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ABSTRACT: Thermally activated delayed fluorescence (TADF) emitters suffer from molecular
aggregation that limits their applicability in light emitting devices. Aggregation-induced excimer
formation often leads to a larger Stokes shift, broader emission spectrum, and reduced emission
guantum yields, limiting emitter dye loading to a few weight percent in organic light emitting devices.

Here, we demonstrate suppression of excimer emission by dispersing a synthesised multi resonance

Published on 03 October 2023. Downloaded by 357485 on 10/7/2023 8:14:06 AM.

TADF emitter dye (OQAO(mes),) in a PMMA host matrix and embedding the host-guest photoactive
layer into an optical cavity. Rabi splitting up to 0.24 eV is obtained at 35 wt.% dye loading. Under the
strong coupling regime, prompt and delayed emission through excimer states is suppressed due to
efficient energy transfer to the lower polariton (LP) states, demonstrated by the blue shift of the
emission spectrum and narrowing of the emission linewidth. We also observe an increase in reverse
intersystem (RISC) rate constants up to 33% that we attribute to a decrease in activation energy by ~2
kT. This work highlights that strong light-matter interactions can be exploited to overcome
aggregation-induced excimer losses providing a pathway towards efficient organic light-emitting

diodes with high colour purity and organic semiconductor polariton lasing.
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Triplet formation is a loss pathway in organic light emitting diodes (OLEDs) due to the weakly emissive
nature and the long lifetime of triplet excitons leading to triplet-polaron quenching and triplet-triplet
annihilation.® Recently, thermally activated delayed fluorescence (TADF) has attracted great
attention due to its ability to harvest triplet excitons back into bright singlet excitons by thermal
energy through reverse intersystem crossing (RISC). Traditionally, TADF molecules are designed with
reduced spatial overlap between wavefunctions of the HOMO and the LUMO, which results in the
energy gap between low lying singlet (S;) and triplet (T,) states (AEs;) being significantly lower
(typically < 0.2 eV) than that commonly observed in organic chromophores (0.5-1.0 eV).” Such a low
AEgr enables facile RISC by using surrounding thermal energy, through which light is emitted as delayed
fluorescence within the time scales of a few ps.2 However, the small overlap between the electron
and the hole densities on the HOMO and the LUMO often leads to low oscillator strength of orbital
transitions which makes it difficult to present both small AEs; and high quantum yield.® Moreover, the
structural relaxation in the excited states leads to broad emission bandwidth and a large Stokes shift,

which limits colour purity of OLEDs.* 1°
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Figure 1. (a) Energy diagram of TADF and (b) that in an optical cavity, and (c) chemical structure of OQAO(mes),
(front (top) and side (bottom) views). ISC is the intersystem crossing, RISC is the reverse intersystem crossing, FL
is the fluorescence, and Ph is the phosphorescence, UP is the upper polariton, LP is the lower polariton, and Q
is the Rabi splitting.

Multi-resonance TADF (MR-TADF) emitters have emerged as promising fluorescence emitters for next
generation OLEDs and organic semiconductor lasing.1%12 Adequate separation between electrons and

holes localised on the HOMO and the LUMO that are alternatively placed on different atoms of
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polycyclic rings allows high oscillator strength while keeping small AEs.® Furthermore, the tigidc:>0e
structure along with the alternating electron density distribution reduces structural relaxation and
vibronic coupling between S; and S, resulting in sharp emission bandwidth with small Stokes shifts.*
13,14 However, the planar structures of the MR-TADF dye molecules often lead to strong intermolecular
Ti- L interactions,®® causing molecular aggregation that leads to thermalisation losses and bimolecular
qguenching of triplets at high concentrations/fluence, which limits doping concentrations of dye
molecules in a polymer host matrix to a few weight percents (typically < 5 wt.%).1* 1¢-18 Furthermore,
formation of an excimer — a transient dimer formed between an excited molecule and a molecule in
its ground state — causes emission linewidth broadening and red-shift of emission due to its lower

lying energy compared to that of the molecularly isolated dyes (Figure 1a).1°22 This is undesirable in

light emitting applications as it can reduce the colour purity of the system.

For TADF molecules to be efficient in OLEDs or lasing applications, the rate constant of RISC (kgsc)
should be fast enough to compete with alternate triplet loss pathways.?® kgisc can be increased with
smaller AEgr.'% 2* This relationship was also demonstrated by Aizawa et al. via inverting S; and T,.2
They showed negative AEgr in trifluoro-ethyl-substituted heptazine-based molecule under double

excitation where kgsc was enhanced two-fold compared to the molecular analogue with positive AEg;.

Published on 03 October 2023. Downloaded by 357485 on 10/7/2023 8:14:06 AM.

However, changing molecular structure can bring other complexities such as solubility, intermolecular

interactions and altered energetics.

Alternatively, the exciton energy landscape can be altered without changing molecular structure via
strong light-matter interactions. Strong light-matter coupling is an interaction between an excitonic
transition of an organic molecule and a resonating photon mode inside an optical cavity, forming
hybrid half-light half-matter quasi-particles called polaritons (see Figure 1b and 3c). Under the strong
coupling regime, two quasi-energy states; upper and lower polaritons (UP and LP, respectively) are
formed and the magnitude of the split is quantified as Rabi-splitting (€2).2¢ Due to their photonic nature,

polaritons are delocalised over a long range in a medium?”: 28 therefore energy transfer becomes more
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efficient, enabling a long-range energy transport in the system.®3! In 2018, Stranius, et dlcoon%e

demonstrated that RISC can be enhanced in a fluorone-based phosphoric molecule (AEs;=0.426 eV)
under strong coupling. They showed reduction in the activation energy (E,) of the phosphor by 0.12
eV in optical microcavities whereby triplets can effectively be recycled to the LP state.?? In another
study, Eizner et al. reported that, by embedding a trigonal donor-acceptor type TADF emitter that has
AEgr of 0.1 eV in an optical cavity, they found that LP states lie below T, energy states.33 However,
changes observed in the RISC rate were negligible regardless of the degree of Rabi splitting, which
they attributed to delayed fluorescence mediated predominately from dark states due to a very large
number of uncoupled molecules in the neat photoactive layer. In 2021, Yu et al. showed that LP state
energy can be tuned by tuning photon energy in optical cavities, demonstrating that kgsc for the
vacuum deposited MR-TADF system was independent of the temperature due to activation-less RISC
to the LP state lying below the triplet energy state.3* The same group also reported that delayed
emission from excimeric states in a MR-TADF emitter can be mitigated in optical cavities, via excimer
to LP transition.?®> However, the relationship between exciton transition pathways/dynamics and the
degree of strong coupling in TADF emitters with molecular aggregation and excimer formation as
shown in Figure 1b has not been clearly demonstrated. Here, we show that under strong coupling
emission through excimer states is suppressed due to efficient energy transfer and RISC to the LP
states, demonstrated by the blue shifted emission spectrum and narrower emission linewidth.

Furthermore, it is observed that kg;sc enhances in the cavities by up to 33% due to RISC to the LP states.

To achieve strong light matter coupling, exchange interactions between optical fields in a cavity and
excitonic transition must be faster than any loss mechanism, such as thermalisation. General material
requirements are large oscillator strengths and narrow absorption linewidths.3® Rabi splitting is
proportional to the number of molecules coupled to the cavity photon mode, hence high dye loading
in the cavity is beneficial but not at the cost of aggregation-induced thermalisation losses.3? 37 We
synthesised and employed a mesityl-substituted fused-triphenyl amine (2,6-
dimesitylbenzo[9,1]quinolizino[3,4,5,6,7-kimn]phenoxazine-8,12-dione, OQAO(mes),) as a MR-TADF

4
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emitter for strong light-matter interactions (see Figure 1c). A molecular analogue, OQAQ Hascs oLre
previously been reported as a MR-TADF for OLEDs with large oscillator strength, sharp absorption and
emission band widths, small Stokes shift, and high quantum yield of 90.2% in a diluted toluene
solution.®® However, loading remained low at 5 wt.% in the host material, and the film was fabricated
by a vacuum deposition method. To enable high dye loading in a solution-processed host matrix, we
added bulky mesityl groups to the OQAO scaffold. AEs; of OQAO(mes), 0.15 eV was found to be close
to that of the unsubstituted OQAO (0.16 eV) reported by Zou et al.?® Angle-resolved reflection and
emission measurements of 0QAO(mes), in optical cavities revealed Q of up to 0.24 eV at high 35 wt.%
doping concentration and emission predominantly originating from LP stats. Photoluminescence
lifetime measurements showed that ky;sc is enhanced in optical cavities due to lower E, of RISC to the

LP states. We found that the formation of polaritons efficiently suppresses excimer emission due to

efficient energy transfer to the LP states.
RESULTS AND DISCUSSION
Optical Properties of OQAO(mes), films.

We first measured the optical properties of OQAO(mes), as a function of concentration in a PMMA

matrix (2.4, 4.8, 9.1, and 35 wt.%) (see Figure S1 in the supporting information, Sl). Absorption of the

Published on 03 October 2023. Downloaded by 357485 on 10/7/2023 8:14:06 AM.

films was slightly red-shifted from 500 to 507 nm with increasing concentration. The emission was
more significantly red-shifted from 535 nm at 2.4 wt.% to 560 nm at 35 wt.% and exhibited increased
shoulder emission at higher doping concentrations (Figure 2a and S1). The red-shifted emission with
increasing doping concentration indicates molecular aggregation which stabilises singlet states to a
lower energy. The increased emission shoulder at the higher concentrations was attributed to excimer
emission (see deconvoluted spectra in Figure S2). Note, optical density of the thin film was low (~0.1)
hence we can rule out the spectral shape changes being due to reabsorption (see Figure S3). As shown
in Figure 2b, prompt and delayed emission are present, and the lifetime of the delayed emission

increases at lower temperature. In addition, the intensity of the delayed emission at cryogenic
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temperature is lower than that at room temperature. The temperature-dependent g)i(ggtli(mggé

emission intensity indicate that OQAO(mes), is a TADF molecule. Triplet formation can be seen in the
transient absorption (TA) spectrum of a 40 wt.% OQAO(mes), in PMMA thin film, as shown in Figure
2c. A detailed description of TA measurements including deconvoluting the TA spectra into singlet and
triplet components and their kinetics, i.e. the ISC rate constant, is provided in Sl. As shown in Figure
2¢c, a long-lived species is observed at long wavelengths with a different spectral shape compared to
S;, which decays on a ns timescale. This longer-lived species is attributed to the triplet state formed
via intersystem crossing (ISC) (see Figure 1a). Time resolved fluorescence was measured at both 560
nm and 620 nm using a thin film containing 35 wt.% OQAO(mes), in PMMA. We found that the prompt
fluorescence decay lifetimes varied at these different wavelengths (Figure S2b), which indicates
decays of two different emissive species, singlet excitons and excimer. The emission lifetime is longer
at 620 nm, originating from excimer. However, delayed emission at the two wavelengths showed
identical lifetimes (see Figure S2c), indicating that the delayed fluorescence is dominated by the triplet

kinetics, rather than excimer or singlet.
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Figure 2. (a) Absorption and emission of OQAO(mes),-doped PMMA films at two doping concentrations, (b)
prompt and delayed emission decays (logarithmic scale) at the 35 wt.% doping, (c) transient absorption spectra
of 40 wt.% OQAO(mes), in PMMA thin film at different delay times, and (d) absorption (Abs), fluorescence (FL),
and phosphorescence (Ph, 500 us delay and 2 ms gate time) of 9.1 wt.% OQAO(mes), in PMMA at 77K, excited
at 470 nm.

We measured the emission spectra of 0QAO(mes), at different delay and gate times at 77K. Figure 2d

Published on 03 October 2023. Downloaded by 357485 on 10/7/2023 8:14:06 AM.

shows the normalised emission spectra of 9.1 wt.% OQAO(mes), in PMMA. Prompt and delayed
emission at 10 ps exhibit identical spectral shape, while emission at much longer timescales (> 500 ps)
is red-shifted by 0.15 eV. We assign the red-shifted emission at the longer timescale (> 500 ps) to
phosphorescence and the difference between the onsets of the fluorescence and the
phosphorescence spectra to AEsr of 0.15 eV which is close to the reported AEs; of OQAO (0.16 eV).38
As can be seen in Figure 2d, overlap between S, or excimer and phosphorescence spectra is minimal.
Unless otherwise noted, time-resolved emission from S; or excimer was measured near the peak of
fluorescence, i.e., at 540 nm (2.30 eV). Hence prompt and delayed emission can be considered as

purely from S; or excimer species, with no phosphorescence contributions.
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To demonstrate strong light-matter coupling in optical cavities, the thin film of 0QAO(mes), doped in
PMMA was embedded in an optical cavity and the reflected spectrum was measured at different
angles to the incident light (see Figure 3b). The raw angularly resolved reflection data of the negatively
detuned cavities is shown in Figure S4. At all doping concentrations, 1-reflection peak shifts towards
higher energies as angle of incidence is increased. In the case of the 2.4 and 4.8 wt.% samples, shift in
1-reflection is observed without any splitting whilst presenting a slight broadening of the spectrum
around the exciton transition energy at 2.45 eV. On the other hand, at higher doping concentrations,
clear splitting is observed for two vibronic transitions at 2.45 and 2.60 eV that was fitted using a

coupled harmonic oscillator model given by Equation 1,

-

where E. is the angle-dependent cavity energy, E,, and E,, are the two vibronic transitions of

Ec Q2 Q)2
Q/2 0 Ex;

OQAO(mes),, and 1 and Q; are the Rabi-splitting energies around E,; and E,,, respectively. a, £, and
y are the Hopfield coefficients representing contribution of each photon and exciton component to
the polariton branches. Three angularly dispersed polariton branches (UP, MP, and LP) are needed to
best fit the angular reflection data. Rabi splitting of Q; and Q, between polariton branches for 35 wt.%
doping is found to be 0.15 and 0.24 eV, respectively (fitting parameters are given in Table S1 in Sl).
Angular reflection spectra of 9.1 wt.% doped film could be fitted using a 2-component coupled
harmonic oscillator model (equation S1), giving a Q between LP and UP states of 0.10 eV (see Figure

S5).
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Figure 3. (a) Left panel: Absorption (Abs) and emission (Em) spectra of the 35 wt.% OQAO(mes), in PMMA and
emission of the film in a cavity (Em Cav). Deconvoluted spectra of the emission are shown as dashed lines, where
the grey dashed line represents excimer emission. Right panel: Angular dispersion curves of 1-reflection and
emission in the cavity. 1-reflection and emission peaks versus angle were fit with a coupled harmonic oscillator
model (Eg.1). (b) Schematic illustration of the cavity thin film containing a OQAO(mes),-doped PMMA film. (c)
Schematic energy diagram of the TADF under the strong exciton-photon coupling. (d) Delayed emission decays
of the 35 wt.% OQAO(mes), in PMMA with and without a cavity. Yellow lines are exponential fit to the decay
curves.

The absence of splitting in 1-Reflection spectra at low doping concentrations (2.4 and 4.8 wt%)
indicates that these films are in the weakly coupled regime. At higher concentrations (9.7 and 35 wt%),
Rabi splitting is proportional to the square root of the number of molecules coupled with the cavity
photon mode and inversely proportional to the mode volume (see Figure 3c). Assuming mode volumes
for both samples were identical for similar cavity thickness, the twice as high value of Rabi splitting for

35 wt.% doping compared to that of the 9.1 wt.% one is due to the larger number of the molecules (»

Published on 03 October 2023. Downloaded by 357485 on 10/7/2023 8:14:06 AM.

5 times) coupled to the cavity photon mode. Linewidths of Ey; and E. are 0.13 and 0.2 eV, respectively.
The Rabi splitting value of 0.24 eV at 35 wt.% doping implies that this cavity film is in the strong
coupling regime and the energy of the LP branch is lower than the singlet energy state by 0.12 eV. This
opens up an opportunity for RISC to be mediated by LP states. We found that the delayed fluorescence
lifetime of the cavity film (~ 18 us) is decreased by 30% compared to that of the bare film (~ 26 ps) as

shown in Figure 3d, indicating change in TADF photophysics.

TADF Photophysics in Optical Cavities.

Angle-resolved photoluminescence (PL) was performed to investigate from which energy state light is

emitted in the cavity thin films. As can be seen in Figure 3a, the emission at approximately 2.2 eV shifts
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towards higher energy with increasing angle, coinciding with the angularly dispersed LP state epgfgy <o te

Importantly, the emission spectrum of the cavity film shows reduced excimer emission as can be seen
in Figure 3a. At 35 wt.% doping, the emission peak is blue shifted by 12 nm and the emission spectrum
linewidth is significantly narrower by approximately 60% from 92 nm (bare) to 55 nm (cavity). This
result is consistent with the report by Mony et al. who showed that emission from aggregation-
induced molecular trap states can be suppressed by placing a TADF molecule in cavities and
tuning/detuning the cavity photon energy.?® This leads to an interesting implication that under strong
coupling conditions, colour purity of light emitting dyes can be improved. Note that the sharpening of
the emission bandwidth in a cavity thin film can also originate from cavity filtering effect. The emission
bandwidth narrowing observed here is much larger than possible from cavity filtering effect (Figure

S6).

The emission from the LP states with less excimer emission suggests that energy transfer from S; to
the LP is efficient. Georgiou et al. have previously shown that energy transfer between a donor and
an acceptor can be mediated efficiently via middle polariton branches, resulting in LP emission (with
dominant acceptor character due to its lower lying exciton energy states compared to that of the
donor) after exclusively exciting the donor species.?® Our cavity thin film shows emission from LP states
regardless of the excitation wavelengths (Figure S6). This suggests efficient energy transfer from
higher polariton/exciton branches to the LP states, largely mitigating excimer emission. To identify if
delayed emission is also from the same LP state, we measured delayed/gated emission of the same
sample with the same excitation conditions. Figure S7 shows that the prompt and the delayed
emission of the 35 wt.% cavity are similar in shape with a slight red shift observed for the delayed
emission probably due to minor contribution of excimer emission that persists. However, both delayed
and prompt emission are narrower and blue-shifted in the cavity compared to the broader emission
of the bare film that is dominated by excimer emission, suggesting that the LP states are responsible

for both prompt and delayed emission in the cavity.

10
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Given that the energy of the LP states is lower than the singlet state by ~0.12 eV, we nextinvestigated o5 s e
the role of LP states on RISC dynamics. We fitted the emission decays of the cavity and the bare films
using a kinetic model (see Sl) and calculated kgjsc. This model considers rate constants of ISC and S;-Sg
transition determined using TA spectra of thin films and the rate constants of unknown T;-S, transition
with two extreme scenarios. Figure 4a shows the kgsc of the bare and the cavity films at multiple
doping concentrations. Their emission decay curves can be seen in Figure S8. In the bare cases, kgsc
increases with increasing concentration. This increase in kgsc may be due to the decrease in energy of
aggregate states, consistent with the bathochromic shifts in emission spectra as shown in Figure 1 and
S1, which lowers the activation energy of RISC. The observed increase in kgsc With increasing
concentration could also be explained by bimolecular processes such as triplet-triplet annihilation,
rather than a change in the kgsc alone. No fluence dependence was observed in the delayed emission
lifetime, making bimolecular process unlikely. Moreover, when bimolecular triplet decay is included,
the model is unable to reproduce the data without also changing kgsc (see Figure S14). So we conclude
that the change in delayed emission lifetime with concentration must at least be partially due to

increasing kgisc, if not entirely.

Published on 03 October 2023. Downloaded by 357485 on 10/7/2023 8:14:06 AM.

10 10 T T T T T T
sl(a) Q,=024eV } gi(b) 3 @ Bare |
. % . 5 @ Cavity ]
o, Q=0.10eV ? o, L. E
5 4 E
= 2 1 % 271E,=0.07+0.01eV T
@ Bare
@ Cavity E,=0.11+0.01eV
0 5 10 35 40 2 4 6 8 10 12 14
Doping Concentrtaion / wt.% 1000T ' /K

Figure 4. (a) krisc versus doping concentration and (b) kgisc versus 1000/T of 35 wt.% OQAO(mes), in PMMA with
and without cavity. Emission decays were measured at 540 nm.
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We found that kgisc between cavity and bare films for 2.4 and 4.8 wt.% doping is the same wjthin €0t 25 5555
At higher concentrations, kgsc is enhanced by 29% and 33% for the 9.1 wt.% and 35 wt.% doping,
respectively, from bare to cavity film cases. We attribute this enhancement to the faster RISC from
triplets to the LP states due to lower effective energetic barrier AE ., (i.e. energy gap between LP and
T, states) compared to AEs; in the bare thin film (Figure 2c). This is consistent with the report by
Stranius et al. who have shown that even in a phosphor material that is known to have ineffective
RISC, kgisc is enhanced when placed in an optical cavity. They attributed this to lower effective AEs;
(that is AEp1) by 118 meV in the strong coupling regime that resulted in a four-fold decrease in the
phosphorescence decay lifetime.3? To examine if the lower AE s is responsible for the enhancement
in kgisc, we further measured delayed emission decays at different temperatures and fit them using a
kinetic model to determine kgsc as a function of temperature (Figure 4b). The raw emission decay
spectra can be seen in Figure S9 and the kgsc values are shown in Table S4. By fitting the kgsc at
different temperatures using an Arrhenius equation, the slope of the fit gave us the E, for RISC. E, of
the cavity thin film is indeed lower than that of the bare film by ~ 2 kT. Note that a faster delayed
fluorescence can also be partially explained by enhancement in the singlet decay rate (ks) due to the
Purcell effect and/or quenching of excited states at the metal surfaces. We expect the Purcell effect
to be small due to the low Q factor of the Ag cavities used in this study. Regardless, to account for this
effect, we modelled emission dynamics using singlet excited state lifetimes obtained from the prompt
emission of cavity films on and off resonance, as shown in the SI. While our modelling shows that a
larger ks does result in an accelerated delayed fluorescence, this effect is not sufficient to account for
the observed delayed fluorescence in cavities without also increasing kgisc in the case of bare films,
particularly at low temperatures. This suggests that the Purcell effect or metal quenching is not solely
responsible for the ks enhancement and that the strong coupling is playing a role for the enhanced

delayed emission lifetimes in the cavities.

12


https://doi.org/10.1039/d3tc02133e

Page 13 0of 19 Journal of Materials Chemistry C

View Article Online

OQAO(mes), O0QAO(mes), in an optical cavityoso/sTcozisse

>t S S

) 1 ISC 1 ISC

~ | L3

% | % oL R \~'

o SEx RISC T1 SEx RIS—C" Tl
Sy So

Figure 5. Schematic model of TADF in OQAO(mes), with (left) and without the cavity (right) showing radiative
decay from the singlet states. Sg, and (R)ISC represent excimer energy states and the (reverse) intersystem
crossing, respectively. Direct relaxation from S; and T, states to Sy is omitted for clarity. Dotted lines depict
reduced transition strengths.

We postulate that emission in the cavities occurs primarily from the LP states (Figure 5) due to efficient
energy transfer from singlet states evidenced by the blue shift of the emission spectrum and a narrow
emission linewidth compared to the broader excimer emission spectrum dominant in bare thin films.
Photoluminescence quantum yield (PLQY) measurements of the bare thin films show more than a
threefold decrease from 54% to 17% with increasing doping concentrations compared to the change
in PLQY for cavity thin films that is relatively smaller (Figure S10). This indicates that the contribution

from aggregation-induced non-radiative decay observed in bare films as a function of doping

Published on 03 October 2023. Downloaded by 357485 on 10/7/2023 8:14:06 AM.

concentration is lessened by energy transfer to the LP states. Please note, here we only draw
qualitative comparisons between PLQY of bare and cavity thin films. A quantitative comparison of
PLQY in cavity thin films is difficult due to several factors such as outcoupling of light, reflection from
Ag mirrors, cavity filtering effect, and light trapping due to surface plasmon modes.*° A comprehensive
set of measurements of incident, reflected, and transmitted light for prompt and delayed components
as a function of cavity detuning supported by transfer matrix simulations and time-resolved
spectroscopy will help draw quantitative comparisons,*>4? and follow-up work will focus on exploring

these research directions.

The enhanced kg;sc in the cavity observed is attributed to the lower E,, originating from the AE .t

compared to the AEs; of bare OQAO(mes),. We do not rule out the role of dark states on RISC. The
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difference between the E, reduction value and the observed Rabi splitting in our MR-TADF, systefcconre
implies that its likely RISC photophysics involves dark states. Eizner et al found that in their donor-
acceptor TADF dye 3DPA3CN, kgsc was independent of the degree of Rabi splitting and argued that
RISC through dark states can dominate emission.3® Unlike donor-acceptor based TADF dyes such as
3DPA3CN dyes, MR-TADF systems are designed to have electronegative atom arrangements in their
molecular structure that yield sharper emission and smaller stokes shifts. We infer that this difference
in molecular structure is linked to the observation of kgsc enhancement observed in MR-TADF system.
Given the recent advances in using 2D white light spectroscopy and Redfield theory*? to study energy
transfer dynamics and dark state populations in optical cavities, we anticipate a comparative study

between traditional donor-acceptor and MR-TADF systems using such techniques will be an

interesting direction for future work.
CONCLUSION

We have demonstrated that excimer emission in an MR-TADF system can be effectively supressed
under strong light-matter coupling regime. We report the synthesis of a new MR-TADF dye,
(OQAO(mes),) that shows a AEsr value of = 0.15 eV. We can vary Rabi splitting as function of dye
loading concentration in PMMA matrix achieving values up to 0.24 eV at 35 wt.% dye loading, enabling
us to lower the effective AEs; by =~ 0.12 eV. We show that excimer emission is suppressed in the strong
coupling regime due to efficient energy transfer to the LP states evidenced by strong LP emission. We
observe that kgsc is enhanced by 33% in optical cavities due to the lowering of the RISC activation
energy, E, by ~2kT compared to bare thin films. This work highlights that aggregation-induced excimer
emission that negatively impacts the emission quantum yield and colour purity of OLEDs can be
controlled by strong light-matter coupling, demonstrating the potential benefit of optical cavities in

OLED and organic semiconductor lasing applications.
EXPERIMENTAL

Chemicals and Materials.
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2-propanol (Aldrich), Acetone (Aldrich), and D.| water were used to clean glass microscopg slides (1’5 5%2s

1.2 mm thick, pathology grade, LIVINGSTONE) for substrates. Chlorobenzene (anhydrous, 99.8%,
Aldrich) was used to dissolve OQAO(mes), and poly(methyl methacrylate) (PMMA, Mw=95,000,
Aldrich). Ag pellets (99.99%, Kurt J. Lesker) were used on a tungsten boat (Kurt J. Lesker) for vacuum
thermal evaporation for cavity mirrors. The synthesis of OQAO(mes), is detailed in the Sl (pages 514 —

S26).

Thin Film Fabrication.

Thin film samples were prepared using a spin-coating method. Glass slides cut to be 2.5 x 2.5 cm? were
used as substrates after three steps of solvent cleaning using D.l. water, isopropanol, and acetone,
followed by UV-ozone cleaning for 10 min. Differently concentrated OQAO(mes), solutions in

chlorobenzene were separately prepared from the PMMA solution (40 mg mL? in chlorobenzene) and

mixed on a hotplate set to 50 "C with stirring the solutions. Solutions were drop-casted at 50 "C while

spinning at different spin speed (ranging from 2000 rpm to 5000 rpm with 1 sec ramp time) on a spin
coater depending on the target thickness of the film. The thickness of the samples was measured using

a surface profilometer (Dektak 150), resulting in thicknesses of around 120 nm (m = 1).

The active layer of the cavity films was prepared using the same method described in the above
paragraph. 25 nm Ag mirrors sandwiching the active layer were deposited before and after the spin-

coating by the thermal evaporation method under vacuum at the rate of 1 A/s.

Optical Measurements.

Absorption spectra of the thin films were recorded using a UV-vis spectrometer (Cary 60, Agilent),
scanning from 300 nm to 800 nm. Emission spectra and the lifetimes were measured using a time-
correlated single photon counting (TCSPC) setup (Deltaflex, HORIBA) under vacuum. Excitation was

mostly at 450-470 nm using a white-light continuum lasers decorated with a monochromator or
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bandpass filters (NKT SuperK Extreme, NKT Compact). Slit sizes for the photodetector \Baﬁl%qj)qg

between 8 nm to 16 nm depending on the signal magnitudes.

Angular reflectometry was performed using a home-built setup consisting of a white light (NKT SuperK
Compact, running at 22kHz) as an excitation light source and a spectrometer (FLAME, OceanOptics).
Cavity samples were mounted on a rotational state aligned with the white light source and the
reflected light was collected using an integrating sphere fibre-coupled to the spectrometer.

Integrating time was 100 ms with averaging 50 spectra.

Angular PL measurements were performed using a home-made setup. Cavity devices were fixed onto

a clamp holder and excited using a monochromatic light source (NKT SuperK Extreme), exciting the

samples at 470 nm. Emission spectra were recorded with a fibre-coupled collimator on a rotating stage.

Spectra were taken from O degree to 55 degrees on the same spectrometer used for the angular

reflection measurement.

Transient absorption measurements were performed on a commercial nanosecond-timescale TA
spectrometer (Ultrafast systems, EOS). The pump pulse was a 355 nm pulse at 1 kHz repetition rate
(Innolas) with a spot size of 2.4 mm at the sample and with polarization rotated to magic angle relative
to the probe pulse. The probe pulse was generated from a photonic crystal fibre based
supercontinuum laser (Ultrafast systems, EOS), split into a signal and reference beam, and focused

onto the sample with a 0.1 mm FWHM spot size.

Gated spectra and QY.

Gated spectra were measured using the phosphorescence mode and 470 nm excitation on a
fluorescence spectrometer (Cary Eclipse, Agilent) equipped with an accessory for time-resolved

luminescence measurements.
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Absolute photoluminescence quantum yield (PLQY) measurements upon 470 nm excitation, ‘é‘ggl”s“g;
performed using a fluorimeter with an integrating sphere accessory (Fluorog-3/F3018, Horiba John

Yvon). All spectra were recorded with photon counts within the linear response range of the detector,

and were corrected for light source noise, wavelength sensitivity and filter transmittance.
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