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Thermally activated delayed fluorescence (TADF) has emerged as one of the most promising strategies
in the quest for organic light emitting diodes with optimal performance. This computational study
dissects the mechanistic intricacies of the central photophysical step, reverse intersystem crossing (rISC)
in N and B doped triangulenes as potential multi-resonance TADF compounds. Optimal molecular
patterns conducive to efficient rISC, encompassing dopant atom size, number, and distribution, are
identified. Additionally, we assess various electronic structure methods for characterizing TADF-relevant
molecular systems. The findings identify the distinct role of the direct and mediated mechanisms in rISC,

and provide insights into the design of advanced TADF chromophores for next-generation OLED
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1 Introduction

Organic light emitting diodes (OLEDs) have revolutionized the
technological market, finding ubiquitous application as lumines-
cent displays in devices such as televisions and smartphones.'™
The pursuit of better performing OLED devices has therefore
garnered significant attention.

In OLEDs, the recombination of charges leads to the for-
mation of singlet and triplet states in a 1:3 ratio, imposing a
stringent limitation on internal quantum efficiency. To miti-
gate non-radiative losses from the population of the (dark)
triplet state manifold, two primary strategies have been
proposed, each with the potential to achieve 100% internal
quantum efficiency: doping with phosphorescent emitters®®
and thermally activated delayed fluorescence (TADF).”*® The
former employs organometallic complexes to attain the neces-
sary high spin-orbit coupling (SOC), allowing triplet states to
undergo (phosphorescent) radiative decay. In contrast, TADF
relies on organic molecules that recycle their non-radiative
triplet excited states to fluorescence emissive singlets via
reverse intersystem crossing (rISC) and thermal ambient
energy, eliminating the need for expensive and toxic transition
metals, e.g., Ir or Pt, used in phosphorescent OLEDs.
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The TADF phenomenon can be broken down into two main
steps: triplet-to-singlet rISC and fluorescence from the lowest
excited singlet state (S;). Efficient population of S, through rISC
necessitates a small energy difference between the excited
singlet and triplet states (AEsy = E(S;) — E(T4)), ie., in the order
of the thermal energy, and a strong coupling between the initial
(spin triplet) and final (spin singlet) states, with SOC being the
most common relativistic interaction connecting the two spin
manifolds in organic compounds.'' Additionally, a good TADF
chromophore must exhibit strong luminescence from S;, which
can be quantified by the area of the emission band (oscillator
strength).

The most commonly utilized strategy for designing systems
with narrow T;/S; energy gaps relies on the correlation between
AEsr and the exchange interaction among the frontier mole-
cular orbitals (MOs). Vanishing orbital exchange can be
achieved in molecules featuring weakly coupled and spatially
separated donor and acceptor units. This situation typically
involves T; and S; states holding strong charge transfer (CT)
character."™'® However, this strategy suffers from a number of
drawbacks, primarily small photoluminescence quantum yields
(PLQY) and poor color purity. The extensive structural reorga-
nization of CT-character molecular architecture leads to broad
emission spectra. Furthermore, CT-character excitations often
exhibit small oscillator strengths, resulting in weak radiative
emission."”

A notable departure from the usual donor-acceptor archi-
tecture was proposed by Hatakeyama et al., who designed
TADF emitters with triangulene cores incorporating ortho-
substituted B and N atoms, forming DABNA molecules.'” These
molecules, often referred to as multi-resonance TADF (MR-
TADF) compounds, feature a chemical structure that promotes
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the localization of the highest occupied and lowest unoccupied
MOs (HOMO and LUMO) in different atomic sites. This leads to
disjoint HOMO and LUMO, triggering small exchange interac-
tions (small AEsy), while still allowing for sizeable S, « S;
transition dipole moments. Furthermore, the backbone rigidity
induces narrow emission bands. These properties have been
associated with singlet and triplet states exhibiting a “short-
range/local” CT character and long-range n-conjugation,'”*®
motivating the ongoing search for new and improved MR-TADF
chromophores.™ %’

The main objective of this study is to elucidate the mecha-
nistic intricacies of rISC in N and B doped triangulenes, which
are potential candidates as MR-TADF compounds, through the
application of quantum chemistry calculations. Furthermore,
we endeavor to pinpoint optimal molecular patterns conducive
to efficient rISC, including considerations of size, number, and
distribution of dopant atoms. Additionally, our investigation
assesses the suitability of various electronic structure methods
for computationally characterizing molecular systems relevant
to TADF.

The paper is organized as follows. In the first section, we
delve into the theoretical expressions employed to characterize
the rates of rISC mechanisms and provide an overview of the
electronic structure methods investigated for the study of
doped triangulenes. The subsequent section presents the
results of our exploration into the capabilities of both density
functional (DFT) and wave function approaches for the study of
16 triangulene derivatives. We carefully select the optimal
methodology and conduct the computational analysis. Finally,
in the Conclusions section, we thoroughly discuss the main
findings of our investigations.

2 Theory and methodology
2.1 Reverse intersystem crossing rates

The rate of rISC from a triplet state to an excited singlet can be
expressed using Fermi’s golden rule:

2
kasc = 71| Vasc|0(AEst) )

where Visc is the coupling between initial (triplet) and final
(singlet) states, and J6(AEgy) is the Franck-Condon weighted
density of states within the singlet-triplet energy gap AEsr.
Eqn (1) indicates that the efficiency of rISC strongly depends on
the energy alignment and coupling between the triplet and
singlet states. We assume that singlet-triplet couplings in
organic compounds, particularly for MR-TADF molecules, are
dominated by SOC. Hyperfine interactions (HFI), which may
become important between singlet and triplet states with
strong CT character,”"*® are much weaker and can be disre-
garded. Additionally, it has been shown that rISC can be
enhanced by the vibronic coupling of T; with higher triplets,
known as the spin-vibronic mechanism.'®*®?” To incorporate
this mechanism in our computational methodology, we expand
the (first order) coupling between initial and final states
(eqn (2)) to second-order perturbation theory®® (eqn (3)),
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)~ (Si|Hso| Tu)(T, Hp|T1)
VrISC - Z E(Tl) _ E(Tn) (3)

n#1

where Hgyo is the spin-orbit Hamiltonian, and the first and
second order terms have been labelled according to the two
different rISC mechanisms, direct (Vﬁfgc) and mediated (Vﬁ'{é)c)
couplings, respectively. The quantitative assessment of eqn (3)
requires the calculation of nonadiabatic couplings between
triplet states. Analytic implementations of these couplings are
currently available for a variety of electronic structure
methods.>*7> Alternatively, vibronic couplings can be numeri-
cally evaluated, for instance through the linear vibronic cou-
pling model.'® These calculations can be conducted by
considering one or a limited set of selected modes as the ones
promoting interstate couplings, or with more general formal-
isms, e.g., with the use of thermal vibration correlation
functions.?® The spin-vibronic (mediated) mechanism is parti-
cularly efficient in the presence of higher triplet states with
strong SOC with S; and not too large energy gaps to T;.
However, the perturbation approach diverges for vanishing
T,/T; energy gaps, i.e., on the order of the vibronic coupling
or smaller, and should not be applied when E(T;) — E(T,) — 0.
To overcome this limitation, we assume thermal equilibrium
between the Nr degenerate or nearly-degenerate lowest triplet
states, evaluating the total rISC rate as a weighted sum of
individual rates given by the Boltzmann distribution:

Nt .
kasc = prki?sc (4)
i
efE,/kB T
pi= (5)

=
ie—Ej/kBT
J

where T is the temperature, kg is the Boltzmann constant, and
E; is the energy of the i-th (nearly) degenerate triplet.

Finally, to evaluate rISC in eqn (1), we approximate the
Franck-Condon weighted density of states using the Marcus
approximation for the high temperature limit:*”

(AE+2)?
e dikgT

OAE) = T ©)

where / is the reorganization energy.

2.2 Molecular systems and nomenclature

In this study, we examine a series of 16 triangulene nanogra-
phene molecules doped with nitrogen and/or boron atoms
(Fig. 1). The selection of these compounds is deliberate, aimed
at comprehending the influence of molecular size (phenalene
or triangulene scaffold), doping quantity, type of doping atoms
(B or N), and the distribution of dopants on their potential as
MR-TADF molecules.

This journal is © the Owner Societies 2024
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Fig.1 Studied N and B doped phenalenes and triangulenes with (AX) =
(B,N) or (AX) = (N,B).

2.3 Electronic structure calculations

Geometry optimization of the t16 studied molecules has been
performed with the M06-2X exchange-correlation functional®®
and the 6-31G(d) basis set, as it has shown good performance
in the study of planar conjugated compounds.**™** Transition
energies to the low-lying excited singlet and triplet states
have been computed at the time-dependent DFT (TDDFT)
level with the Tamm-Dancoff approximation (TDA)** in
combination with three exchange-correlation functionals:
MO06-2X,*® B3LYP,*>™ and CAM-B3LYP.*® Excitation energies
have been also computed at the spin-flip TDDFT (SF-TDDFT)*’
level (within the TDA) from the Kohn-Sham triplet state
configuration with the PBE50 functional,®® as previously
recommended.” Several post Hartree-Fock (HF) approaches
have been employed: configuration interaction singles with
perturbative doubles (CIS(D))***® with the resolution-of-the-
identity (RI),>* equation-of-motion coupled-cluster singles and
doubles (EOM-CCSD),>® and similarity transformed EOM
domain-based local pair natural orbital CCSD (STEOM-
DLPNO-CCSD).>*"® Vertical excitation energies have been com-
puted with the def2-TZVP basis set except for those at the SF-
PBE50 level that were obtained with the 6-31G(d) basis set.
SOCs have been computed at the STEOM-DLPNO-CCSD/def2-
TZVP level within the mean-field approach for the two-electron
part as implemented in ORCA.>° Geometry optimizations,
TDDFT and SF-TDDFT (TDA), CIS(D), and EOM-CCSD calcula-
tions have been done with the Q-Chem program.®® STEOM-
DLPNO-CCSD results were obtained with the use of the RI
approach for Coulomb integrals (RI-])°* and the numerical
chain-of-sphere integration for the HF exchange integrals
(COSX)®? with ORCA.

This journal is © the Owner Societies 2024
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Along the manuscript, we consider three constant values for
the triplet-triplet vibronic couplings in eqn (3): 1 meV (weak
coupling), 10 meV (medium coupling), and 100 meV (strong
coupling). The reorganization energy factor A within the Marcus
approximation (eqn (6)) has been fixed to 0.1 eV for all cases, as
it is a common value in organic chromophores.®*** State
populations of (nearly) degenerated triplets have been obtained
according to the Boltzmann distribution at 7' = 298.15 K.

3 Results and discussion
3.1 Method assessment

The singlet-triplet energy difference is a key parameter deter-
mining the kinetics of rISC. Therefore, the computational
design and characterization of molecules with efficient rISC
requires the use of electronic structure methods able to accu-
rately predict singlet and triplet excitation energies. Accord-
ingly, we firstly evaluate the performance of DFT-based and
post-HF wave function methods in the calculation of S; and T,
energies of the doped phenalenes and triangulenes in Fig. 1.

Singlet-triplet energy gaps computed with different meth-
ods are shown in Fig. 2. Overall, the A Egy values indicate small
(or even negative) gaps for several doped compounds, particu-
larly for structures: 1A, 1AX3b, 2AX3a, 2AX3b, 2NB3c and
2A4X3. On the other hand, the large energy differences (AEsy >
0.5 eV) obtained for 1AX3a, 2A and 2BN3c seem to prevent their
rISC capabilities.

Although the general trend for AEsr computed along the
studied family of compounds is qualitatively the same for the
different approaches, some values present large quantitative
disagreements. TDDFT gaps computed with the hybrid GGA
(B3LYP), LRC (CAM-B3LYP) and hybrid meta-GGA (M06-2X)
functionals are rather close to STEOM-DLPNO-CCSD for large
(and positive) AEgr values, especially with CAM-B3LYP. On the
other hand, none of the functionals is able to produce inverted
gaps, and exhibit large discrepancies with respect to post-HF
energies with AEsr < 0. Such behavior can be anticipated by
the limitation of (linear response) TDDFT within the adiabatic
approximation to account for the contribution of double excita-
tions, which are known to stabilize the lowest excited singlet®®
and might be necessary in order to accurately provide relative
energies between low-lying states,’® as it has been recently
reported for organic molecules with small or inverted singlet-
triplet gaps.'®®”®® To further corroborate the importance of
double excitations in some of these molecules, in Table S4
(ESIt) we compare CIS vs. CIS(D) singlet and triplet energies for
molecule 2B4N3 (large overestimation of singlet-triplet gap by
TDDFT) and 1NB3a (similar performance of TDDFT and post-
HF).

In addition, we have also performed SF-TDDFT calculations.
A priory, one advantage of employing the spin-flip excitation
operator in TDDFT, as opposed to the standard linear-
response approach, lies in its explicit incorporation of
double excitations.”* However, the high symmetry of the stu-
died molecules (D3, or Csp, Table S1, ESIT) induces orbital

Phys. Chem. Chem. Phys., 2024, 26, 11459-11468 | 11461


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp00304g

Open Access Article. Published on 25 March 2024. Downloaded on 6/22/2026 12:18:57 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

PCCP

u CAM-B3LYP

-
o

'

}

H

H

i

|

H

H

|

H

H

H

:

]

1

n

|

uM06-2X mB3LYP = CIS(D) mDLPNO-CCSD

Fig. 2 Computed energy gaps between the lowest excited singlet and triplet states (AEst = E(S;) — E(T4), in eV) of the studied molecules. Note: DLPNO-

CCSD refers to STEOM-DLPNO-CCSD.

degeneracies at the frontier between occupied and unoccupied
levels. Consequently, in many cases, the lowest triplet state
lacks a well-defined single configuration. This results in a
rather pronounced singlet-triplet mixed character, i.e., spin
contamination, in both the reference triplet and the states
computed using the SF-TDDFT approach. As a consequence,
the results obtained with SF-TDDFT can be found in Table S2
(ESIt), but will not be further discussed here.

Amongst the different employed methods, only the two post-
HF approaches are able to produce inverted singlet-triplet gaps
(AEsr < 0), which we relate (again) to the larger impact of
double excitations in S;. On the other hand, CIS(D) energies in
general follow the same trend as those obtained with STEOM-
DLPNO-CCSD, although in some cases the differences are
notably large, e.g., in 2BN3c.

These results make us to discard DFT-based methods
(TDDFT and SF-TDDFT) for the study of rISC in B,N-doped
triangulenes, as they seem to systematically overestimate AEgy
as compared to correlated wave function methods. Moreover,
the variability between the post-HF methods motivates us to
explore their accuracy in more detail. For that, we compare
singlet and triplet excitation energies in compound 1B at the
CIS(D) and STEOM-DLPNO-CCSD levels with respect to highly
accurate calculations, i.e., EOM-CCSD and ADC(3) (Table 1).

The energy gap between the lowest singlet and triplet states
in 1B remains small across all post-HF approaches. EOM-CCSD
predicts S; to be higher in energy than T;, while the singlet-
triplet gap is inverted in ADC(3). Notably, EOM-CCSD excels in

Table 1 Post-HF excitation energies to the low-lying singlet and triplet
states, and AEst = E(S;) — E(T4) in 1B molecule. All values in eV

Method AEgy E(Sy) E(Ty) E(T,)
CIS(D) ~0.12 1.26 1.38 2.61
STEOM-DLPNO-CCSD -0.13 0.80 0.93 2.02
EOM-CCSD 0.19 1.32 1.13 2.28
ADC(3)* —0.10 0.55 0.65 —

“ From ref. 69.

1462 | Phys. Chem. Chem. Phys., 2024, 26, 11459-11468

calculating excitation energies for states predominantly gov-
erned by single electron excitations,”® but its accuracy
diminishes when double excitations are involved. Conse-
quently, in cases like this, the inclusion of triple excitations,
as in ADC(3), may yield a more balanced evaluation of AEgr.

Interestingly, CIS(D) and STEOM-DLPNO-CCSD gaps are in
very good agreement with ADC(3), with STEOM-DLPNO-CCSD
displaying S; and T, energies closer to those from ADC(3). The
accuracy in computing higher triplet states is also crucial for
our study, as they can serve as mediators in the rISC process
(eqn (3)). CIS(D) and STEOM-DLPNO-CCSD T, energies exhibit
a 0.3 eV discrepancy compared to EOM-CCSD.

Based on the analysis of energies presented in Table 1, we
conclude that STEOM-DLPNO-CCSD provides the most reliable
excitation energies among the two considered post-HF methods
with low computational demands. Furthermore, while CIS(D)
incorporates effects of doubly excited configurations perturba-
tively, STEOM-DLPNO-CCSD explicitly accounts for (coupled-
cluster) double excitations, all while maintaining an affordable
computational expense. Consequently, we conduct our compu-
tational study of rISC in doped triangulenes using the STEOM-
DLPNO-CCSD level of theory. For consistency, singlet-triplet
SOCs have been computed at the same level.

3.2 Direct vs. mediated rISC mechanisms

The conditions necessary for populating the excited singlet
state via thermally activated rISC include a small singlet-triplet
energy difference (AEsy), typically on the order of k37, and a
non-vanishing coupling between the initial and final states.
Fig. 3a displays the computed AEsr for the 16 doped phena-
lenes and triangulenes. Most of these molecules exhibit rela-
tively modest gaps between the lowest excited singlet and
triplet states, as calculated using the STEOM-DLPNO-CCSD
method. While small and positive gaps can be overcome with
thermal energy, rISC becomes energetically prohibitive in
molecules with a large S;/T; energy separation, such as
1BN3a and 1NB3a. Notably, several of them feature an inverted
gap (AEsr < 0), which may serve as a driving force for rISC.

This journal is © the Owner Societies 2024
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triangulene molecules.

However, excessively negative AEgr values could impede fast
rISC, as predicted by eqn (6).

The SOC constants (SOCCs) between S; and T, are generally
quite small (SOCC < 0.1 ecm ') in almost all molecules
(Fig. 3b). This observation aligns with expectations for organic
n-conjugated molecules.”" The exception to this behavior is
INB3a compound, which exhibits a considerably stronger
coupling (SOCC ~ 1.2 ecm™ ') due to the different electronic
character of S; (nm*) and T; (nn*) states, in agreement with the
El-Sayed’s rule.”

In the following, we investigate the rISC rates and analyze
the main mechanisms in place. These include the direct
population of S; via SOC (eqn (2)), as well as the mediation
through auxiliary triplet states via the spin-vibronic mecha-
nism (eqn (3)). We focus on molecules with not too large
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(a) Excited singlet—triplet energy gaps (AEst in eV) and (b) SOC constants (SOCC in cm™) for the studied B and N doped phenalene and

singlet-triplet gaps, |AEsy| < 0.5 €V (Fig. 4). Instead of expli-
city ~computing triplet-triplet  vibronic  interactions
((T,|Hyib|T,)), we consider three distinct coupling regimes:
weak (1 meV), medium (10 meV), and strong (100 meV).
Changes in the strength of vibronic couplings may arise from
various factors, including different chemical substitutions or
varying environmental conditions, such as solvent polarity or
molecular aggregation.

Representation of direct rISC rates (orange bars in Fig. 4)
clearly highlights compounds with small AEsr and nonzero
S,/T; SOCs. Notably, 1B, 2NB3b, 2B4N3, and 2NB3a exhibit
the highest kﬁ‘fgc values. In contrast, molecules 1N, 1NB3b, and
2N4B3 possess vanishing SOC between S; and T; states, com-
pletely impeding the direct T; — S; transition. Alternatively,
rISC mediated by higher triplet states can be rather efficient.

1E+7

1E+6

1E+5

1E+4

1E+3

1E+2

1E+1

rISC rate, s

1E+0

1E1

1E-3

1B N 1NB3b

2BN3b

2B4N3 2NB3a 2NB3b 2NB3c 2N4B3

Fig. 4 Direct (d) and mediated (m) rate constants (in s™%) for molecules with |AEst| < 0.5 eV. k2 has been computed for weak (1 meV, light blue),
medium (10 meV, blue), and strong (100 meV, dark blue) vibronic couplings, respectively. Intermediate values to compute direct and mediated rates can

be found in Table S5 (ESI{).
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Specifically, in addition to those molecules with (S;|Hsoc|T:) =
0, the spin-vibronic mechanism dominates in 2BN3b, even in
the weak vibronic regime.

Remarkably, the excited triplet state predominantly contri-
buting to km. is not necessarily T,. In most cases, these
correspond to T4-Ts, as they exhibit rather strong SOC
with S;, while not being too high in energy. These findings
underscore the importance of considering multiple triplets
beyond T, to thoroughly evaluate the role of the spin-vibronic
mechanism.

Interestingly, in many instances, the direct and spin-vibro-
nic mechanisms may have similar magnitudes, contingent on
the vibronic coupling strength. It is crucial to note that our
approach does not account for quantum interference effects
between both paths, which could result in a synergistic increase
or decrease of rISC rates.

3.2.1 Singlet-triplet energy gap. The energy difference
between excited singlet and triplet states characterized by the
same (spatial) electronic transition is dictated (for the most
part) by the exchange interaction between the hole and electron
of the transition. If both excitations are dominated by a single
orbital-to-orbital contribution, it corresponds to the exchange
integral between these occupied and virtual orbitals.®® The
magnitude of the exchange integral is proportional to the
orbital overlap, which can be used as a simple proxy to
predict and rationalize AEgr.

The impact of the orbital overlap is nicely illustrated by the
comparison between the AEgr values in 1BN3a and 2N4B3
compounds. The lowest singlet and triplet excited states in
1BN3a have a nn* character mainly corresponding to the
excitation between doubly degenerated (e¢’) HOMO and
LUMO+1 (Fig. 5). Both e”-orbital pairs are delocalized over
the entire molecule with major participation of 2p orbitals
from the same atomic centers, i.e., non-disjoint orbitals, result-
ing in a rather large singlet-triplet gap (AEsy = 1.02 eV, Fig. 3a).
On the other hand, excitation to T; and S; in 2N4B3 arise from
the electron promotion from the -HOMO mostly localized on
the C atoms bonded to the three B atoms, to the n-LUMO with
major participation of the empty lone-pairs of the borons.
Hence, the overlap in this case is much weaker, which explains
the very small gap computed between T, and S; (AEsr =
—0.06 eV, Fig. 3a).

1BN3a
(Can)
e’ LUMO+1

R
T4, S :
W H

Fig. 5 Frontier molecular orbital diagram of molecules 1BN3a (left) and
2N4B3 (right). Vertical arrows indicate orbital transition to T; and S; states.

[}
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3.2.2 Singlet-triplet SOC. Besides a small AEgy, rISC
requires a sizeable SOC between the initial triplet and the
final singlet states. For non-zero SOC, the product of the
irreducible representations (irreps) of the spatial wave
functions of the triplet and singlet, and the angular
momentum (L,, g = x,,2) must contain the totally symmetric
representation of the group.” This symmetry-based selection
rule crystallizes to the El Sayed’s rules’> when applied to
organic n-chromophores.

To exemplify the role of molecular symmetry in rISC, in the
following, we analyze singlet-triplet computed SOCs in 1N (D3,
structure) and 1B (Csy, structure). The lowest singlet and triplet
states in 1N are obtained as the single electron promotion from
one of the doubly degenerated HOMOs (e”) to the LUMO (dj),
resulting in E’ irrep for both states (Fig. 6). Since S; and T,
belong to the same component of the twofold E’ irrep, their
product contain E’ and A}, but not 4%, while the componets of
{Lg} belong to the (E”, 45) irreps. As a consequence, I'(S;) x
I'(Lg) x I'(T,) does not contain the totally symmetric irrep (A41),
resulting in zero T;/S; SOC and forbidden rISC through the
direct mechanism (K% = 0 in Fig. 4). On the other hand, the
molecular symmetry in 1B reduces to Cz,, with the HOMO and
LUMO exhibiting the same symmetry (a”). Therefore, S; and Ty
(both corresponding to the HOMO — LUMO excitation) belong
to the A’ irrep, with angular momentum components with (E”,
A’) symmetries, and I'(S;) x I'(Ly) x I'(T;) = (E", A"), allowing for
non-zero SOC and efficient direct rISC.

As discussed in the previous section, the mediated (spin-
vibronic) mechanism might be crucial in some of these doped
triangulenes, in which the relevant spin-orbit interaction takes
place between the lowest singlet and some higher triplet state
(T,). This is the situation in molecule 1N, for which we have
seen how the SOC between S; and T, is symmetry forbidden,
while the S;/T¢ coupling is quite strong (3.5 cm™'). This
behavior can be understood by the nmn* nature of T (Fig. 6),
in accordance to El Sayed rule, opening the possibility for spin-
vibronic rISC (k% > 0 in Fig. 4).

1N 1B
(D3p) (Can)
& LUMO+4
R ay” LUMO ——a”
Ty, S4 6
% e” HOMO ———3a”

Fig. 6 Frontier molecular orbital diagram of molecules 1N (left) and 1B
(right). Vertical arrows indicate orbital transition to low-lying excited states.

T4, S

—
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3.3 Promising doped triangulenes

The results depicted in Fig. 3 and 4 provide valuable insights
into the molecular structures with the most promising rISC
capabilities.

Within a given molecular scaffold and doping pattern
(Fig. 1), those structures with a greater number of B atoms
than N dopants generally exhibit more efficient rISC. An
exception to this trend is observed in the 2A4X3 structure,
which deviates from the expected behavior among compounds
with a relatively small singlet-triplet gap (|AEsr| < 0.5 eV). In
this case, 2B4N3 and 2N4B3 present rates of similar magnitude.

The dependence of rISC efficiency on molecular size is
strongly linked to the degree of m-conjugation within the
molecule. Typically in these systems, larger conjugation tends
to stabilize the S; state more than the T; state, resulting in a
decrease of the AEgr value and effecting the rISC capabilities.
For example, 2AX3a molecules exhibit smaller energy gaps
compared to their 1AX3a counterparts. Consequently, while
1NB3a exhibits a prohibitively large AEsr, 2NB3a is predicted
to have efficient rISC. Conversely, the increase in molecular size
from 1A to 2A results in a loss of effective conjugation, leading
to overly large energy gaps in the latter compounds (2B and 2N).
The substitution of the phenalene scaffold with triangulene
between 1AX3b and 2AX3b structures implies a moderate
increase in conjugation, causing not very large changes in
AEgr, yet having a significant impact on their rISC efficiencies,
as observed between 1NB3b and 2NB3b.

The distribution of dopant atoms in the molecule also
significantly influences the photophysical properties, as evi-
denced in the 2AX3a, 2AX3b, and 2AX3c series of compounds.
Specifically, larger separations between dopant atoms A and X
(N and B or B and N) result in larger singlet-triplet gaps,
making the 2AX3b structure optimal for efficient rISC. This
behavior can be rationalized in terms of molecular conjugation,
which decreases as 2AX3a > 2AX3b > 2AX3c.

While it is not entirely clear to establish a direct correlation
between AEgr or rISC rate and the amount of doping, overall, a larger
number of dopants appears to be beneficial in promoting rISC, as
exemplified in the 2A, 2AX3b, and 2A4X3 series of compounds.

4 Conclusions

In summary, our study of 16 nitrogen and/or boron-doped
triangulene nanographene molecules has provided crucial
insights into the appropriateness of electronic structure meth-
ods for unraveling the intricacies of rISC mechanisms and
assessing their efficiencies.

Comparison between singlet and triplet energies of the
studied systems advises the use of post-HF methods accounting
for double excitations. These contributions have a larger impact
on the excited singlet energy, reducing the singlet-triplet gap,
which for some molecules appears to be inverted (AEgr < 0).
Comparison with reference calculations including triplet exci-
tations, that is at the ADC(3) level, makes us to conclude that
STEOM-DLPNO-CCSD with the def2-TZVP basis set is a suitable
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method for the present study. Moreover, we believe that this
approach should be rather accurate for the study of MR-TADF
organic molecules in general. On the other hand, TDDFT
calculations with different families of exchange-correlation
functionals produce systematically larger and always positive
AEgr values. Although SF-TDDFT explicitly contains double
excitations, it cannot be used to describe the doped phenalenes
and triangulenes studied here due to the large spin-mixed
character of the computed states, which we attribute to the
high symmetry (D3, or Csp) of the compounds. Hence, despite
the advantageous computational cost of DFT-based methods,
we cannot consider them as appropriate for the accurate
calculation of singlet-triplet energies.

Symmetry selection rules in many cases hinders SOC from
T; to Sy, inactivating direct rISC. Contrarily, the spin-vibronic
(mediated) mechanism, computed as a second order perturba-
tion term, is extremely relevant for the population of the triplet
manifold in all doped nanographenes with small to moderate
singlet-triplet gaps. Notably, in many molecules, the triplet
state mediator is not the energetically closest one to T, (or Sy),
which imposes the need to take into account several highly
excited triplets, i.e., beyond T,, in computational studies.

While a clear correlation between AEg; or rISC rate and
doping amount is not established, a larger number of
dopants generally promotes efficient rISC. Our calculations
also indicate that triangulenes with more B atoms than N
atoms generally exhibit more efficient rISC, with dopant atom
distribution also impacting the performance. Moreover, the
degree of m-conjugation is a very important factor for rISC, as
it tunes the singlet-triplet energy gap, with larger conjugation
stabilizing S; over T;.

In summary, our comprehensive analysis sheds light on the
factors influencing rISC in doped triangulene molecules, pro-
viding valuable guidance for the design of efficient MR-TADF
compounds.
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