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Engineering, École Polytechnique Fédérale de Lausanne (EPFL), 1015 Lausanne,

Switzerland

E-mail: clemence.corminboeuf@epfl.ch; marc.garner@epfl.ch

Abstract

Molecules with Hund’s rule violations between
low-lying singlet and triplet states may enable
a new generation of fluorescent emitters. How-
ever, only a few classes of molecules are known
with this property at the current time. Here,
we use a high-throughput screening algorithm
of the FORMED database to uncover a class
of compounds where the first excited state vi-
olates Hund’s rule. We examine this class of
bridged [10]- and [14]annulene perimeters with
saturated bridges, and relate them to known
conjugated polycyclic systems with Hund’s rule
violations. Despite the structural similarities
with the related class of non-alternant poly-
cyclic hydrocarbons, the mechanism is differ-
ent in these bridged annulene perimeters. Here,
two molecular orbital configurations contribute
to each excited state. Consequently, a Hund’s
rule violation can only be unambiguously as-
signed based on the symmetry of the lowest ex-
cited singlet and triplet states. With several
examples of synthetically realistic molecules,
the class of bridged [10]- and [14]annulenes
thus provides a structural link between the
known non-alternant and alternant (azaphena-
lene) classes of molecules violating Hund’s rule,
and may open avenues for design of molecules
with inverted singlet-triplet gaps.

Figure 1: Excited-state diagram of azupyrene
and isopyrene computed at EOM-CCSD/cc-
pvdz//ωB97X-D/def2-TZVP level. Left) The
first four excited states of isopyrene follow
Hund’s rule. Right) The B1g states of isopy-
rene violate Hund’s rule resulting in an inverted
singlet-triplet gap.

Introduction

The vast majority of closed-shell organic
molecules obey Hund’s rule, which predicts
that each triplet state will be of lower energy
than the singlet state with the same electron
configuration.1 Hund’s rule thus provides a
state ordering where the singlet and triplet
manifolds are paired as illustrated with the
non-alternant hydrocarbon azupyrene in Fig-
ure 1a. Molecules that violate this rule are rare

1
https://doi.org/10.26434/chemrxiv-2024-dt7fg ORCID: https://orcid.org/0000-0002-7270-8353 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-dt7fg
https://orcid.org/0000-0002-7270-8353
https://creativecommons.org/licenses/by/4.0/


and of fundamental interest. While violations
in open-shell ground-state configurations at-
tracted much early attention,2–4 excited-state
violations in closed-shell molecules have re-
cently seen a revival due to their potential use
for design of molecular emitters.,5–18 In such
molecules, there are low-lying singlet states
that have lower energy than the equivalent
triplet state, for example in isopyrene where
E(S1−T1) is negative,19,20 as shown in Figure
1b. Ideally, it is the gap between the low-
est excited singlet (S1) and triplet (T1) states
that is inverted, which is the case in isopyrene.
However, it is often the case that the singlet
and triplet manifolds do not follow the same
order, for example the B2u and B3u states in
azupyrene and isopyrene (Figure 1). Conse-
quently, there are often lower energy triplet
states with a different electron configuration
than the S1 state.20–22

The mechanism responsible for Hund’s rule
violations is still being explored. It is clear that
the molecular orbitals (MOs) involved in the ex-
citation, typically the highest occupied and low-
est unoccupied MO (HOMO and LUMO), must
have minimal overlap. A symmetric molecular
core is essential for achieving this, which is seen
in the azaphenalene class.10,11 Similarly, we
have recently explored a class of non-alternant
hydrocarbons with high-symmetry pentalenic
or heptalenic cores that are achieved through
aromatic stabilization, e.g. isopyrene, or by
appropriate substituent patterns.19–25 It is im-
perative to build a fundamental understanding
of the structural and electronic mechanisms re-
sponsible for excited-state Hund’s rule viola-
tions by further exploring molecules with in-
verted singlet-triplet gaps.
Here, we continue the search for new types of

compounds with excited-state Hund’s rule vio-
lations by significantly expanding our previous
high-throughput screening approach.20 Given
how rare Hund’s rule violations are, this task
turns out to be an effort of finding a few needles
in a haystack. From the FORMED database,26

we uncover two bridged [14]annulenes. With
these two molecules as base structures, we go on
to expand a class of bridged annulene perime-
ter systems with excited-state Hund’s rule vio-

lations.

Methods

To identify potential excited-state Hund’s rule
violations, we screen vertical excitation ener-
gies in the Fragment-Oriented Materials De-
sign (FORMED) dataset, which is publically
available.26,27 This database consists of nearly
117,000 curated experimentally-reported or-
ganic crystal structures and their associated op-
tical properties computed with Tamm-Dancoff-
approximated time-dependent density func-
tional theory (TDA-TDDFT) using ωB97X-
D/6-31G(d) on geometries optimized using the
GFN2-xTB semiempirical method, Figure 2,
top box.26–28

Figure 2: Schematic of the screening workflow
from our previous communication,20 and the
improved screening workflow used in this study.

TDA-TDDFT-based methods cannot ac-
count for double excitation character, which
is essential for predicting Hund’s rule vio-
lations.5–7,29–31 Indeed, there are many out-
liers when we compare the first two steps
of our previous dataset,20 that is, the initial
TDA-TDDFT-based ωB97X-D/6-31G(d) on
GFN2-xTB geometries on one hand, and the
second-order approximate coupled-cluster level
(CC2/aug-cc-pVDZ) with structures optimized
at the ωB97X-D/def2-TZVP level on the other
(Figure S1a).32 We identified the second step in
our previous screening workflow as a bottleneck
(Figure 2, left).20

In this work, we implemented an extra step
of refinement to improve the flow and efficiency
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of the screening process. We find that the
GFN2-xTB-optimized structures produce only
small errors in excitation energies relative to the
DFT-optimized structures (Figure S1b).26 Al-
though the resource scaling of CC2 can be chal-
lenging, it is efficient for studying vertical exci-
tation energies in molecules of 20-40 atoms. As
illustrated in the improved workflow in Figure
2, we therefore screen excitation energies at the
CC2/aug-cc-pVDZ//GFN2-xTB level prior to
further structural refinement at the DFT level.
In this way, we optimize fewer structures with
DFT in the following step, which was a bottle-
neck in the initial screening workflow.

Figure 3: a) Benchmark of singlet-triplet gaps
computed at the CC2/cc-pVDZ and EOM-
CCSD/cc-pVDZ levels. b) Benchmark of
singlet-triplet gaps computed with cc-pVDZ
and aug-cc-pVDZ using CC2 or EOM-CCSD
methods.

Starting from the over 115,000 molecules
in the FORMED database and excluding the
molecules we had already screened in our pre-
vious study,20 we evaluate 4070 molecules at the
CC2/aug-cc-pVDZ//GFN2-xTB level based on

their size and their E(S1−T1) computed at the
ωB97X-D/6-31G(d)//GFN2-xTB using the im-
proved workflow. All optimizations were car-
ried out using Gaussian16,33 while CC2 com-
putations used Turbomole 7.1.34 We select
molecules with E(S1−Tx) < 0.01 eV for in-
depth exploration (Tx being the triplet state
with same electron configuration as S1). Fi-
nally, we compute the excitation energies for
leading candidates at the equations-of-motion
coupled-cluster level (EOM-CCSD) as imple-
mented in the QChem 5.1 package.35,36

We used CC2 as the workhorse in the screen-
ing process as it is more computationally ef-
ficient than EOM-CCSD. Based on the data
in this and our previous studies,20–22 CC2 pro-
vides an excellent compromise between accu-
racy and efficiency for the initial screening steps
because it systematically underestimates the
singlet-triplet gaps (Figure 2b). This way, we
avoid false negatives while the false positives
will be removed at the final step that is carried
out at the EOM-CCSD level (Figure 2).
We have previously reported that the cc-

pVDZ basis set appears to provide sufficient ac-
curacy in the azaphenalenes and non-alternant
hydrocarbons classes, which are constituted of
near-planar conjugated molecules. As we do
not have this knowledge when screening for un-
known molecular classes, we employ the aug-cc-
pVDZ basis set for the initial screening steps.
Some, particularly non-planar, molecules may
require diffuse basis functions, as is evident in
Figure 3b. For larger molecules (≥∼30 atoms)
it is not feasible to use this basis set with
the EOM-CCSD method, and we instead use
cc-pVDZ. The size of most compounds in the
bridged annulene class limits the possibility of
using the aug-cc-pVDZ basis set. Although
we only have limited data at the EOM-CCSD
level (Table S1), when considered along with
the CC2 data, it suggests that the cc-pVDZ
basis set provides reasonable accuracy across
this class of molecules. State energies, orbitals
and eigenvalues reported in the manuscript are
all based on the EOM-CCSD/cc-pVDZ method
unless otherwise noted.
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Figure 4: Excited-state gaps that are Hund’s
rule violations in CUYXAV, DINGAI01 and
some of their analogs.

Results

Through the extensive screening protocols out-
lined in Figure 2, we identify two molecules with
Hund’s rule violations, CUYXAV and DIN-
GAI01,37,38 which both have a structure based
on an anthracene-like [14]annulenic perimeter
with two linked saturated bridges. In a recent
publication, DINGAI01 was also uncovered as
a potential case of singlet-triplet inversion by
Padula and co-workers via a neural network-
based screening algorithm.39 However, at the
EOM-CCSD/cc-pVDZ level, the Hund’s rule
violation is between the S1 and T3 in the case
of CUYXAV, and S1 and T2 in DINGAI01 as
illustrated in Figure 4.
The content of the FORMED database is

limited to crystal structures in the Cambridge
Structural Database. We therefore proceed by

expanding the class by computing a series of
analogs of CUYXAV and DINGAI01. Several
of such analogs have already been explored syn-
thetically.37,38,40,41 Many of these show simi-
lar Hund’s rule violations as listed in Figure
4. We therefore conclude that CUYXAV and
DINGAI01 are not special cases, but are exam-
ples of a broader class of bridged compounds
with [14]annulene perimeters that can display
excited-state Hund’s rule violations.

Figure 5: Excited-state gaps that are Hund’s
rule violations of isopyrene and anthracene and
their bridged analogs.

Like CUYXAV and DINGAI01, isopyrene
also has a [14]annulenic perimeter, albeit with
a conjugated double-bond bridge. We therefore
explore isopyrene and anthracene analogs with
saturated bridges, of which some have been re-
ported synthetically.42–46 Figure 5 lists several
such compounds with excited-state Hund’s rule
violations between S1 and T2, which have the
same electron configuration (discussed below).
All these molecules have small bond-length al-
ternation and are symmetric (if the bridge al-
lows it). The double-bond delocalization that
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we have previously reported as essential for
singlet-triplet inversion is thus also present in
these molecules.21,22 This has been described in
terms of the [14]annulenic perimeter being sta-
bilized by aromaticity due to its having 4n+2
π-electrons.47,48

Figure 6: Frontier MOs involved in the primary
configurations of the S1 and T1 transitions of
isopyrene (a) and the S1 and T2 transitions of
dihydroisopyrene (b), the latter being a super-
position of the two configurations shown. c)
Excited-state diagram of dihydroisopyrene.

The structural relation between isopyrene and
the [14]annulenes is clear: the simplest bridged
[14]annulene—dihydroisopyrene—consists of
the same π-conjugated perimeter as isopyrene

Figure 7: Excited-state gaps of azupyrene,
pyrene and their bridged [14]annulene perime-
ter analogs.

but with a hydrogenated central double-bond
(Figure 6). In isopyrene, the S1 state is a reg-
ular π − π∗ transition which, as expected, is
dominated by the HOMO to LUMO excitation
as shown in Figure 6a.19,20 As seen in previ-
ously reported cases of Hund’s rule violations,
the HOMO and LUMO are non-overlapping.
In dihydroisopyrene, the S1 state is an al-

most equally-weighted linear combination of
the HOMO to LUMO and the HOMO-1 to
LUMO+1 excitations. The HOMO is largely
non-overlapping with the LUMO, and the
HOMO-1 with the LUMO+1. However, the
HOMO and LUMO+1 – as well as HOMO-1
and LUMO – are almost perfectly overlapping.
Therefore the electron density may not change
notably upon excitation. This appears to be
the case in all the bridged annulene perimeters
we explore here, as the S1 state is described by
a superposition of two single-excited configura-
tions.
Despite not originating from a single elec-

tron configuration in the SCF-MO picture, the
Hund’s rule violations are well-defined because
the involved triplet and singlet states are the
lowest excited states within their irreducible
representation. Furthermore, in most cases the
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triplet and singlet states have similar linear
combinations, making it easy to identify states
with the same electron configuration. Natu-
ral transition orbitals (Figure S2) exhibit the
same features as the frontier MOs. While these
molecules already exhibit double-bond delocal-
ization in the conjugated perimeter, we have
tried to apply the substitution strategy de-
scribed in our previous work.21,22 However, this
does not work as intended because the nodal
structure of the MOs in the linear combination
differ; some examples are included in Table S1.
We further explore and expand this class

by computing several azupyrene and pyrene
analogs with saturated bridges, of which many
have been synthesized.49–62 We only find a few
of these to exhibit excited-state Hund’s rule vi-
olations. These are shown in Figure 7, while
several substituted versions we have tested obey
Hund’s rule and are listed Table S1. For exam-
ple, while the diaza-azupyrene shown in Figure
7 is a Hund’s rule violation, the pyrene analog
distorts and does not exhibit a Hund’s rule vi-
olation in its first excited singlet state (Figure
7, bottom).

[10]annulenic perimeters

Similar to the [14]annulenes, a number of
[10]annulene perimeters have been reported
based on naphtalene and azulene motifs.47,63–66

These have similar aromatic structures as their
[10]annulene perimeters also contain 4n+2 π-
electrons.47,48 We find several bridged naph-
thalene analogs where the first excited state
is a Hund’s rule violation (Figure 8). How-
ever, all azulene analogs we have tested obey
Hund’s rule; for example, the azulene analog
in which the bond shared by the 5- and 7-
membered rings is replaced by a methylene moi-
ety is shown in Figure 8.
Inspired by the synthetic literature, we also

test a number of [10]annulenes based on the
cyclopenta[cd ]indene core, which is shown at
the bottom of Figure 8.67,68 Several substituted
analogs of this bridged [10]annulene perimeter
exhibit excited-state Hund’s rule violations. As
in the case of the [14]annulene perimeters, the
[10]annulene perimeters are symmetric when

Figure 8: Excited-state gaps of naphthalene,
azulene, and their bridged [10]annulene perime-
ter analogs.

possible based on the bridge, and the excited
states are always described by a linear combi-
nation of two excitations (as in Figure 6, for ex-
ample). The class of annulenic perimeters with
excited-state Hund’s rule violations thus covers
a range of both [10]- and [14]annulene motifs.
The nature of the bridging atom connecting the
rings (and its substituent) can have a strong im-
pact on the energy gap between the S1 and T2

state energies, as highlighted in Figure 8.

[12]- and [16]annulenic perimeters

While [10]-, [14]- and larger 4n+2 perimeters
are formally Hückel aromatic, [12]- and [16]-
annulenic perimeters also exist. These are for-
mally antiaromatic and likely to distort, espe-
cially through bond length alternation.47,48,69,70

Consequently, we have not succeeded in finding
species with negative singlet-triplet gaps.
The parent [12]annulene is a reactive species

with a distorted structure and significant bond-
length alternation.71 It is thus no surprise that
it does not exhibit any Hund’s rule violations
(Figure 9). The related [12]annulene-perimeter
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Figure 9: Excited-state gaps of [12]annulene,
cyclazine, and their bridged [12]annulene and
[16]annulene perimeter analogs.

cyclazine is a well-described case of singlet-
triplet inversion.6,72 However, cyclazine is a
symmetric molecule and the nitrogen in the
middle adds two π-electrons. With a saturated
bridge atom in the middle the perimeter is an-
tiaromatic and we do not find such systems
to exhibit Hund’s rule violations. Inspired by
cyclazine (and certain[14]annulene perimeters),
we sample molecules with nitrogen heteroatoms
or bridges but nonetheless we do not succeed in
finding Hund’s rule violations in [12]annulene
perimeters beyond cyclazine.
A few bridged [16]annulene perimeters have

been reported although the parent [16]annulene
is unstable.73,74 The same challenge applies in
the case of the [12]annulene perimeters. Most
molecules we test have distorted structures with
significant bond-length alternation. The best
example we identified is the bridged [16]annu-
lene perimeter shown at the bottom in Figure
9, where the first excited state is almost de-
generate with the triplet of the same electron
configuration.
While we have searched for variations of

bridged annulenes in this work, we consider
it likely that the class of molecules can be
expanded into further subclasses. In partic-
ular, larger annulenic perimeters may exist,

and some have already been suggested as in-
verted gap systems.75–78 However, more bond-
length alternation is to be expected in larger
annulenic frames as the aromaticity in the
perimeter weakens with increasing size, which
may limit the potential for singlet-triplet in-
version.79 Considering the number of possi-
ble structural combinations there can be for
[18]annulene perimeters, and how the increased
molecular size will limit the possibility of us-
ing EOM-CCSD, we leave this exploration for
future efforts.

Conclusions

Using a high-throughput screening algorithm
on the FORMED database, we assessed the ver-
tical excitation energies of 4070 molecules at
the CC2/aug-cc-pVDZ level and uncovered two
molecules with excited-state Hund’s rule vio-
lations, of which one had also recently been
reported by Padula and co-workers.39 We ex-
plore these two molecules as part of a class
of bridged annulene perimeters that we ex-
pand based on parent annulenes and previously
synthesized annulene perimeters. We report
many bridged [10]- and [14]annulene perimeters
with excited-state Hund’s rule violations at the
EOM-CCSD/cc-pVDZ level, which have a great
geometrical variety.
Conceptually, these annulenes are a bridge

between the known alternant (cyclazine and
derivatives) and non-alternant (e.g., isopyrene
and pentalene derivatives) classes of Hund’s
rule violations, as they all possess double-bond
delocalized π-conjugated perimeters. We dis-
cuss the structural traits of annulene perime-
ters in relation to their parent molecules, some
of which themselves also exhibit Hund’s rule
violations. However, the mechanism of this
class of annulene perimeters with a saturated
bridge differs from known classes. Here, the
excited state is always a linear combination of
two excitations, typically involving transitions
from the HOMO-1 and HOMO into the LUMO
and LUMO+1, respectively. Nonetheless, the
electron configuration (and thereby the Hund’s
rule violation) is straightforward to identify in
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most cases as the singlet and triplet states are
the lowest lying excited states within their irre-
ducible representation.
This study exemplifies the importance of

high-throughput screening as the initial step
for identifying the first example of hitherto
unknown molecular classes. Once the first
member(s) of the class are known, it can be
expanded through traditional exploration of
chemical structures. Our work furthermore em-
phasizes some of the general challenges when
screening for new types of molecules with rare
properties, such as excited-state Hund’s rule vi-
olations. When exploring molecular space it is
essential to avoid false negatives, and to use
methods that are as broadly applicable as pos-
sible as we cannot know beforehand what types
of molecules will be uncovered.
Going forward, high-throughput screening

will continue to be essential for discover-
ing new types of inverted singlet-triplet gap
molecules.7,80,81 Improved algorithms must be
explored further to enable the screening of more
molecules in an efficient manner. Recently re-
ported examples of such includes screening us-
ing neural networks39,82 and by application of
computationally cheaper simplified theoretical
models.83,84 In this way bigger haystacks can be
screened to find the needles needed to expand
the chemical palette and provide further intu-
ition in the design of molecules with inverted
singlet-triplet gaps.

Acknowledgement The authors are grate-
ful to the EPFL for financial support and the
allocation of computational resources. M. H.
G. is grateful for funding from the Carlsberg
Foundation (CF21-0202).
Supporting Information Available: Addi-

tional figures and tables.
Present addresses:
∥Max-Planck Institute for Polymer Research,

Ackermannweg 10, 55128 Mainz, Germany
§ Department of Energy Conversion and Stor-

age, Technical University of Denmark, 2800
Kongens Lyngby, Denmark

References

(1) Kutzelnigg, W. Friedrich Hund and Chem-
istry. Angew. Chem. Int. Ed. Engl. 1996,
35, 572–586.

(2) Dougherty, D. A. Spin Control in Organic
Molecules. Acc. Chem. Res. 1991, 24, 88–
94.

(3) Borden, W. T.; Iwamura, H.; Berson, J. A.
Violations of Hund’s Rule in Non-
Kekule Hydrocarbons: Theoretical Pre-
diction and Experimental Verification.
Acc. Chem. Res. 1994, 27, 109–116.

(4) Hrovat, D. A.; Borden, W. T. Violations
of Hund’s rule in molecules — where to
look for them and how to identify them.
J. Mol. Struct. 1997, 398-399, 211–220.

(5) Ehrmaier, J.; Rabe, E. J.; Pris-
tash, S. R.; Corp, K. L.; Schlenker, C. W.;
Sobolewski, A. L.; Domcke, W. Singlet-
Triplet Inversion in Heptazine and in
Polymeric Carbon Nitrides. J. Phys.
Chem. A 2019, 123, 8099–8108.

(6) de Silva, P. Inverted Singlet-Triplet Gaps
and Their Relevance to Thermally Ac-
tivated Delayed Fluorescence. J. Phys.
Chem. Lett. 2019, 10, 5674–5679.

(7) Pollice, R.; Friederich, P.; Lavigne, C.;
dos Passos Gomes, G.; Aspuru-Guzik, A.
Organic molecules with inverted gaps be-
tween first excited singlet and triplet
states and appreciable fluorescence rates.
Matter 2021, 4, 1654–1682.

(8) Aizawa, N.; Pu, Y.-J.; Harabuchi, Y.; Ni-
honyanagi, A.; Ibuka, R.; Inuzuka, H.;
Dhara, B.; Koyama, Y.; Nakayama, K.-i.;
Maeda, S. et al. Delayed fluorescence from
inverted singlet and triplet excited states.
Nature 2022, 609, 502–506.
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