl[3.3.3]azine that are
already at the ADC(2) levels with values of 0.160 and 0.139 for S1
and T1, respectively. Furthermore, going with ADC(3), the
entanglement entropy increases substantially to 0.299 and
0.242 for S1 and T1, respectively, while ZH|E remains
unchanged, yet demonstrating that at least a third-order
treatment of the states in question is required for their proper
theoretical description. Although at the ADC(2) level, the singly
excited states are described consistently in the second order of
the perturbation theory similar to the electronic ground state in
the MP2 theory, at the ADC(3) level, their description is at the
third order of the perturbation theory.

Surprisingly, the inverted STG of cycl[3.3.3]azine, heptazine,
and cycl[3.3.3]borane becomes smaller when going from ADC(2)
to ADC(3), for example, from −0.24 eV to only −0.07 eV in the
case of heptazine. This contrasts the general notion that an
improved description of electron correlation stabilizes the
singlet state over the triplet state, and being the origin of the
occurrence of singlet–triplet state inversion. The question, thus,
arises what effect an improved description of electron correlation
within the employed ab initio excited state method has on the
computed STG.

3.3 Influence of the electron correlation

In previous works, the occurrence of inverted STGs has been
related to doubly excited configurations in the electronic singlet
wave functions, stabilizing the singlet state over the triplet state (De
Silva, 2019). Doubly excited configurations can have, however,
different meanings: i) they are present in correlated ground states
and can occur in excited states, when the correlation pattern
changes; ii) they can refer to genuinely doubly excited states, and
iii) they are also related to orbital relaxation effects in singly excited
states.

The analysis of the contributing molecular orbitals, including
NTOs, PRNTO, and ZH|E, all revealed the S1 and T1 states of cycl
[3.3.3]azine, heptazine, and cycl[3.3.3]borane to essentially
correspond to single-electron transitions from HOMO to LUMO.
For the investigation of the influence of doubly excited
configurations on these genuinely singly excited states, the ADC
methods for excited states provide an ideal testing ground since their
influence is increased in a well-defined manner going from ADC(2)
to ADC(3) via the intermediate extended ADC(2) (ADC(2)-x)
scheme. ADC(2) contains doubly excited states explicitly only at
the zeroth order and the coupling between doubly and singly excited
states at the first order of the perturbation theory. However, dynamic
correlation effects are nevertheless included and contained in the
matrix elements of the singles’ block of the ADC(2) matrix via the
second-order perturbation theory similar to MP2 and closely related
to configuration interaction singles with perturbative doubles
(CIS(D)) (Head-Gordon et al., 1994). A particularly useful
diagnostics for the influence of explicit doubly excited
configurations is ADC(2)-x, in which matrix elements of the
doubles block are increased to the first order, while the coupling
between singles and doubles remains in ADC(2) at the first order
(Trofimov and Schirmer, 1995; Starcke et al., 2006). Thus,
essentially, only the explicit influence of the doubles on the
singles is increased, while the dynamic correlation in the singles
block remains the same. At the ADC(3) level, the singles block and
the coupling block between singles and doubles are finally increased
up to the third and second orders in the perturbation theory,
resulting in a consistent third-order description of the single

FIGURE 4
Calculated singlet–triplet gaps of cycl[3.3.3]azine (blue),
heptazine (green), and cycl[3.3.3]borane (red) at the theoretical levels
of ADC(2), ADC(2)-x, and ADC(3) in combination with the cc-pVTZ
basis set.

Frontiers in Chemistry frontiersin.org05

Dreuw and Hoffmann 10.3389/fchem.2023.1239604

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1239604


excitations; here, the S1 and T1 states of cycl[3.3.3]azine, heptazine,
and cycl[3.3.3]borane are provided.

At the ADC(2) level, the STGs of cycl[3.3.3]azine, heptazine, and
cycl[3.3.3]borane have values of −0.14, −0.24, and −0.20 eV,
respectively, showing the expected singlet–triplet state inversion
(see Figure 4; Supplementary Table S1). Although STGs are positive
throughout ADC(1), the influence of dynamic correlation on the
singlet and triplet states, as included in the matrix elements of the
singles block of the ADC(2) matrix, leads to the stabilization of S1
over T1 and are indeed needed to obtain a negative STG (De Silva,
2019). Going with ADC(2)-x and thereby increasing the explicit
influence of the doubly excited configurations lead to STGs
of −0.11, −0.16, and −0.15 eV for these three molecules, i.e., the
negative STG becomes consistently smaller (Figure 4). The inclusion
of doubly excited configurations at the ADC level, thus, stabilizes the
triplet T1 state again slightly over the singlet S1 state. Going further
with ADC(3), the negative STGs become even smaller with values
of −0.06, −0.07, and −0.10 eV when the description of the singles
themselves is increased up to the third order of the perturbation
theory, including higher-order correlation effects (Figure 4). This
has also manifested itself in the increase of the electron–hole
entanglement SH|E within these states when going from ADC(2)
to ADC(3), which was more pronounced in S1 than T1.

A second, alternative pathway to include higher-order
correlation effects into the calculation of STGs is to resort to
high-level ground-state correlation methods and to tweak the
reference wave function to converge into the lowest excited
triplet state and to the first excited singlet state. The difference in
the obtained total energies then corresponds with STG. For this
objective, we use the established CCSD and CCSD(T) methods in
connection with a correlation-consistent triple-zeta basis set, which
is mandatory to capture the electron correlation. In particular,
ΔCCSD(T) was recently demonstrated to yield an excellent
description of excited states with resulting excitation energies
rivaling EOM-CCSDT in accuracy (Lee et al., 2019). We thus
expect the values obtained for the STG at the CCSD(T) level to
be the most reliable values in our investigation.

First, inspecting the values of STGs at the CCSD level, they are
completely negative with values of −0.303, −0.382, and −0.364 at the
ΔCCSD level for cycl[3.3.3]azine, heptazine, and cycl[3.3.3]borane
when the cc-pVTZ basis set is used. This is in agreement with the
previous findings in the literature and our previous observation that
dynamic correlation via the inclusion of doubles stabilizes the singlet
state over the triplet state. Moving on to ΔCCSD(T) in combination
with the cc-pVTZ basis, however, the STGs of all three investigated
molecules change signs and become 0.025, 0.039, and 0.017 eV for
cycl[3.3.3]azine, heptazine, and cycl[3.3.3]borane, respectively
(Figure 5). In agreement with the previous observation at
different ADC levels of the theory, where the increase from the
second to third order of the perturbation theory has led to a decrease
in the inverted STGs, the inclusion of triples in the CCSD(T)
calculation reveals the same trend. This shows that triples are
needed to capture higher-order correlation effects present in the
S1 and T1 states, which are related to the entanglement of the hole
and particle in the corresponding exciton, as previously analyzed. At
the ΔCCSD(T) level, the energy of the triplet T1 state is lowered so
much over that of the singlet S1 state that the previously inverted
STGs turn into regular STGs again, obeying Hund’s rule.

The employed UHF open-shell singlet reference employed in
our ΔCCSD and ΔCCSD(T) calculations is not a spin-pure state.
However, we obtain large negative STGs for ΔCCSD and positive
gaps for ΔCCSD(T), and both use the same underlying CCSD wave
function with the same spin contamination. The S2 operator exhibits
expectation values of 1.042, 1.034, and 1.045 for the open-shell
singlet state of cycl[3.3.3]azine, heptazine, and cycl[3.3.3]borane and
2.014, 2.014, and 2.012 for the corresponding T1 states at the CCSD
level, respectively. Although the triplet state does not suffer from
spin contamination, the open-shell singlet ground state represents a
mixture of S1 and T1, and due to the linearity of the quantum
mechanics, its energy should lie between the singlet and the triplet
states. Consequently, the possible error introduced by singlet–triplet
state mixing, i.e., spin contamination, is expected to lead to an
underestimation of the absolute values of the calculated gaps. The
sign switch of STGs is thus due to the inclusion of triply excited
configurations only, as already indicated in our exciton analyses at
ADC(2) and ADC(3) levels. Therefore, it does not hamper the
qualitative conclusion drawn that the negative STGs seem to vanish
the more accurately we look.

FIGURE 5
Calculated singlet–triplet gaps of cycl[3.3.3]azine (blue),
heptazine (green), and cycl[3.3.3]borane (red) at the theoretical level
of ΔCCSD(T) in combination with basis sets of increasing quality from
cc-pVDZ, aug-cc-pVDZ, and cc-pVTZ.

FIGURE 6
Basis-set dependence of the calculated singlet–triplet gap of
cycl[3.3.3]azine on ΔCCSD(T) and ADC(3) levels of the theory.
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The importance of higher-order electron correlation for an
accurate description of STGs is further seen in their basis set
dependence at ΔCCSD(T) and ADC(3) levels. Increasing the
basis set size from cc-pVDZ to aug-cc-pVDZ leads to all three
cases already switching to the sign of STGs with values of 0.015 eV,
0.022 eV, and 0.07 eV for cycl[3.3.3]azine, heptazine, and cycl[3.3.3]
borane, respectively, and further increases to 0.017 eV, 0.025 eV, and
0.039 eV when going with cc-pVTZ. In order to confirm the
observed trend of an increasing gap with the increasing basis set
size, a single computationally very demanding ΔCCSD(T)/aug-cc-
pVTZ calculation has been performed for cycl[3.3.3]azine, resulting
in an even further increased STG of 0.029 eV (Figure 6). The same
trend is also observed at the ADC(3) level, at which the inverted STG
of cycl[3.3.3]azine becomes continuously smaller when the basis set
size is increased. This finding has been noted earlier, i.e., extended
basis sets are needed for the reliable computation of the STG of
methylene (Carter and Goddard, 1987).

4 Conclusion and outlook

Setting out to understand the origin and the physical reasons for
the inverted STG in heptazine derivatives and related triangular
compounds with the help of high-level electronic structure methods
and advanced excited-state wave function analysis tools, we noted
that all inverted STGs will vanish the more we improved the applied
electronic structure theory. At the highest applied level of the theory,
the originally negative STGs eventually turned positive, raising a
huge question regarding the existence of singlet–triplet state
inversion in general. Based on our analysis, the entanglement or,
in the quantum chemical language, the correlation between the
electron and hole is not sufficiently accurately captured when only
second-order methods considering only doubly-excited
configurations are used. These higher-order correlations require
at least the third-order methods including the effect of triples, as
impressively shown in our results at ADC(3) and ΔCCSD(T) levels.

We are aware that these theoretical findings are in contrast when
compared to the recently reported experimentally derived conclusions
(Ehrmaier et al., 2019; Aizawa et al., 2022). First, the experiments were
performed on substituted derivatives of heptazine, which are presently
too large to compute their STGs directly using CCSD(T)/cc-pVTZ;
however, the reported theoretical results at lower levels of the theory
(−0.012 eV at the EOM-CCSD level (Aizawa et al., 2022)) for these
derivatives are such that a re-inversion of STG to a regular STG does
not appear unlikely. Second, the experiments are performed in
solution whose influence is not considered in this work. Our initial
preliminary studies including explicit solvent molecules and a
polarizable continuum model, however, indicate a further small
decrease in the inverted STGs rather than an increase. The
influence on S1 and T1 is also seen to be very similar due to the
very closely related electronic structure of these states such that an
environment will most likely not have a large differential effect. This
will be investigated in detail in the future. Third, the observation of an
inverted temperature dependence of TADF signals does not
necessarily mean that the corresponding singlet and triplet states
are also inverted; one could, for example, also freeze out an alternative
non-radiative fluorescence quenching channel, which dominates at
higher temperatures. As noted previously, the efficiency of TADF

depends on the details of the dynamical processes and not solely on
the STG (Dinkelbach et al., 2021). In particular, it has been shown that
the inclusion of zero-point vibrational energy corrections shifts the
STG from −0.01 eV to 0.07 eV at the employed DFT/MRCI level of
theory (Dinkelbach et al., 2021). Last, but not least, the molecular
system sizes of heptazine derivatives are very large for the quantum
chemical methods required to quantitatively predict the STGs, or in
other words, to reach chemical accuracy. It is thus not certain what
sign of the STG even higher levels of electronic structure would
predict. The STGs of heptazine and related compounds are small, very
small, and their accurate determination including their sign remains,
thus, a challenge for both theory and experiments.
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