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Molecules which display two optical emission bands are very rare as they violate Kasha's rule, which states

that fluorescence is normally observed only from the lowest energy excited state of a specific spin

multiplicity (e.g. S1) due to efficient internal conversion from higher states after excitation. Here, we

develop a combined virtual and experimental screening workflow to find new anti-Kasha emitters

among those with a large energy gap between S; and S;; a condition that favours optical emission from

the higher excited state because of a reduced internal conversion rate. 140 000 chemically diverse and

commercially available molecules are filtered through a computational funnel based on their computed

S1—S, gap. transition intensities and structural rigidity before being ranked by cost and purity from up-to-

date information from the chemical supply chain. The absorption and fluorescence spectra have been
measured for 15 potential candidates that have not been previously explored for this property. Seven of

them display anti-Kasha emission, five displaying single emission from S, and two displaying emission
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from multiple excited states (a particular case of dual emission). The lower energy emission of one of the

dual emitters, however, originates from an aggregate state. The approach exemplifies the great potential

DOI: 10.1039/d6dd00402d

rsc.li/digitaldiscovery validation of the predictions.

1. Introduction

Digital discovery tools are now regularly used in virtually all
areas of chemistry,"* including all branches of organic elec-
tronics.** The discovery of molecules with desirable optical and
electronic properties is particularly suitable for high-
throughput virtual screening (HTVS) studies and many have
appeared in the past few years identifying candidates with
properties such as thermally activated delayed fluorescence,®
singlet fission,® or high charge mobility.” Several HTVS
campaigns constructed to explore well-known design principles
(e.g. donor-acceptor molecules for TADF) have been proven
successful when the predictions were tested experimentally®®
especially in highly-automatised labs.'®' Much more chal-
lenging is the experimental testing of HTVSs that explore
a broader chemical space, looking for novel molecular archi-
tectures and design principles.”>** The candidates found in this
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of virtual screening approaches that take into account chemical availability and lead to an immediate

way, also if already known to chemistry, tend to be characterised
by highly diverse synthetic pathways requiring considerable
labour and specialisation to be synthesised and tested. The
barrier between digital discovery and testing can be completely
removed if the availability for immediate experimental testing is
used to identify the molecules to be screened in the first place.
The objective of this work is to illustrate how molecules
sampled from virtually the entire chemical supply chain can be
screened for interesting electronic properties and then readily
tested.

In this work we consider searching for molecules displaying
anti-Kasha emission, i.e. emission from higher excited states,
and dual emission produced by prompt emission from multiple
excited states. Such properties can be readily verified in the lab,
where the latter is sought after for applications in sensing,"***
imaging,'® displays'” and optical storage.” The vast majority of
emissive molecules follows Kasha's rule,” ie. the emitting
electronic level of a given multiplicity is the lowest excited state
of that multiplicity. For neutral closed-shell molecules, for
which phosphorescence can be ruled out, such as molecules in
liquid solution, the rule implies that one should observe only
emission from the lowest singlet excited state (S;). Higher
excited states relax rapidly toward this lowest excited state
through internal conversion, a process faster between energet-
ically closer states (energy gap law**?') while there is normally
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a much larger gap between S; and the ground state, So. Emis-
sion from S, can be observed when there is a large energy gap
between S, and S;,”*** with azulene®*** being an archetypal
example, however with virtually all of the emission from S,.
HTVS is the ideal approach to find completely new molecules
with unusually large gaps between S, and S,, since there is no
simple chemical intuition for these properties other than
modifying known motifs.”**” This approach, however, would
not capture molecules displaying dual emission via alternative
mechanisms®®** such as repopulation of the S, state,*” excited-
state intramolecular proton transfer (ESIPT),** triplet-detour-
ing,”” temperature-activated delayed fluorescence®* and
aggregation-induced emission.*® An additional complication for
the screening perspective is that the observation of non-Kasha
emission can be due to artifacts as noted for example in ref.
37, which need to be excluded.

We present in the Methods section the virtual screening
protocol we have constructed with its assumption, while the
Results section discusses the key findings from the virtual
screening and their experimental verification. The Conclusions
propose possible improvement in the development of mixed
computational and experimental workflows for molecules with
interesting photophysical properties.

2. Methods

The full library of molecules considered initially was the subset
of 12 million molecules from the ZINC database (2019),** orig-
inally developed for medicinal chemistry applications, collect-
ing all molecules that have been commercially available and
labelled as “in-stock” according to the supplier. To find organic
molecules with interesting electronic properties (orbital and
excited state energies) it is extremely convenient to sample from
such a large database only molecules that have different
conjugated cores, defined as the largest portion of the molecule
with a continuous connection of sp>-hybridised atoms. Mole-
cules with the same conjugated core are expected to have
similar electronic properties, an approximation validated
below. The first step of the screening is therefore to cluster the
initial set of 12 million molecules into sets that share the same
conjugated core (see SI for further details). The dataset contains
over 140 000 structures with a distinct conjugated core and the
smallest molecule of each cluster is chosen as a representative
of the electronic properties for that conjugated-core set. This
reduces the computational cost by over a factor of 80, whilst still
describing the larger set with an easily controlled approxima-
tion. In the SI, we show using a randomised small sample that
67% of the molecules have S; excitation energies within 0.1 eV
(87% within 0.3 eV) of their conjugated-core analogue, and 69%
have S, excitation energies within 0.1 eV (89% within 0.3 eV) of
their conjugated-core analogue. Clearly, having identified
a representative molecule with interesting electronic properties,
the method gives immediate access to all its analogues for
further consideration. The computational procedure, detailed
in the SI and validated against experimental data, involves the
generation of 3D molecular coordinates from the SMILES (a
character string representation of the molecule®),
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conformational search using the Universal Force Field*
implemented in RDKit,** DFT optimisation at the BLYP35/3-
21G* level and TD-DFT calculations of excited states at the M06-
2X/3-21G* level. The energy gaps are computed in the geometry
of the ground state as well as the intensity of the transitions,
quantified from the oscillator strength. In the SI it is shown that
the procedure offers a good balance between accuracy and
speed of execution.

A prerequisite for this approach to be valid is to verify that
the energy gap allows identification of molecules with potential
anti-Kasha emission. Fig. 1 shows the distribution of the ratio
between the S;-S, energy gap E(S,)-E(S;) and the excitation
energy of Sy, E(S1)-E(S,) for the 107 000 molecules out of the 140
000 distinct conjugated cores with oscillator strength for both
the first (f{S;)) and second (f{S,)) excited state larger than 0.0001.
The median of this parameter is 0.07, i.e. the S,-S; gap is typi-
cally much smaller than the S;-S, gap with only 2% of the
molecules displaying [E(S,)-E(S1)]/[E(S1)-E(So)] = 0.4. The figure
also reports the range of this parameter for ~20 experimentally
known anti-Kasha emitters (dual emission or emission from S,),
which are explicitly listed in Table S2 of the SI. Clearly these
emitters have a much larger [E(S,)-E(S,)]/[E(S1)-E(So)] with
a median value of 0.45, and one can immediately see that the
greatest chance of success in finding anti-Kasha emitters is in
the scarcely populated region with large [E(S,)-E(S:)]/[E(S1)-
E(Sy)]- This descriptor is directly linked with the original phys-
ical justification of Kasha's rule. Internal conversion rate
decreases exponentially with the increase of the energy gap
between initial and final state (Energy Gap law). Since the E(S,)-
E(S1) gap (and all E(S,+1)-E(S,) gaps for n > 1) is typically much
smaller than the E(S;:)-E(S,) gap, the population rapidly relax
non-radiatively to S, before emitting from other excited states.
Exception to Kasha's rule are therefore expected for E(S,)-E(S;)
becoming comparable to E(S;)-E(S,)-

The oscillator strengths could also be expected to be
important for anti-Kasha emission; for example, a strong f(S,)
could accelerate direct emission from S, against the competing
internal conversion. However, the median computed oscillator
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Fig.1 Distribution of [E(S,)—E(Sy)1/[E(S1)—E(Sp)l. The overlayed boxplot
shows how the known anti-Kasha emitters are distributed within the
larger distribution. They are listed in Table S2 and depicted in Fig. S7 of
the SI. The chemical structures of three known anti-Kasha emitters are
also displayed as examples. Molecules with vanishing oscillator
strengths have been removed.
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strength of the known anti-Kasha emitters is similar to the rest
of the dataset (0.017 and 0.005 for f{S;) and f{S,) respectively),
meaning that we are unable to downselect candidates on the
basis of oscillator strengths. We have therefore simply imposed
a minimum threshold to both to exclude molecules with dark
states. So far, only the vertical S, — S, (n = 1, 2) transition
energies have been considered; however, for emission excited-
state minima can be considered for better accuracy. This can
be best achieved by optimising excited states, which is too
computationally expensive in a screening setting; therefore, we
opt to continue using the vertical S, — S,, transition energies
which will be then compared more directly with experimental
absorption energies.

We did not include the effect of the solvent because the
solvent to be used was not known in the virtual screening phase.
Its inclusion can be important to improve theory-experiment
comparison and could be used in virtual screening method*
but, given the small number of candidates and the uncertainty
on their solubility, we opted for a direct experimental evaluation
of the solvent effect. Similarly, given the small number of
candidates to be evaluated experimentally it was deemed
unnecessary to perform further calculations (e.g. of excited state
optimization).

3. Results and discussion

The overall HTVS protocol is illustrated in Fig. 2. After the first
screening of only molecules with a distinct conjugated core, we
have considered further those 2821 entries with [E(S,)-E(S,)]/
[E(S1)-E(Sg)] = 0.4. This limit is chosen to give additional
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Commercially available 78

Price, avail., purity 19

Lab
testing

-

UV/Vis 15

FLS 2

NH /N o
O

Fig. 2 The expanded screening funnel workflow, where the dataset
size after each stage is given in the tabs on the right, showing a gradual
decrease from a set of over 12 million into the final candidates
(depicted below).
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confidence to the candidates, i.e. the larger the ratio, the better,
while still sampling a large number of compounds. An oscillator
strength condition of min (f{S,), f{S,)) > 0.009 is applied, giving
200 compounds, all expected to be emissive. We then filter the
candidates further based on rigidity by considering only those
with a number of rotatable bonds, 72,45 = 4 (Hrors iS computed as
implemented in RDKit*"). This condition should reduce the
chance of non-radiative decay through conical intersections*
which are prevalent in flexible molecules;** this yields 145
structures. Since availability of specialty chemicals, delivery
time and cost are highly dynamic, we checked for current
commercial availability and produced a cost-ranked list of 78
promising unique-core candidates for experimental testing.
These are reported in the SI for verification and possible testing
by interested readers. It should be noted that analogues of
experimentally known anti-Kasha emitters are also present
within this set, such as azulene, which serves as a quick verifi-
cation of the protocol's capacity to identify useful materials.
After (i) setting a cost limit of $50/mg~", (ii) ensuring that at
least 1 mg of each compound was available with (iii) guaranteed
purity >90% and (iv) delivery time was less than 4 weeks, we
select 19 compounds from this collection for experimental
testing; these are illustrated in Fig. 3. The computational cost of
the entire procedure can be estimated as 250 000 CPU hours.
However, it should be noted that results can be reused to screen
for different properties* or to validate approximated compu-
tational methods.***
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Fig. 3 Chemical structures of experimentally-tested candidates.
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All quoted with > 90% purity, the compounds are first
measured using UV/vis absorption spectroscopy to confirm
whether a molecule can be expected to be anti-Kasha emitters
on the basis of a large experimental [E(S,)-E(S1)]/[E(S1)-E(So)]
(see Table S3). 15 out of 19 molecules display experimental
[E(S2)-E(S1))/[E(S1)-E(So)] > 0.2 and are therefore considered
further with fluorescence spectroscopy. All spectra are reported
in the SI and, since the goal is to identify rapidly new anti-Kasha
emitters, molecules with inconclusive spectra are not consid-
ered further. The molecules for which spectra were measured
are divided into (i) molecules displaying the sought-after dual
emission in this preliminary exploration stage (1, 2 (2a), which
are illustrated in Fig. 4 and discussed further below); (ii)
molecules displaying unusual (but technologically less relevant)
anti-Kasha emission from S, (3, 4, 5, 6 and 7, illustrated in
Fig. $9); (iii) molecules displaying conventional single emission
from S; (8, 9, 10, 11, 12 and 13, illustrated in Fig. S10); and (iv)
the SI also reports, for completeness, the inconclusive spectra of
14, 15, 16, 17, 18 and 19 in Fig. S11. This latter group could not
be assigned to groups (i)—(iii) because of low emission intensity
under measured condition, low solubility in the two solvents
considered (DMSO and methanol). The following discussion
focuses on those materials deemed to be dual emitters.

Compound 1 (2,7-diphenyl-4lambda5-[1,3]thiazolo[3,2-b]
[1,2,4]triazin-4-ylium-3-olate) is, to the best of our knowledge,
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not known as a material for electronics applications. Its
analogues are used as therapeutic agents in the treatment of
anti-inflammatory rheumatic diseases.*® Increasing the level of
theory (see SI) for higher fidelity when comparing to experi-
ment, the computed wavelengths for the S, — S;, S — S, and
Sy — S; transitions are 597 nm, 416 nm and 333 nm which are
in excellent agreement with the experimental absorption peak
positions in Fig. 4a. The computed energies for the S; — S, and
S, — Sp emission transitions, ie. using the geometry of the
corresponding excited state minima, are 703 nm and 510 nm
respectively. For the S; — S, emission, the strong near-infrared
peak at 786 nm can be assigned, yielding a Stokes shift of nearly
half an electron-volt for the transition. Any potential S; — S;
transition is computed at 1077 nm and can be ruled out. The
large, second experimental emission peak at 358 nm does not
correspond to the computed S, — S, emission but matches
more closely the S; — S, emission peak computed at 380 nm.
The higher-energy peak itself is not smooth and the hump at
approximately 450 nm could be the S, — S, present under-
neath, thus the possibility of prompt triple emission cannot be
ruled out. To rule out the possibility of a protonated species, the
electronic energy requirement for protonation in methanol is
computed (see detail in SI) and predicted to be +188 kjmol *,
making it significantly unfavourable. To ensure there was no
effect of contaminants and for further characterisation, we
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Fig.4 Absorption (black) and emission (red) spectra of compounds 1 and 2 measured in methanol. Black dashed lines indicate computed vertical
absorption energies. Red dashed lines indicate computed vertical emission energies. Electronic states of interest are given on the panel on the
right for each spectrum; min = minimum, FC = Franck—Condon transition at So geometry; black solid arrows are absorption transitions, red

dashed lines are emission transitions.
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repurchased compound 1, remeasured it and confirmed its
purity and chemical identity via LC-MS as shown in Fig. S12,
making the discovery more robust and ruling out the presence
of alternative species coexisting in solution. Experimental
variations in the spectra of this sample based on excitation
wavelength and concentrations are further detailed in the SI to
help rule out additional effects such as aggregation (see
Fig. $13, also excluding the effect of protonation).

Compound 2 (N-{4,5-diphenylimidazo[1,5-b]pyridazin-7-yl}
acetamide) has no active patent, nor is it directly considered
in any electronics applications. Its core structure imidazo[1,5-b]
pyridazine is, however, known for medicinal applications.*® It
shares some similarity, i.e. nitrogen-substituted analogue, with
the imidazo[1,2-b]pyridazine core which has recently been
discovered for use in high-performance red-phosphorescent
OLEDs.” The core structure also shares similarity with pyr-
azolo[1,5-a]pyrimidine, whereby some of its derivatives have
been suggested as highly tuneable and sustainable fluoro-
phores.” The (high-level) computed wavelengths for the S, —
S; and Sy — S, transitions are 421 nm and 276 nm, respectively,
and match the experimental absorption peaks in Fig. 4. The
computed vertical emission energies for the S; — Sy and S, —
S transitions (using the geometry of the corresponding excited
state minima) are 641 nm and 335 nm, corresponding closely to
the experimental photoluminescence maxima at 605 nm and
336 nm. This results in a Stokes shift exceeding 1 eV for the S;
state, in excellent agreement with the computed (gas-phase)
Stokes shift of 1.01 eV, which is further analysed in the SI. We
could not purchase compound 2 which became commercially
unavailable during the course of the project (breaking the
barrier between digital and physical discovery in HTVS requires
consideration of the dynamic and volatile nature of the global
chemical supply chain). Instead, we purchased a core analogue
where the amide functional group is swapped for a primary
amine (compound 2a) and satisfied all theoretical conditions
for dual emission as described above. The absorption spectrum
of 2a matches very strongly that of compound 2 and the emis-
sion spectrum still displays dual emission when measured in
methanol (see Fig. S16), suggesting successful dual emission for
this overall core. By directly comparing an amide (2) and amine
(2a) analogue, it means that we do not expect any influence by
tautomers or alternative species (e.g. protonated). In line with
this hypothesis, the protonation energy of the most basic site of
2a is computed to be +180 k] mol '. However, there is
a decrease in the intensity of the high-energy peak, which is also
impacted when measured in acetonitrile, suggesting a potential
for strong solvent interactions or aggregation.

The final set of measurements to confirm the presence of
dual emission was performed on a newly purchased batch of
molecule 1 and 2a and included the study of absorption and
emission at different concentration and the measurement of
excitation spectra (also at different concentrations). The emis-
sion spectra of 1 do not show any dependence on the concen-
tration and their excitation spectra are very similar to the
absorption spectra (see Fig. S12). On the other hand, the
emission intensity of the lower energy emission of 2a decreases
with decreasing concentration (Fig. S15) and the excitation

© 2026 The Author(s). Published by the Royal Society of Chemistry
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spectrum does not match the absorption spectrum (Fig. S14).
This observation, together with the disappearance of the low
energy emission in acetonitrile (Fig. S16), suggests that the low
energy emission of 2a derives from an aggregate (high purity
and chemical identity of 2a is confirmed via LC-MS and given in
Fig. S18). In this case, the existence of well-separated excited
states is likely to contribute to the dual fluorescence, but other
mechanistic effects such as the reduction of the non-radiative
relaxation following aggregation may be at play.

It is worth considering the clear distinction between
observing dual emission or emission from higher excited states
(an experimental observation) and establishing the mechanism
of anti-Kasha emission (a mechanistic conclusion). A conven-
tional photochemistry work is concerned with elucidation of
a mechanism for a restricted number of molecules. In a virtual
screening approach, we often search for molecules for which
a certain mechanism can be present and we impose enough
constraints to the search to make such mechanism highly likely
(energy gap, rigidity, oscillator strength). The assignment of
a mechanism is built in the virtual search. As we have seen
however for molecule 2a and often found in literature,®* the
photophysics can be more complex than the one originally
hypothesized. One can therefore conceive an additional inves-
tigation layer in the scheme of Fig. 2, where in-depth studies are
performed on the interesting molecule. As we have seen, virtual
screening is undoubtedly able to identify such interesting cases.
Attempts to incorporate photophysical calculations directly into
the virtual screening are ongoing,” but only a few tens of
molecule can be computed in reasonable time with state of the
art methods,*>** which also suffer from lower accuracy for non-
radiative transitions with large energy gaps.>

4. Conclusions

Overall, we have devised an approach to screen all chemicals
rapidly available via the chemical supply chain for optical and
electronic properties, and illustrate the power of such
a screening by identifying 145 potential dual emitters and,
among them, 19 low-cost candidates. Through experimental
characterisation, we have identified two apparent dual emitters
and five anti-Kasha S, emitters, which is significant given the
rarity of the phenomenon. Further investigation reveals that
one of the molecules with apparent dual emission displays a low
energy fluorescence signal that originates from an aggregate
and disappears at low concentration (it remains an anti-Kasha
emitter). The digital discovery process that is usually visual-
ized as a funnel with increasingly stringent criteria and/or more
accurate calculation contains a blend of cheminformatics
queries, computational chemistry, further chemical supply
chain information about cost and availability and a sequence of
increasingly more complex measurements from simple UV/Vis
absorption to multiple excitation and emission spectra. While
our research is concluded at this stage, we envision additional
levels of characterization (e.g. lifetime measurement or tran-
sient absorption spectroscopy) and additional synthetic work
(the molecules identified can be seen as lead compounds for
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further optimization). Digital discovery can be seen just as the
beginning of the discovery process.

Finally, it is worth noticing how the search from the space of
commercially available molecules makes the process quite
accessible and efficient and it can be easily expanded to cover
virtual libraries, i.e. libraries of compounds that can be easily
synthesised.
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