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Finding organic nanostructures exhibiting luminescent behavior is a relevant issue in the development of
functional molecules. In this context, the possibility of incorporating them into the architecture of organic
light-emitting diode (OLED) devices has been investigated to improve their efficiency and photophysical
stability for predicting the suitability of the emissive material. Herein, we unraveled the excitation mechanism
and the role of the coupling constant in an uncommon planar structure. Intersystem crossing (ISC) represents
a necessary process, so understanding the rate constant allows assessment of the suitability of a material. We
calculated the ISC and reverse rates for hexamethylazatriangulene-triazine HMAT-TRZ (la) and its
functionalization with an iodide-atoms counterpart HMAT-TRZ-I, (1b), thereby uncovering the role of the
heavy atoms. Our results account for moderate singlet—triplet gaps, AEst (0.1-0.2 eV). Moreover, HMAT-
TRZ-1, enhanced the spin—orbit parameter, which accounted for ISC rates at the ps scale, and thus improved
their luminescent characteristics. Calculations were conducted using time-dependent density functional the-
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Introduction

Emissive molecules have a wide range of applications in
electronic devices and show impressive performance in organic
light emitting diodes (OLEDs), semiconductors, and imaging
photovoltaics.™” The primary drawbacks of organic materials in
OLEDs research have been largely addressed due to the tuning of
organic dyes towards bulk nanostructure materials with ultrasmall
singlet-triplet gaps (AEsy) and a slight increase in spin-orbit
coupling (SOC). Much attention has been focused on thermally
activated delayed fluorescence (TADF) given its ability to harvest
triplet excitons through reverse intersystem crossing (ISC), which
can be upconverted to a singlet state followed by radiative S; — S,
decay, and such a situation is triggered by thermal conditions.
In fact, TADF materials with smaller singlet-triplet gaps provide
internal quantum efficiency (IQE) that surpasses conventional
OLED emitters in creating efficient OLEDs devices.
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ory, with the PBEO-D3 level providing an accurate response for the large molecules studied herein.

Such TADF compounds are particularly important for creat-
ing innovative materials and also play a part in biomedical
applications and nanotechnology applications.® TADF features
are commonly observed in organic molecules but also in
inorganic complexes, such as Cu(i) metal-ligand complexes®®
with negligible distortions among ground and excited states,
which remove the vibrational losses and resulting in an
enhanced response.'®™°

In this regard, purely organic emitters yield significant
findings related to electroluminescent issues by leveraging
the reverse intersystem crossing (rISC) process. This approach
modulates the characteristics of the emitters, resulting in low-
cost and environmentally friendly materials. Thus, in “tai-
lored” conjugated chromophores, the TADF mechanism is
maximized via the electronic population of the first singlet
excited state since the first triplet manifold. Complementary
theoretical calculations include higher-lying triplet states (T,,)
for evaluating the molecular orbitals and their relationship
with other states. Such findings reveal the electronic path or
hopping due to the interconversion of singlets to triplets,
followed by triplet exciton up-conversion. These actions lead
to delayed emission and contribute to nearly 100% quantum
yields, which minimize nonradiative deactivations.’®*" The
small AEgr (AEgy = E(S;) — E(T,)) generally takes place thanks
to the spatial separation of wave functions in the highest
occupied molecular orbitals (HOMOs) and lowest unoccupied
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molecular orbitals (LUMOs) that can be achieved through the
strategic design of organic arrays, where smaller molecules are
assembled as a building block. Hence, for an HOMO-LUMO
transition, the exchange energy almost vanishes, thereby
decreasing the AEgy (which is an essential parameter involved
in TADF mechanisms). Such processes collect the prompt and
delayed luminescence resulting from the exciton hopping
between estates with different symmetries.>”>* We conducted
calculations of the overall parameters that take place in the
TADF, starting from the ISC process (facilitating a smaller AEgy
to align with an increase in SOC). Then, we calculated the ISC
rate constant kisc (which remains in the principal transition of
the singlet and triplet states thanks to the SOC between the
wave functions of the involved electronic states) and the rISC rate
(kusc) using excited state dynamic approaches. Furthermore, the
Marcus-Levich-Jortner theory was employed to calculate the
reorganization energy (4). The latter encompasses the structural
and energy changes associated with the decay of the higher-lying
singlet states into the first excited state (i.e., the initial stage
above the crossing dynamic).

In particular, the structure of hexamethylazatriangulene-
triazine (HMAT-TRZ (1a))*®> presents a prototypical template
for efficient TADF devices. It features a non-conventional
twisted backbone and its rigid design enables it to be a TADF
device. It grants functionalization with iodides and enables
investigating of the heavy atom effect in planar structures.
Recently, some studies have led to the inclusion of bromide
in organic TADF emitters”>*” with the aim of enhancing cross-
ing rates due to the increased strength of SOC. This situation
mainly focuses on improving the rISC process because faster
ISC can benefit direct triplet decay. We selected iodides to
observe a slight inductive substituent effect in the ring struc-
ture and to explore additional relativistic effects in free metal
compounds.

We investigated an organic TADF emitter and its potential
substitution with heavy iodine atoms (which increases SOC) to
achieve improved performance for the TADF. Herein, we
obtained an electronic structure with the aid of quantum
chemical calculations exploring the emission path. We studied
the involved states, giving information of the absorption,
emission, AEgr and coupling among states. Besides, imaging
of natural transition orbitals (NTOs) provided hole-electron
system densities.

Computational details

Density functional theory*® calculations were conducted employ-
ing the ORCA 5.0.4 package.”*° We used the old-SVP basis for H
atoms, old-TZVP basis set for C, N, and the particular DKH-old-
TZVP basis for I atoms. The ground and excited state optimizations
for S, S4, T, and T, states were carried out employing DFT and TD-
DFT mark®™>* from PBEO, and CAM-B3LYP functionals,*®
exploring the hybrid, range-separated, functionals. The optimized
states were confirmed via vibrational analysis, without non-
negative frequencies. The Douglas—Kroll-Hess Hamiltonian (DKH)
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approach® allowed us to solve the energy equation incorporating
scalar relativistic corrections for the overall states.

Computations were conducted to optimize the ground
states, followed by TD-DFT to obtain Sy, S,, T;, and T,.*° Spectra
were modeled using the conductor-like polarized continuum
model (PCM).*'™*3

Calculations of NICS and NICSzz were carried out at the TZ2P
basis set at the Perdew-Burke-Ernzerhof (PBE) functional,**
including relativistic effects via the scalar ZORA Hamiltonian.*®

Crossing rates

ISC occurs due to the inclusion of SOC effects. ISC rates
between a given initial state i and a final state manifold f can
be calculated using Fermi’s golden rule:*¢*’

k() = Z%Kq’f’ﬁsof‘l’iﬂzé(ﬂ — Er) (1)

The ISC rate was calculated using the excited state dynamics
(ESD) module from the ORCA package. This module employs
the Hessians for singlet and triplet states and computes the
Franck-Condon factors between all initial and final states at
room temperature. Consequently, Fermi’s golden rule*®*’
expresses the reverse intersystem crossing rate constant:

2n
kusc = 7\ Vsoc|*xpFCWD )

where |Vsoc|® affords the attainment of the kysc, giving
accounts for the coupling term of the matrix representation
of Asoc. The hopping transition from T, toward the S, involves
three distinct states for each possible value of the total angular
momentum: J = —1, 0, 1. |Vsoc|* can be depicted as an average
of the three spin-orbit coupling matrix elements (SOCME):

1 .
|Vsoc|'= §<51 |Hsoc|T1)?

-3 3

J=—1,0,1

ﬁsoc}T{XSl ﬁsoc’T{*> (3)

Another key factor in kysc expression is prewp (Franck-
Condon-weighted density of states), which outlines the thermo-
kinetic barrier linked to this process.

pMLJT — 1
FCewb vV 47T)~MkB T

o0 SH
) z_; exp (=S yexp ( dninknT

(AEST + nhweﬂ" —+ AM)2>
(4)

In this context, the semiclassical Marcus theory*®*® (SCMT)
connects the potential energy surfaces of both states using
parabolic functions centered around their respective energy
minima.

Results

HMAT-TRZ (1a) is a hyper-conjugated chromophore featuring a
fully planar backbone in which two primary units are connected
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(a rigid triangulene and diphenyl triazine) to form a bulky
structure with exceptional luminescent properties. In addition
to being a potential TADF for OLEDs devices, we assessed an
iodine-decorated counterpart to facilitate a heavy metal effect.
The calculated dihedral angles between HMAT and TRZ serve as
a suitable parameter for evaluating structural deviations between
both the ground and excited states. Results showed that the
D(CCCN)-1 angle was 0.55° 0.16° and —0.86° in S, S;, and T, for
HMAT-TRZ, respectively, and in HMAT-TRZ-I, (1b) the angle was
—0.90°, 0.19° and 0.06°, respectively. These data helped us clarify
a significant tendency to maintain a completely planar structure
in the corresponding excited states and their potential substitu-
tions. D(NCCC)-1 and D(NCCC)-2 are the dihedral angles
between the phenyl and triazine, with values ranging from
0.99° to 0.07°, which also highlighted planar features that
expanded in the overall structure. Table S1 (ESIf) summarizes
the main angles and bond distances calculated for the current
molecules, which align well with experimental data parameters.
The spectroscopic properties of HMAT-TRZ and HMAT-TRZ-I,
involve almost coplanar conformations at their related electronic
states. Coplanar TADF emitters had slight extensions compared
with those that show a twisted conformation because these
reached smaller A Egy values, and pure charge-transfer excitations.
First, we modelled the absorption and fluorescent spectra (Fig. 1),
which overall aligned with the experimental data. Thus, S,
displayed characteristic peaks at approximately 425 nm and
438 nm for HMAT-TRZ and HMAT-TRZI, respectively, which
are very close to the experimental value (420 nm). Furthermore,
the dipole moment ascribed to the singlet state transition (us, s )
corresponded to 5.5D and 5.7D, indicating a slight improvement
for HMAT-TRZ1,, in addition to the assessed redshift of the
corresponding peak. Furthermore, these transition dipole
moments were small according to an earlier report.>® Thus, s —s,
yielded relatively small values due to the few overlaps present in
HOMO-LUMO orbitals. In this sense, these values were not small
enough to indicate a decrease in the luminescent character.
Studies have demonstrated that coplanar structures can also
be efficient TADF emitters owing to the hindered non-radiative
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Fig. 1 Singlet emission spectra (S; — So) for 1a and 1b. Calculated from
the frequencies of singlet and ground states.
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decay caused by the rigid backbone.”>*°™>> Thus, between
ground state absorption and S; transitions a significant redshift
occurs triggered by the change in the nature of orbital densities.
The S, state gives way to local excitation, with 1 — n* character,
whereas S; generates charge-transfer excitations showing a clear
n — 1* type (Fig. 3), and this situation remains in 1a- and 1b-
substituted iodide arrays. One could argue that the S; signal
stays similar in both compounds because those transitions obey
the character of the hole-electron densities rather than a change
in structural rearrangement for the incoming presence of iodide
substituents, in addition to the structures remaining similar
regardless of the electronic state calculated.

HMAT-TRZ was characterized as a potential TADF emitter.
The transient photoluminescent decay spectra in doped films
revealed delayed fluorescence up to 300 K** with some depen-
dence on the host or film. These spectra provided an estimation
of AEsr of ~0.38 eV. This value is not in the order of a typical
TADF emitter. However, it may be been an overestimation
because there were additional interactions in the doped film
due to mixture with the host. Quantum calculations delivered a
smaller value because the theoretical model was constructed
with the main compound avoiding interactions with the host in
the film. Furthermore, the TADF components typically showed
values of AEsr near or below 0.1 eV, indicating that larger
values would barely display delayed emission.

Crossing rates

ISC rate. We calculated the spin-forbidden crossing rates for
S; —» T, and T; — S, transitions (Fig. 2). Such electronic
hopping is often hard to observe upon experimentation. Hence,
we took advantage of the theoretical results to give a deeper
analysis of excited state dynamics. Additionally, we computed
the manifold of higher-lying states such as T; and T,. Thus, ISC
can be regarded as the sum of the two electronics crossings.
The T, (n = 3---n) states of further energy levels reflect negli-
gible values of the ISC rate.

The crossing between states occurs when excitons in higher
states lose energy and fall to the first singlet S;. Immediately,
ISC occurs to Ty or T,, which can be quantified and summed to
provide a reliable calculation. Fig. 3 shows the localized NTO
for singlet and triplet transitions. According to the El-Sayed
rules,>* the ISC is relatively large if this radiationless transi-
tion involves a change of orbitals. For example, the 'n, n* — °n,
n* is faster than 'n, n* — >r, n* transitions. The picture here
reflects a clear ', n* — 1, n* and, 'n, ©* — °n, n* for 1aand 1b
compounds, instead of T, states, give 'n, T* — *r, n* transi-
tions. Such an observation provides insight into the corres-
ponding analysis of the involved rates calculated here,
confirming the suitability of the chromophores for TADF
applications. Besides, the NTO hole-electron densities generate
charge-transfer transitions in most cases, allowing a decrease
in exchange energy and therefore of AEgr. The molecular
design generates the mentioned effect. Here, the aggregated
moieties resembled “building block” synthesis. In this context,
dynamic calculation of ISC rates was carried out using the
triplet coordinates and Hessians for both singlet and triplet

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025



Paper

Electron as 2Bey T — o
r [
o, Ay
L/ p—
Hole

Fig. 2 Transition process for the related states in 1b.

states in an accurate process whereby values were determined
as the sum of S; —» T; and S; — T, hopping. We collected both
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Fig. 3 Main orbitals iso-surface showing electronic path movement.
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contributions to the final result amounting to 1.2 x 10> and
1.9 x 10° for 1a and 1b, respectively (Table 1). These quantities
indicated the increase in crossing due to the heavy atom()
effect with higher coupling. Such values reached the order of
other TADF emitters with a classical twisted structure.

The AEsy gaps were 0.22 eV and 0.12 eV computed to the
PBEO0-D3 level, which is a proved theoretical level in organic
TADFs. As reported by Kunze and coworkers,”> the CAM-B3LYP
functional generally underestimates AEgy values.”® Our result sug-
gests that the electronic hopping occurring from triangulene —
triazine moieties, whether in the ground or excited states of
two compounds, only changed the type of orbital projection.
We analyzed the time when the excitons in the triplet state
could relax back to a singlet manifold whose pathway can either
finish in a singlet decay or anew straight back to a triplet
manifold. This route introduces some degree of cycling to TADF
dynamics, enabling the process to continue without loss of
electronic populations.

rISC rate. rISC is seen as electronic hopping going from the
T; — S; manifold. It is hard to observe such hopping because
the triplet excitons can go back to the singlet at any time, which
is regarded as a steady-state. Besides, the electronic population
rarely can be in an appropriate relationship. One can calculate

&
54
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Table 1 Calculated absorption and emission transitions (oscillator strength (os), transition dipole moment (u (D)), singlet—triplet gap AEst (eV),
intersystem crossing rate kisc (s™%), reverse intersystem crossing rate kysc (s74), spin—orbit coupling SOC (cm™2) for the corresponding states

PBEO EXP. (/max)

So
1a Jmax 425.1 420

Os/u (D) 0.7/5.5
1b Jmax (NM) 438.0

Os/u (D) 0.7/5.7
S1
1a Zmax (nm) 4667o1; 571(cH,cl,) 4607o1; 545(cH,cl,)

Os 0.4
1b Jmax (NM) 519.3

Os 0.0

la 1b

AEgy (eV) 0.22 0.12
Hsoc (em ™) 0.03 0.16
Yasc (571 8.9 x 10> 1.0 x 10°
kisc (571 1.2 x 10° 1.8 x 10°
Kisc (s7Y) 1.2 x 10° 1.9 x 10°
kusc (s71) 5.1 x 1072 2.6 x 10* 2.6 x 10*
I (eV) 0.054 0.049
Huang-Rhys (S) 0.024 0.700
et (€V) 0.180 0.176

the Ksc rate through a steep-to-steep strategy, according to
Fermi’s golden rule:***’

2 ~
krisc =§ch|<Sl}HSOC|TI>’2 (5)

Here, prc is the Franck-Condon density of states, and
(S ]I:ISOC|T1> accounts for the matrix SOC elements of triplet
and singlet interactions. pgc is the equation of the extended
Marcus-Levich-Jortner theory.?”

The reorganization energy accounts for intramolecular low-
frequency vibrations. It provides valuable insights for incorpor-
ating energy losses before crossing and ensures accurate
applicability for the large molecules discussed here. We used
the parameters SOC, AEgr, and reorganization energy, which
are essential to elucidate TADF dynamics. Consequently, larger
SOCs in organic molecules ameliorate the rISC rate. Otherwise,
smaller values (i.e., >0.2) of AEgy can increase the rate, and the
more common values of 1y, that range between 0.1 to 0.2 can
enable efficient performance in TADF.””

The relaxed structures for ground and excited states were
obtained with relativistic corrections necessary due to the
presence of heavy iodide atoms. The rISC rate delivered values
in the range of organic TADF emitters but with a noticeable
increase thanks to the incoming link of iodine atoms in the
backbone. This calculation aligned with the presence of the
additional parameter because T; — S; transition can be
triggered for a meaningful overlap between initial and final
state nuclear wave functions. Consequently, extension of the
Marcus-Levich-Jortner equation included high-frequency nor-
mal modes, typically w; > 1000 cm ™. The Huang-Rhys factors
(Sefr) of this effective mode and corresponding frequencies fiog
were calculated.

The final result generated very small differences with the
classical Marcus equation, meaning that the crossing was

5244 | New J. Chem., 2025, 49, 5240-5247

revealed on low frequencies or for the reorganization energy.
/v is the energy gap between Es s and Eg r:

m = Es 1, — Es s,

where Eg 7, is the S, state energy at the T, state geometry, and
Es s, is the S; state energy at the S; state geometry. Those can
be seen as the corresponding vertical transitions, depicting the
vibrational relaxations that occur upon the involved electronic
transition. Thus, the values for 1a and 1b were 0.054 and 0.049 €V,
respectively. These small values are in agreement with large
very rigid structures with steric hindrance, and are slightly
smaller than for other dyes studied for our research team.>®
In this context, kysc was 5.1 x 102 s ' and 2.6 x 10* s™* for 1a
and 1b, respectively. The negligible quantity in 1a was because
the calculated AEsr was greater than that for conventional
organic TADF. However, functionalization from iodide atoms
reached the value for a commonly utilized TADF emitter. This is
an important result for planar organic structures with regard
to OLEDs.

Additionally, Bergmann and co-workers,”® contrary to pre-
vious assumptions, demonstrated that intramolecular hydro-
gen bonding does not significantly hinder dihedral rotation
between donor and acceptor moieties. They established that
the differences in photophysical properties among coplanar
emitters result from variations in electronic structures rather
than from hydrogen bonding effects.®”®' Accordingly, we
undertook the potential energy surface (PES) calculations
shown in Fig. 4, focusing on rotation of dihedral angle D1
(specified in Fig. S1, ESIt) to identify the intersection of excited
states (which aids in clarifying the angle related to each
electronic crossing). As illustrated in the graph, HMAT-TRZ-I,
had a singlet-singlet charge transfer between S, and S, around
70°. Along this line, the singlet-triplet crossing could occur
~10° among S, and T, or T, states. Both components of ISC

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Fig. 4 PES for the singlet (S5, Sp) and triplet (T1, T,) excited states
HMAT-TRZ-I,, illustrating electronic crossing in the intersection curve.

n

'fisc and *kigc were significant, and so the results were
summed (Table 1).

Aromaticity. To evaluate the aromatic properties in the
overall HMAT-TRZ and HMAT-TRZ-I, structures, the induced
magnetic field was calculated to account for NICS and Bi" also
noted as NICS,, (Fig. 5). For the NICS isosurface for HMAT-TRZ,
the terminal phenyl rings (ring A) and fused rings exhibited
larger shielding regions (ascribed as the most aromatic rings
within the structure), followed by ring C, whereas rings B, D,
and F remained as antiaromatic rings. The NICS value calcu-
lated at the center of each ring was —5.9, +2.1, —4.5, +4.7, —6.3,

NICS

R i

o
b A

[ — ——— T
-10.0 -5.0 0.0 +5.0 +10.0

Fig. 5 Isosurface representation of NICS and NICS,, for SQ (a), and the

respective contour plots for HMAT-TRZ (b) and HMAT-TRZ-I, (c). Isosur-

face value set at +3.0 ppm.

NICSzz
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Table 2 Calculated values of NICS and NICSzz at the center of each
ring (ppm)

1a NICS NICS,, 1b NICS NICS,,
A 5.9 -7.7 A —4.9 —4.2
B +2.1 +18.6 B +2.1 +19.1
C —4.5 5.6 C —45 5.9
D +4.7 +37.6 D +4.7 +37.7
E —-6.3 —5.7 E 6.3 —5.7
F +4.5 +37.0 F +4.5 +37.0

and, +4.5 ppm, respectively, for rings A, B, C, D, E, and F.
The contour plot representation of NICS supported the aro-
matic character of some phenyl rings, separated by antiaro-
matic rings. Under a field oriented from the z-axis, the aromatic
character of rings A, C, and E was denoted with NICS,, values at
the center of each ring of —7.7, —5.6, and —5.7 ppm, respec-
tively, and with NICS,, values of +18.6, +37.6, and, +37.0 ppm
for the antiaromatic rings given by B, D, and, F, respectively.
In addition, a continuous deshielding region of +3.0 ppm
was denoted along with the contour of the structural backbone
of HMAT-TRZ. For the iodine-decorated counterpart HMAT-
TRZ-1,, similar characteristics were found. The I-phenyl rings
exhibited a decrease in central shielding values, as given by
NICS, to —4.9 ppm, in comparison with HMAT-TRZ (Table 2).

Conclusions

From a study by Chen and co-workers, we modelled HMAT-TRZ
and a heavy-atom iodide counterpart to shed light on the
excited states dynamic mechanism to evaluate their potential
application as a TADF device. Based on relevant calculations at
ground and excited states, the AEgsr gap was obtained, and the
role of iodine atoms evaluated. The charge reorganization upon
electronic transitions, ISC, geometrical reorganization energy,
and transition rates for S — Tand T — S crossing revealed a 'x,
n* — >, n* character, which is in line with the El-Sayed rule.

ISC is a dynamic process that is challenging to unravel.
However, theoretical assessment provides essential information
for evaluating the design of compounds intended for inclusion
in OLEDs devices. The calculated ISC rates were consistent with
those obtained for representative organic structures exhibiting
efficient TADF features, as detailed in previous studies. kisc
increased to microseconds in HMAT-TRZ-I,, which could
enhance the ISC, aiding the conversion between singlet and
triplet states. On the other hand, the increase in rISC from 5.1 x
102 s™" t0 2.6 x 10" s~ is desired for the conversion of T — 8.
Besides, an order of 10* for such a rate hardly would accelerate to
a level in which undesired TADF phenomena occur.

Comparison with a system with two halide atoms accounted
for higher SOC with faster ISC and rISC rates, enhancing
its performance in emissive devices. This calculation used an
extension of the Marcus-Levich-Jortner equation without
noticeable differences with the Marcus equation. The electronic
conjugation was not a restriction for rotation of the dihedral
angle D1 because the NICS,, value of triazine indicated a lack of
aromaticity character.
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