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The afterglow phenomenon, characterized by persistent luminescence after the cessation of external
excitation, is typically a result of late phosphorescence. However, recent research has explored the
possibility of producing afterglow with delayed fluorescence resulting from triplet conversion
mechanisms. The main mechanism is a reverse intersystem crossing (rISC), a monomolecular
phenomenon in which triplet excitons are converted into singlets. However, triplet conversion can also
happen via the intermolecular pathway of triplet-to-singlet (TTS) Férster transfers. For instance, this
mechanism has been used to explain afterglow in a host—guest system composed of NPB and DCJTB
molecules, but the mechanism behind the photophysics of this system has not been fully characterized.
Here, we provide a full theoretical study of the photophysics of NPB and DCJTB molecules, employing a
methodology that accounts for vibrational and medium effects to determine the rates of various intra-
and intermolecular processes that determine the behavior of this system. We identify extremely low rISC
and nonradiative decay rates in NPB as responsible for simultaneously making it an efficient dual emitter
and an effective donor molecule for TTS exciton transfers. We also demonstrate how morphological
conditions contribute to the pairing of energy levels between NPB and DCJTB, playing a key role in
allowing for efficient TTS transfers. Finally, we use kinetic Monte Carlo simulations to prove that the
TTS transfer mechanism is able to produce delayed fluorescence in a timescale of tenths of seconds,
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|. Introduction

The afterglow phenomenon also referred to as persistent lumi-
nescence, involves the emission of light that persists long after
the external excitation source has ceased. For organic devices in
particular, the occurrence of afterglow allows compounds to be
used in a plethora of applications, such as light-emitting
diodes, solar cells," textile dyeing,>* data encryption,* bio-
imaging,”® warning signs and anti-counterfeiting.’

Usually, afterglow is a result of late phosphorescence. As
such, the efficiency of this process depends on the quantum
yield of triplet generation and on the suppression of nonradia-
tive decay pathways. For these reasons, materials that have
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well-explaining the experimental observations.

been used as possible afterglow emitters include rare-earth-
based phosphors and molecular complexes based on transition
metals,’® "2 as the presence of heavy atoms results in higher
spin-orbit coupling and consequently higher intersystem cross-
ing (ISC) and phosphorescence rates. However, this approach
increases costs and results in less sustainable devices.

In this context, new strategies for obtaining afterglow are of
interest. One such strategy consists of making use of delayed
fluorescence generated by the conversion of triplet states into
singlets. The most common way of achieving this is by using
molecules that possess significant rates of reverse ISC
(rISC)."”** Molecules in this class usually follow a donor-
acceptor architecture that induces a charge-transfer (CT) char-
acter to their first singlet state.’®'® A second, less popular
approach relies on triplet conversion by means of triplet-to-
singlet (TTS) Forster transfers.’®>' In this process, a triplet
exciton is nonradiatively transferred from a donor molecule,
resulting in a singlet exciton in an acceptor molecule.

Recently, an experimental study demonstrated the achieve-
ment of afterglow by leveraging TTS transfers between two
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organic compounds.” This host-guest system was composed of
NPB [N,N-di(naphtha-1-yl}-N,N-diphenylbenzidine] (1-a) embedded
in a rigid PMMA [poly(methyl methacrylate)] matrix, with varying
concentrations of the fluorescent dye DCJTB [4-(dicyano-methylene)-
2-tert-butyl-6-(1,1,7,7-tetramethyljulolidyl-9-enyl)-4H-pyran] (1-b). NPB
is a biluminescent molecule (capable of fluorescence and phosphor-
escence) typically used as a hole-transport material in OLEDs> >
and DCJTB is a fluorescent emitter known as an optimal dopant for
a range of devices to achieve maximum fluorescence efficiency.” >’
In this experimental setting, NPB molecules were optically excited,
producing singlet excitons that were converted into triplets by ISC. It
was proposed that these triplet excitons migrate to DCJTB molecules
by means of TTS Forster transfers, after which they fluoresce
producing an afterglow.

In this work, we perform theoretical characterization of the
photophysics of NPB and DCJTB while accounting for vibrational
and medium effects. We simulate absorption and emission spec-
tra; estimate the rates of fluorescence, phosphorescence, and (r)ISC
for both molecules; and compute the Forster radii for regular
singlet-to-singlet transfers and TTS transfers. Finally, we use the
characterization results to parameterize kinetic Monte Carlo (KMC)
simulations of exciton dynamics in solid films with varying relative
amounts of NPB and DCJTB. We demonstrate that rISC rates in
NPB are extremely low and unable to explain the observed delayed
fluorescence. In contrast, we show that TTS transfers are theoreti-
cally allowed and may outperform both phosphorescence and
nonradiative decay in NPB, resulting in fluorescence-derived after-
glow stemming from DCJTB molecules. Finally, we track the
combination of electronic and morphological properties responsi-
ble for the occurrence of TTS transfers, while providing compar-
isons with available experimental data. These results shed light on
the working of this less popular though highly relevant triplet
conversion mechanism.

[l. Methods

A. Electronic structure

The electronic structure properties of both NPB and DCJTB
molecules were calculated by means of density functional
theory (DFT) and time-dependent DFT (TD-DFT). The wB97X-D
functional was employed with the 6-31G(d,p) basis set. For each
molecule, the functional range separation parameter was tuned
non-empirically, according to the protocol presented in ref. 30.
After functional tuning, optimized geometries and their respective
normal mode frequencies were obtained for both compounds in
their ground (S,), first singlet (S;), and triplet (T,) excited states.
Calculations involving excited states were performed using the
Tamm-Dancoff (TDA) approximation,> given that it mitigates
triplet instability issues,*® as well as provides accurate results in
spectrum simulations.*®

With the use of the nuclear ensemble method,** we simu-
lated absorption, fluorescence, and phosphorescence spectra.
Ensembles comprised of 500 conformations were sampled from
the Wigner distribution at 7' = 300 K. The polarizable continuum
model (PCM) along with the perturbative state-specific and

2674 | J Mater. Chem. C, 2025, 13, 2673-2680

View Article Online

Journal of Materials Chemistry C

linear-response solvation corrections were used in all excited
state calculations to provide more accurate solvent corrections
to the energies of electronic states.®>™*' Static dielectric con-
stants used in these simulations are listed in Table S2 (ESIt). A
refractive index of 1.489 corresponding to a PMMA matrix*>™**
was also used. Simulated spectra were used to estimate Forster
radii and exciton transfer rates. Relevant photophysical rates
were calculated using the NEMO software® interfaced with
Q-Chem 5.0.*° Spin-orbit couplings were computed with the
one electron part of the Breit-Pauli Hamiltonian as implemen-
ted in Q-Chem.*”™*°

The general expression used for computing rates and spec-
tra is given by’’

o 1 (E+AE; + zh,)z) 0

hNZW ( )

where f; is a coupling term that specifies which property is
being calculated, E is the photon’s energy (relevant only for
absorption and emission processes), AE; is the vertical transi-
tion energy of the j-th molecular conformation, and 4, is the
solvent’s reorganization energy. Additionally, 67> = 2JpkgT + 0~
is the width of the convoluted Gaussian curves that takes into
account the contribution of the solvent in terms of its reorga-
nization energy, the Boltzmann constant (kg) and the tempera-
ture (7), as well as the ¢ width, which is associated with the
overlap between vibrational wave functions and approximated
by kgT. An extrapolation method is used to convert corrections
obtained from the original solvent in which TD-DFT calcula-
tions were performed to any solvent of interest. Details of this
methodology can be found in ref. 37.

B. Kinetic Monte Carlo simulations

We performed kinetic Monte Carlo simulations in a 50 x 50 x 50
lattice using the Xcharge software.’® Due to the impossibility of
exciton transfer between dopants and PMMA, the simulations
only account for dopant molecules. Each site is randomly
assigned to NPB or DCJTB, following the relative concentration
of each molecule as described in Section S1 A of the ESI, T based
on experimental results from ref. 22. In a similar fashion, the
average intermolecular distance between dopant molecules was
also estimated from their experimental concentrations. To repro-
duce experimental conditions, singlet excitons are generated
uniquely on NPB sites. They are then allowed to move by Forster
transfers.’® Such a process occurs nonradiatively with the excita-
tion energy being transferred from one molecule to another
provided the existence of an overlap between the emission and
absorption spectra of the donor and acceptor molecules, respec-
tively. The FRET rate (kg) is calculated as

1 [ Re \°
kg = 2
i Temi (“:u + r) ' ( )

where 1., is the exciton’s radiative lifetime in the donor
material, 7 is the intermolecular distance and Ry is the Forster
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radius, the distance for which the probabilities of fluorescence
and energy transfer are equal. Ry is given by

9* 2 Temi [Cdw
6 emi
R =2 T s ) ©

where « is the orientation factor, ¢ is the speed of light, I,(w) is
the donor’s differential emission rate and 5,(w) is the accep-
tor’s absorption cross-section.>* To prevent the overestimation
of rates for short intermolecular distances, a correction in
the form of the ou term is added to the denominator
following.ref. 53 Likewise, the TTS transfer rate is calculated
using eqn (2), but with the Forster radius determined from the
phosphorescence spectrum and triplet lifetime of donor
molecules.

Since we simulate optically generated excitons, triplet exci-
tons are only created as a product of ISC. ISC rates are taken as
the sum of ISC rates from S; to the first 5 triplet states, but
given the usually high internal conversion rates, we consider
these transfers to effectively happen between S; and T;. As
such, once a singlet exciton is generated on NPB, it undergoes
one of three possible processes: singlet-to-singlet transfer
between molecules; ISC to the T; state; or fluorescence. In the
case of ISC, the resulting triplet exciton can exhibit phosphor-
esce, decay non-radiatively or undergo TTS transfer. Once
transferred, the exciton is now in a singlet state, subject to
the same possible processes as when it was first generated. For
this system, the calculated average intermolecular distances
prevent orbital overlap, which means that triplet excitons do
not undergo energy transfer via the Dexter mechanism.>*° The
process that takes place is selected by a weighted random
selection algorithm that is repeated until recombination
occurs. Each simulation is run with 10° excitons.

[1l. Results

Before we treat the phenomenon of energy transfer, we focus on
the optical characterization of each individual molecule.
Experimental and simulated absorption, fluorescence, and
phosphorescence peaks are shown in Table S3 (ESIt) for both
NPB and DCJTB in different media. As shown in the table, there
is excellent agreement between simulated and experimental
maximum wavelengths for NPB’s absorption, with a corres-
ponding energy variation lower than 0.1 eV. Although it does
not display the same level of agreement, its phosphorescence
spectra is still in reasonable agreement, and the maximum
energy difference is under 0.25 eV.

In the case of DCJTB, extra care is necessary when compar-
ing experimental and simulation results. This is so because
films doped with DCJTB as emitters have been shown to
exhibit a concentration-dependent red-shift due to self-polari-
zation,’®”” similarly to what happens in solution when solvent
polarity increases. As a result, it is necessary to map the
different DCJTB concentrations into corresponding dielectric
constants for use in calculations. To do so, we employed
a procedure based on experimental data and detailed in
Section S1 B (ESI{). Table S4 (ESIt) shows that this approach

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Simulated fluorescence spectra for both NPB (a) and DCJTB
(b) molecules for different DCJTB concentrations (different dielectric
constants).

can reproduce the experimental red-shift of DCJTB in emission
energies within reasonable agreement, with a peak to peak
difference no higher than 0.15 eV.

In Fig. 1-a, the normalized fluorescence spectrum for pure
NPB with dielectric constants corresponding to several DCJTB
concentrations (Table S2, ESIt) is shown. Notably, NPB’s
experimental fluorescence spectrum peaks at around 435
nm.>* This closely aligns with the simulated spectrum, which
peaks at 442 nm when no DCJTB is present (¢ = 2.45). With
increasing DCJTB concentration, the simulated spectrum
undergoes a redshift and broadening. Turning to DC]JTB,
Fig. 1-b shows its fluorescence spectrum under varying con-
centrations. In spite of reasonable agreement, the experimental
redshift is more intense than the predicted one. Our simulation
shows a fluorescence peak at 586 nm for the highest concen-
tration versus an experimental peak of 615 nm.** It can be seen
thus, that our spectrum simulations capture most of the

J. Mater. Chem. C, 2025,13,2673-2680 | 2675
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Fig. 2 NTOs for the S; and T; states along with energy level diagrams of NPB with (a) 0% DCJTB concentration (¢ = 2.450) and (b) 2% concentration
(e = 6.720). Curved and straight arrows represent ISC and emission, respectively. Energy levels of each state correspond to the ensemble averages.

redshift in the fluorescence spectrum that results from changes
in the medium’s polarity. It is worth noting that higher spectral
broadening is also associated with increased solvent reorgani-
zation energies. However, since spectrum simulations do not
include non-radiative decay, which quenches higher wave-
length emission more strongly, the resulting simulated
fluorescence spectra become broader than their experimental
counterparts.

Changes in medium polarity due to the DCJTB concen-
tration have broader implications beyond just altering the
spectra. In Fig. 2, we present an energy level diagram including
the most relevant electronic transitions and their corres-
ponding rates for NPB at the lowest (Fig. 2-a) and the highest
(Fig. 2-b) DCJTB concentrations (¢ = 2.45 and ¢ = 6.72, respec-
tively). Comparisons between these two figures show a 0.16 eV
redshift in the S; energy, which is consistent with a charge-
transfer state. Natural transition orbitals (NTOs) for the S, state
are also shown in Fig. 2 and confirm the CT character of the
first singlet state of NPB. The redshift of the S; state also affects
the ISC processes. At low polarity, calculations show ISC to the
second, third and fourth triplet states as the most relevant, due
to lower energy gaps. It is expected that internal conversion
from these states down to T; should follow, though. In the high
polarity scenario, ISC to T, occurs at a similar rate to ISC to T,
and T; states, due to the availability of triplet states in the
ensemble with energies closer to S;. After ISC, relaxation in the
triplet potential energy surface - represented by the gray area in

2676 | J. Mater. Chem. C, 2025, 13, 2673-2680

the figure - ensues. It is worth mentioning that T; energies are
unaffected by medium polarity. This is due to the localized
character of the T, state as evidenced by the NTOs shown in
Fig. 2. Once in the T, state, calculations show phosphorescence
as the main deactivation pathway, beating rISC and nonradia-
tive decay (ISC to the ground state). In Fig. S1 (ESIt), NPB’s
phosphorescence spectra are shown for three different DCJTB
concentrations. Due to the localized character of the T; state,
these spectra are not very sensitive to changes in medium
polarity. Fig. S1 (ESIt) also shows the existence of a spectral
overlap between NPB phosphorescence and DCJTB absorption
spectra, indicating the possibility of TTS transfers. The equiva-
lent level diagram for DCJTB in the same concentrations can be
seen in Fig. S2 (ESIt), showing that DCJTB does not present
rISC either but rather an efficient nonradiative decay pathway
for triplets, indicated by the T; - S, transition.

Fig. 3 shows how the change in the system’s polarity result-
ing from the increasing DCJTB concentration alters different
rates. In Fig. 3-a, we present the fluorescence rates for both
molecules across various concentrations. Notably, these rates
follow similar trends for both molecules, decreasing with
concentration while remaining within the same order of mag-
nitude. This behavior is also observed in the phosphorescence
rates of NPB and DCJTB, as depicted in Fig. 3-b, despite the
almost two orders of magnitude difference between them.

Examining the intersystem crossing rates shown in Fig. 3-c,
we note that NPB exhibits rates ranging from 6.4 x 10® s™* to

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Calculated fluorescence (a), phosphorescence (b) and intersystem
crossing (c) rates for NPB and DCJTB as a function of DCJTB
concentration.

6.6 x 10° s, while DCJTB’s go from 3.3 x 10 to 5.7 x 10" s,

differing by one order of magnitude. The ISC rate is inherently
linked to the spin-orbit coupling (SOC) of the molecule.
Average coupling values were calculated for each DCJTB
concentration and are shown in Fig. S3-a and b (ESIt) for both
molecules. They range from 0.18 meV to 0.32 meV in NPB and
from 0.05 meV to 0.09 meV in DCJTB. Furthermore, the ISC rate
of NPB is also one order of magnitude larger than its fluores-
cence rate. This means that a singlet exciton is roughly ten
times more likely to undergo ISC into a triplet state than to
fluoresce. In the case of DCJTB, due to both rates being within

This journal is © The Royal Society of Chemistry 2025
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the same order of magnitude, there is a 48% chance of ISC
taking place, according to calculations.

Fig. 4-a depicts the Forster radii as a function of the DCJTB
concentration for the most relevant singlet-to-singlet and TTS
exciton transfers. All curves related to singlet-singlet transfer
exhibit a trend of slightly decreasing radius with increasing
DCJTB presence, while the TTS related radius increases with
DCJTB presence. Experimental estimates of the Forster radius
for singlet-singlet transfer from NPB to DCJTB place it at
36 + 10 A.*> Moreover, our simulations yielded a range of
51.3 A to 49.4 A, with an average of 50.1 & 1.7 A. Regarding the
TTS Forster radius, the same experimental study reported it at
25.0 & 10 A, whereas our results placed it between 30.5 A and
33.0 A, averaging 32.1 & 2.5 A.

Fig. 4-b displays the Forster rate between first neighbors for
each transfer as a function of DCJTB concentration. A decrease
in Forster radius translates into less effective transfers only if
the effective interaction distance remains constant. However,
intermolecular distances are affected by an increased presence
of DCJTB, altering the system’s morphology as detailed in
Section S1 A of the ESI.{ Notably, even with a slight reduction
in the radius, the rates increase for every transfer. Therefore,
the reduction in the average intermolecular distance offsets the
decrease in spectral overlap and radiative lifetime. Although all
processes are depicted together, it is worth noting that the TTS
transfer rate is much lower than that of the remaining pro-
cesses. However, TTS transfers do not directly compete against
singlet-singlet transfers, but rather against phosphorescence
and nonradiative decay for triplet excitons. At a 0.2 wt% DCJTB
concentration, the TTS transfer rate to a first neighbor is
1.21 s~ ', whereas the phosphorescence rate reaches 1.35 s~ .
This implies that a triplet exciton in NPB has around 47%
chance of undergoing TTS and 53% chance of undergoing
phosphorescence. When the concentration of DCJTB reaches
its maximum, these probabilities become 85% and 15% respec-
tively, almost doubling TTS efficiency. Additionally, another
potential competing event is the nonradiative decay from T; to
So. However, at the same concentration, this event has an
essentially null calculated rate. As DCJTB concentration rises,
the nonradiative decay rate increases, but it remains four
orders of magnitude lower than the other competing rates.
Therefore, it does not significantly alter the probabilities of
each event occurring in our calculations. This is attributed to
the high energy of the T; state in NPB. Incidentally, these
extremely low rISC and triplet nonradiative decay rates are a
decisive factor that makes NPB an excellent candidate for
serving as an efficient TTS Forster donor molecule. As a matter
of fact, these very same properties make NPB an efficient dual
emitter when on its own. As such, if one is looking for
molecules with an expected efficient TTS transfer mechanism,
dual emitters are the natural candidates.

In the absence of rISC, TTS transfers are the sole mechanism
for triplet excitons’ conversion into singlet states. Fig. 5-a
depicts the TTS transfer efficiency as measured by the ratio
between the number of excitons that underwent TTS followed
by fluorescence and the number of S; — T; ISC events in NPB

J. Mater. Chem. C, 2025,13, 2673-2680 | 2677
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Fig. 4 (a) Forster radii for different energy transfers within the NPB-DCJTB system. (b) Forster rates to first neighbor as a function of the DCJTB

concentration.

at each acceptor concentration. Notably, with higher DCJTB
concentration, TTS transfers decrease from over 18% in the
lowest non-null acceptor concentration to approximately 5% at
a 2.0 wt% DCJTB concentration. This is the result of a combi-
nation of factors. First, the highest transfer rate is the singlet-
singlet exciton transfer from NPB to DCJTB. Naturally, as the
number of DCJTB molecules increases, singlet excitons in NPB
are more likely to undergo the said transfer than to undergo
ISC. Second, with an increase of singlet excitons in DCJTB, the
small difference between fluorescence and ISC rates in that
material shows approximately 40% of ISC taking place. How-
ever, due to there being no efficient rISC or TTS mechanism for
triplet excitons in DCJTB, after undergoing ISC, the resulting
triplet can only suffer nonradiative decay or exhibit phosphor-
escence. The inset plot in Fig. 5-a shows the increase of the
nonradiative decay rate for triplet excitons in DCJTB
as the concentration rises. Notably, the said rate can get up
to 4 x 10* 7", which is two orders of magnitude higher than
the phosphorescence rate shown in Fig. 3-c. This means that
any triplet exciton resulting from ISC in DCJTB has a 98%
probability of decaying nonradiatively. Thus the triplet states in
DCJTB would not significantly contribute to any afterglow.
Besides TTS transfers, singlet excitons in DCJTB can be
generated by means of regular singlet-to-singlet Forster trans-
fers to DCJTB. However, this happens at a completely different
time scale than TTS-derived emission. In Fig. 5-b, we show the
relative contribution of singlet excitons that exhibit fluores-
cence in different timescales in DCJTB. The blue bars account
for excitons that fluoresced in DCJTB before 1 us, which will
include prompt fluorescence. The red bars account for excitons
that fluoresced after the 1 pus mark. These emissions were

2678 | J. Mater. Chem. C, 2025,13, 2673-2680

labeled as afterglow. The average fluorescence time for each
group is shown in Table S5 (ESIt), in which we can observe that
excitons that fall into the afterglow category are fluorescing in
the scale of fractions of a second, much larger than the other
group, which fluoresce in the nanoseconds time scale. As
DCJTB concentration rises, afterglow occurrence is reduced,
which is observed experimentally with samples with the lowest
non-null DCJTB concentration displaying the most intense
afterglow. This result, coupled with the relevant nonradiative
decay process of triplet excitons in this material, reveals that
afterglow in this system originates not from phosphorescence,
as commonly observed, but rather from highly delayed fluores-
cence resulting from TTS transfers from NPB to DCJTB.

IV. Conclusions

To summarize, we have investigated the photophysics of NPB/
DCJTB films. All the relevant photophysical rates were esti-
mated while accounting for vibrational and medium polarity
effects. Calculations demonstrated that NPB displays very low
rates of rISC and nonradiative triplet deactivation while show-
ing significant ISC rates, which explains its effectiveness as a
dual emitter. In addition, the energy alignment between NPB
and DCJTB makes TTS highly competitive against phosphores-
cence in NPB such that when coupled with short intermolecular
distances, it makes TTS transfers possible.

KMC simulations in an NPB/DCJTB host-guest system for
different concentrations of DCJTB allowed us to identify TTS
exciton transfers as the phenomenon responsible for providing
a pathway to persistent luminescence that results from delayed

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) Relative amount of TTS occurrence on triplet excitons that
resulted in fluorescence in either material. Inset shows the increase of the
nonradiative decay for triplet excitons in DCJTB, k, with acceptor
concentration. (b) Percentage of excitons that fluoresced in DCJTB under
1 ps (shown in blue) and over 1 ps (shown in red) relative to the total
amount of generated excitons.

fluorescence instead of phosphorescence. We were also able to
quantify the efficiency of the process and show that TTS-
derived afterglow happens in the timescale of tenths of
seconds.

Furthermore, we also determined the importance of mor-
phological aspects when dealing with a delicate interplay of
several conversion and transfer phenomena. Specifically, we
show that a triplet recycling mechanism based on intermole-
cular interactions can play a relevant role as evidenced by the
observations that as the acceptor concentration increased, the
TTS efficiency was significantly altered. Finally, for higher
DCJTB concentrations, the occurrence of nonradiative decay
of triplet excitons is shown to be a limiting factor of the
efficiency of the said afterglow. Overall, these findings open
up prospects for designing new persistent luminescent materi-
als that make use of TTS transfers as a triplet harvesting
mechanism for diverse technological applications.

This journal is © The Royal Society of Chemistry 2025
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Data availability

The NEMO code for nuclear ensemble calulations for the
computation of photophysical rates and spectra can be found
at https://github.com/LeonardoESousa/NEMO. The version of
the code employed for this study is version [1.2.0]. The code for
visualization and analysis of NEMO ensembles can be found at
https://github.com/LeonardoESousa/nemoview. The version of
the code employed for this study is version [0.3.0]. The code for
kinetic Monte Carlo simulations can be found at https://github.
com/LeonardoESousa/Xcharge. The version of the code
employed for this study is version [0.0.1]. The ensemble files
supporting this article have been included as part of the ESIf
and can be visualized using the NEMOview code.
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