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Experimental and computational studies
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Photophysical properties of the three-fold symmetric 2,5,8-tris(phenylthiolato)heptazine molecule (1) are
studied from combined experimental and computational viewpoints. The intense blue photoemission of
1 in the solid state and in toluene solution is proposed to have a fluorescent origin on the basis of a
relatively short emission lifetime and no detectable triplet decay. Calculations at correlated ab initio
levels of theory also show that 1 has a large inverted singlet—triplet (IST) gap, a non-vanishing spin—orbit
coupling matrix element between the first excited singlet and triplet states, and a fast intersystem cross-
ing rate constant that leads to singlet population from the higher-lying triplet state. The IST gap implies
that the first excited singlet state is the lowest excited one, agreeing with the measured fluorescent
behaviour of 1. IST gaps are also obtained for the oxygen-containing (2) and selenium-containing (3)
analogues of 1 at the ADC(2) level of theory, but not for the tellurium one (4). Calculations of the
magnetically induced current density demonstrate that the heptazine core of 1 is globally non-aromatic
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1 Introduction

Heptazine (1,3,4,6,7,9,9b-heptaazaphenalene, tri-s-triazine, or
cyamelurine in older texts; see Fig. 1, left) is a fused planar
phenalenyl tricycle featuring a central nitrogen atom and
alternating carbon and nitrogen atoms along the external
rim. The high rigidity of the phenalenyl core, and the precise
accumulation of the electron density on the peripheral nitrogen
atoms, give rise to remarkable properties that make heptazine
derivatives useful in diverse applications e.g., as building
blocks for MOFs and COFs, photocatalysts, or electrolumines-
cent species for organic light-emitting diodes (OLEDs)."
In particular, the optical properties of heptazine are well known
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due to the alternation of carbon and nitrogen atoms along its external rim.

and there are many examples of intensely luminescent hepta-
zine derivatives," some of which even display thermally-
activated delayed fluorescence (TADF).>™®

The lowest-energy excited singlet (S;) and triplet (T;) states
of heptazine have the same orbital composition consisting of a
localized set of atom-range multiple resonances (MR) from the
HOMO, located on the six electron-rich peripheral nitrogen
atoms, to the LUMO, on the carbon and central nitrogen atoms
(see Fig. 1, right).” The character of these excitations is almost
insensitive to corner functionalization (atomic positions 2,
5, and 8), even when the substituent is a heavy metal such as
gold.® The small HOMO-LUMO overlap minimizes the
exchange integral leading to a small energy difference between
S; and Ty [AEgr, calculated as AEgy = E(S; < So) — E(Ty < So)].°

By performing calculations at different levels of theory,
several research groups have recently demonstrated that the
energy order of S; and T, in heptazine is unexpectedly inverted
(IST, see Fig. 2).”%'°2* The violation of Hund’s maximum
multiplicity rule®® by non-alternating polycyclic polyenes is
not a new phenomenon. A more stable S; with respect to T,
was observed for the symmetric forms of propalene, pentalene,
heptalene,>* and, more recently, in isopyrene.>>*” However, far
from just being a scientific curiosity, IST is expected to give rise
to a new kind of light-emitting molecules, the so-called fifth
generation of emitters with applications in OLED devices.”**°
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Fig. 1 The molecular structure of heptazine with the canonical number-
ing of the atomic positions and the HOMO and LUMO orbitals.
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Fig. 2 Energy diagram of the first excited states of a molecule (a) obeying
Hund's multiplicity rule, and (b) with an inverted singlet—triplet gap.

The singlet-triplet inversion is expected to eliminate the need
of thermal activation for achieving maximum external quantum
efficiency. It also supresses the triplet decay channel, over-
coming potential bimolecular annihilation processes that
ordinary TADF emitters suffer from due to the long lifetime
of the excited states, which are detrimental to the performance
and stability of OLED devices.

The origin of IST is attributed to dynamic spin polarization
effects of the first excited state,*3°? which are accounted for
at configuration interaction (CI) levels including double excita-
tions. For a given active orbital space, Pauli’s exclusion princi-
ple restricts the number of possible doubly-excited triplet
configurations with respect to the number of doubly-excited
singlet ones. When this extra dynamic spin polarization stabili-
zation of S; exceeds the exchange energy, AEsr becomes
negative.”>**° Thus, a proper description of the IST needs either
single or multireference correlated wavefunction-based (ab initio)
computational levels that accurately capture contributions from
double excitations. These methods, in virtue of an improved
description of the electronic structure, are computationally expen-
sive and resource penalties preclude a widespread usage, justify-
ing the use of cheaper but reliable approximate computational
levels such as the approximate second-order coupled-cluster (CC2)
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View Article Online

PCCP
cl SPh
)§ toluene (reflux), 4 h )§
1\} jl\ +PhSH (exc) _ 1\{ j‘\
1\{ N SN -3 HCI N| NN
c1)\ NN Phs)\N/)\ N” > SPh
1

Fig. 3 Synthesis of molecule 1.

and algebraic diagrammatic construction of second order
[ADC(2)] methods.**™*”

Despite the increasing plethora of potential IST molecules
identified by high-throughput virtual screenings,'®”*¢*¢ there
are still very few experimental studies of their photophysical
properties.”'®" In their seminal paper from 2022, Aizawa et al.
proposed a decreasing trend of the delayed fluorescence life-
time component with decreasing temperature as a conclusive
experimental proof of the so-called heptazine-type delayed
fluorescence arising from IST.'° However, we believe that the
paucity and non-homogeneity of the available experimental
data precludes a generalization of the photophysical behaviour
of IST molecules. Thus, it is mandatory to continue gathering
experimental data from molecules for which IST gaps are
computationally detected, to gain a more complete picture of
the actual behaviour and performance of these promising
molecules.

Here, we report a thorough experimental study of the
photophysical properties of 2,5,8-tris(phenylthiolato)heptazine
(molecule 1, see Fig. 3), which is identified to have a large
inverted singlet-triplet gap at several ab initio correlated levels
of theory. We show that the completely symmetrical derivatives
of heptazine, which are excluded at the first stage of virtual
screenings due to their vanishing S; « S, oscillator strengths,
can also be efficient IST emitters thanks to vibronic coupling.
Besides, some of the measurements are performed on pure
powder samples, a state that had not been considered in
previous studies. We have focused on ether-like derivatives
of heptazine due to their relative ease of synthesis and intro-
duction of structural modifications in the pending moieties.
Posern et al. synthesized a family of symmetric heptazine
arylthio- (aryl = phenyl, p-tolyl, p-chlorophenyl, p-methoxy-
phenyl, 2-naphthyl, 1-methyltetrazyl) and phenylselenoethers
starting from 2,5,8-trichloroheptazine, and studied their ther-
mal stability. X-ray single-crystal structures were determined for
the phenylthiolato and phenylselenolato derivatives as mesity-
lene (1,3,5-trimethylbenzene) solvates, revealing a three-fold
symmetry axis and a staggered conformation of the phenyl
planes with respect to the heptazine one. Besides, the title
molecule 1 was identified as photoemissive in chloroform
solution (Zep, at 552 nm with a ., of 288 nm). Galmiche et al.
proposed a new route to heptazine arylthioethers starting from
the more soluble 2,5,8-tris(3,5-diethylpyrazolyl)heptazine and
presented a more complete study of the photophysical proper-
ties of molecule 1. Interestingly, the authors noted that there is
a weak absorption band at low energies in all heptazine

Phys. Chem. Chem. Phys., 2024, 26, 5922-5931 | 5923
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(Left) The absorption (dotted line), the excitation (dashed line), and the emission (solid line) spectra of molecule 1 in the solid state (inset, solid

illuminated by light with a Aex of 365 nm). (Right) The emission spectra for a Lex of 375 nm and average lifetimes in the solid state of molecule 1 (inset) for
the same /ey at temperatures ranging from 78 K (blue line) to 300 K (red line) in steps of 20 K (grey lines).

derivatives they studied. The band was assigned with time-
dependent density functional theory (TD-DFT) calculations to a
symmetry-forbidden S; « S, transition in the heptazine core.

The synthesis of 1 is described in Section 2.1 and in more
detail in the Experimental Section 4. The experimental studies
of the photophysical properties are discussed in Section 2.2,
which is followed by computational characterization in Section
2.3 that comprises calculations of photophysical properties, the
magnetically induced current density of 1, and calculation of
optical properties of related compounds where the S atoms
are replaced by O (2), Se (3) or Te (4). The main results are
summarized in the Conclusions Section 3.

2 Results and discussion
2.1 Synthesis of molecule 1

Molecule 1 was prepared by the nucleophilic attack of an excess
of phenylthiol to 2,5,8-trichloroheptazine in refluxing toluene,
in a similar way as previously reported (see Fig. 3).° The
reaction gives rise to a mixture of the desired trisubstituted
product with the disubstituted one and other unidentified
byproducts, that are separated by flash column chromato-
graphy.® The identity and purity of 1 was assessed by “C{'H}
NMR. Molecule 1 is obtained as a white solid displaying intense
blue photoluminescence (see inset in Fig. 4, left). The other
spectroscopic measurements accord with the already published
data.*?°

2.2 Photophysical studies

The optical properties of molecule 1 in the solid state, which
have not been reported before, are discussed below (see Fig. 4).
The diffuse reflectance (DR) UV-vis spectrum of 1 in potassium
bromide mull (dotted line in Fig. 3, left) shows a structured
asymmetric band centered at 300 nm. The low-energy edge of
the band has a well-defined absorption band at 397 nm, which
corresponds to the symmetry-forbidden S; <« S, transition

5924 | Phys. Chem. Chem. Phys., 2024, 26, 5922-5931

(vide infra). The excitation and emission spectra at room
temperature (dashed and solid lines in Fig. 4, left, respectively)
are also examined. The emission spectrum features a single
band with maxima at 456 and 473 nm and a broad tail in
the green-to-yellow visible region, which is macroscopically
observed as bright blue photoluminescence. The structure of
the emissive excited state is not heavily distorted as indicated
by the small Stokes shift of 3451 cm™". More interestingly, the
spectral profile of the excitation spectrum resembles the low-
energy edge of the absorption spectrum, including the energies
of the maxima, which suggests that there is a spin-allowed
excitation to the singlet manifold. The transient photolumines-
cence decay data was fitted to a sum of up to three exponential
functions. The emission lifetime was calculated as an average
weighted by the relative amplitudes of the exponentials (see
Experimental Section 4 and the ESI}). The average emission
lifetime of 171 ns at 300 K is unexpectedly long due to the
symmetry-prohibited transition from the S; state. The absolute
photoluminescence quantum yield (PLQY) of 0.33 is high, but
not as high as that of HAP-3TPA of 0.91 (6 wt% embedded in a
solid film), which is state-of-the-art.°®

The emission spectrum and average lifetimes were also
measured at low temperature (see Fig. 4, right and the ESIY).
The emission intensity nearly triples upon cooling to 78 K as
the restriction of vibrational motion disfavors non-radiative deac-
tivations. The vibronic structure of the ground state is also
revealed in the emission profile (see Fig. S1, ESIf). The energy
difference between consecutive vibronic peaks is roughly
300 cm ', which is of the same size as the calculated energy of
the out-of-plane vibration of the nitrogen atoms of the heptazine
core (see Fig. S2, ESIT). The average emission lifetime at 78 K of
445 ns is about a factor of 2.5 longer than the one of 171 ns
measured at 300 K indicating the influence of excited vibrational
motion on the relaxation of S;. However, it is still fast as compared
to other relaxation channels. There is no evidence of participation
of the triplet state at 78 K, precluding phosphorescent or TADF
behavior.

This journal is © the Owner Societies 2024
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(a) The absorption spectrum of molecule 1 in a 32 pM toluene solution at temperatures ranging from 20 to 70 °C in steps of 10 °C. (b) The

absorption (dotted line), the excitation (dashed line), and the emission (solid line) spectra of molecule 1 in a 32 uM toluene solution (inset, solution
illuminated by light with a 1¢, of 365 nm). (c) Superimposition of the normalized emission spectrum of molecule 1 in the absence (black line) and presence
(red line) of molecular oxygen. (d). Superimposition of the normalized transient photoluminescence decay of molecule 1 in the absence (black line) and

presence (red line) of molecular oxygen.

The photophysical properties of molecule 1 have also been
measured in toluene solution (see Fig. 5), which was not
considered in the study of Galmiche et al.* The UV-vis spectrum
(see Fig. 5a) shows a structured absorption at 303 nm similar to
the one observed by DR-UV-vis. A structured spectral trace
corresponding to the S; « S, transition is again observed
around 410 nm, in line with the findings of Galmiche et al.
for other solvents® (see Introduction Section 1). The spectrum
has been measured at different temperatures in the 20 °C to
70 °C range. The spectral profile is slightly modified upon
heating, whereas the absorption energies do apparently not
depend on the temperature since the position of the maximum
is not shifted. Notably, the absorbance of the spectral trace
increases. Since the S; « S, transition is symmetry-forbidden,
a thermally-prompted increase of the promoting vibrational
motion breaks the molecular symmetry and relaxes the prohi-
bition rule, thus increasing the absorbance. The photoemissive

This journal is © the Owner Societies 2024

properties have been measured in the absence and presence of
molecular oxygen, which is a well-known quencher of lumines-
cence via collisional energy transfer and formation of singlet
oxygen. Besides that long-lived excited states are sensitive to the
presence of molecular oxygen, it can also form an exciplex with
the excited emitter molecule and thereby contribute to the
luminescence quenching.*’

Molecule 1 is extremely luminescent in solution, exhibiting
intense blue emission with a PLQY of 0.71 even at pM concen-
trations (see Fig. 5b). The emission profile resembles the one in
the solid state, with a maximum at 459 nm and a tail up to
700 nm, with a long emission lifetime of 462 ns. As expected,
the presence of oxygen in solution leads to a drastic drop in the
emission intensity, which is reflected in a shortening of the
lifetime to 316 ns and a decrease in the PLQY to 0.38. However,
it is noteworthy that the emission in not completely quenched,
what would be expected if it were of phosphorescent nature.

Phys. Chem. Chem. Phys., 2024, 26, 5922-5931 | 5925
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Table 1 Photophysical properties of molecule 1. Wavelengths (A) are
given in nm, lifetimes (1) are given in ns, and the absolute photolumines-
cence quantum yield (o)

Molecule Aabs Jem (Aex) T ¢ (Lex)
Solid state, 300 K 295,321,397 456 (354) 171 +4 0.33 (374)
Solid state, 78 K — 472 (354) 445 +17 —°
Toluene, O, free 303,398, 418 459 (306) 462 +2  0.71 (290)
Toluene, O, saturated 303, 398, 418 459 (306) 316 £ 2 0.38 (290)

“ Presently we do not have instrumentation to measure these values.

Moreover, the spectral profiles are virtually indistinguishable
without loss of vibronic fine structure (see Fig. 5c). This
demonstrates that the triplet state is not populated at room
temperature, since no part of the spectrum originates from
triplet decay. The transient photoluminescence decay data
shows monoexponential behaviour over the whole considered
time range (see Fig. 5d and Fig. S5, ESIT). The longer lifetime
and higher PLQY of 1 in solution than in the solid state,
irrespective of the absence or presence of oxygen, suggest the
formation of n-stacked exciplexes with toluene molecules, what
is supported by the observation of n-stacks with mesitylene
molecules in the crystal state.>® The photophysical properties of
molecule 1 are summarized in Table 1.

2.3 Computational studies

2.3.1 Excitation energies and spectra. The electronic origin
of the absorption spectrum of molecule 1 in the solid state is
assigned with the aid of TD-DFT/PBE0/def2-TZVP calculations
on an optimized model extracted from the X-ray structure of
2,5,8-tris(phenylthiolato)heptazine (see Fig. 6, top).*° TD-DFT is
not the method of choice for modeling the excitation landscape
of IST molecules, as it is unable to capture dynamic spin
polarization except when using frequency-dependent kernels
or double hybrid functionals.'* However, the high number of
needed vertical transitions makes the usage of more reliable
correlated wavefunction methods computationally expensive.
An overlay of the solid-state absorption and excitation spectra
with the energetically lowest symmetry-allowed singlet excita-
tions of molecule 1 is plotted in Fig. 6, bottom. The excitation
energies of the symmetry-forbidden S; <« S, and T; « S,
transition are also marked for illustrative purposes. The orbital
contributions to the most intense transitions are reported in
Table 2 and plotted in the ESL.¥

There are two pairs of doubly-degenerate transitions of high
intensity at 289 and 241 nm. They are considerably blue-shifted
with respect to the absorption maxima. The energy mismatch
may be due to stabilizing packing effects in the solid state, that
are not taken into account in the calculation. The S¢ « S, and
S; < S, transitions correspond to charge transfers from the
HOMO-1 and HOMO-2, mainly located on the sulfur atoms of
the pending phenylthiolate substituents with smaller contribu-
tions on the phenyl rings and the peripheral nitrogen atoms of
the heptazine core, to the LUMO, which, apart from the
expected contribution on the peripheral carbon and central
nitrogen atoms of the heptazine core (see Fig. 1, right), shows a

5926 | Phys. Chem. Chem. Phys., 2024, 26, 5922-5931
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Fig. 6 (Top) The molecular structure of molecule 1 optimized at the DFT/
PBEO-D3(BJ)/def2-TZVP level of theory. (Bottom) Overlay of the solid-
state absorption (dotted line) and excitation (dashed line) spectra of
molecule 1 with the energetically-lowest symmetry-allowed vertical singlet
transitions of molecule 1 (black bars) calculated at the TD-DFT level of theory.
The excitation energies of the S; and Ty states calculated at the TD-DFT (black
arrows) and ADC(2) (red arrows) levels of theory are also included.

Table 2 Selected vertical excitation energies (in nm [eV]), oscillator
strengths (f, dimensionless), and orbital contributions, calculated at the
TD-DFT/PBEO/def2-TZVP and ADC(2)/def2-TZVP levels of theory for
molecule 1

Transition  Irrep®  Energy f Contributions (%)
TD-DFT/PBEO level of theory
S; « Sy a’ 361[3.437] 0.00 373" — 382"  (97.0)
Se <« So a' 289 [4.290] 0.44 363" — 382"  (98.4)
S, « So a’ 289 [4.290] 0.44 353" — 382"  (98.4)
Ss6 < So a’ 241[5.139] 0.42 342" — 392"  (67.7)
31" - 393"  (12.0)
Sy, « So a’ 241[5.146]  0.42 343" — 402"  (67.7)
312" — 402"  (12.0)
T, < So a’ 381[3.251] — 372" — 38"  (97.2)
ADC(2) level of theory
S; « So a’ 414 [2.993]  0.00 372" — 382"  (50.1)
342" — 38a"  (44.5)
T, « So al 382 [3.246] — 37a" — 38"  (51.8)
343" — 383"  (45.7)

¢ Irreducible representation.

non-negligible contribution from the sulfur atoms. The S,¢ and
S,; states, on the other hand, involve transitions from
HOMO-6 and HOMO-9, which have a bigger contribution
from the m-bonding electron density of the phenyl rings, to
LUMO+1 and LUMO+2, which are not as clearly defined on the
heptazine ring as the LUMO.

This journal is © the Owner Societies 2024
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red) transition calculated at the ADC(2)/def2-TZVP level of theory for
molecule 1.

The S; and T, states calculated at the ADC(2) level consist of
the two transitions of similar weight from the HOMO and
HOMO-6 to the LUMO that are depicted in Fig. 7. The spatial
distribution of the HOMO and HOMO-—6 is identical, with only
a variation of the sign of the orbital lobes located on the
peripheral nitrogen atoms of heptazine. The usual MR pattern
of heptazine is accompanied by a charge transfer from a
bonding n-orbital of the pending phenyl groups to an empty
atomic orbital of the bridging sulfur atoms. The calculated
energies at this level of theory are close to the local absorption
maximum of the band edge (see Fig. 6, bottom). More impor-
tantly, the S; « S, excitation energy is lower (longer wave-
length) than the T; « S, one, meaning that the singlet-triplet
gap is inverted. The IST is consistent with the strong fluores-
cent property of molecule 1.

The excitation energies to the S; and T states have also been
calculated at the complete active space self-consistent field
(CASSCF) and the extended multiconfigurational quasidegene-
rate perturbation theory of second order (XMC-QDPT?2) levels,
with an active space of 6 electrons in 6 orbitals as well as with
12 electrons in 12 orbitals. The excitation energies and the
singlet-triplet gaps calculated at the different levels of theory,
together with the spin-orbit coupling matrix elements between
S; and Ty ((S1]#s0|T1)) and the S; « Ty intersystem crossing
rate constants (kisc), are collected in Table 3.

As expected, TD-DFT gives a positive IST gap. The correlated
ab initio methods predict that the excitation energy of the
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S; « Sy transition is smaller than the T; <« S, transition
leading to a negative singlet-triplet gap. In fact, the AEgy of
—3305 cm ' obtained at the XMC-QDPT2(12,12) level is large
despite the excited singlet and triplet states have the same
orbital composition, suggesting a noticeable dynamic spin
polarization effect. However, the excitation energies calculated
at the XMC-QDPT2 level are for some unclear reason much
smaller than the ones calculated at other levels of theory and
too small as compared to the energy of the emitted light of
21790 em ' corresponding to a wavelength of 459 nm. The
excitation energies calculated the CASSCF level are rather
independent of the size of the active space and in fair agree-
ment with those calculated at other levels of theory and with
the experimental value. The SOC matrix element between T,
and S; is 0.15 cm ™" at the CASSCF(12,12) level yielding a k;sc of
the order of 10° s*, which is fast enough to direct the excitons
to the fluorescing S, state. The calculated phosphorescence rate
constant from T, to S, is 400 s~ ' at the CC2 level. The calculated
rate constant for the reverse ISC (kgisc) from S; to T, is 0.07 s~
at the XCM-DQPT2(12,12) level. These rate constants are several
orders of magnitude smaller than the kg¢ rate constant from T,
to S; of 5.5 x 10° s !, which was calculated at the XMC-
QDPT2(12,12) level, the internal conversion rate constant (ki)
from S, to S is 4.0 x 10* s, and the experimental fluorescence
rate constant (kqyor) from S; to Sy is 3.1 x 10° s~ implying that
practically all excitons reach S; where they decay to S, either by
fluorescence or non-radiatively through internal conversion.
2.3.2 GIMIC calculations. The (anti)aromatic character
and electron delocalization pathways of molecule 1 have been

Table 3 The first vertical excitation energies, singlet—triplet gaps, and spin—orbit coupling matrix elements, calculated at the TD-DFT/PBEO/def2-TZVP,
ADC(2)/def2-TZVP, CASSCF/6-31G** and XMC-QDPT2/6-31G** levels of theory for molecule 1. Energies are given in cm™! and rate constants are

1

givenins~

Method E(Sl g SO) E(Tl g SO) AEST <S1|t}fsQ|T1> kISC
TD-DFT/PBEO 27720 26218 +1502 — —
ADC(2) 24141 26181 —2040 — —
CASSCF(6,6) 22818 25714 —2896 0.16 1.0 x 10°
XMC-QDPT2(6,6) 14900 17184 —2284 0.16 2.5 x 10°
CASSCF(12,12) 22805 25688 —2883 0.15 1.0 x 10°
XMC-QDPT2(12,12) 11770 15075 —-3305 0.15 5.5 x 10°
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Table 4 The strength of the diatropic, paratropic and the net MIC (in nA
T~} that pass through the integration planes shown in Fig. 8

Plane Net Diatropic Paratropic
a 0.03 6.00 -5.97
b —0.35 7.09 —7.45
c —0.43 7.73 —8.16
d —0.41 7.72 —8.13
e —0.34 7.10 —7.44

investigated with the gauge-including magnetically induced
currents (GIMIC) method.*'™* The magnetically induced cur-
rent (MIC) strength in the zero-field limit is determined by
numerical integration of the current flowing through cut planes.
The sign and the strength of the MIC distinguish between aromatic
(MIC > 0 nA T "), antiaromatic (MIC < 0 nA T ), or non-
aromatic (MIC ~ 0 nA T~ ') molecules according to the magnetic
criterion.

Previous spectroscopic studies suggested that pristine hep-
tazine is aromatic because it has the § (*H) signal at 8.3 ppm™*
and that cyclazine (9b-azaphenalene) is antiaromatic, with ¢
(*H) signals at 2.1-3.7 ppm.”>™ In the latter, the central
nitrogen atom does not participate in the n-conjugation, lead-
ing to a rim consisting of a 12n-electron annulene.

We have performed MIC calculations with the GIMIC
method and integrated the strength of the MIC passing
through selected cut planes as shown in Fig. 8. The profiles
of the MIC passing through the cut planes are depicted in Fig.
S11 (ESIt). The integrated MIC strengths of molecule 1 are
collected in Table 4. The GIMIC calculations show that mole-
cule 1 is non-aromatic, with a very weak paratropic current of
ca. —0.4 nA T~ ' circulating around the edge of the molecule.
Visualization of the streamlines of the current-density pathways
reveals that the MIC consists of small local independent
vortices at the nitrogen and sulfur atoms (Fig. S12, ESIT), with
hardly any current density circulating around the carbon
atoms. The global non-aromaticity of the heptazine core in 1
is thus a consequence of the alternation of carbon and nitrogen
atoms along the external rim that precludes free electron
circulation.

2.3.3 Effect of the bridging chalcogen atom. Inspired by
the potential of molecule 1 to exhibit an inverted singlet-triplet
gap, we also computationally studied properties of the lowest
excited states of analogues to 1, where the sulfur atoms are
replaced with the other chalcogen atoms.

The structural optimization at the DFT/PBE0-D3(BJ)/def2-
TZVP level of theory of molecules 2-4 preserves, in the four

View Article Online
Paper
Table 5 The energetically lowest vertical excitation energies (in eV) and

orbital contributions of molecules 2—4 calculated at the ADC(2)/def2-
TZVP level of theory

E(S; « Contributions  E(T; « Contributions

Molecule Irrep” S,) (%) So) (%)

2 a’ 3494 31a’ >  (72.4)3.787 31" >  (74.3)
35a” 35a”
342" > (21.4) 342" > (22.5)
35a” 35a”

3 a’ 2920 412" > (49.7)3.166 413" —  (52.1)
47a" 47a"
463" »  (40.3) 462" - (41.6)
47a" 47a"

4 a 3272 140a >  (84.0)3.164 140a >  (81.1)
141a 141a"

“ Irreducible representation.

cases, the three-fold symmetry of the starting Csp, point group
of molecule 1 as extracted from its X-ray crystal structure (see
Fig. 9). For molecule 4, the o}, plane is lost due to the torsion of
the bulkier phenyltellurol groups. A selection of bond distances
and angles of the optimized molecular structures of 1-4 is
compared in the ESI,f with the existing X-ray structural
data.*>*® There is no experimental evidence of molecule 4,
probably due to the instability of tellurols. The agreement
between the available experimental and calculated distances
and angles is excellent, validating the use of the computed
models for further simulations.

The vertical excitation energies to the S; and T, states have
been calculated at the ADC(2) level of theory. The results are
summarized in Tables 5 and 6. The orbital contributions to the
most intense transitions are plotted in the ESL

The chemical identity of the bridging chalcogen atom has an
important effect on the calculated AEgr, which becomes smal-
ler upon increasing the atomic number in the series 2 (X=0) >
1 (X=S) > 3 (X=Se) > 4 (X=Te). In the extreme case of
molecule 4, AEgy is even positive. The reason for this may be
found in the values of the vertical excitation energies and the orbital
contributions. For molecules 1-3, for which AEsy is predicted to be
negative, there are two main contributions to the vertical transitions,
regardless of the multiplicity of the arriving state. These are
analogous to the ones calculated at the same level of theory for
molecule 1 (vide supra). The occupied MOs at Se and Te contribute
to the exciton of the S; and T; states, whereas for the O and S
containing molecules they do not. Since Te is larger than O, S and Se
the exciton is significantly localized to Te, whereas for the three
other molecules the exciton is mainly at the heptazine moiety.

Te
4

Fig. 9 The molecular structures of molecules 1-4 optimized at the DFT/PBEO-D3(BJ)/def2-TZVP level of theory.
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Table 6 The first vertical excitation energies and the obtained singlet—
triplet gap, calculated at the ADC(2)/def2-TZVP level of theory for mole-
cules 2—4. All values are given in eV

Molecule Irrep” E(S; « So) E(T; < So) AEgy

2 a’ 3.494 3.787 —0.293
3 a’ 2.920 3.166 —0.246
4 a’ 3.272 3.164 +0.108

¢ Irreducible representation.

3 Conclusions

The three-fold symmetrical 2,5,8-tris(phenylthiolato)heptazine
molecule (1) emits in blue at 459 nm with an emission lifetime
of 462 ns and 171 ns, and a PLQY of 0.71 and 0.33, in toluene
solution and in the solid state, respectively. The complete
overlap of the excitation spectrum with the absorption one,
the relatively short lifetimes, and the insensitivity of the emis-
sion spectral profile to the presence of dissolved oxygen are
indicative of the emission having fluorescent character. The
collected photophysical data are not conclusive of an inversion
of the first excited states of molecule 1. However, since no
emission from an excited triplet state could be detected, this
unequivocally demonstrates that the emissive state is of singlet
multiplicity. S; is also the only state from which photolumines-
cence should be expected for an IST molecule under ambient
conditions. Correlated ab initio level calculations show that
1 has a large inverted singlet-triplet energy splitting of
—2883 cm ™' (—0.36 €V) at the CASSCF(12,12) level, which is
not obtained in TD-DFT calculations. The calculated spin-orbit
coupling matrix element between S; and T; of 0.15 cm ™" yields
a kisc of 10° s~ ! between the T, and S, states. The relaxation of
the excitons directs them to the emitting S, state leading to the
strong luminescence.

This study demonstrates the potential of three-fold sym-
metric ether, thioether, and selenoether derivatives of hepta-
zine to also be among the fifth generation of emitter molecules.
Further efforts will be devoted to the synthesis of new analogs
of molecule 1 and its implementation in working OLED
devices.

4 Experimental

4.1 General procedures

(DR)-UV-Vis spectra were measured in a Shimadzu UV-3600
spectrophotometer. For the collection of DR-UV-vis spectra,
a Harrick Praying Mantis diffuse reflection accessory was
employed. For the collection of UV-vis spectra, Hellma Quartz
Suprasil cells with an optical path of 1 cm were employed.
Temperature was controlled with a Shimadzu TCC-240A cell
holder. Photoluminescence spectra were measured in an Edin-
burgh Instruments FLS 1000 spectrofluorimeter. Emission
lifetimes were determined with the time-correlated single
photon counting (TCSPC) technique employing Edinburgh
Instruments EPL-375 (lex of 375 nm) and EPL-295 (e of
295 nm) picosecond pulsed diode lasers as the excitation

This journal is © the Owner Societies 2024
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source. The transient photoluminescence decay data was fitted
to a model function of one to three exponential parameters

() =A+ iB,» _exp (Ti) (1)

where A, B; and 1; are fitting parameters, and 7 is an integer
between 1 and 3 optimized to improve the quality of the fitting
as given by the value of y*. The average emission lifetime
({t)amp) is obtained as

> (Bi-)

<T>amp = LZT (2)

Absolute photoluminescence quantum yields were deter-
mined with a Hamamatsu Quantaurus-QY C11347 instrument.
HPLC grade toluene was degassed and dried with a MBRAUN
MB-SPS800 system. The solutions for photophysical measure-
ments were prepared inside a MBRAUN LABstar glovebox under
Ar atmosphere. For measurements in the presence of oxygen,
air was bubbled through the neat solvent for 10 min.

4.2 Synthesis of 2,5,8-tris(phenylthiolato)heptazine (1)

2,5,8-Tris(phenylthiolato)heptazine (1) was prepared employing
standard Schlenk techniques from 2,5,8-trichloroheptazine®’
and excess phenylthiol (Sigma-Aldrich) following a previously
reported method,*® but employing anhydrous toluene instead
of mesitylene as the solvent, and purifying the solid product by
flash column chromatography (8 dichloromethane:2 n-hexane).?

4.3 Computational details

The calculations were carried out using TURBOMOLE version
7.5.1.°%°" The starting geometry of molecule 1 was extracted
from its X-ray structure®® and employed as a template for
molecules 2-4. The structures were optimized at the density
functional theory (DFT) level®® with the PBEO functional,>">°
def2-TZVP basis sets on all atoms,”® the resolution-of-the-
identity (RI) approximation,® > and the D3(BJ) semiempirical
correction to dispersion interactions.®®®" The models were
verified as minima by the analytical computation of the vibra-
tional frequencies.®” The first vertical singlet and triplet excita-
tion energies were calculated at the algebraic diagrammatic
construction of second order [ADC(2)] level®® with def2-TZVP
basis sets on all atoms.’® The optimized molecular structures,
orbitals, and exciton surfaces were visualized and rendered
using UCSF ChimeraX version 1.5.%* Excitation energies were
calculated with the Firefly program at the state-averaged com-
plete active space self-consistent field (CASSCF) level with the
active space consisting of 6 electrons in 6 orbitals as well as
with 12 electrons in 12 orbitals®"®® They were also calculated at
the extended multiconfigurational quasi degenerate perturba-
tion theory at the second order (XMC-QDPT2) level®*®* using
the same active spaces. The matrix element of the one-electron
spin-orbit coupling operator (#so) between the T; and S;
states ((S;|#°so|T1)) was calculated at the CASSCF levels using
GAMESS-US.®® The k;sc rate constant (in s ) for the S; « Ty
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transition was calculated using®”

2
Comb 3N—6

) exp(—yx) -y
kise =163 107 (Si[#so[ T | > ][ exp(=) i’ |

|
ny,....i3n—g k=1 Tic:

3)

where y; is the Huang-Rhys factor and ny is the vibrational
quantum number of the kth-promoting vibrational mode.®®
In eqn (3), Comb denotes all combinations of vibrational
modes that fulfill the energy conservation condition.

The magnetically induced current (MIC) densities were calcu-
lated using the gauge-including magnetically induced currents
(GIMIC) method.*""** Ring-current strength susceptibilities,
which are denoted ring-current strengths, were obtained by
numerical integration of the current density passing through a
cut-plane perpendicular to a selected bond. The current density
was calculated at the BHandHLYP/def2-TZVP level of theory
(LIBXC ID 436).%7"
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