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ABSTRACT: Recent years have seen rising interest in molecules that violate Hund’s
rule, where the first excited singlet state lies below the triplet (AEg; < 0),
accelerating reverse intersystem crossing, a key process in thermally activated
delayed fluorescence. We present a computational study on such inverted singlet—
triplet (IST) molecules modified for chirality to enable Circularly Polarized
Luminescence (CPL), an unexplored direction for IST emitters. Two main
chromophores, triangulene and pentalene, were functionalized with minimal chiral
groups, preserving negative AEgy, as demonstrated via multiconfigurational
calculations. We also explored inherently chiral, nonplanar chromophores, focusing 20 i
on extended triangulenes resembling helicenes. Substituents enabling enantiomer :
separation were introduced, and racemization barriers were assessed. When singlet—
triplet inversion was lost, structures were further optimized, yielding a promising
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substrate combining a high racemization barrier, strong CPL, and inverted singlet—
triplet energetics, making it suitable for CP-OLED applications.

Fluorescence (TADF), known since the 1960s," in the

realm of Organic Light Emitting Diodes (OLEDs),”™*
these past few years have seen a growing interest toward
molecules violating Hund’s rule, although they have been
known since the 1980s.°~” This rare feature, manifesting with a
first excited state triplet energy higher than the first excited
state singlet energy (i.e, showing AEg = Eg — E; < 0),”

T hanks to the revival of Thermally Activated Delayed

holds potential in speeding up the reverse intersystem crossing
(rISC) process, fundamental for TADF-based emitters’ in
contrasting the inevitable formation of triplet states from
charge recombination."’

The appealing technological application for this class of
molecules and their peculiar features have generated numerous
efforts by several computational and theoretical research
groups. This has led to the formulation of design rules to
achieve singlet—triplet inversion,'' "’ identifying the factors
underpinning this phenomenon,”'"*~'® discovering new
cores exhibiting this property,’’~>* and formulating inex-
pensive computational strategies contrasting the resource—
demanding computational methods required to correctly
describe their electronic structure.'***”* Recently, several
studies appeared to experimentally confirm the suggestions
proposed by computational groups active in the field:'”*°~*’
spectroscopic data from 1980s™° have been integrated so far by
only a few more spectroscopic studies,””** one of which on
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chromophores showing very modest negative AEgy gaps,” that
are yet to be theoretically confirmed. The lack of experimental
data can be attributed to several factors. For starters, most
inverted singlet—triplet (IST or INVEST) molecules show a
symmetry-forbidden,”"" and thus electric-dipole-forbidden, S,
— S, transition, making spectroscopic detection difficult or
unnoticed. In some cases, this behavior is also accompanied by
other rare features, such as anti-Kasha emission,’ making
interpretation of experimental data challenging if not
supported by robust theoretical analyses. For these reasons,
the most promising methods appear to be based on
photoelectron spectroscopy, due to the lack of dark transitions
difficult to detect.”

Historically, breakthroughs in the world of emitters for
OLEDs have been followed by subsequent translation in the
field of chiral molecules: this was the case for polymer light
emitting diodes (PLEDs), where initial efforts on chiral
polyphenylenevinylenes led to the first CP-OLED.” From
that point on, two strategies have been used to obtain CP
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Figure 1. Structures of chiral molecules potentially showing AEg < 0 considered in this work.

emitters based on polymers, ie. decoration of polymers with
chiral elements,”"*” or doping of achiral polymers with a small
chiral molecule.”® Similarly, the 2nd OLED generation based
on phosphorescent emitters containing metal atoms has seen
parallel developments of chiral iridium, platinum, zinc, and
europium complexes.”*** Finally, TADE-based OLEDs based
on small organic molecules have seen the application of all
sources of molecular chirality to the generation of Circularly
Polarized (CP) light, from the perturbation of an achiral
chromophore with a spatially close stereocenter, to axial
chirality.”™*” Chirality in IST chromophores has been
partially explored in the work of Xu et al,*® in which the
most common and well-known IST core, namely heptazine,
has been functionalized with chiral groups and its supra-
molecular aggregates were studied, showing promising
chiroptical properties. The study of aggregate properties was
a consequence of the strategy adopted to functionalize the
chromophore with chiral pendants: stereocenters lied too far to
directly perturb the chromophore, resulting in an undetectable
chiroptical response of the monomer. For aggregates, instead,
the chiroptical response was easily registered.

In this work, we present a computational study of chiral IST
dyes with two objectives. First, we show that placing the source
of chirality close to the chromophore enables using chiroptical
spectroscopies to detect and exploit electric-dipole-forbidden
transitions at a single molecule level. Other symmetry-
forbidden transitions,® for instance in chiral lanthanide
complexes,*’ are commonly exploited for emissive processes
(circularly polarized luminescence and phosphorescence, CPL,
CPP), and in devices built thereof. Furthermore, application of
chiral molecules in circularly polarized OLEDs (CP—OLEDs)
plays a key role in several technological applications in the
display industry and photonic domain.”>*"** Apart from
perturbing an achiral chromohore with a stereocenter in its
vicinities, another strategy is to consider inherently chiral
chromophores, i.e. those that show chirality due to deviations
from planarity for stereoelectronic factors. The most famous
example of chromophores of this class is provided by helicenes,
molecules that are also used as additives in PLEDs to obtain
circularly polarized luminescence.*® In particular, we mention
helicenes because the family of extended triangulenes proposed
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in refs 11 and 22 shows deviations from planarity due to steric
hindrance of hydrogen atoms, resulting in a class of inherently
chiral chromophores analogous to [4]helicenes,"™** and thus
belonging to the C, symmetry point group. A second objective
of this study is, therefore, to direct the design of chiral IST
cores toward inherently chiral chromophores, where higher
dissimetry factors g are expected.**® The dissymmetry factor g
is the figure of merit commonly adopted to evaluate a chiral
emitter, and it is defined as®

4R _ 4|ﬁ1]||77l1]| Cos Qﬁﬁ

§=7

= ~ 2, =2

lﬂijl + lmijl (1)
where R and D are, respectively, the rotatory and dipolar
strengths, i and j are the two electronic states involved in the
transition, and 0 ; is the angle between transition electric and

magnetic dipoles, ,L_il.]. and ﬁlj.47 The geometries at which those

quantities are computed allow us to obtain both g, when
using S, geometries, and gj,,, when using S, geometries.

We selected some representative known IST cores and
decorated them with different chiral elements, as shown in
Figure 1. In particular, we have selected two main
chromophores to functionalize with chiral substituents: a
triangulene core and a pentalene core. More in detail,
molecules 1—4 are based on the triangulene core,”'® where
molecules 1 and 2 are substituted with three groups bearing
stereocenters, resulting in a C; symmetry, while molecules 3
and 4 bear two substituents with stereocenters conferring a C,
symmetry, and the central boron atom in molecule 4 should
give a more negative AEg; gap.'"** We selected substituents to
be the smallest possible chiral groups, and the absolute
configuration of stereocenters has been empirically chosen
since for our objectives it is irrelevant which stereoisomer is
studied, provided that it is chiral. Molecules 5—7 are derived
from an azapentalene core,”” substituted with groups bearing
stereocenters. In molecule 5 we inserted an electron-with-
drawing group (a nitrogen atom) in a position of the ring
showing a high HOMO coefficient.""'” The resulting
symmetry for these molecules is C,. Molecule 7, obtained
from the isopyrene core,'”””**™°" is decorated with chiral
substituents in positions that confer to the molecule a C,
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Table 1. Adiabatic AEg; (in €V) on TDDFT/MO06-2X/def2-TZVP Geometries; Oscillator Strength f (Dimensionless), Rotatory
Strength R (10*° cgs), and Transition Electric (i, 107*° esurcm) and Magnetic (m, 107*° ergG™") Dipole Moments Computed
at the §; Equilibrium Geometry for the §; — S, Transition. 6 ;; is the Angle (deg) between ji and 1, and Ig,, is the Absolute

Value of the Dimensionless Emission Dissymmetry Factor Computed According to Eq 1

AEg;
SA(S)- MRSF- .
Molecule  Active Space f R* RASSCF” RMS-RASPT2” TDDFT* lile |zl eﬂr’ﬁ“ gl
1 14,13 2.81 X 1075 3.75 X 1072 —0.568 —0.231 —0.140 05 43 8.0 80x1073
2 14,13 143 x 107* 2.85 x 107! —0.440 —0.077 —0.073 07 45 848 55x 1072
3 14,13 643X 1075  —134x 107! —0.480 —0.196 —0.046 07 44 925 27x1072
4 12,12 529 x 107t —137 x 107! —0.638 —0.278 —0.145 1.5 35 915 38x1072
5 10,9 1.20 x 1073 9.42 x 1073 —-0.175 —0.127 (—0.135)7 —0.048 1.0 27 898 45x107°
6 12,10 773 X 1075 =246 X 1072 —-0.623 —0.352 (—0.224)7 —0.094 04 22 916 20x1072
7 16,2,0;4,12,0°  1.14 x 1075 122 X 1072 —0.461 —0.179 —0.119 02 14 875 24x1072
8 26,2,2;11,4,9 225 %1073 2.77 —0.437 0.138 —0.053 30 27 700 68x107!
9 26,2,2;11,4,9 1.13 x 1073 1.58 —0.226 0.258 0.054 23 32 776  41x 107!
10 22,2,2;9,4,11 496 x 107*  —0.35 —0.411 —0.071 —0.094 1.1 22 984 23x107!
11 22,2,2;9,4,11 205X 1070 —0.24 —0.587 —0.105 —0.077 09 26 958 12x 107"

“Velocity gauge RMS-CASPT2/cc-pVDZ (for 1—6) or RMS-RASPT2/cc-pVDZ (for 7—11). Ycc-pVDZ basis set. “BH&HLYP/def2-SVP. “In
round brackets, computed on RMS-CASPT2/cc-pVDZ optimized geometry.

symmetry, also including electron-withdrawing groups (nitro-
gen atoms) in the positions of the pentalene ring showing a
high HOMO coefficient. The first step of our computational
study is to demonstrate that functionalization of known IST
cores with chiral elements allows retaining the IST nature of
the chromophore. To do this, we evaluated adiabatic AEg;
gaps with multireference methods,” including second order
perturbative corrections, exploiting implementations avail-
able within the OpenMolcas 23 software.”* >° Optimized
geometries on the S; and T potential energy surfaces (PESs)
were obtained through TDDFT/MO06-2X/def2-TZVP calcu-
lations, similarly to previous work.'"'#*%"=°" Computational
details are reported in the Supporting Information, while
results are gathered in Table 1.

For molecules 1—7 we obtain negative AEg; gaps with SA-
CASSCEF calculations with double { basis sets, where the active
space has been defined ad hoc for each system. Within this
subset, perturbative corrections (RMS-CASPT2)°>** provide
refinements to AEgr gaps, maintaining the negative value but
making them significantly smaller. In all cases, we compute
small values for oscillator strengths (f~ 107°—10""), which are
evidently associated with the difficulties mentioned in the
introduction concerning experimental measurements, and are
not suitable for application in devices. Nevertheless, rotatory
strengths R provide values that are commonly found in other
transitions that are routinely measured in chiroptical spectros-
copy,®” and Zlum Values comparable with those of other achiral
chromophores functionalized with chiral substituents. For
molecules 1—7, the spanned values of all transition properties
(ie. f~ 107°=107°, R ~ 107'=107%, and gl & 107°—107?)
are not correlated to molecular symmetry: molecule 2 (C,
symmetry) shows properties as intense as molecules 3 and 4
(C, symmetry), while molecule 5 (C, symmetry) shows
properties as low as those of molecule 1 (C; symmetry).

Recent studies focused on the heptazine core (the
chromophore in molecule 1) functionalized with chiral
substituents.”® In our case the source of chirality, ie. the
stereocenter, is closer to the chromophore with respect to ref
38, which results in a computed transition magnetic dipole
moment larger than that measured experimentally for similar
substrates,” amounting to 0.37 X 1072° erg-G_l. In Table I,
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we report a value ~10 times bigger. Apart from the distance of
the chiral perturber from the chromophore, other differences
may be attributed to different methods applied to obtain the
transition magnetic dipole, for which Xu et al. used a Hiickel
Hamiltonian.”

Regarding inherently chiral chromophores (molecules 8—
11), we start our discussion from 2N-Uthrene (molecule 8 in
Figure 1), which has already shown a small but positive AEg;
gap (0.005 eV) at the NEVPT2(12,12) level of theory.22 We
highlight that the steric hindrance exerted by hydrogen atoms
close in space results in a nonplanar chromophore, thus
endowed with inherent chirality, a structural feature conferring
unique photophysical potential that has been so far neglected.
However, the limited steric hindrance that hydrogen atoms
provide in molecule 8 likely enables room-temperature
interconversion between the two enantiomers, a feature that
could be problematic also for device stability. This is not the
case for molecules 1—7, endowed with stereocenters:
racemization would entail bond breaking, a process not
possible in standard conditions (room temperature, no X-ray
irradiation), and therefore neglected in such cases.

To demonstrate this statement, we performed a relaxed scan
of the dihedral angle & as an approximate inversion coordinate
(see Figure 2), which provided a low estimated racemisation
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Figure 2. Torsional barrier for inversion of chirality for molecules
8—11. Relaxed scans performed on the S, PES at DFT/M06-2X/
def2-TZVP level of theory on the dihedral angle a, defined by
bonds highlighted in green shown in the inset.
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barrier of ~40 kJ mol™’ corresponding to an estimated
racemization half—lifetime ¢/, & 1 us,>%% in good agreement
with previous results obtained from rigorous studies of such
barriers for [4]helicenes, based on the identification of
transition states.”>”%" We show in Figure S1 in the Supporting
Information that the entity of the barrier on the excited state
PES is comparable to the ground state one, therefore allowing
us to consider the conformation fixed during photophysical
processes. We substituted the 2N-Uthrene core 8 with bulkier
methyl groups (molecule 9) to obtain a higher interconversion
barrier for enantiomers, but before discussing the results of this
structural modification, we describe the strategy we adopted to
compute adiabatic AEg; gaps for these large chromophores
within an SA-RASSCF and RMS-RASPT2 framework. We
point out that selection of orbitals belonging to the various
RAS subspaces could lead to neglecting important config-
uration state functions (CSFs). We highlight that also the
approach used by others, consisting of truncating the active
space up to an arbitrary threshold dictated by feasibility of
calculations, could lead to neglecting important CSFs,** and
checking the behavior of the property of interest increasing the
active space does not guarantee convergence, since the number
of CSFs scales exponentially with the size of the active space.
For these reasons, we decided to support RMS-RASPT2
results with MRSE-TDDFT"’ as implemented in the GAMESS
software.”' It has been recently demonstrated that this method
is suitable to describe IST systems such as triangulenes.”” The
MRSE-TDDFT method is well suited for extended conjugated
systems because it takes into account excitations from the
complete set of orbitals.

To describe these systems, we chose to include 4 orbitals in
the RAS2 (see Figure S2 for RAS2 orbitals for molecule 8).
This is due to the fact that it is well-known that both S, and T,
states for triangulenes are characterized by HOMO — LUMO
transitions. In these extended systems, where two triangulene
units are fused, it is has been demonstrated that Frontier
Molecular Orbitals are the result of linear combinations of
orbitals localized on the single units.""”** Thus, S; and T,
should be described by transitions from HOMO-1 and
HOMO to LUMO and LUMO+1. The rest of the 7 orbitals
describing the conjugated system are included in either the
RAS1 or RAS3 subspaces. Our RASSCF strategy allows
considering up to six simultaneously excited electrons,
therefore including the fundamental effects of double and
triple excitations (with weights reported in Table S4 in the
Supporting Information).””””*> With this choice of active
space, RMS-RASPT?2 provides, for molecule 8, AEg; > 0, in
line with literature results discussed above,*” although MRSEF-
TDDFT provides an opposite result (AEg = —0.053 eV).
Since no experimental proof has been provided for these cores,
we cannot comment on the ambiguity of this result. However,
we point out that MRSF-TDDEFT results show AEg; < 0 with
several different density functionals, including double hybrid
ones (see Table S2 in the Supporting Information).

As expected, for molecule 9 we obtain a larger racemisation
barrier of ~130 kJmol™' corresponding to an estimated
racemisation half—lifetime ¢,,, & 130 years.é‘}”64 However, the
increased twist of the chromophore (see Figure 2) also
resulted in a loss of the desired property: AEg > 0 with both
RMS-RASPT2 and MRSE-TDDFT. We thus replaced nitrogen
atoms with boron (molecule 10), since such substitution is
known to lead to a more negative AEg; (see Table 1).""** This
should counterbalance the effect of a larger distortion from
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planarity induced by bulky methyl groups. Apart from the
expected electronic effect, replacement of Nitrogen with Boron
in molecule 10 also reduces the inversion barrier from ~130 kJ
mol™ to ~80 kJmol™!, corresponding to an estimated
racemisation half—lifetime t,,, = 10 s,°>°* thanks to longer
C—B bonds involved in the twist of the [4]helicene (~1.53 A
vs ~1.41 A for C—N bonds in molecule 9). Methyl groups are
thus farther apart,”* resulting in a less steep energy profile and
less twisted chromophore at the equilibrium geometry in
comparison to molecule 9 (see Figure 2). In this case, we
obtain the desired negative gap AEgr = —0.071 eV using RMS-
RASPT2/cc-pVDZ (well supported by AE¢. = —0.094 eV
obtained by MRSF-TDDFT), but the inversion barrier is not
large enough to ensure separability of the two enantiomers at
room temperature. The negative gap for molecule 10 agrees
reasonably well with that reported in literature for 2B-Uthrene
(—0.152 eV at NEVPT2(12,12) level of theory),” considered
the larger chromophore twist imposed by bulkier methyl
groups.

To ensure a large enough racemization barrier, we propose a
further chemical modification with bulkier tert-butyl groups
(molecule 11). We obtained a larger inversion barrier ~110 kJ
mol ™, corresponding to an estimated racemization half—
lifetime t,,, ~ 15 days®*®* at room temperature, and in
agreement with experimental data reported in refs 68 and 75,
which should ensure separability of enantiomers. The minima
for molecules 10 and 11 are located at comparable « values but
the barrier for molecule 11 is higher, and thus the scanned
coordinate for this molecule is characterized by a steeper
potential. The comparable a value for both molecules 10 and
11 in their equilibrium geometry is an encouraging structural
descriptor in light of maintaining AE¢; < 0, given the results
discussed above for molecules 8 and 9. In fact, at the RMS-
RASPT?2 level, we obtain AEgr = —0.105 eV for molecule 11
(consistent with AEg; = —0.077 eV obtained by MRSF-
TDDFT), which has been developed to show an IST behavior
with a large enough racemization barrier to enable room-
temperature separation of the two enantiomers.

We calculated electronic properties and dissymmetry factors
Zum also for this set of molecules, at the S, equilibrium
geometry for the S; — S, transition. All values for transition
electric and magnetic dipole moments (#i and m, respectively)
and the emission dissymmetry factor g, are reported in Table
1. We obtain for inherently chiral molecules 8—11 g, &~ 107"
Although such values might be overestimates for helicenes, "¢
we do expect larger gy, in comparison to molecules 1-7.
Oscillator strengths f are still typical of electric-dipole-
forbidden transitions (f &~ 1073), which could explain the
larger g, in comparison to helicenes. Such increase in g,
with respect to molecules 1—7 is instead ascribed to larger

0 7 shows values farther

from 90°. In molecules 8—11, upon switching from nitrogen to
boron, we notice a drop in ji, 1, and also € i values closer to

rotatory strengths R. In particular,

90°, with a change in sign of R due to 6 ;. This is clearly

associated with lower chromophore distortion a, which is
necessary to preserve its IST nature. As a result of these
changes, boron-based chromophores 10 and 11 show lower
Zum than the corresponding nitrogen-based compounds.

To summarize our results, we have shown that functional-
ization of achiral chromophores with chiral substituents
(molecules 1—7) can induce chiroptical properties retaining
the IST nature of the core. This enables detection of electric-
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dipole-forbidden transitions with chiroptical techniques such
as electronic circular dichroism or CPL. The largest
dissymmetry factors g, suitable for applications are usually
associated with such transitions;*’ therefore, we also proposed
to enhance this figure of merit adopting inherently chiral
chromophores. Within the context of inverted singlet—triplet
materials, these have already been proposed with extended
triangulenes,'** but this specific aspect of their structure and
photophysics has been so far overlooked. We therefore
proposed structural modifications on a few extended
triangulenes (molecules 8—11), with the aim to increase the
energy barrier regulating the interconversion between
enantiomers to enable their room-temperature separation.
We have shown that this could result in a loss of the IST
nature of the chromophore due to excessive twisting from
planarity. We balanced the two factors, providing an example
of a promising substrate (molecule 11) with a large
racemization barrier (~110 kJmol™) and a AEg < 0 as
obtained with state-of-the-art computational methods. We also
obtained g, & 107", a value suitable for application in devices.
Future investigations of this topic will pursue both an
experimental investigation on inherently chiral IST materials
and the possibility to provide external magnetic fields (i.e., in
Magnetic Circular Dichroism, Magnetic Circularly Polarized
Luminescence, and Magnetic Circularly Polarized Phosphor-
escence), rather than inducing them through chiral elements,
to both chiral and achiral substrates.
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