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Hyperfluorescent organic light-emitting diodes combine two kinds of dopants to maxi-

mize device efficiency: one molecule exhibiting thermally activated delayed fluorescence

(TADF) and another molecule with a high fluorescence rate and narrow emission spectrum.

The postulated role of a TADF sensitizer is to enable up-conversion of triplet to singlet ex-

citons through the reverse intersystem crossing mechanism, which is followed by a Förster

energy transfer to the fluorescent emitter. However, a second mechanism based on the

direct triplet-to-singlet exciton transfer between TADF molecules is a priori possible, but

its role in hyperfluorescence has not been investigated. Here we employ first-principles

electronic-structure and kinetic Monte Carlo simulations to study the hyperfluorescence

mechanism in four pairs of TADF/fluorescent emitters. We demonstrate how the triplet-

to-singlet energy transfer mechanism is, in some cases, the main driver for the quantum

efficiency boost observed in hyperfluorescent devices.
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I. INTRODUCTION

Recent advances in organic light-emitting diodes (OLEDs) have relied on the phenomenon of

thermally activated delayed fluorescence (TADF)1,2. It is due to the necessity to overcome the

efficiency limitation that results from the fact that only 25% of electrically generated excitons

are singlets, the remaining 75% being composed of generally non-emissive triplet excitons3. In

this sense, molecules that present TADF can harvest some of the triplet excitons through reverse

intersystem crossing (rISC)4. In this process, the triplet exciton is converted into a singlet one with

the assistance of thermal energy, which allows it to overcome the singlet-triplet energy gap. Such

up-converted triplet excitons are then able to decay radiatively, producing delayed fluorescence5.

Attempts at the optimization of the rISC process have resulted in molecular designs that take

advantage of S1 states with charge-transfer character to reduce the exchange interaction and con-

sequently the singlet-triplet gap6. This approach, however, comes with a cost: charge transfer

states typically display low oscillator strengths, which translates into low fluorescence rates7. This

shortcoming makes excitons more prone to decay via nonradiative pathways, reducing the lumi-

nescence quantum yield of devices.

Such apparent incompatibility between efficient TADF and efficient fluorescence has prompted

the development of the so-called hyperfluorescent devices8–12. In this approach, both TADF

molecules and fluorescent emitters are employed as dopants in a host matrix. The working princi-

ple is that after triplet excitons undergo rISC in the TADF molecules, the newly generated singlets

may diffuse and transfer to a fluorescent emitter by means of Förster resonance energy transfer

(FRET). However, this transfer is conditioned on the existence of an overlap between the TADF

molecule’s fluorescence spectrum and the emitter’s absorption spectrum13, which puts some con-

straints on the selection of appropriate TADF/emitter pairs. When the pairing is successful, it

is possible to take advantage of both the triplet harvesting mechanism of TADF molecules and

the better luminescence properties of emitters, resulting in more efficient devices. In this sense,

some design rules for the TADF dopants used in hyperfluorescence have been proposed14,15, and

some theoretical works have aimed at providing insight on the mechanism and how it could be

optimized16–18.

In spite of recent advances, there is an often-overlooked phenomenon whose role in hyperflu-

orescence has not been subject to investigation, namely the mechanism of direct triplet-to-singlet

(TTS) exciton transfer. In this process, a triplet exciton is able to undergo FRET, hopping to a
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nearby molecule and converting into a singlet exciton in the process19,20. OLEDs that take advan-

tage of this mechanism by using organometallic sensitizers with strong room-temperature phos-

phorescence have already been demonstrated21. More recently, TTS transfers have also been en-

gineered to develop systems that present long-persistent luminescence22,23. In a further example,

a donor-acceptor system that displayed both singlet and triplet FRET has also been demonstrated,

showing that cooperation between these two exciton transfer channels can be possible24.

Fundamentally, triplet-to-singlet FRET is only possible if the triplet state in question is not

pure, that is, if it mixes with singlet states25 through spin-orbit coupling. Appreciable coupling is

also a necessary condition for both efficient rISC and phosphorescence. Thus, it stands to reason

that this particular process could play a relevant role in the behavior of TADF molecules as well

and is worthy of investigation. More generally, the estimation of the individual contributions from

different exciton transfer mechanisms to overall device performance is fundamental and has been

the subject of experimental investigation26,27.

In this work, we analyze four systems composed of TADF and fluorescent emitter dopants dis-

persed in host matrices (Figure 1) that were used by Adachi and collaborators8. It is done by

combining a set of theoretical tools that we have previously developed for optical spectra simula-

tions, estimation of exciton diffusion lengths, and calculations of TADF rates28,29. This multiscale

modeling approach enables us to estimate the rates for the key processes occurring in hyperfluo-

rescent OLED materials, i.e., FRET, ISC, rISC, fluorescence, and phosphorescence. Importantly,

FRET rates are calculated not only for transfers from TADF molecules to fluorescent emitters but

also for those in the opposite direction and those that take place among homodimers. Including

these processes is necessary to account for the effects of exciton diffusion. The interplay between

these different phenomena is investigated using kinetic Monte Carlo (KMC) simulations, which

have been extensively used for modeling exciton dynamics30–34. Results from experimental opti-

cal characterization are used to tune the non-radiative decay rates, after which simulations under

OLED operational conditions are conducted. These simulations allow us to quantify the contribu-

tion of each triplet conversion mechanism to the overall performance. We show that TTS exciton

transfers may account for a significant portion of the harvested triplets, but the actual number

varies significantly for different TADF/emitter pairs. This realization adds a new dimension to the

problem of optimizing performance in hyperfluorescent devices.
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FIG. 1. Systems analyzed in this work: a) 10-phenyl-10H, 10’H-spiro[acridine-9, 9’-

anthracen]-10’-one (ACRSA)35 paired with 2,5,8,11-tetra-tert-butylperylene (TBPe) in a bis-(2-

(diphenylphosphino)phenyl)ether oxide (DPEPO) matrix b) 3-(9,9-dimethylacridin-10 (9H)-yl)-9H-

xanthen-9-one (ACRXTN)8 paired with 9,10-Bis[N,N-di-(p-tolyl)-amino]anthracene (TTPA) in a

1,3-bis(N-carbazolyl)benzene (mCP) matrix c)2-phenoxazine-4, 6-diphenyl-1,3,5-triazine (PXZ-TRX)36

paired with 2,8-ditert- butyl-5,11-bis(4-tert-butylphenyl)-6,12-diphenyltetracene (TBRb) in a 3,3-di(9H-

carbazol-9-yl)biphenyl (mCBP) matrix d) 2,4,6-tri(4-(10Hphenoxazin- 10H-yl)phenyl)-1,3,5-triazine

(Tri-PXZ-TRZ)37 paired with tetraphenyldibenzoperiflanthene (DBP) in a 4,4’-bis(9-carbazolyl)-1,1’-

biphenyl (CBP) matrix

II. METHODS

A. Electronic Structure Calculations

The electronic structure properties of all molecules were calculated using density functional

theory (DFT). The long-range corrected functional ωB97X-D was used throughout along with the
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6-31G(d,p) basis set. For each molecule, the range separation parameter of the functional was

non-empirically tuned following the procedure outlined in ref. 38 and results are shown in Table

S1. Once the functionals were tuned, geometry optimizations and normal mode analyses were

performed for all the TADF molecules in the S1 and T1 states and for all the fluorescent emitters

in the S0 and S1 states.

Absorption, fluorescence, and phosphorescence spectrum simulations were performed accord-

ing to the nuclear ensemble method28,39. All excited-state calculations were performed using the

Tamm-Dancoff (TDA) approximation40, as it is known to mitigate issues of triplet instability41

as well as being appropriate for spectrum simulations42. The polarizable continuum model43 was

used in all calculations except for the tuning procedure. A dielectric constant ε = 3 and a refractive

index of 1.8 were assumed17.

Spectrum simulations were used to estimate Förster radii, exciton transfer rates, and emission

rates following ref. 29. Intersystem crossing rates were similarly obtained with the methodology

described in ref. 28. Calculations were performed with the QChem 5.2 software44.

B. Kinetic Monte Carlo Simulations

Kinetic Monte Carlo simulations were performed on a 50× 50× 50 cubic lattice. Each site

was randomly assigned either as a TADF molecule or a fluorescent emitter. The relative amount

of each material follows the experimental concentrations used in ref. 8 and are presented in the

Supporting Information (SI) file. Similarly, inter-site distances are set by employing a model also

detailed in the SI. In addition, each site is also assigned fluorescence and phosphorescence energy

values sampled from the corresponding simulated spectra.

Singlet and triplet excitons are generated randomly in the lattice and allowed to move through

Förster transfers, decay radiatively (fluorescence or phosphorescence) or nonradiatively, and un-

dergo intersystem crossing according to their calculated rates. The selection of the actual process

that takes place at each time step is made by a weighted random selection algorithm that is repeated

until the exciton recombines. Each simulation is run with a total of 100000 excitons.
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FIG. 2. Comparison between simulated absorption spectra of the fluorescent emitters with the simulated

fluorescence and phosphorescence spectra of the TADF molecules that compose each TADF/emitter pair.

III. RESULTS

The starting point of the analysis concerns the evaluation of spectral overlaps between the emis-

sion spectra (fluorescence and phosphorescence) of the TADF molecules and the absorption spec-

tra of the fluorescent emitters they are paired with. To this end, we have calculated absorption and

fluorescence spectra for all molecules analyzed here. In addition, we have also computed phos-

phorescence spectra for the TADF molecules. A comparison between calculated and experimental

peak energies is presented in the SI (Table S5) and demonstrates an overall good agreement, in par-

ticular for the fluorescence energies of the organic emitters. For TADF molecules, we observe that

calculations tend to overestimate the fluorescence energy. It is justified by the fact that these cor-

respond typically to emission from S1 states with a strong charge-transfer character that undergo a

further stabilization under solvation that the PCM calculations fail to account for completely.

Figure 2 shows the simulated emission spectra of TADF molecules along with the absorption

spectra of fluorescent emitters. It can be seen that in all cases, there is a significant overlap between

both the fluorescence and phosphorescence spectra of the TADF molecules and the absorption

spectra of the emitters. It indicates that both Förster transfers of singlet exciton and TTS transfers

can take place from the TADF molecule to the emitter in all pairs. It is also worth investigating
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whether the opposite transfer (from the emitter to the TADF dopant) is allowed. This is a potential

loss mechanism, as excitons transferred to the emitters could transfer back to the TADF dopant,

whose lower fluorescence rate would make it more likely for nonradiative decay to take place.

Figure S1 shows that also in all cases there is overlap between the fluorescence spectra of the

emitters and the absorption spectra of the TADF molecules. These overlaps are, however, clearly

less intense than those shown in Figure 2, which suggests that backward transfers should be less

efficient.

The observation of the spectra allows us to infer the kinds of Förster transfers that could take

place for each pair, but the expected efficiency of each of these transfers requires the calculation

of the corresponding Förster radii. The Förster radius is the intermolecular distance at which the

probability of exciton transfer equals that of radiative decay. As such, it corresponds to a measure

of the relative efficiency of exciton transfers with respect to the radiative decay process associated

with it (fluorescence for usual Förster transfers and phosphorescence for TTS transfers).

TADF/Emitter
Förster radius (Å)

ST
1 → SE

1 T T
1 → SE

1 SE
1 → ST

1

ACRSA/TBPe 55.5 47.5 21.2

ACRXTN/TTPA 34.0 36.6 24.2

PXZ-TRZ/TBRb 54.4 58.4 21.4

Tri-PXZ-TRZ/DBP 77.3 73.8 39.2

TABLE I. Estimated Förster radii for singlet (S1) and triplet (T1) exciton transfers between TADF molecules

(superscript T ) and the fluorescent emitters (superscript E) they are paired with.

The Förster radii can be estimated from the simulated spectra and are shown in Table I for

transfers between TADF molecules and their paired fluorescent emitters. Radii for three kinds of

transfer are shown: singlet exciton transfers from TADF to emitter molecules (ST
1 → SE

1 ); TTS

transfers from TADF to emitter molecules (T T
1 → SE

1 ), and backward singlet transfers from emit-

ters to TADF molecules (SE
1 → ST

1 ). Förster radii for both singlet and TTS transfers from TADF

molecules to fluorescent emitters are similar for all pairs. Still, backward transfers display radii

roughly half as large as those for transfers in the opposite direction, as expected from the lower

spectral overlaps. Importantly, all Förster radii shown in Table I exceed the estimated average
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distances between adjacent molecules of either TADF or emitter kind, which range from 10 to 20

Å(see Table S4). It means that exciton transfer probabilities exceed those of radiative emission in

all cases. It is also true for the Förster radii for transfers between emitters, as shown in Table S6.

The fact that the TTS transfers display significant efficiency suggests that this phenomenon

could also play a role in hyperfluorescence as a second mechanism for triplet harvesting besides

rISC. However, because of the rather large intermolecular distances found in OLEDs, triplet ex-

citon diffusion mediated by Dexter transfer is inefficient45. As such, TTS transfers from TADF

to emitter molecules could only take place if triplet excitons were generated in TADF molecules

adjacent to a fluorescent emitter, which is expected to occur rarely given the low concentration of

the fluorescent emitter dopants (Table S4). On the other hand, exciton transfers between TADF

molecules are expected to take place (see Figure S2). Table II shows the calculated Förster radii

for singlet and triplet transfers between TADF molecules. Comparison between these values and

average intermolecular distances indicate that both transfer mechanisms are more likely than ra-

diative emission, and since TADF molecules are present in much larger concentrations than the

emitter dopants, the above-mentioned objection against assigning TTS transfers as a viable method

for triplet recycling no longer holds. It is conceivable then that triplet excitons generated in TADF

dopants could perform TTS transfers to nearby TADF molecules, after which singlet diffusion en-

sues until Förster transfers to fluorescent emitters can take place. This process could constitute an

effective mechanism for triplet harvesting that bypasses the diminished triplet mobility and may

inflate estimates of rISC rates if unaccounted for.

Molecule
Förster radius (Å)

S1→ S1 T1→ S1

ACRSA 22.7 20.7

ACRXTN 35.9 33.7

PXZ-TRZ 35.4 30.9

Tri-PXZ-TRZ 41.7 39.0

TABLE II. Förster radii for singlet and TTS exciton transfers between TADF molecules.

To investigate the effect of TTS transfers on the performance of hyperfluorescent materials, we

start by estimating the key rates relevant to the photophysics of the systems. In the case of TADF
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TADF Fluorescence

(s−1)

Phosphorescence

(s−1)

ISC (s−1) rISC (s−1)

ACRSA 4.58×106 4.19×103 3.11×109 4.16×104

ACRXTN 5.47×107 9.87×101 1.00×109 1.99×103

PXZ-TRZ 8.50×107 2.92×101 3.00×108 2.90×103

Tri-PXZ-TRZ 4.99×107 6.30×101 1.18×108 1.83×105

TABLE III. Estimated fluorescence, phosphorescence, ISC, and rISC rates for the TADF molecules ana-

lyzed in this work.

molecules, these include fluorescence and phosphorescence, as well as ISC and rISC rates. These

are presented in Table III and were calculated following the methodology developed in ref. 28

and summarized in the SI file. We note that, as expected, fluorescence rates are between 3 and

6 orders of magnitude higher than phosphorescence rates. Nevertheless, they are lower than the

fluorescence rates of the corresponding emitter pairs, as can be seen from Table III. Furthermore,

ISC rates were overall similar for the different TADF molecules analyzed here. On the other hand,

rISC rates varied more significantly, ranging from 1.99× 103s−1 for ACRXTN to 1.83× 105s−1

for Tri-PXZ-TRZ. Such differences suggest that the relative importance of the TTS exciton transfer

mechanism to overall luminescence quantum yields may vary between TADF molecules.

Once all relevant rates have been estimated, we resort to KMC simulations to investigate how

the different phenomena affect the behavior of the systems. These simulations account for all

transfer and conversion mechanisms as well as for all different deactivation pathways for both

singlet and triplet excitons. One such deactivation pathway, nonradiative decay, is harder to esti-

mate from ab initio calculations, as this process suffers from the influence of solid state packing.

To determine nonradiative decay rates, we perform preliminary simulations reproducing photolu-

minescence quantum yield measurements in the four different films. In these simulations, only

singlet excitons resulting from light absorption are generated in the lattice. A value knr is set for

the nonradiative decay of singlet excitons. For triplet excitons, this knr value is divided by 103 to

reflect their lower nonradiative decay rates compared with singlet excitons. Finally, the knr rate

is varied, and the photoluminescence quantum yield (ΦPL) is calculated for each simulation. The

results of this procedure are seen in Figure 3a, which shows how sensitive the calculated quantum
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FIG. 3. a) Photoluminescence quantum yields as a function of the non-radiative decay rate for singlet

excitons calculated for simulations with initially only singlet excitons. b) Non-radiative decay rates that

better reproduce experimentally obtained quantum yields8 as a function of the energy of the emission peak

of the four TADF/emitter pairs.

yields for the different films are to the nonradiative decay rates. Whereas for the ACRXTN/TBPe

film, the quantum yield decreases sharply for rates larger than 104s−1, the Tri-PXZ-TRZ/DBP

film shows much less sensitivity, requiring rates at excess of 105s−1 to impact its quantum yields

significantly. The two remaining films display a very similar behavior, with quantum yield curves

caught between the first two more extreme cases.

By comparing the curves in Figure 3a with experimentally obtained quantum yield values8, we

are able to estimate the nonradiative decay rates expected for each film. These are presented in

Figure 3b for singlets and triplets. As these rates are expected to better reproduce the experimental

results, they are used in all KMC simulations henceforth.

Having tuned the non-radiative rates for the four TADF/emitter pairs, we turn to KMC simula-

tions run under conditions of electroluminescence. In this case, from the total number of excitons

used in the simulations, 75% correspond to triplets and 25% to singlets, as expected from the spin

10



0

25

50

75

100

ACRSA
TBPe

ACRXTN
TTPA

PXZ-TRZ
TBRb

Tri-PXZ
DBP

b)

Φ
(%

)

With TTS Without TTS

0

25

50

75

100

ACRSA
TBPe

ACRXTN
TTPA

PXZ-TRZ
TBRb

Tri-PXZ
DBP

a)
η t

(%
)

rISC TTS

FIG. 4. a) Relative contribution of the two triplet conversion mechanisms for each of the four TADF/emitter

pairs analyzed here. b) Comparison between luminescence quantum yields obtained from simulations in

which the TTS mechanism was active and inactive.

statistics of charge recombination. Considering that triplet excitons can undergo conversion into

singlets either by means of rISC or TTS, it is fundamental to quantify the relative contribution (ηt)

of each of these two triplet conversion mechanisms to the overall efficiency of triplet harvesting

observed in each TADF/emitter pair. The breakdowns of the individual contributions to triplet

harvesting are shown in Figure 4a for each of the TADF/emitter pairs. It can be seen that the rel-

ative contributions of rISC and TTS vary significantly between pairs. For the Tri-PXZ-TRZ/DBP

film, rISC is responsible for 85% of triplet conversions. This is due to the combination of two

factors: the fact that both the rISC rates for Tri-PXZ-TRZ and the average intermolecular distance

in the corresponding film are the highest among all pairs, as seen in Tables III and S11. Large

intermolecular separations significantly decrease the efficiency of the Förster mechanism as its

rate decays with the inverse sixth power of the distance; thus, the rISC mechanism dominates.

The opposite behavior is seen for the ACRXTN/TTPA film, for which 90% of triplet conversions

happen through TTS. It results from the inverse combination of low rISC rates and low average in-

termolecular distances. For the two remaining films, both triplet conversion mechanisms are seen

to contribute roughly equally, indicating similar rates for the two phenomena. The observation

that the TTS mechanism may be responsible for a significant portion of triplet conversion events

prompts the question of how much such transfers affect the luminescence efficiency for the differ-

ent films. Figure 4b shows a comparison between the luminescence quantum yields calculated for

simulations that differ only by the deactivation or not of the TTS mechanism. As expected, the

deactivation of TTS does not change the quantum yield for simulations of the Tri-PXZ-TRZ/DBP
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FIG. 5. Time-resolved luminescence curves for simulations run with and without the inclusion of TTS

transfers for the four TADF/emitter pairs.

film but cuts by roughly half the yield for the ACRXTN/TTPA pair. More interestingly, for the

cases in which TTS and rISC shared the burden of triplet harvesting, the effects on quantum yield

differ significantly. While the ACRSA/TBPe film experiences a decrease from 78% to 53% in

yield, the PXZ-TRZ/TBRb film sees only a change from 84% to 73%. It can be explained by the

difference in nonradiative decay rates, which results in higher yields in the latter film, although the

estimated rISC rate for PXZ-TRZ is lower than that of ACRSA.

It is possible to better appreciate the effect of including TTS transfers in the calculations by

looking into the time-resolved luminescence plots for simulations run with the 3:1 triplet to sin-

glet ratio. These are shown in Figure 5 for the four TADF/emitter pairs. Comparison between

the curves obtained with and without the inclusion of TTS transfers allows us to draw one main

conclusion: the addition of TTS transfers results in faster luminescence decay even in the cases

in which the overall luminescence quantum yield is not changed despite significant TTS contri-

bution to triplet harvesting. This is the case of the PXZ-TRZ/TBRb film, which shows decay

curves that start from similar intensities but decay at different rates. For ACRSA and particularly

ACRXTN, luminescence curves from simulations with TTS transfers start with higher intensities

in accordance with their higher quantum yields and also present a faster decay rate. Interestingly,
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such reduction in exciton lifetimes is also expected to alleviate the efficiency roll-off due to the

suppression of bimolecular loss processes. It is also worth noting that as the TTS mechanism is

not relevant for the Tri-PXZ-TRZ/DBP film, both time-resolved luminescence curves show equal

behavior with decay times on the order of tens of microseconds.

The results presented here suggest the importance of accounting for TTS transfers when inves-

tigating TADF effects in the solid state. The neglect of this effect may result in the overestimation

of rISC rates and may constitute one reason for which theoretical estimates of rISC rates are often

underestimated in comparison to experimental reports.

Finally, it is also important to address how the differentiation between the two triplet harvesting

mechanisms can be achieved experimentally. In principle, an approach that takes advantage of the

different dependencies displayed by phosphorescence and rISC rates on the singlet-triplet energy

gap (as evidenced by Equations S4 and S9 in the SI) could be devised. However, methods based

on varying intermolecular distances should be more straightforward. As exciton transfer rates are

very sensitive to changes in intermolecular distances, the TTS effect is expected to disappear in so-

lution if the concentration of TADF molecules is low enough. However, the comparison between

measurements in solution and solid state suffers from the difficulty in accounting for both the varia-

tions in hypsochromic shift and nonradiative decay rates. Whereas the first effect is bound to affect

the efficiency of Förster transfers due to changes in molecular spectra, the latter can obfuscate the

results by overpowering triplet harvesting rates. A better approach towards experimental differ-

entiation of the two mechanisms could come from electroluminescence measurements performed

in films doped only with TADF molecules at different concentrations. Increases in concentration

should reduce the average distances between TADF molecules, allowing the TTS mechanism to

become active. Barring the issues concerning varying efficiency of charge recombination and other

bimolecular effects, this approach could quantify the relative contributions of both mechanisms by

analyzing changes in the decay rates of time-resolved luminescence curves.

IV. CONCLUSIONS

In summary, we have analyzed four TADF/fluorescent emitter dopant pairs used in OLED

devices. Employing first-principles calculations, we have estimated the relevant photophysical

rates for these pairs. Results from the rate calculations showed potential in all TADF/emitter pairs

not only for singlet Förster transfers but also for efficient TTS Förster transfers both from TADF
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to emitter molecules and between TADF molecules. This observation pointed at the existence of

a second triplet harvesting mechanism that could act in concert with rISC and improve device

efficiency.

The use of KMC calculations with nonradiative decay rates tuned to experimental results

showed that the relative contribution from each triplet harvesting mechanism differed notably for

each TADF/emitter pair, with situations ranging from practically pure rISC to pure TTS contribu-

tions. When simultaneous action of rISC and TTS is present, the intensity of nonradiative decay

rates ultimately determines whether this synergy translates itself into higher quantum yields or just

faster luminescence decay times.

From an experimental perspective, these results suggest the necessity of taking into account the

possibility of TTS transfers when attempting to estimate rISC rates from measurements made in

the solid state, as neglect of the TTS mechanism may result in overestimation of the efficiency of

rISC. More importantly, our results point at a new dimension for the optimization of molecular

design applied to TADF or hyperfluorescent devices, one that could benefit from the synergistic

effects of combining two triplet harvesting mechanisms instead of focusing solely on the maxi-

mization of rISC rates, whose exclusive optimization may be severely constrained.
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