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Double-bond delocalization in non-alternant
hydrocarbons induces inverted singlet—triplet

gapst
Marc H. Garner,@i* J. Terence Blaskovits@j: and Clémence Corminboeuf®*

Molecules where the first excited singlet state is lower in energy than the first excited triplet state have the
potential to revolutionize OLEDs. This inverted singlet—triplet gap violates Hund's rule and currently there
are only a few molecules which are known to have this property. Here, we screen the complete set of
non-alternant hydrocarbons consisting of 5-, 6-, 7-membered rings fused into two-, three- and four-
ring polycyclic systems. We identify several molecules where the symmetry of the ground-state structure
is broken due to bond-length alternation. Through symmetry-constrained optimizations we identify
several molecular cores where the singlet—triplet gap is inverted when the structure is in a higher
symmetry, pentalene being a known example. We uncover a strategy to stabilize the molecular cores
into their higher-symmetry structures with electron donors or acceptors. We design several substituted
pentalenes, s-indacenes, and indenoll,2,3-eflheptalenes with inverted gaps, among which there are
several synthetically known examples. In contrast to known inverted gap emitters, we identify the
double-bond delocalized structure of their conjugated cores as the necessary condition to achieve the
inverted gap. This strategy enables chemical tuning and paves the way for the rational design of
polycyclic hydrocarbons with inverted singlet—triplet gaps. These molecules are prospective emitters if
their properties can be optimized for use in OLEDs.

The efficiency of organic molecular emitters is limited by
intersystem crossing (ISC) into low-lying non-emissive triplet

a h
A ISC
states, which are favored over the emissive singlet states due to s @ s POt T
spin statistics.”” The triplet states are furthermore favored L ~“—T1 1 K RISC }
. . . . > RISC
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in accordance V\./lth Hund's rule, thc?reby making revers.e ISC N Fluorescence Fluorescence
(RISC) less efficient (E(S;-Ty) > 0, Fig. 1a).>* Recently, it was _ _
discovered that the gap between the lowest excited singlet (S;) Conventional Singlet-triplet
d triplet (T,) stat facl of henalenes is inverted S, — state ordering Sy — inversion
and triplet (T;) states of a class of azaphenalenes is inverte E(S1-Ty) >0 E(S4-Ty) <0
(E(S;-T;) < 0, Fig. 1a).>” RISC is more efficient than ISC in b NN
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Laboratory for Computational Molecular Design, Institute of Chemical Sciences and
Engineering, Ecole Polytechnique Fedéralé de Lausanne (EPFL), 1015 Lausanne,
Switzerland. E-mail: marc.garner@epfl.ch; clemence.corminboeuf@epfl.ch

Fig. 1 (a) Simplified Jablonski diagrams of conventional and inverted
state ordering. (b) Azaphenalenes and isopyrene with inverted singlet—
triplet gaps. (c) Related non-alternant molecules; bicalicene is an
example of a higher-lying Hund's rule violation. Computed at the
EOM-CCSD/aug-cc-pVDZ//wB97X-D/def2-TZVP level.
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identified as inverted gap emitters using coupled -cluster
methods.>7*7*

We recently used a high-throughput screening approach to
uncover that the non-alternant hydrocarbon isopyrene (Fig. 1b)
has an inverted gap of E(S;-T;) = —14 meV at the EOM-CCSD/
aug-cc-pVDZ level.>® We attributed the inverted gap to its Dyp-
symmetry pentalene core, which ensures non-overlapping
HOMO and LUMO.>** Unlike pentalene, which distorts into
C,p-symmetry to alleviate antiaromaticity, the highly symmetric
structure of isopyrene is aromatically stabilized by the pattern
of 5- and 7-membered rings.”® Isopyrene is an azulenoazulene
(an azulene dimer), and a similar aromaticity pattern and
symmetry are found in the heptalenic isomer azupyrene, which
is shown in Fig. 1c alongside azulene, which has C,, symmetry.
However, they both have small positive singlet-triplet gaps.****
In addition to isopyrene, we identified the D,,-symmetry non-
alternant hydrocarbon bicalicene, the t¢rans-dimer of -cal-
icene,* which features an expanded pentalene core resulting in
a higher-order Hund's rule violation. This occurs between S;
and T,, which are of the same electron configuration, while
another lower energy triplet state is T, (Fig. S17).

The exploration of molecules with inverted E(S;-T;) is essen-
tial for achieving a new generation of organic light-emitting
diodes (OLEDs).>”® The molecules must have suitable excited-
state dynamics and oscillator strengths to optimize the fluores-
cence rates. Combining these photophysical properties will be
the key challenge in the years to come."**** Here, we focus on
establishing rational design rules for molecules with inverted
singlet-triplet gaps by studying the vertical excitation energies. To
expand the library of motifs of the non-alternant hydrocarbon
class, we screen the complete set of up to four fused 5-, 6-, and 7-
membered rings. This constitutes 187 molecular cores which
have been enumerated by Balaban and Randi¢.*® We uncover
a substituent strategy that enables the stabilization of high-
symmetry cores in pentalene, s-indacene and indeno[1,2,3-ef]
heptalene, and several other non-alternant cores. We identify
many new molecules with inverted singlet-triplet gaps (E(S;-T,) <
0) and higher-lying excited-state Hund's rule violations (E(S;-T,) <
0), among which several synthesized examples exist.

2 Methods

The 187 unsubstituted parent molecules were initially opti-
mized to the tight criteria at the wB97X-D/def2-TZVP level with
the ultrafine integration grid as implemented in the Gaussian16
package.*® Molecules with avoided symmetry in the ground-
state structure were further optimized using explicit symmetry
constraints at the same level of theory using the GAMESS 2016.1
code.® Finally, the selected substituted motifs were optimized
without constraint using Gaussian16.*®* All unconstrained
structures were verified to have no imaginary vibrational
frequencies. Excited-state geometry optimizations were per-
formed using Tamm-Dancoff-approximated time-dependent
density functional theory (TDA-TDDFT) at the same level as
the ground-state optimizations (wB97X-D/def2-TZVP level).
Vertical excitation energies for all molecules were initially
computed at the second-order approximate coupled-cluster
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level (CC2) using Turbomole 7.1.**° CC2 provides a good
compromise between computational accuracy and effi-
ciency,>'%'%3 which allows us to compute excitation energies
of potentially thousands of molecules.” For molecules with
negative gaps at the CC2 level, we further compute the excita-
tion energies at the equations-of-motion coupled-cluster level
(EOM-CCSD) with the QChem 5.1 package.**** Depending on
the size of the molecule, the aug-cc-pVDZ or cc-pVDZ basis set is
applied.*” Based on molecules for which it is possible to
compare both basis sets, the addition of augmented basis
functions makes only a small difference in most cases (Fig. S27).

Computational efficiency is a challenge as we study
increasingly large substituted molecules. EOM-CCSD provides
higher accuracy than CC2, but severely limits the number of
tractable computations. CC2 appears to systematically under-
estimate the singlet-triplet gaps (Fig. S2t), which makes it
suitable for screening given there will be few false negatives.*
The singlet-triplet gaps we report will inherently be small,
making accuracy essential. In this regard, even EOM-CCSD is
a compromise, but EOM-CCSD seems to slightly overestimate
the gaps towards more positive values. For example, we
compute E(S;-T;) of azulene (Fig. 1c) to be +73 meV with EOM-
CCSD/aug-cc-pVDZ and —5 meV with CC2/aug-cc-pVDZ. The
experimentally determined value of +49 meV is between these.*
Based on this offset with EOM-CCSD, azupyrene (Fig. 1c) is thus
likely to be almost gapless. Here, we only report vertical exci-
tation energies computed with EOM-CCSD as it provides
a conservative estimate of singlet-triplet gaps. CC2 values are
included in the ESI, Tables S1-S3.7

3 Results

Inspired by the non-alternant fused hydrocarbon structures of
isopyrene and the near-gapless azulene and azupyrene, we
screen the complete set of 187 non-alternant hydrocarbons that
consist of up to four fused five-, six-, and seven-membered rings

Non-alternant hydrocarbon set

187 compounds of up to four fused
5/6/7-membered rings

@
$

)

Avoided symmetry subset

E(S;-T,) < 0 for symmetry-
constrained geometries

Functionalized derivatives R g%
Substituent-induced —
double-bond delocalization

Fig. 2 Workflow for the generation of symmetric hydrocarbons with
delocalized double bonds from a set of non-alternant hydrocarbons.
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(Fig. 2, step 1, and Fig. S3).1** However, we find that at the EOM-
CCSD level, the only molecule in this set that exhibits a Hund's
rule violation is indeed isopyrene (Fig. 1c).

We notice that of the 187 molecules,* 27 are distorted into
lower than expected symmetry in their ground-state geometry
due to bond-length alternation, ie., they have avoided
symmetry. These include the known cases of pentalene and
heptalene, which have inverted gaps in their D,;, structures.****
We carry out symmetry-constrained optimizations of these 27
molecules to assess the excited-state energies at higher
symmetries, which constitute low-energy transition states
between the equivalent broken symmetry structures (Fig. S47).
As with pentalene and heptalene, we find that several of these
higher energy structures exhibit excited-state violations of
Hund's rule, step 2 in Fig. 2 and Table S2.}

A mechanism for the distortivity of 7-systems was uncovered
in seminal work by Shaik and co-workers using valence bond
theory,**** and by Heilbronner and co-workers using Hiickel
method calculations.***® There is a balance between the o-
system's rigidity and the m-system's distortivity, which are both
molecule-dependent. Pentalene is a textbook example of the
distortion into a double-bond localized structure (from D,;, to
C,n symmetry), and its distortion correlates with a reduction in
the antiaromaticity of the molecule.”****° The balance between
m-distortivity and o-rigidity can be pushed towards double-
bond delocalization, and several substituted pentalenes and
structurally analogous indacenes assume high symmetry in
their crystal structures.*”*'->* Several alternative explanations to
double-bond delocalization in crystal structures have been
suggested,®*>” and the assignment of the correct global
minimum structures continues to be a computational challenge
when the energy difference is small.>”* Considering the
ongoing challenge of assessing the true global minimum
energies, our focus here is to assess excited-state energy
ordering in substituted molecules where double-bond locali-
zation is minimized.

Yang and Heilbronner used a Hiickel model to predict how
bond localization is alleviated by electron-donating substitu-
ents at positions with large LUMO coefficients or by electron-
withdrawing substituents at HOMO coefficient positions.*” We
apply this strategy using donor substituents at LUMO positions
(step 3 in Fig. 2).**° Yang and Heilbronner noted that electron-
withdrawing substituents seem to have less effect in practice.”’
Our results agree with this, and we find primarily that electron-
donating substituents at the LUMO positions have a notable
effect on the bond-length alternation of the molecular core.

3.1 Pentalenes

Pentalene is an archetypical antiaromatic molecule and the
ground-state structure distorts into a C,;, symmetry geometry
with significant bond-length alternation and positive E(S;-
T;).2*" As shown in Fig. 3 (left), the large positive gap corre-
lates with the overlapping HOMO and LUMO. When pentalene
is constrained into a double-bond delocalized D,;, structure, the
HOMO and LUMO become non-overlapping and consequently
negative E(S,-T;) is achieved (Fig. 3, center).
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Unsubstituted Substituted
Double-bond delocalized Double-bond delocalized
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—
HOOH

Pentalene-1,3,4,6-tetraol (C,)
E(S4-T4) = -115 meV

Pentalene (C,;,)
E(S4-T4) = +1019 meV

Pentalene (D,;)
E(S4-T4) = -125 meV

i s S ey AR Scope!  HisiEns Senediie S = 1
1 R; = OMe; R, = OMe; X, = X, =CH  E(S;-T;) =-108 meV |
: R;=NHy; Ry =NHy; Xy =X, =CH  E(S;-T,) =-112 meV :
IRi_X1__R, Ri=NH;Rz=H;X;=X,=CH E(S;-Ty)=-24meV |
VE ! Ry =NMey; Ry = H; X4 = X, = CH E(S4-T;) =-31 meV*
1 — R;=NMey; Ry =H; X; =N; X, =CH E(S;-T,)=+43meV |
o~ D<g Ri=NH;iR;=H Xy =X, =N E(Si-Tp)=-79meV |
: 2 Xz "2 Ry=NMey; Ry =H; X;=X,=N E(S4-T,) =-69 meVv* |
- R; =NH,; R, = NHy; X, =X, =N E(S;-T,) = -202 meV :
| R; =NMey; R, = NMey; X, =X, =N E(S;-T,) =-187 meV* |
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Fig. 3 Singlet—triplet splittings of pentalene in its ground state (Cyp.)
and symmetry-constrained (D,y) geometries, and substituted deriva-
tives thereof. All energies and orbitals evaluated at the EOM-CCSD/
aug-cc-pVDZ level (¥* = cc-pVDZ); eigenvalues in eV.

We carry out a series of substitutions at the LUMO positions,
as shown in Fig. 3. Pentalene-1,3,4,6-tetraol has a double-bond
delocalized ground-state structure with a negative E(S;-T;) =
—115 meV (Fig. 3, right), which is very close to that of Djy-
constrained pentalene. Tetra-amino and -methoxy substituted
pentalenes yield similar Hund's rule violations, albeit the
amino-substituted case has a lower-lying T; state; that is, it
constitutes a Hund's rule violation but the singlet-triplet gap is
not inverted. When using strong donors, such as amine and
dimethylamine, even the disubstituted cases result in inverted
gaps. We also tested several electron withdrawing substituents
at the 2,5-positions where the HOMO coefficients are large, but
we found none with the desired bond delocalization nor
inverted gaps.

The pentalene cores have double-bond delocalized quasi-D,p,
symmetry in all the substituted molecules listed in Fig. 3. Still,
their symmetry is lower than the D,,-constrained pentalene.
The slightly broken symmetry issuing from substituent geom-
etries does not rule out inverted singlet-triplet gaps as the high
local symmetry of the fused-ring core is preserved. However, all
the gaps we report here are less negative than the —125 meV gap
of the constrained parent pentalene.

Several donor-substituted pentalenes have been synthesized
and there is thus promise that pentalenes can be appropriately

© 2023 The Author(s). Published by the Royal Society of Chemistry
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functionalized for use as inverted gap emitters.”>® It is likely
that the negative gap can be retained with larger donor
substituents in combination with bulky substituents, tert-butyl
(¢-Bu) groups for example, to provide kinetic stability.**** Here,
we focus on small substituents due to the size limitations of the
EOM-CCSD method.

Azapentalenes and diazapentalenes have also been reported
in the literature.®* Omar et al. recently identified an amine-
substituted cyclopenta[c]pyrrole,*® however, we find its E(S;-
T,) to be +43 meV at the EOM-CCSD/aug-cc-pVDZ level. There
are several substituted pyrrolo[3,4-cpyrroles that exhibit
Hund's rule violations between S; and T,, which are listed in
Fig. 3. The combination of larger substituents and reduced
symmetry of the molecules holds great promise for the design of
molecules with increased oscillator strengths between S; and
So, which is essential for the molecules to be used as emitters.

3.2 Indacenes

In an analogous fashion to pentalene, s-indacene distorts into
a C,, symmetry geometry with bond-length alternation to
reduce antiaromaticity. Its HOMO and LUMO overlap and
consequently its singlet-triplet gap is positive as shown in
Fig. 4. When constrained into D,;, symmetry, pentalene-like
HOMO and LUMO are achieved but the Hund's rule violation
is between S; and T, in s-indacene. However, the singlet-triplet

Constrained Unconstrained
Unsubstituted Substituted
Double-bond delocalized  Double-bond delocalized

Unconstrained
Unsubstituted
Double-bond localized

nJ
-6.91
(2 By)

713
(2 By)

&
— HyN O NHa
A

s-Indacene-4,8-diamine (D,;)
E(S4-T4) =-72 meV

s-Indacene (D,;,)
E(S4-Tp) = -161 meV

s-Indacene (C,;)
E(S4-T4) = +1460 meV

E(S4-T4) = -81 meV
E(S4-T4) = -2 meV
E(S4-T4) = -37 meV*
E(S-T;) = -218 meV*
E(S4-T,) = -172 meV
E(S4-T;) = -176 meV*
E(S;-T,) = -108 meV
E(S4-T,) = -121 meV

Scope

Ry =H; Ry =H; X=COH
R; = H; R, =H; X = COMe
R; = H; R, = H; X = CNMe;,
R; = NH,; R; = NHy; X =CH
R; = OH; R, =OH; X =CH
R; = OMe; R, = OMe; X = CH
R;=OH; R, =H; X=CH
Ri=H;R;=H; X=P

Fig. 4 Singlet—triplet splittings of s-indacene in its ground state (C,p)
and symmetry-constrained (D) geometries, and substituted deriva-
tives thereof. All energies evaluated at the EOM-CCSD/aug-cc-pVDZ
level (* = cc-pVDZ); eigenvalues in eV.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

gap is inverted without a lower-lying triplet in several of the
substituted indacenes.

We substitute at positions with LUMO coefficients, which
alleviates the antiaromaticity of the core (Fig. S5T) and stabilizes
the double-bond delocalized structure as shown in Fig. 4. In the
four cases where the central six-membered ring is substituted
with donors (amine-, hydroxy-, methoxy-, dimethylamine-
substituents) a negative E(S;-T;) is attained. Substituting
instead at the five-membered rings yields more negative gaps,
but between S; and T,, which have the same electron configu-
ration. Notably, E(S;-T,) is more negative in all the tetrasub-
stituted molecules than in the constrained parent s-indacene.
From this, we conclude that substituted molecules can poten-
tially achieve more negative gaps than its molecular core.

The change of the state ordering in the 4,8-disubstituted
indacenes deserves attention. The two highest occupied MOs of
D,,-constrained s-indacene are quasi-degenerate, with a penta-
lene-like b,, HOMO—1 and a benzene-like a, HOMO shown in
Fig. 5. The transitions involving the non-overlapping HOMO—1
and LUMO orbitals exhibit a Hund's rule violation (E(S;-T5) =

a) State diagram

1 2819 gl
u S2 \ \\ -

% ‘\\ ™\ e T,
S 1500, LE00
S \, 0950 — 1
g Ll
5 0.789 .- 2

By S,=——-" 10727 "

Ag Sy m— Sy m—

H,N NH,

7
69
(S

s-Indacene-4,8-
diamine (D)

(S

s-Indacene (D)

b) Orbital diagram

2

Energy (eV)

Fig. 5 (a) State diagram of the lowest excited states of s-indacene in
the symmetry-constrained (D) geometry (left) and of s-indacene-
4,8-diamine in the relaxed geometry (right). Energy levels not to scale.
(b) Partial orbital diagram of the two highest occupied molecular
orbitals (HOMO and HOMO-1) involved the transitions shown in (a),
colored based on the excited states to which they contribute. All
energies evaluated at the EOM-CCSD/aug-cc-pVDZ level; orbital and
excited state energies in eV.
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—161 meV). However, the presence of the a, HOMO that over-
laps with the LUMO leads to a triplet state described by a HOMO
— LUMO transition which is lower in energy, as marked in red
in Fig. 5a. While the LUMO substituent patterns slightly raise
the energy of the pentalene-like occupied 2b,, orbital, it lowers
the energy of the a, orbital. As a result, the B, excited state that
exhibits the singlet-triplet inversion is below the intruding B,
triplet in the s-indacene-4,8-diamine. In three other 4,8-disub-
stituted cases, the Bg, triplet remains slightly below the B;g
triplet, but nonetheless the By, singlet is lower energy than both
of them ensuring an inverted singlet-triplet gap, as listed in
Fig. 4 and Table S3.f Substitution at the five-membered rings
does not have this effect, and the state-ordering of the unsub-
stituted D, s-indacene remains. This finding highlights the
importance of the substitution position on the excited-state
ordering in s-indacene derivatives. We thus demonstrate that
the states involved in the Hund's rule violation can be manip-
ulated to be the lowest-lying excited states through appropriate
substitution patterns that result in an inverted singlet-triplet
gap.

Many substituted indacenes have been synthesized due to
their interest as model antiaromatic compounds. The excited-
state properties of t-Bu-substituted s-indacenes have been
studied in great detail.*****"* Recently, a number of phenyl-
substituted indacenes reported.”” Several donor-
substituted s-indacenes were synthesized in the 1970s and
1980s, including 4,8-dimethylamine substituted analogues like
the ones we report to have inverted gaps here.”” Among many
synthesized hetero-s-indacenes,”*”” we find that a diphospa-s-
indacene has a negative E(S,-T,) similar to that in D,} s-inda-
cene. The variety and tunability offered by the s-indacene motif
holds great promise for the future design of inverted gap
emitters.

were

3.3 Indeno[1,2,3-ef]heptalenes

The final molecule where we identify inverted S;-T; gaps is
indeno[1,2,3-eflheptalene, which consists of a fused heptalene
and indene as shown in Fig. 6. The unsubstituted molecule
distorts into a Cs geometry with bond-length alternation and
a positive singlet-triplet gap. When the molecule is constrained
into the double-bond delocalized C,, structure a Hund's rule
violation between S; and T, is achieved. The key frontier MOs
involved in the lowest excitations are heptalene-like and it is at
the heptalene unit that substitution has the most significant
effect.

As with s-indacene, the singlet-triplet gap can become
inverted upon substitution. As shown in Fig. 6, we identify
several indenoheptalene derivatives with a negative E(S;-T;).
Donors at the 3,6 positions (R; in Fig. 6) provide the most
negative gaps, but even disubstitution with hydroxyls at the six-
membered ring (R,) can cause the molecule to attain the
necessary double-bond delocalization. Notably, we also succeed
in finding an acceptor-substituted inverted gap molecule. In
indeno[1,2,3-¢flheptalene,  substituting  with  electron-
withdrawing nitrile substituents at the 2,7-positions (R,) has
the same effect as donors at the LUMO positions. To the best of
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eflheptalene (C;)

Indeno[1,2,3-ef]
heptalene (C,,)

Indeno[1 2,3-eflhept-
alene-3,6-diamine (C,)

E(Sy-T;) = +1460 meV  E(S-T,) =-161 meV E(S;-T;) = -95 meV
T ot SCOPO im0 .
tORy R, :
. Ry =OH;R,=H;R;=H;Rs=H E(S;-T;)=-99meV *
R; Rz Ry =OMe; Ry =H; Ry=H;Rg=H E(S;-T;)=-46 meV *
' . R;=OH; R; = H; R; = OH; Ry = HE(S1T1)=41meV:
: R; R3 R;=H;R,=H;R;=H;R;=0OH E(S;-T;)=-32meV

H
PR, @ Re Ri=HR,=CN:Ry=HR(=H E(S/T)=-55meV i
. H

Fig. 6 Singlet—triplet splittings of indeno[l,2,3-eflheptalene in its
ground state (Cg) and symmetry-constrained (C,,) geometries, and
substituted derivatives thereof. All energies evaluated at the EOM-
CCSD/cc-pVDZ level; eigenvalues in eV.

our knowledge,
synthesized.

indeno[1,2,3-eflheptalenes are yet to be

3.4 Higher-lying Hund's rule violations

Similar to bicalicene (Fig. 1c) and the constrained D,;, s-inda-
cene and C,, indeno[1,2,3-¢flheptalene, our approach reveals
several molecules with Hund's rule violations between the
lowest excited singlet state and a higher-lying excited triplet
state of the same electron configuration. The triplet state with
the same electron configuration as the S, state is often not the
Ty, as there can be intruding states with a different electron
configuration that has lower energy, making those the first
excited triplet state. While ideally we search for molecules with
inverted singlet-triplet gaps, a Hund's rule violation is by defi-
nition one which occurs between electronic states with identical
electron configuration.>* Given the fundamental interest in
such molecules, we highlight more examples of higher-lying
Hund's rule violations that are achieved by stabilizing the
double-bond delocalized structures through substitution, as
shown in Fig. 7.

The heptalenic analog of s-indacene, benzo[1,2:4,5]di[7]
annulene, is stabilized in a high-symmetry structure by both
electron-donating (amine) and electron-accepting (borane)
groups at the LUMO and HOMO positions, respectively. This
leads to large Hund's rule violations of —305 and —165 meV,
respectively. While it is planar in the unsubstituted (C,;) and
amine-substituted (quasi-D,;,) forms, borane functionalization

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Additional Hund's rule violations involving the lowest excited
singlet state. All energies evaluated at the EOM-CCSD/cc-pVDZ level
and shown in meV. (a) = this compound exhibits a triplet configuration
of lower energy than the closed shell singlet.

at the central 6-membered ring induces out-of-plane distortion
to the ring system into C, symmetry. To our knowledge, benzo
[1,2:4,5]di[7]annulenes have not been synthesized.

Pentaleno[1,6-ablindene is the pentalene analog of indeno
[1,2,3-ef]heptalene described above in Section 3.3. The three
fused five-membered rings form a highly strained bowl shape
which, to our knowledge, has not been synthesized. Through
substitution at these rings with either amino or hydroxyl
groups, a small S;-T, inversion is achieved.

The next higher rectilinear analog of pentalene and indacene
(Sections 3.1 and 3.2) is dicyclopenta[b,g]naphthalene, which
has been synthesized.” As with indacene, substitution at both
the six- and five-membered rings induces the requisite bond-
length delocalization, which induces the Hund's rule viola-
tion. Unlike in s-indacene, we do not find a substituted mole-
cule where the gap between S; and T, is inverted.

By repositioning the five-membered rings of dicyclopenta
[b,glnaphthalene on the naphthalene core, we obtain dicyclo-
penta[a,h]naphthalene.  Despite  exhibiting out-of-plane
bending due to steric congestion at the R; position, which
leads to distortion of ~7° in the bare molecule (R; = H) and
~24° when R; = OMe, S;-T, inversions are observed in the
substituted molecules. Substituted dicyclopenta[b,g]naphtha-
lenes have been reported as reaction intermediates.”

Cyclopenta[deflfluorene is similar to our previously-reported
isopyrene* (Fig. 1b) in that a pentalene core is flanked by
symmetric fused ring systems. However, unlike isopyrene,
whose planarity and bond-delocalization are enabled by push-
pull aromaticity, cyclopenta[def]fluorene is bowl-shaped,
exhibits bond-length alternation and is signficantly

© 2023 The Author(s). Published by the Royal Society of Chemistry
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antiaromatic in the ground state (Fig. S5T). Through di- and
tetra-substitution at the six-membered rings with electron-
donating groups, the antiaromaticity of the ring systems is
alleviated and inversions between the S; and T, are obtained
due to the double-bond delocalized structures. To the best of
our knowledge, cyclopenta[def]fluorene has not been syntheti-
cally reported.

In all the above molecules the intruding triplet state is much
lower in energy (in most cases ~1 eV) than the triplet state with
the same electron configuration as S;. In s-indacene the
HOMO-1 and HOMO are near-degenerate which allows for
fine-tuning of the excited state ordering with substituents. Still,
in most cases the substituents we have used here do not change
the frontier MO eigenvalues sufficiently to affect the state
ordering.

4 Discussion

The molecules we have studied here are all highly (quasi-)
symmetric, as the small substituents we use only slightly per-
turb the symmetry of the molecular cores. This severely limits
the oscillator strengths of the S, transition because the HOMO-
LUMO overlap is small. As listed in Tables S4 and S5, none of
the molecules achieve appreciable oscillator strengths from S;,
although some of the molecules are not far from potentially
being in an experimentally measurable range.” Consequently,
many of them may not obey Kasha's rule, as is the case for s-
indacene, azulene and pyrene.”®**** The negligible oscillator
strength associated with the transition to the S; state may lead
to phosphorescence being the favoured decay pathway, as has
been shown for other compounds with non-overlapping HOMO
and LUMO orbitals.** The role of phosphorescence in
compounds with inverted singlet-triplet gaps is, however, yet to
be established.

To further evaluate their excited-state properties, we opti-
mize the geometries of three featured molecules in their lowest-
lying excited states using TDA-TDDFT and recompute the
excited state energies with EOM-CCSD. The Hund's rule viola-
tions persist in pentalene-1,3,4,6-tetraol, s-indacene-4,8-
diamine and indeno[1,2,3-eflheptalene-3,6-diamine when the
structures are relaxed into their singlet and triplet excited state
minima (states marked in blue in Fig. 8). This indicates the
inverted singlet-triplet gaps are persistent when the molecular
structures may dynamically evolve in an excited state following
the initial excitation.

Future work must provide further analysis of the photo-
physical rates and vibrational contributions to develop mole-
cules suitable as emitters. Non-alternant fused polycyclic
hydrocarbons are a promising class of molecules that continue
to attract attention for their antiaromatic and optical
properties.***° The new molecular motifs we have suggested
provide many potential avenues to explore. A combined
synthetic and computational screening effort was successful in
identifying a heptazine-based emitter with inverted gap and
significant oscillator strength from the emissive S; state.”®
Future screening efforts for synthesizable inverted gap mole-
cules must apply this new conceptual understanding of

Chem. Sci., 2023, 14, 10458-10466 | 10463
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Fig. 8 State diagram of the relaxed ground-state and excited-state structures of pentalene-1,3,4,6-tetraol (left), s-indacene-4,8-diamine
(center), and indenoll,2,3-eflheptalene-3,6-diamine (right). States corresponding to Hund's rule violations are marked in blue. Note that for
pentalene-1,3,4,6-tetraol, the triplet with the same configuration as S; is T, at the ground state minimum geometry. For each geometry, the next
lowest excited state is ~1 eV higher than the states shown. The relaxed T, geometry of indeno[1,2,3-eflheptalene-3,6-diamine could not be
located. Excited-state structures were optimized using TDA-TDDFT at the wB97X-D/def2-TZVP level, and state energies were computed at the

EOM-CCSD/cc-pVDZ level.

substituent effects to optimize both the state-ordering and the
oscillator strengths of the potential emitters.

In the previously-identified cases of azupyrene and bicali-
cene (Fig. 1), the requisite symmetry was induced by precise
polycyclic push-pull ring motifs that enabled aromatic stabili-
zation.” The structures described here correspond to a much
simpler, robust and transferable design rule: the alleviation of
antiaromaticity and concommitant double-bond delocalization
through substituent effects. This relief of antiaromaticity
stabilizes the substituted species, as indicated by homo-
desmotic and isodesmic reaction equations® (Fig. S6), which
become almost non-aromatic in both their ground and excited
states as judged from their NICS values in Fig. S5 and S7.1 The
scope and conceptual simplicity of this approach provide
reason for optimism that perhaps larger substituents will be
able to induce the same double-bond delocalization while
enabling optically useful oscillator strengths.

5 Conclusions

We have identified several functionalized pentalenes, s-inda-
cenes and indeno[1,2,3-eflheptalenes with inverted lowest
singlet and triplet excited state energy gaps. Furthermore, we
find many molecules with higher-lying Hund's rule violations
where the inversion is between S; and a higher triplet state of
the same electron configuration, thus leaving the S;-T; gap
positive. This reveals that there is a broad structural diversity in
the non-alternant hydrocarbon class of inverted gap emitters,
similar to that seen in the azaphenalene class.

All the inverted gap molecules we have demonstrated here
have double-bond delocalized structure with almost no bond-
length alternation. This is achieved by systematically
substituting the molecular cores with donors at positions with
large LUMO coefficients, and, albeit to a lesser extent, with

10464 | Chem. Sci, 2023, 14, 10458-10466

acceptors at positions with large HOMO coefficients. We thus
provide a conceptual design strategy for achieving inverted
singlet-triplet gaps. While the molecular cores all have high
local symmetry within the ring systems, the overall molecular
symmetry is often broken by the substituents. This highlights
that double-bond delocalization in the conjugated molecular
core is the underlying structural mechanism for inverted
singlet-triplet gaps.

We have provided a significant expansion of the class of non-
alternant hydrocarbons with inverted singlet-triplet gaps,
which shows that excited-state Hund's rule violations are
perhaps more common than first anticipated. Along with the
azaphenalene class, a great variety of molecular motifs are now
revealed to have this property, which will be of great techno-
logical importance if it can be applied in OLEDs. In this regard,
it is urgent to establish further design rules for inverted gap
emitters that also address emissive properties beyond state
ordering along with experimental verification of the effect.
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