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The use of phosphorescent luminophores is highly beneficial in diverse high-technological and

biological applications. Yet, because of the formally forbidden character of intersystem crossing, the use

of heavy metals or atoms is usually necessary to achieve high quantum yields. This choice imposes
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serious constraints in terms of high device cost and inherent toxicity. In this contribution we resort to
density functional based surface hopping non-adiabatic dynamics of a potential organic luminophore
intended for room-temperature applications. We confirm that intersystem crossing is operative in a ps

time-scale without requiring the activation of large-scale movements, thus confirming the suitability of
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Introduction

The development of room temperature phosphorescent (RTP)
materials has recently attracted considerable interest due to their
suitability for applications in electroluminescence, organic lasers,
and bioimaging.'™ RTP materials are capable of emitting light at
room temperature, making them ideal for uses involving organic
light-emitting diodes (OLEDs),” bioimaging,"*® and security
ink,”'° among others. However, achieving efficient RTP in purely
organic compounds is still a formidable scientific challenge."
Typically, efficient phosphorescent emitters require heavy metals
to facilitate intersystem crossing (ISC),'>"* a process that allows the
transition of excited electrons from singlet to triplet states. The use
of such heavy metals, while effective, introduces drawbacks such as
increased cost and potential toxicity."* In this study, we explore an
innovative approach to circumvent these limitations by investigat-
ing a dibenzofuran-based luminophore through non-adiabatic sur-
face hopping dynamics (SH). By leveraging the principles of density
functional theory (DFT), this research aims to demonstrate the
feasibility of achieving efficient ISC in organic luminophores with-
out the need of heavy metals.">"® This is particularly significant as
it opens the door to safer and more cost-effective RTP materials
suitable for a broader range of applications.'”'® To increase ISC,
SOC elements should be maximized, since they represent a crucial
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the El Sayed-based strategy for the rational design of fully organic phosphorescent emitters.

factor dictating the ISC probability. The presence of heavy metals
enhances spin orbit coupling (SOC) in inorganic compounds,
conversely in fully organic systems, specific molecular designs
and the inclusion of certain functional groups are used to promote
efficient SOC. According to the well-known El Sayed rule,"® SOC will
be maximum between singlet and triplet states having a different
diabatic nature, since, in this case, the states can be coupled by the
magnetic field operator. Thus, SOC and ISC will be maximized
when involving transitions between a 1(nn*) and a 3(nn*) state.
Furthermore, the rigidity of the molecular framework plays a vital
role in achieving RTP. Rigid structures minimize non-radiative
decay pathways by restricting large-scale molecular vibrations and
rotations that can quench the triplet state. Rigidity is efficient in
increasing the lifetime of the triplet, thereby enhancing
phosphorescence.

In this study, we focus on dibenzofuran-based lumino-
phores as potential RTP materials.”® Indeed, dibenzofuran
and heterocyclic compounds derivatives are characterized by
their aromatic and rigid structures, which lead to efficient
phosphorescence.”” The design of exploitable luminophores
involves optimizing their electronic properties namely to
enhance SOC and facilitate ISC. In this respect, the use of
conjugated moieties involving carbonyl units is highly favor-
able, due to the presence of low-lying nn* states. Yet it has to be
pointed out that the states in real molecular systems are rarely
of a pure diabatic nature and instead a different degree of
mixing between nn* and nn* character is observed, slightly
complicating the inference of general tendencies. A paradig-
matic case involving efficient ISC for organic moieties is the
one of benzophenone, which can reach a triplet conversion
of up to 100%,>*** also due to the extended three states
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quasi-degeneracy involving S; and two lowest triplet states T; and
T,, as confirmed by a number of different experimental and
computational studies involving non-adiabatic dynamics.>***

The benzophenone facile ISC is also at the base of its
inherent phototoxicity toward DNA.>¢

As a matter of fact, different experimental studies on benzo-
phenone ISC and its derivative have been published. An almost
unitary phosphorescence, coupled with only a limited delayed
fluorescence, which is indicative of a very efficient, yet non
ultrafast ISC has been pointed out.'>?”>8

The study of benzophenone materials and the tuning of its
phosphorescence by environmental conditions, such as solvent
composition and hydrogen bonds have also been performed.>*~*
Interestingly, benzophenone derivative have also been proposed
for triplet up-conversion, and modified to achieve ultra-long
room temperature phosphorescence.*

Recently an extensive and systematic proposition of molecu-
lar rules for the enhancement of ISC in organic emitters has
been proposed by Zhao et al.>* based on the consideration of the
El Sayed rule and the use of static density functional theory
(DFT) calculations. Among the possible compounds, benzophe-
none and dibenzofuran containing moieties have appeared as
the most favorable candidates to enforce high SOC and ISC rates.

As concerns dibenzofuran, its rigid © conjugated scaffold is
also optimal to enforce aggregation and crystal formation.
Indeed, the reduced vibrational disorder in the condensed
phase may be beneficial in slowing non-radiative decay path-
ways, hence favoring luminescence. Yet, in this case ISC should
be achieved without the activation of large amplitude move-
ments, which could be impeded in the solid state.

In this contribution we resort to non-adiabatic dynamics in
the surface hopping (SH) formalism to study ISC in the diben-
zofuran emitter shown in Fig. 1b, which despite lacking any
heavy atoms is displaying optimal luminescence and a phos-
phorescence quantum yield of about 34%.%* In particular, and
going beyond a pure static picture, we will show that the
favorable alignment of the involved excited states and their
optimal symmetry, in terms of the El Sayed rule, translate into a
ps-scale ISC rate, which, thus, should imply the fast population
of the triplet manifold. Furthermore, our SH study also con-
firms that ISC does not involve the activation of any large-scale
movement, hence should remain operative also in condensed
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media, highlighting the optimal characteristic of the chosen
dibenzofuran RTP emitter.

Computational methodology

Prior to the propagation of the non-adiabatic dynamics, the
dibenzofuran luminophore’s ground state (GS) has been opti-
mized at DFT level using the Gaussian 16 software package.*”
The M06-2X>® functional together with the 6-31+G(d,p)*” basis
set has been chosen to this aim. The precise geometry optimi-
zations is important since the structural properties and the
geometry of the chromophore largely affect its photophysical
properties. In our case we are dealing with an aromatic emitter
and the choice of M06-2X functional for geometry optimiza-
tions is justified by its good performance in reproducing the
geometries of similar compounds.*® Integral equation formal-
ism polarizable continuum model (IEF-PCM) is used in DFT
calculations, to implicitly model the solvent environment,**°
using toluene solvent. Optimized structures were rendered with
the CYLview software package.*'

The excited states have been calculated in the framework of
time dependent-DFT (TD-DFT) approach, due to its optimal
compromise between accuracy and computational cost. More
specifically, the Tamm Dancoff approximation (TDA) has been
consistently used for the excited states calculations of both
singlet and triplet states. This choice is due to the fact that the
TDA provides a more balanced description of triplet and singlet
excited states, as compared to TD-DFT since it is free from
triplet instability issues.*” Since some of the excited states
presented charge-transfer character their geometry optimiza-
tion has also been performed using the CAM-B3LYP functional
with the 6-31G+(d,p) basis set.

The diabatic nature of the most important excited states has
been evaluated using natural transition orbitals (NTOs), which
have been obtained post-processing Gaussian output with the
Nancy_EX*? code and visualized with the Avogadro** software
package. To further characterize the nature of the excited
states, the @s index,*>*® defining the overlap between the
attachment and the detachment density matrices, has been
calculated,*®** as shown in ESIt (Table S8).
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(A) Schematic Jablonski diagram illustrating the relaxation processes operative in phosphorescent luminophores and (B) the dibenzofuran-based

compound reported by Zhao et al.>* and studied in the present contribution.
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Fig. 2 Vertical transitions energies calculated from the Franck—Condon
geometry with different exchange correlation functionals.

To go beyond this simple static picture, we performed in
vacuo SH dynamics using the SHARC code®”*® coupled with
ORCA.* Indeed, SHARC allows taking into account a general-
ized coupling between the states, such as SOC, and hence may
provide the time-scales of ISC, as it is been shown for similar
compounds.?**0734

As dynamics calculation involve a higher computational cost
than statics ones, it is important to find the optimal parameters
for electronic structure calculation to maintain good accuracy
while minimizing the costs. In order to tune these parameters a
benchmark of both basis set and functionals has been per-
formed and results are shown Fig. 2.

The singlet and triplet excitation energies have been calcu-
lated from the GS, S;, Ty, T, and T; equilibrium geometries
using different basis sets of increasing size, 6-31G, 6-31G(d), 6-
31G(d,p), 6-31+G(d), 6-31+G(d,p), 6-311++G(d,p) (see Tables S3-
S7, ESIt) and with different functionals, namely, CAM-B3LYP,>”
MO06-2X, PBE0,>® ®B97XD.”” As concerns the influence of the
exchange-correlation functional on the alignment of the states
we report in Fig. 2 the vertical excitation energies for the lowest
singlet and triplet states. The effect of basis set appears
negligible, as can be appreciated in ESIL,{ thus justifying the
use, in the following, of the smallest double-zeta basis 6-31G for
the non-adiabatic dynamics. A slightly more important influ-
ence of the functional can be appreciated. Yet, the effects are
globally modest and the presence of partially charge-transfer
excited states justifies the use of long-range corrected func-
tionals CAM-B3LYP for the following study.

To assure a correct sampling of the ground state equilibrium
region, 200 independent structures have been obtained,
through a Wigner distribution, using the same level of theory
as the one chosen for the SH dynamics. Fifty trajectories, with

This journal is © the Owner Societies 2024
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initial conditions chosen randomly from the initial set of 200,
have been propagated in the SH approach. The non-adiabatic
dynamics have been performed at TDA level, explicitly calculat-
ing the SOC element at each step, and at CAM-B3LYP/6-31G
level of theory. A time-step of 0.5 fs has been used for a total
time of 2 ps (4000 steps), including the common Persico
correlation correction.”® Our chosen model has involved expli-
citly the first excited singlet state, and the lowest four triplet
states. An initial total population of the S; state was considered,
and the time evolution of the states’ population has been fitted
with exponential models to obtain the corresponding kinetic
model and the global time-scales.

Results and discussion
Geometries optimizations

Upon optimization the ground state geometry of the
dibenzofuran-based luminophore presents a non-negligible
torsion angle of ~30° between the two m-conjugated moieties.
This geometrical feature is mostly due to the necessity of
minimizing the sterical hindrance, as it is the case for the
parent benzophenone compound. All the optimized geometries
for the different states are explicitly provided in Tables S1 and
S2 (ESIt). As reported in Table S2 (ESIT), going from the ground
to the first excited singlet state, the torsion angle involving the
phenyl ring decreases slightly. On the other hand, the torsion
angle in the triplet states remain practically unchanged com-
pared to the ground state. In the case of dibenzofuran, we
observe even more modest variations and all states present a
torsion of about 25°.

Optical properties

The vertical excitation energies from the Franck-Condon
region for the lowest-lying excited states, on either the singlet
and triplet manifolds are reported in Table 1.

The low energy portion of the absorption spectrum is
dominated by two excitations, the lowest one being almost
dark and the second one having a much higher oscillator
strength. Yet, the S; state lies about 0.65 eV lower than the
brighter S, states. Thus, even if the latter should be populated
due to the higher oscillator strength it is reasonable to assume
that an ultrafast, fs-based internal conversion, will drive an
almost unitary population of the first excited state.

Table 1 Vertical excitation energies from the Franck—Condon geometry
calculated at CAM-B3LYP/6-31G level of theory

State Excitation energy (eV) /@
S1 3.98 0.0014
S, 4.61 0.0303
Ss 4.87 0.1810
Sy 5.00 0.8612
T, 3.37 —
T, 3.56 —
T, 3.84 —
T, 3.88 —
T, 4.07 —
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This assumption is also reinforced by the analysis of the
topology of the excited state potential energy surfaces. Indeed,
when optimizing the S, state even if no crossing with S; is
observed, the gap between the two states is reduced by 0.2 eV.
Given the energetic separation between the states, and the
modest values of the of the SOC (vide infra), IC appears as
much faster than ISC, which should not be competitive.
Furthermore, it is also possible to selectively excite S; by
irradiating on the red tail of this transition even if its cross
section is weak. Interestingly, 4 triplet states are found at lower
energies than S; with T, being quasi-degenerate with the lowest
excited singlet state.

Electronic nature of states

In Fig. 3 we report the NTOs calculated for the most important
low-lying states. The nature of S, is, thus, clearly identified as
nn*, while the second excited singlet state has a nn* nature. The
latter shows a partial charge-transfer character even if is mainly
localized on the dibenzofuran unit. The same nature of the
states is also found in the triplet manifold, with a pronounced
nnt* character for T, and a local excited nature for T,. Interest-
ingly, the T; states, which will be relevant for the further
discussion, can again be described as a nn* but is mainly
localized on the phenyl ring. The values of the SOC elements
coupling the lowest triplet and singlet states are reported in
Table 2, highlighting small but non negligible coupling of the
S, states with the triplet manifold.

The partial lifting of the El Sayed’s rule is most probably due
to the partially mixed nature of the states. Furthermore, their

S
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Table 2 SOC elements between the different states calculated at CAM-
B3LYP/6-31G level of theory and Franck—Condon geometry

SOC (em™)
$1-Ty 7.43
$,-T, 8.48
$,-T; 17.23
$1-Ty 7.00
S,-Ty 2.13
S,-T, 0.27
S,-Ts 0.92
Sy-Ty 0.17

partial charge-transfer character, as well as the breaking of the
nn symmetry due to the twisted arrangement, may also be
important. Yet, this situation appears as favorable to enforce
efficient ISC. Upon geometrical relaxation on the S; potential,
as indicated on the Jablonski diagram reported in Fig. 4, we
may observe that the stabilization of S; closes the gap with T,
and the two states are now separated by only 0.05 eV. This
situation is again pointing toward a favorable, albeit non
ultrafast ISC, involving those two states, also considering the
non-negligible SOC.

Non-adiabatic dynamics

Finally, to assess the mechanisms and the time-scales of ISC we
have performed non adubatic dynamics in the SH formalism.
The results in terms of time evolution of the population of the
different excited states are collected in Fig. 5, together with the
ensuing kinetic model inferred from the analysis of the hops
between states of different multiplicity, and fitted over a multi

B) T,
.= 0.6585

=S ———

T,
$.=0.9110

[——cC . ——— ] e,
T,
ﬁl 35 .= 0.8998 m
= ¢
T,
$,= 0.8994
[—=———— 4 . s,

Fig. 3 NTO for singlet (A) and triplet (B) excited states computed at CAM-B3LYP/6-31G level of theory.
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Fig. 4 Jablonski diagrams at the most relevant equilibrium geometries obtained at CAM-B3LYP/6-31G level of theory.
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Fig. 5

(A) Time evolution of the population of the different states following the SH dynamics. (B) Kinetic model used to fit the time evolution of the

population; the obtained characteristic time constants are also reported. Note that the population obtained by applying the fitting is also indicated in

panel A with darker color shades.

exponential model. Indeed, the population of S; decays slowly
but steadily at the advantage of the triplet manifold, whose
population increases. Interestingly, we may observe that after
the raise in the population of T,, T, is also readily accessed and
becomes the dominant triplet state after about 150 fs. At 2 ps we
may observe a perfectly shared population between the singlet
and the triplet manifold, with T; being the dominant state in the
triplet manifold. Yet, we may observe that the population of T, is
persistent all along the SH dynamics being of about 10% at 2 ps.
Furthermore, we may also observe the raising of the population
of T3, which becomes non-negligible at around 500 fs and stays
only slightly lower than the one of T,. Globally, this behavior
appears quite surprising since, from the simple analysis of the
Jablonski diagram, one could have inferred a straightforward
population drift going from S; to T, and then rapidly towards T;.
Instead, and because of the quasi-degeneracy of the triplet states,
a more complicated mechanism (Fig. 5B) takes place. Indeed,

This journal is © the Owner Societies 2024

the first process leading to S; decay can be ascribed as ISC
towards T,, which also represents the time limiting step with a
time constant t of about 2.5 ps. However, the population of this
state opens up a complex equilibrium involving T; and T;. If the
IC towards the lowest triplet state is clearly the most favorable
process having a time constant of only 23 fs, a population
transfer towards Tj; is also active, albeit having a much slower
characteristic time of about 400 fs. Interestingly, while T; readily
relaxes back to T, (t of 11 fs) a population drift from T, to T; is
also possible and is relatively fast (t of 94 fs). Our SH dynamics
have thus confirmed that ISC is operative in this dibenzofuran
system, thus justifying its efficiency as a metal-free luminophore.
The rate limiting step of the ISC, which amounts to 2.5 ps
confirms that the process while possible is not ultrafast, prob-
ably due to the relatively modest values of the involved SOC.
Furthermore, by analyzing the geometrical changes along
the SH trajectories we may evidence that no large-scale

Phys. Chem. Chem. Phys., 2024, 26, 22261-22268 | 22265
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movement is necessary to trigger ISC. Instead only the activation
of small amplitude vibrational movements, mainly related to the
carbonyl stretching are necessary. This aspect is mostly favorable
for the possible triggering of aggregation induced phosphores-
cence, which is operative in the present dibenzofuran-based
luminophore.

Conclusions

In the present contribution we have studied by extensive TD-
DFT modeling, complemented with non-adiabatic SH dynamics
the behavior of a dibenzofuran-based chromophore which is a
most promising candidate for room temperature phosphores-
cence. In particular we have confirmed the interplay between
nn* and n* states in providing the most favorable conditions
for high SOC in full organic compounds, thus favoring the
ensuing ISC. While we have confirmed that ISC takes place with
a rate limiting step of about 2.5 ps, and involves the transition
between S; and T,, we also identify the instauration of a
complex equilibrium in the triplet manifold with multiple
population transfers between the lowest lying triplet states.
In turn this imply that the population of T, and Tj is persisting
all along the SH dynamics, thus exceeding the ps time-scale,
and should be taken into account. Furthermore, we have shown
that ISC does not involve the activation of large amplitude
degrees of freedom, and should remain possible also in con-
densed phase, opening up the possibility of aggregation
induced phosphorescence behavior.

Our results, show how SH dynamics may be used to unravel
complex and subtle mechanisms which may be important in
shaping the photophysical behavior of organic chromophores.
They also point out the validity of the exploitation of the El Sayed
rule, involving the coupling between states of different diabatic
nature in providing efficient organic compounds featuring high
ISC rates. In the following we preview to extend this study to the
chromophore in condensed phase to take into account the
effects of aggregation on its photophysical behavior.
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