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The degradation mechanism of multi-
resonance thermally activated delayed
fluorescence materials

Byung Hak Jhun 1,6, Yerin Park 2,3,6, Hwang Suk Kim4,6, Ji Hye Baek1,
Joonghyuk Kim 4, Eunji Lee 2,3, Hyejin Moon 2,3, Changjin Oh2,3,
Yongsik Jung 4 , SeungheeChoi5,Mu-HyunBaik 2,3 &YoungminYou 1

1,4-Azaborine-based arenes are promising electroluminescent emitters with
thermally activated delayed fluorescence (TADF), offering narrow emission
spectra and high quantum yields due to a multi-resonance (MR) effect. How-
ever, their practical application is constrained by their limited operational
stability. This study investigates the degradation mechanism of MR-TADF
molecules. Electroluminescent devices incorporating these compounds dis-
play varied operational lifetimes, uncorrelated with excitonic stability or
external quantum efficiency roll-off. Bulk electrolysis reveals significant
instability in the radical cationic forms of MR-TADF compounds, with device
lifetime linked to the Faradaic yield of oxidation. Comprehensive chemical
analyses corroborate that the degradation byproducts originated from intra-
molecular cyclization of radical cation, followed by hydrogen atom transfer.
The mechanism is further supported by enhanced stability observed in a
deuterated MR-TADF emitter, attributed to a secondary kinetic isotope effect.
These findings provide insights into the stabilizing effects of deuteration and
mechanism-driven strategies for designing MR-TADF compounds with
improved operational longevity.

Organic light-emitting devices (OLEDs) have undergone significant
advancements over the past two decades, with notable improvements in
efficiency and color purity. These advances are largely due to the dis-
covery of novel emitters, including luminescent molecules capable of
exciton harvesting. Among these, cyclometalated complexes of Ir(III)1–5

and Pt(II)6,7, as well as organic8,9 and organometallic compounds10 that
exhibit thermally activated delayed fluorescence (TADF), stand out. The
multi-resonance (MR)-TADF emitters, in particular, have attracted con-
siderable attention. For instance, aromatic 1,4-azaborine scaffolds hous-
ing complementary boron and nitrogen atoms produce exceptionally
narrow fluorescence spectra, accompanied by photoluminescence

quantum yields approaching unity11–13. The unique emission behavior
positionsMR-TADF compounds as promising candidates formeeting the
demanding requirements of commercial OLED applications14–19.

Despite their potential, the widespread adoption of MR-TADF
molecules is hampered by their instability under the operational
conditions in the device. This issue is not unique to MR-TADF mole-
cules. It mirrors challenges faced by earlier generations of
phosphorescent20–28 and dipolar TADF emitters29–32, which also
degrade throughmechanisms that produce exciton quenchers, charge
carrier traps, and non-emissive charge carrier recombination centers,
adversely affecting OLED performance33,34.
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Consequently, a deeper understanding of the degradation
mechanisms of MR-TADF materials is crucial for enhancing their
operational longevity. Notably, Lee et al. discovered that TADF-
inactive MR fluorescent emitters could achieve longer operational
lifetimes than their TADF-active counterparts35, a finding echoed by
Meng et al.36, who attributed this to the intrinsic instability of long-
lived triplet excitons inMR-TADFemitters. In-situRaman spectroscopy
studies suggested that MR-TADF excitons contribute to the morpho-
logical instability of emitting layers37. Furthermore, Wang et al. have
shown that incorporating an additional boracycle into MR-TADF
emitters can extend operational lifetimes, a benefit theorized to stem
from increased anionic stability, as supported by quantum chemical
calculations38. While these studies have proposed various factors
contributing to reduced operational lifetimes, direct chemical evi-
dence identifying the specific intermediates and pathways of degra-
dation remains scarce. Given that an OLED’s operational lifetime is
primarily determined by the intrinsic stability of its components24,
elucidating the degradation process of MR-TADF molecules is of
paramount importance.

In this study, we delve into the intricate chemical mechanisms
underlying the intrinsic degradation of a series of blue-emissive MR-
TADF molecules, as illustrated in Fig. 1. Through comprehensive che-
mical analyses, we obtained direct experimental evidence indicating
that the primary degradation pathway of MR-TADF materials is initi-
ated by hole trapping. Both experimental observations and quantum
chemical simulations suggest that the degradation process involves a
dehydrogenative cyclization reaction of the radical cationic species.
This mechanism elucidates the observed enhanced operational stabi-
lity of a deuterated MR-TADF emitter compared to its undeuterated
counterpart, attributing it to the secondary kinetic isotope effect on
the rate-determining cyclization step in the deuterated molecule
(vide infra).

Results
Operational stabilities of MR-TADF OLEDs
For this investigation, we selected 5,9-bis(4-biphenyl)-2,12-diphenyl-
5,9-diaza-13b-boranaphtho[3,2,1-de]anthracene (1), N7,N7,N13,N13,5,9,11,
15-octaphenyl-5,9,11,15-tetrahydro-5,9,11,15-tetraaza-19b,20b-dibor-
adinaphtho[3,2,1-de:1’,2’,3’-jk]pentacene-7,13-diamine (ν-DABNA12 and
denoted as 2 in this study), 5,9-bis(4-biphenyl)-7-N-(2-biphenyl)-N-(4-
biphenyl)amino-2,12-diphenyl-5,9-diaza-13b-boranaphtho[3,2,1-de]
anthracene (3), and 5,9-bis(4-tert-butylphenyl)-2,12-di(tert-butyl)-5,9-
diaza-13b-boranaphtho[3,2,1-de]anthracene (t-DABNA39 and denoted
as 4 in this study) shown in Fig. 1. The photophysical characteristics of
these compounds were assessed using thin films of poly(methyl

methacrylate) (PMMA) dopedwith 2wt% of theMR-TADF compounds,
and the results are summarized in Table 1. Compounds 1–4 displayed
pronounced blue fluorescence, with emission peak wavelengths ran-
ging from 459 to 471 nm, full widths at half-maximum (FWHM) values
between 775 and 1130 cm−1, and photoluminescence quantum yields
(ΦPL) from 0.96 to 1.00. The delayed fluorescence lifetimes (τDFs) of
these compounds span from 3.8 to 111μs, indicative of moderate
energy differences between the singlet and triplet excited states (ΔEST,
0.11−0.27 eV). These photophysical parameters collectively under-
score the MR-TADF properties of compounds 1−4.

The electroluminescence performances of compounds 1−4, uti-
lized as dopants, were assessed using a specific device configuration,
comprising an indium tin oxide (ITO) anode, a hole-injection layer of p-
doped (3wt% NDP series, Novaled AG) N-([1,12-biphenyl]-4-yl)-9,9-
dimethyl-N-(4-(9-phenyl-9H-carbazol-3-yl)phenyl)-9H-fluoren-2-amine
(BCFA) (10 nm), a hole-transporting layer of BCFA (135 nm), an
electron-blocking layer of 2,2′-di(9H-carbazole-9-yl)-1,1′-biphenyl
(oCBP) (5 nm), an exciton-blocking layer of 3′,5′-di-9H-carbazol-9-yl-
[1,1′-biphenyl]-2-carbonitrile (mCPD) (5 nm), an emission layer
(40 nm), a hole-blocking layer of 9-(3-(9H-carbazol-9-yl)phenyl)-9H-
carbazole-3,6-dicarbonitrile (mCP-2CN) (10 nm), an electron-
transporting layer co-deposited with dibenzo[b,d]furan-2,8-diylbis(di-
phenylphosphine oxide) (DBFPO) and lithium 8-hydroxyquinolinate
(LiQ) (30 nm), an electron-injecting layer of LiQ (9 nm), and an alumi-
num (Al) cathode (100nm). The emission layer, comprising a 1.5wt%
dopant, utilized a ternary composition, including a 9-(3-biphenyl)-3,9′-
bicarbazole hole-transporting (HT) host, a 3′-(9-(3-cyanocarbazolyl))-
5′-cyano-3-(9-carbazolyl)biphenyl electron-transporting (ET) host, in a
volumetric ratio of 6:4. The chemical structures and energy levels of
the constituent materials are displayed in Fig. 2a. Electroluminescence
spectra, recorded at an intensity of 1000 cdm−2, revealed peak wave-
lengths of 474 nm for compounds 1 and 2, 465 nm for compound 3,
and 462 nm for compound 4, as shown in Fig. 2b. The FWHM values as
small as 890−1300 cm−1 and the Commission internationale de l'éclai-
rage coordinate y values (CIEy) approaching 0.10 demonstrate the
validity of the MR-TADF molecules as blue emitters.

The devices incorporating 1−4demonstrate negligible differences
in their current density profiles, as depicted in Fig. 2c. This uniformity
can be attributed to the similar energy offsets between the highest
occupied molecular orbitals (HOMOs) of 1−4 and the HT host ranging
from 0.4 to 0.5 eV. The maximum external quantum efficiency
(EQEmax) across these devices is identified to lie between 22.5% and
26.7% (Table 2). Figure 2d reveals that devices based on compounds 1,
3, and 4 experiencemoderate EQE roll-off, whereas the device utilizing
compound 2 shows a relatively suppressed roll-off due to the
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Fig. 1 | Oxidative degradation of MR-TADF dopants. Chemical structures of the MR-TADF dopants and a schematic of the degradation mechanism of an MR-TADF
dopant, as established in the present study.
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significantly shorter delayed fluorescence lifetime (τDF) of 3.8μs,
compared to 28−111μs for the other MR-TADF compounds. These
varying roll-off profiles hint at the presence of triplet−triplet annihi-
lation or triplet−polaron annihilation processes, which are recognized
as major degradation pathways for high-energy blue emitters,

generating unstable species that significantly shorten device opera-
tional lifetimes20,24,40. Nonetheless, there appears to be no direct cor-
relation between the operational stability and EQE roll-off behaviors
(Fig. 2e). For instance, devices 1 and 3, despite showing substantial EQE
roll-off, exhibit LT95 (the time at which luminance decreases to 95% of

Table 1 | Photophysical and electrochemical data, and yields for intrinsic degradation of the MR-TADF dopants

λem (nm)a,b ΦPL (%)a,c τPF (ns) a,d τDF (μs) a,e krTADF (104 s−1)f krISC (105 s−1)g ET1 (eV)a,h ΔEST (eV)a,i Eox (V
vs SCE)j

Φdeg (%)k Faradaic
yield (%)l

1 471 96 11 78 5.1 1.8 2.49 0.27 0.98 0.29 37

2 467 98 6 3.8 6.3 6.2 2.64 0.11 0.92 0.92 46

3 461 98 7 28 5.6 4.1 2.57 0.21 0.97 0.68 59

4 459 100 5 111 5.4 1.1 2.54 0.25 0.90 0.22 79

1D 473 94 10 62 5.5 1.5 2.49 0.24 0.95 0.18 30
a2wt% in PMMA films, 300K. See Supplementary Fig. 1 for the UV−Vis absorption and photoluminescence spectra recorded in tetrahydrofuran (THF).
bEmission peak wavelength. See Supplementary Fig. 2 for the photoluminescence spectra of the PMMA films.
cPhotoluminescence quantum yield determined absolutely using an integrating sphere.
dLifetime of prompt fluorescence.
eLifetime of delayed fluorescence.
fRadiative rate constant, krTADF =ΦPL/τobs, where τobs is the average fluorescence lifetime.
gRate constant for reverse intersystem crossing, krISC = (Φtotal × kPF × kDF)/kr

S1.
hEnergy of the triplet state.
iThe energy difference between the singlet and the triplet excited states. Refer to Supplementary Fig. 3 for details.
jOxidation potential determined by cyclic voltammetry (CV) and differential pulse voltammetry (DPV) for Ar-saturated THF containing 1.0mM dopant and 0.10M tetrabutylammonium hexa-
fluorophosphate;Aglassycarbondiskanda Ptwire for theworkingandcounter electrodes, respectively; anAg/AgNO3pseudo-referenceelectrode; scan rates = 0.1 V s −1 (CV) and4mVs −1 (DPV).See
Supplementary Fig. 4 for the voltammograms.
kQuantum yield for photolysis.
lFaradaic yield for oxidative bulk electrolysis.
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Fig. 2 | Electroluminescenceperformance. aSchematicof the configurationof the
electroluminescence devices tested, including the energy levels and chemical
structures of their component materials. b Electroluminescence spectra. c Current

density–voltage curves. d External quantum efficiencies as a function of current
density. e Percent luminance decays as a function of operation time driven at a
constant current density at an initial luminance of 1000cdm−2.

Table 2 | Device performance

V (V)a J (mAcm−2)a CIE (x, y)a EQE (%) Power efficiency (lmW−1) LT95 (h)

1 5.14 7.00 (0.11, 0.17) 25.1b/12.3a 30.9b/8.79a 4.3c/5.4d

2 5.38 5.75 (0.11, 0.15) 23.7b/17.4a 21.3b/10.2a 3.2c/3.3d

3 5.25 6.53 (0.13, 0.11) 26.7b/16.8a 24.5b/9.19a 2.9c/3.3d

4 6.11 20.0 (0.13, 0.10) 22.5b/5.8a 20.0b/2.57a 0.60c/2.6d

aValues at a luminance of 1000cdm−2.
bMaximum values.
cOperation time when the luminance decreases to 95% of its initial value at an initial luminance of 1000cdm−2.
dOperation time when the luminance decreases to 95% of its initial value of device-driven under a constant current density of 5mAcm−2. See Supplementary Fig. 5 for plots of the luminance and
power efficiency as functions of current density.
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its initial value at 1000 cdm−2) values of 4.3 and 2.9 h, respectively,
comparable to the 3.2 h of device 2 that has the least EQE roll-off.
Moreover, device 4, despite having an EQE roll-off profile similar to
that of devices 1 and 3, presents the shortest LT95 value of only 0.6 h.
This observation suggests that the lifetime of these devicesmay not be
predominantly determined by the bimolecular annihilation processes
involving excitons.

Degradation intermediates
To elucidate the degradation mechanisms, we conducted both pho-
tolysis and bulk electrolysis experiments for deaerated solutions of the
MR-TADF dopants. These experiments aimed to simulate the excitonic
and polaronic degradation pathways, respectively, facilitating the
identification of crucial degradation intermediates. Note that although
solution experiments do not perfectly replicate the degradation pro-
cesses in emitting layers within the device, we chose this approach
because it offers several advantages, including controlled charge-
carrier injection and high yields for the degradation byproduct for-
mation. Photolysis was performed in argon-saturated tetrahydrofuran
(THF) solutions containing 100μM of compounds 1−4, under con-
tinuous illumination with monochromatic light of 450nm wavelength
(photon flux = 4.0 × 108 Einstein s−1). The progression of photolytic
degradation was monitored using high-performance liquid chroma-
tography (HPLC) due to the inadequacy of UV−Vis absorption spec-
troscopy for quantitative analysis. The quantum yield for degradation
(Φdeg) was determined to be under 1% (Table 1 and Fig. 3c), and
importantly, Φdeg exhibited no significant correlation with LT95, sug-
gesting that excitonic degradation does not primarily influence the
operational stability (for additional details and discussion, see Sup-
plementary Figs. 6 and 7). It is important to note that krISC shows no
correlation with either the quantum yield of photolysis or LT95
(Table 1). This further suggests that excitonic degradation has a neg-
ligible impact on operational stability.

In marked contrast, radical cation forms of the MR-TADF mole-
cules demonstrated pronounced instability during oxidative bulk
electrolysis at anodic potentials, as quantified by HPLC (detailed in
Fig. 3a, b, and their captions). Reductive bulk electrolysis was not
considered, given the electron-scattering nature of the MR-TADF
molecules, as inferred from the positions of their lowest unoccupied
molecular orbitals (LUMOs) illustrated in Fig. 2a. By contrast, the MR-
TADF compounds can trap hole carriers from the HT host with driving
forces of 0.4−0.5 eV. The Faradaic yields for oxidative bulk electrolysis,
representing the ratio of decomposed compound quantity to the
electrons transferred, were significantly higher by two orders of
magnitude compared to Φdeg (as shown in Table 1 and Fig. 3c).
Although these solution-based experiments donotperfectlymimic the
polaronic degradation in the emissive layers, they underscore the
notably lesser stability of the MR-TADF compounds’ radical cations
compared to their excitons. Moreover, an inverse correlation was
observed between LT95 and the Faradaic yield (see Fig. 3d). While not
definitive, this negative linear relationship implies a close association
between the positive polarons of MR-TADF molecules and the opera-
tional stability of OLEDs.

The observed relationship between the operational stability of
OLEDs and the stability of MR-TADFmolecules is further supported by
examining the behavior of trapped hole carriers within these dopants.
The ideality factor [(kBT/q)·(∂ln J/∂V)]−1 for devices using compounds
1−4 consistently exceeds two, as shown in Supplementary Fig. 9, where
kB is the Boltzmann constant, T is the absolute temperature, q is the
elementary charge, J is the current density, and V is the voltage. This
finding suggests significant charge carrier trapping within the MR-
TADFmolecules41. In single carrier devices designed for exclusive hole
transport, the hole current density profiles vary according to the
specific MR-TADF dopant used, as depicted in Supplementary Fig. 10.
In contrast, no significant variation in current density is observed with

exclusive electron transport (Supplementary Fig. 11). The sequence of
hole trapping within the dopants is observed to follow the order
2 >4 ~ 3 > 1. This order, in conjunction with the Faradaic yield data,
offers a coherent kinetic rationale for the observed LT95 values of the
OLED devices. This rationale is predicated on the assumption that the
degradation rate adheres to pseudo-first-order kinetics, with the rate
equation modeled as rate = k·[D•+] = exp(−Ea/kBT)·[D•+], where k is the
rate constant for degradation, [D•+] is the molar concentration of the
radical cation of an MR-TADF dopant, and Ea is the activation energy
for the rate-determining step. Under this framework, the device uti-
lizing compound 1 exhibits the longest LT95, attributable tomolecule 1
having the smallest Faradaic yield, indicative of the highest intrinsic
stability, and the lowest density of positive polarons, leading to the
lowest concentration of the degradation intermediates. Conversely,
the notably shorterLT95 for the device incorporating compound 4 can
be explained by its high Faradaic yield and dense population of posi-
tive polarons, highlighting a direct correlation between these factors
and device longevity.

Degradation mechanism
To shed light on the degradation mechanism of MR-TADF materials,
we analyzed a byproduct formed from radical cations. Electrospray
ionization (ESI) mass spectrometry in positive mode revealed a sig-
nificant peak at anm/z value of 810.51 amu in an electrolyzed solution
of compound4, as shown in Fig. 4a. This peak corresponds to a species
involving [4−2H], precisely matching with the theoretical isotope dis-
tribution. Notably, the pristine sample of 4 lacks this peak, under-
scoring that the cyclization product specifically arises from the radical
cation state. This structural assignment gains additional support from
the appearance of new peaks in the 1H NMR (300MHz, CD2Cl2) spec-
trum, indicative of a non-symmetric aromatic framework formation, as
depicted in Fig. 4b. An independently synthesized non-symmetric
cyclization compound (labeled as compound 4′, see Fig. 4b) shows 1H
NMR peaks corresponding to those observed in the oxidation bypro-
duct. We also found the formation of mono-, bi-, tri-, and tetra-
cyclization byproducts of 2 with multiple reaction sites
(Supplementary Fig. 12), which corroborates the occurrence of oxi-
dative cyclization reactions. Note that this observation aligns with the
known intramolecular electrochemical reactivities of aryl amines: aryl
amines cyclize uponoxidationwhich typically involves radicals formed
at the ortho-position to the amino group42,43. Aryl amines are also
known to undergo oxidation and subsequent electrochemical poly-
merization under electrical stress, adversely affecting the device's
lifetime. Protective groups like tert-butyl substituents or oxidation-
stable replacements are commonly used to enhance their electro-
chemical stability and improve device performance44–47.

Further evidence for the intermediacy of the radical cation in the
cyclization reaction comes from spectroelectrochemical measure-
ments. Upon applying an anodic potential of 1.04 V versus a saturated
calomel electrode (SCE) to anargon-saturatedTHF solution containing
10μM of compound 4 and 0.10M tetrabutylammonium hexa-
fluorophosphate as supporting electrolyte, a broad absorption band
appears in the 500−700nm region (Fig. 4c). This absorption signature
is replicated upon the electrochemical oxidation of 4 with [FeCl3] as a
strong oxidant (Fig. 4d), signifying that the visible absorption band
originates from the radical cation of a cyclized compound. This is
corroborated by the identical absorption band observed upon the
electrochemical oxidation of compound 4′ at a potential of 0.80 V vs
SCE (Fig. 4e). Collectively, our experimental findings converge on the
oxidative cyclization as a pivotal degradation pathwayof theMR-TADF
molecule.

We performed amechanistic investigation using DFT calculations
to propose the major degradative mechanism and the key kinetic
factor governing the stability of MR-TADF dopants against oxidative
degradation. Our initial analysis of bond dissociation energies showed
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that the C–C single bonds in the dopant molecule become stronger
upon oxidation (see Supplementary Table 1). This unexpected increase
in bond strength is attributed to an increase in bond order after
removing one electron from the HOMO, which has an antibonding
character between the aromatic rings. As a result, unimolecular
degradation is unlikely to be the primary degradation route.

Further investigation intobimolecular reactions evaluated various
mechanistic scenarios, as outlined in Fig. 5. To assess the general
reactivity of a series of dopants, we used a simplified model structure
without peripheral substituents (denoted as M) and a truncated host
molecule (denoted as Host) as the reaction partner. Two potential
reaction modes for the oxidized dopant (denoted as M•+) were

considered: acting as a radical or as a cation. M•+ could undergo
deprotonation by Host due to increased acidity upon oxidation (path
a) or engage in hydrogen atom transfer to dissipate spin density (path
b). In both scenarios, the C–H bond cleavage was accompanied by the
formation of a new C–C bond, resulting in cyclization. When cycliza-
tion did not accompany C–H bond activation, highly unstable open-
shell species were generated, making the process energetically unfa-
vorable (see Supplementary Fig. 13).

We then modeled the oxidized host (Host•+) as the reaction
partner, reflecting the presence of hole-transporting hosts in the
device environment. For hydrogen atomabstraction byHost•+ (path c),
our kinetic analysis showed a substantial reduction in the reaction

Fig. 3 | Oxidative degradation. a Liquid chromatograms of 100μM4 (Ar-saturated
THF containing a 0.10M tetrabutylammonium hexafluorophosphate supporting
electrolyte) obtained during oxidative bulk electrolysis performed at an anodic
potential of 1.04V vs SCE. A Ptmesh and a Pt coil were used for theworking and the
counter electrodes, respectively. An Ag/AgNO3 pseudo-reference electrode was
used. The peakmarkedwith anasterisk (*) corresponds to a benzophenone internal
standard. Chromatograms for 1−3 are shown in the Supplementary Fig. 8. b Decay
in the concentration of the residualMR-TADF dopants during continuous oxidative

bulk electrolysis performedat potentials of 1.04 V vs SCE (1 and4), 1.01 V vs SCE (2),
and 0.98 V vs SCE (3). Error bars represent the standard deviation of three inde-
pendent experiments. The solid lines are linear fits of the initial five data points.
c Quantum yields for photolysis (blue bars) and Faradaic yields for oxidative
electrolysis (yellow bars) of 1−4. Values are compiled in Table 1. d Correlation
between LT95 and the Faradaic yield for the oxidative degradation of the dopants.
The gray line is a linear fit.
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barrier compared to the other pathways, making path c the most
favorable route (detailed discussion follows in the next paragraph).
The resulting intermediate, [M–H]+, can subsequently undergo
deprotonation to form the net dehydrogenated product [M–2H], with
a total free energy change of –9.6 kcalmol−1. In comparison, an alter-
native pathway involving hydrogen atom addition byHost•+ (path d) is
kinetically disfavored, with a higher reaction barrier of 53.1 kcalmol−1.
Moreover, the intermediate formed (MH+) does not account for the
experimentally observed byproduct, which shows a red-shifted
absorption profile.

We evaluated the energy profiles of paths a–c, as illustrated in
Fig. 6, to identify the primary route responsible for degradation and
gain insight into the kinetic aspects. The process begins with the
intramolecular cyclization of M•+ via the transition state A-TS, which
has an energy of 37.4 kcalmol−1, leading to the formation of inter-
mediate B at 31.8 kcalmol−1. This cyclization step, essential for acti-
vating the C–H bonds for subsequent reactions, involves a radical
addition of the oxidized azaborine unit (“core ring”) to the adjacent
neutral phenyl group (“pendant ring”). As a result, the positive charge
is retained on the core, while the spin density shifts to the pendant
ring. In intermediate B, the bridgehead C–H bond on the positively

charged core becomes more acidic and is activated for deprotonation
(path a), while the bridgehead C–H bond on the pendant ring, bearing
radical character, is activated toward hydrogen atomabstraction (path
b). In path a, the deprotonation by Host proceeds via C′-TS1 at
46.4 kcalmol−1, leading to the radical intermediate [M–H]• at
40.4 kcalmol−1. In path b, hydrogen atom transfer (HAT) occurs
through C′-TS2 at 54.4 kcalmol−1, producing the cationic intermediate
[M–H]+ at 33.0 kcalmol−1.

The most favorable pathway, however, arises when B reacts with
Host•+, forming adduct C. In this case, hydrogen atom abstraction
proceeds through C-TS at a much lower energy of 26.2 kcalmol−1,
resulting in closed-shell intermediates [M–H]+ and [HostH]+ at
–4.6 kcalmol−1. The highly exergonic nature of this step, combined
with a negligible barrier of 2.4 kcalmol−1, suggests that the coupling of
two radicals via HAT is highly favorable and effectively irreversible.
Subsequent deprotonation by Host from adduct E occurs through
E-TS at 4.8 kcalmol−1 (with a step barrier of 8.7 kcalmol−1) forming
intermediate F. The overall reaction yields the final dehydrogenated
product [M–2H] with a reaction energy of –9.6 kcalmol−1. Therefore,
we propose path c as the major degradation pathway, with the rate-
determining step being the initial intramolecular cyclization.

4 before degradation

4 after degradation

a b

Hc

d ec

Hf

Hb

He

Hh
Hd Hg

4 before degradation

4 after degradation

Fig. 4 | Degradation byproduct. a Mass spectra (ESI, positive) of 100 μM 4 (Ar-
saturated THF containing a 0.10M tetrabutylammonium hexafluorophosphate
supporting electrolyte) obtained before (top panel) and after (bottom panel) oxi-
dative bulk electrolysis at an anodic potential of 1.04 V vs SCE. A Pt mesh and a Pt
coil were used for the working and the counter electrodes, respectively. An Ag/
AgNO3 pseudo reference electrodewasused. The inset structures are the proposed
chemical structures corresponding to the indicatedm/z values. The inset black and
red bars show the theoretical and observed m/z values, respectively. b 1H NMR
(300MHz, CD2Cl2) spectra of 4 before (top) and after (middle) the oxidative
degradation, and the independently synthesized cyclization byproduct 4′ (bot-
tom). c UV−Vis absorption spectra of 10μM 4 (Ar-saturated THF containing 0.10M

tetrabutylammoniumhexafluorophosphate) obtainedduring oxidative electrolysis
(0−3 h) at an anodic potential of 1.04V vs SCE. Arrows indicate spectral changes.
The inset figure depicts the magnified view in the region 440−750 nm. d UV−Vis
absorption spectra of 100μM 4 reacted with 1 equiv [FeCl3] (Ar-saturated CH2Cl2).
Arrows indicate spectral changes. The inset figuredepicts themagnified view in the
region 440−750 nm. eUV−Vis absorption (top) and absorption difference (bottom)
spectra of an Ar-saturated THF 1.1mM 4′ and a 0.10M tetrabutylammonium hex-
afluorophosphate supporting electrolyte recorded upon application of an anodic
potential of 0.80V vs SCE (a Pt mesh working electrode, a Pt wire counter elec-
trode, and an Ag/AgNO3 pseudo-reference electrode).
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While host molecules were used as reaction partners to simulate
device-like environments, the energy profile for the proposed
mechanism involving an oxidized dopant (M•+) as a reaction partner,
instead of Host•+, shows a similar energetic landscape (see Supple-
mentary Fig. 14). This confirms that the proposed mechanism remains
valid under bulk electrolysis conditions as well.

Based on our mechanistic understanding, the cyclization barrier
(ΔG‡

cyc, the energy at A-TS) is identified as the key factor influencing
the intrinsic stability of dopants against oxidative degradation.
As shown in Table 3, the ΔG‡

cyc values calculated for dopants 1–4 follow
the trend: 1 (38.6 kcalmol−1) >2 (37.2 kcalmol−1) >3 (36.6 kcalmol−1) >4
(35.0 kcalmol−1), which explains the trend inobservedFaradaic yield and

device stability. The energy of the cyclized intermediate B (ΔGcyc) fol-
lows a similar trend, except for dopant 2 having a higher ΔGcyc

(34.3 kcalmol−1) than 1 (31.5 kcalmol−1). The cyclization step, essentially a
radical addition of the oxidized core, is enhanced with a more localized
radical character on the reacting carbon. This is reflected in theMulliken
spin densities, which show increasing localization as 2< 1 ~ 3<4 (see
Supplementary Fig. 15). Thedistributionof the SOMOsupports this, with
dopant 2 displaying the most extensive π-conjugation across two fused
cores and dopant 4 exhibiting the least. Additionally, the diarylamino
group in dopant 3 appears to stabilize the positive charge on the core
during cyclization, reducing the barrier by 2.7 kcalmol−1 compared to
dopant 1.

The alignment of the trends in cyclization barriers ΔG‡
cyc and

stability is further supported by numerical analysis, which shows a
stronger dependence of the amount of the cyclized intermediate
([M–H]+) on ΔG‡

cyc, rather than on the amount of M•+ (see Supple-
mentaryMethod 3 and Supplementary Fig. 16). This result implies that
during device operation, the generation of byproducts is dominated
by the intrinsic reactivity of dopants (represented by ΔG‡

cyc). This
finding highlights the importance of controlling ΔG‡

cyc during the
molecular design stage to develop new dopants that can better resist
degradation.

Finally, we investigated the deleterious effect of the degradation
byproduct on the operational stability of devices. The photo-
luminescence spectrum of compound 4′ shows aminor bathochromic
shift of 30 nm compared to that of 4, as depicted in Supplementary
Fig. 17. Contrary to initial assumptions, the robust emission from
compound 4′ disputes the notion that it would impair device perfor-
mance by quenching excitons or acting as a nonradiative charge car-
rier recombination center. This is further supported by the unaltered
electroluminescence spectra between pristine devices and those
operated up to the LT80 and LT50 benchmarks for compounds 1−4,
represented in Supplementary Fig. 18. Such consistency in emission
profiles suggests that the luminescent pathways of compound 4′ do
not contribute to device deterioration. However, a notable gradual
decrease in current density was observed over operational time, indi-
cating poor current performance in devices incorporating compounds
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1−4 when assessed at their respective LT80 and LT50 durations (Sup-
plementary Fig. 19). This decline in current levels correspondingly led
to diminished luminance, power efficiency, and EQE, as detailed in
Supplementary Table 2 and Figs. 20–22. These findings collectively
hint at the formation of charge carrier traps within the cyclized
byproducts of MR-TADF dopants, a theory further supported by the
steady increase in operational voltage over time (Supplementary
Fig. 23). In fact, 4′ has the HOMO shallower than that of 4, supporting
this notion (Supplementary Fig. 4). Although we are cautious to draw
direct proportionalities, we find rough correlations between the vol-
tage rise and the LT95 values and the Faradaic yield values (Supple-
mentary Fig. 24).

Deuteration effect
Deuteration has recently been demonstrated to be a viable strategy for
improving the operational stability of hosts48–51, and
phosphorescent52–55 and dipolar TADF emitters56,57. However, the spe-
cific mechanism by which deuterium confers protective benefits to
OLED materials has not been fully elucidated. We investigated the
effect of deuteration on enhancing the stability of our MR-TADF
dopants. According to our proposed mechanism, wherein the rate-
determining step is intramolecular cyclization, only a secondary effect
is expected, as this process does not directly involve the breaking or
formation of C−H bonds.

To test this hypothesis and validate our proposedmechanism, we
compared the intrinsic stability of a deuterated version of compound
1, denoted as 1D, with its protiated form, utilizing oxidative bulk
electrolysis techniques. Compound 1, chosen for its superior polaronic
stability as indicated by its Faradaic yield, served as a model for this
investigation. Synthetic procedures, as well as photophysical and
electrochemical data, are summarized in the “Methods” section and
Supplementary Fig. 25, respectively. Our results unambiguously
demonstrate the enhanced longevity of 1D, with its oxidative degra-
dation Faradaic yield being 30%, ~7% lower than that of compound 1
(Fig. 7a and b). This finding aligns with our quantum chemical calcu-
lations, reinforcing the premise that intermolecular hydrogen atom
abstraction constitutes the secondary degradation pathway.

Further comparative studieswere conductedonmultilayerOLEDs
fabricated with the identical configuration as used previously, sub-
stituting 1 with 1D. The key electroluminescence data are compiled in
Supplementary Table 3. Unsurprisingly, the electroluminescence
spectrum and the current density versus voltage profiles of the device
incorporating 1D closely mirrored those of the device based on com-
pound 1. Notably, a modest increase in the EQE was observed for the
1D-based device (24.0%) compared to the 1-based device (23.1%) at a
current density of 0.01mA cm−2, while their roll-off profiles remained
virtually identical (Fig. 7e). Moreover, the operational lifetime experi-
enced a modest improvement with the inclusion of 1D, with the LT95
reaching approximately 4.3 h, an increase of about 20% over the LT95
of the device based on compound 1 (Fig. 7f). This improvement is
greater than the error range of the LT data (±0.1%), validating the
fidelity of it. This moderate increase in LT95 is consistent with our
proposed mechanism, where the cyclization barrier is the rate-
determining factor. Our calculations show a minimal vibrational cor-
rection in ΔG‡

cyc of 0.06 kcalmol−1, from 1 to 1D, resulting in a kinetic

isotope effect (KIE) of 1.1. This minor KIE value further supports that
the rate-determining cyclization step is responsible for the moderate
increase in LT95.

Discussion
Organic molecules that exhibit MR-TADF have become vital to the
development of highly efficient OLEDs with saturated color purity.
Despite their significance, research that closely examines the rela-
tionship between the operational lifetimes of OLEDs and the intrinsic
stability of MR-TADF compounds is notably rare, even though the
device's longevity is crucial for commercial viability. In our study, we
discovered that the operational lifetime of OLEDs is not directly linked
to the excitonic stability of MR-TADF molecules 1−4. Instead, our
investigations, particularly through bulk electrolysis experiments,
highlighted the pronounced instability of the one-electron oxidized
forms of these molecules. We established a clear correlation between
the Faradaic yield for oxidative degradation and the operational life-
time of the devices, identifying radical cations—or positive polarons—
as the critical intermediates that dictate device longevity.

Quantum chemical calculations propose dehydrogenative cycli-
zation as the primary degradation pathway for the oxidized dopants,
with the rate-determining step being the initial intramolecular cycli-
zation. The cyclization occurs through the addition of the oxidized
azaborine core unit to the pendant aryl group, followed by irreversible
hydrogen atom abstraction and deprotonation. Analysis among
dopants 1−4 revealed that spin localization through π-conjugation
reduces reactivity toward cyclization, enhancing resistance to oxida-
tive degradation. Chemical analyses, encompassing mass
spectrometry, 1H NMR spectroscopy, and UV−Vis spectro-
electrochemical measurements, confirmed the formation of a cyclized
byproduct following hole trapping in the MR-TADF compounds. This
conclusionwas further supported by our independent synthesis of the
cyclization byproduct (compound 4′).

Investigation of the deuterated MR-TADF compound 1D demon-
strated amoderate effect in reducing the Faradaic yield and extending
the operational lifetime compared to its undeuterated counterpart.
This modest effect is consistent with a secondary kinetic isotope
effect, aligning with the proposed mechanism in which the rate-
limiting step involves a transformation of C–C bond rather than C–H
bond. Our findings suggest an alternative strategy for enhancing the
stability of MR-TADF molecules for OLED applications, such as intro-
ducing sterically demanding substituents to inhibit the cycliza-
tion step.

This research underscores the importance of managing electro-
chemical reactivity to ensure the high stability of MR-TADFmolecules.
Given the extensive body of existing research on the electrochemical
behaviors of arylamine-based organic molecules58, we anticipate that
the insights gained from our study, combined with existing knowl-
edge,will pave theway for thedesign anddevelopmentof highly stable
MR-TADF molecules for electroluminescence applications.

Methods
General procedures
Chemicals were purchased from commercial suppliers, and used
without further purification. 1H and 13C{1H} NMRspectra were recorded
on a Bruker AVANCE III HD 500 spectrometer and a Bruker AVANCE III
600 spectrometer, with CD2Cl2 as the solvent. Chemical shifts were
referenced to the peaks corresponding to residual solvents. We
examined the purity and mass spectra of materials by performing
liquid chromatography-mass spectrometer-ion trap-time of flight
(LCMS-IT-TOF) analyses. The LCMS-IT-TOF instrumentation consisted
of a Shimadzu LC-30A Nexera SR System instrument connected to a
hybrid IT-TOF mass spectrometer equipped with an ESI source. Com-
pound 2 was prepared following the method of Kondo et al.12. Com-
pound 4 was prepared following the method of Han et al.39. Organic

Table 3 | Energy components of the cyclization step of MR-
TADF dopants 1–4a

Energy (kcalmol−1) 1 2 3 4

ΔG‡
cyc 38.56 37.19 36.61 35.00

ΔGcyc 31.50 34.29 30.09 27.57
aEnergies calculated at B3LYP-D3/Def2-TZVP//B3LYP-D3/Def2-SVP level of theory.
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materials for device fabrication were purchased from commercial
suppliers and were purified by sublimation at 10−5 torr prior to
deposition. PMMA (Mw ~120,000, Sigma−Aldrich) films doped with
the MR-TADF dopants (2wt%) were dissolved in 1,2-dichoroethane
(5 wt% total solute relative to solution). The solution was sonicated for
30min and passed through a membrane filter (pore size = 8.0μm). An
aliquot of the polymer solution was placed on a pre-cleaned glass
substrate and was spin-cast using an EPLEX, SPIN‐1200D spin coater.
Spectrophotometric-grade THF stored under an inert atmospherewas
used for spectroscopic and electrochemical measurements.

Synthesis of 1
A tert-butyllithium solution (1.7M in pentane, 8.50mL, 14.5mmol) was
added dropwise to a stirred solution ofN1,N1,N3,N3-tetra([1,1’-biphenyl]-
4-yl)-2-chlorobenzene-1,3-diamine (5.19 g, 6.90mmol) in tert-butyl-
benzene (70mL) at 0 °C under a N2 atmosphere. The resultingmixture
washeated to 60 °Cand stirred for anhour. The solutionwas cooled to
−78 °C, and boron tribromide (1.40mL, 14.5mmol) was slowly added.
The resultant mixture was stirred for 2 h at 0 °C. After additional
stirring, diisopropylethylamine (2.40mL, 13.8mmol) was added to the
reaction mixture at 0 °C, and then the reaction mixture was heated to

30%

37%

ba

c d

fe

1D

Fig. 7 | Deuteration effect. a Liquid chromatograms of 100μM 1D (Ar-saturated
THF containing 0.10M tetrabutylammonium hexafluorophosphate) obtained
during oxidative bulk electrolysis at an anodic potential of 1.04V vs SCE. A Ptmesh
and a Pt coil were used for theworking and the counter electrodes, respectively. An
Ag/AgNO3 pseudo reference electrode was used. The peakmarkedwith an asterisk
(*) corresponds to a benzophenone internal standard.bDecay in concentrations of
1 and 1Dduring the continuous oxidative bulk electrolysis. The solid lines are linear
fits of the data. The values are Faradaic yields for oxidative degradation of 1 and 1D.

c−f Electroluminescence spectra (c), current density–voltage curves (d), external
quantum efficiencies as a function of current density (e), and percent luminance
decays as a function of operation time of devices of 1 and 1D driven at a constant
current density at an initial luminanceof 1000 cdm −2 (f). The insetfigure in f shows
a magnified view in the percent luminance range 94.9−95.1%. The luminance and
power efficiency as functions of current density are shown in Supplementary
Fig. 26. Error bars represent the standard deviation of three independent
experiments.
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110 °C and stirred for 3 h. The resultantmixturewas cooled to 0 °C and
then carefully quenched with saturated aq. NaHCO3 solution. Extrac-
tion was performed with dichloromethane; the collected organic layer
was dried over MgSO4, filtered, and concentrated in vacuo. The crude
mixture was purified by column chromatography on silica gel. The
obtained product was recrystallized from dichloromethane/hexane/
methanol to give 1 as a yellow solid (2.24 g, 45%). 1H NMR (500MHz,
CD2Cl2): δ 9.39 (d, J = 2.0Hz, 2H), 7.97 (d, J = 8.5Hz, 4H), 7.84 (d,
J = 8.0Hz, 4H), 7.77 (d, J = 8.0Hz, 6H), 7.48−7.55 (m, 12H), 7.44 (t,
J = 8.0Hz, 2H), 7.36 (t, J = 7.5Hz, 2H), 7.34 (t, J = 8.5Hz, 1H), 7.00 (d,
J = 9.0Hz, 2H), 6.32 (d, J = 8.0Hz, 2H). 13C{1H} NMR (125MHz, CD2Cl2): δ
147.16, 146.83, 141.62, 141.29, 141.16, 140.13, 133.32, 132.37, 132.22,
130.73, 129.80, 128.91, 127.83, 127.20, 126.77, 126.73, 117.75, 105.60. MS
(ESI): m/z calculated for C54H38BN2 [M+H]+: 725.312, Found: 725.302.

Synthesis of 3
The full synthetic details are described in Supplementary Method 1. A
tert-butyllithium solution (1.7M in pentane, 8.50mL, 14.5mmol) was
added dropsie to a stirred solution of N5-([1,1’-biphenyl]-2-yl)-
N1,N1,N3,N3,N5-penta([1,1’-biphenyl]-4-yl)-2-chlorobenzene-1,3,5-tria-
mine (6.19 g, 5.78mmol) in tert-butylbenzene (100mL) at 0 °C under
an N2 atmosphere. The resultant mixture was heated to 60 °C and
stirred for 2 h. The solution was then cooled to −78 °C, and boron
tribromide (1.40mL, 14.5mmol) was slowly added. The resultant
mixture was stirred for an hour at 0 °C. After additional stirring, dii-
sopropylethylamine (2.50mL, 14.3mmol) was added to the reaction
mixture at 0 °C, then the reaction mixture was heated to 110 °C and
stirred for 3 h before being cooled to 0 °C and carefully quenchedwith
saturated aq. NaHCO3 solution. The crude product was then extracted
with dichloromethane, and the collected organic layer was dried over
MgSO4, filtered, and concentrated in vacuo. The crude mixture was
purified by column chromatography on silica gel. Then the obtained
product was suspended in ethyl acetate. The suspensionwas heated to
80 °C and stirred for an hour. The insoluble solid was collected by
filtration to give 3 as a yellow solid (1.8 g, 30%). 1H NMR (600MHz,
CD2Cl2): δ 9.33 (d, J = 2.4Hz, 2H), 7.82 (d, J = 8.4Hz, 4H), 7.75 (d,
J = 8.4Hz, 4H), 7.71 (dd, J = 9.0Hz, 2.4Hz, 2H), 7.56 (d, J = 6.6Hz, 4H),
7.50 (t, J = 8.0Hz, 4H), 7.33–7.42 (m, 11H), 7.27–7.31 (m, 5H), 7.21–7.24
(m, 1H), 7.14–7.16 (m, 4H), 7.11–7.14 (m, 1H), 7.04–7.08 (m, 4H), 6.99
(dd, J = 7.8Hz, 2H), 6.97 (d, J = 8.4Hz, 2H), 6.79 (d, J = 8.4Hz, 2H), 5.63
(s, 2H). MS (ESI): m/z calculated for C78H55BN3 [M+H]+: 1044.448,
Found: 1044.452.

Synthesis of 1D
The full synthetic details are described in Supplementary Method 2. A
tert-butyllithium solution (1.7M in pentane, 5.50mL, 9.35mmol) was
added dropwise to a stirred solution of N1,N1,N3,N3-tetrakis([1,1’-
biphenyl]-4-yl-d9)-2-chlorobenzene-1,3-diamine (3.50g, 4.45mmol) in
tert-butylbenzene (90mL) at 0 °C under an N2 atmosphere. The
resultant mixture was heated to 60 °C and stirred for an hour. The
solution was cooled to −78 °C and boron tribromide (0.90mL,
9.34mmol) was slowly added. The resultantmixture was stirred for 2 h
at 0 °C. After additional stirring, diisopropylethylamine (1.60mL,
9.15mmol) was added to the reactionmixture at 0 °C; themixture was
then heated to 110 °C and stirred for 3 h. The resultant mixture was
cooled to 0 °C and carefully quenched with saturated aq. NaHCO3

solution. The crudeproductwas then extractedwithdichloromethane,
and the collected organic layer was dried over MgSO4, filtered, and
concentrated in vacuo. The crude mixture was purified by column
chromatography on silica gel. Then the obtained product was recrys-
tallized fromdichloromethane/hexane/methanol to give 1D as a yellow
solid (0.800 g, 24%). 1H NMR (500MHz, CD2Cl2): δ 7.98 (s, 0.17H), 7.84
(s, 2.1H), 7.78 (s, 2.3H), 7.51–7.55 (m, 1H), 7.44 (s, 0.3H), 7.37 (s, 0.28H),
7.35 (t, J = 8.5Hz, 1H), 6.99 (s, 0.4H), 6.32 (d, J = 8.5Hz, 2H); deuterium
is incorporated at ~80%. 13C{1H} NMR (125MHz, CD2Cl2): δ 147.11,

146.84, 141.17, 132.21, 127.07, 126.62, 105.56. MS (ESI): m/z calculated
for C54H10D27BN2 [M-7D + 7H]+: 751.474, Found: 751.387.

Device fabrication and characterization
The organic layers were deposited consecutively onto pre-cleaned ITO
glass substrates using a thermal evaporation system at a pressure less
than 1.0 × 10 −6 torr. A 1 nm-thick LiQ layer and a 100nm-thick Al layer
were deposited as a cathode via thermal evaporation. The deposition
rates of the organic and metal layers were 0.1 and 0.5 nm s −1, respec-
tively. LiQwasdeposited at a rate of 0.01 nm s −1. The active device area
of 4mm2 was defined by the area of overlap between the ITO and Al
electrodes. The current, voltage, and luminance of the OLED devices
were measured with a system comprising a Keithley 2400 Source-
Meter and a Topcon SR-3AR spectroradiometer. Operational lifetime
measurements of the devices were conducted in a constant-current
mode. Current−voltage characteristics of single-carrier devices with
the device structure introduced in Supplementary Fig. 10 were mea-
suredwith a systemconsistingof a Keithley 2400 source-meter. On the
basis of the lack of emission under the given voltage, we inferred that
only hole transport occurred within the single-carrier devices.

Steady-state UV−Vis absorption measurements
UV−Vis absorption spectra were collected at 298K using an Agilent
Cary 300 spectrophotometer. Stock solutions with a concentration of
10mMwere prepared inTHF. Sample solutionswith a concentrationof
10μM in THF, which had been previously saturated with Ar, were
prepared prior to the measurements by diluting the stock solution
unlessotherwise stated. A total of 3.0mLof each solutionwas added to
a quartz cell (Hellma, beam path length = 1.0 cm).

Steady-state photoluminescence measurements
Photoluminescence spectra were obtained at 298K by using a Photon
Technology International Quanta Master 400 scanning spectro-
fluorometer. Samples for the measurements were prepared as 10μM
solutions in THF, unless otherwise stated. The solutions were deaer-
ated by bubbling Ar gas for at least 10min before themeasurement. All
operations were controlled with the FelixGX software provided by the
manufacturer.

Photoluminescence lifetime measurements
PMMA films dopedwith (quartz substrate) 2wt% 1−4were used for the
determination of the photoluminescence lifetimes. Photo-
luminescencedecay traceswere acquired using time-correlated single-
photon-counting techniques with a PicoQuant, FluoTime 200 instru-
ment after picosecondpulsed laser excitation (pulseduration = 2.5 ns).
A diode laser that produced 377 nm pulses (PicoQuant, LDH375) was
driven by a PDL800-D driver (PicoQuant). Transient photon signals
were collected at λobs = 471 nm (1), 467 nm (2), 461 nm (3), and 459nm
(4). The burst mode was used to monitor delayed fluorescence. The
fluorescence signals at the emission peak wavelengths of the com-
poundswereobtainedwith an automatedmotorizedmonochromator.
Photoluminescence decay profiles were analyzed (OriginPro 8.0, Ori-
ginLab) using a biexponential decay model. Temperature-dependent
measurements were conducted in the temperature range 79−315 K
using an Oxford Instruments Omicron Nanoscience, Optistat DN2
variable-temperature liquid N2 cryostat equipped with a MercuryiTC
temperature controller.

Electrochemical characterization
Cyclic and differential pulse voltammetry experiments were con-
ducted using a CH Instruments CHI630 B potentiostat in conjunction
with a three-electrode cell assembly. A Pt wire and a glassy carbon disc
were used as the counter and working electrodes, respectively. An Ag/
AgNO3 couple was used as the pseudo-reference electrode. Measure-
ments were carried out in Ar-saturated THF (2.0mL) with 0.10M
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tetrabutylammonium hexafluorophosphate as the supporting elec-
trolyte at scan rates of 100mV s−1 (cyclic voltammetry) and 4.0mVs−1

(differential pulse voltammetry). The ferrocenium/ferrocene couple
was used as an external reference.

Spectroelectrochemical measurements
UV−Vis absorption spectra of the radical species were acquired via the
amperometric I−t curve method using an Agilent Cary 300 spectro-
photometer with anodic potentials applied. A blank spectrum was
acquired for a 0.10M tetrabutylammonium hexafluorophosphate
solution (THF) in a spectroelectrochemical cell (path length =0.5mm)
equipped with a Pt mesh working electrode, a Pt wire counter elec-
trode, and an Ag/AgNO3 pseudo-reference electrode. A 1.0mM sample
solution (500μL) was delivered into the spectroelectrochemical cell
for the measurement.

Photolysis
An Ar-saturated 25mL THF solution containing 100 µM sample was
placed in a 40mL scintillation vial equipped with a Teflon-coated
magnetic stir bar. The solution was photoirradiated using a mono-
chromatic light source (450 nm) positioned 1 cm from the vial. Ali-
quots of the 100 µL reaction mixture were collected during the
photolysis reaction and dilutedwith 50 µL of 1.0mMof benzophenone
in THF and 850 µL CH3CN for quantification of the residual con-
centration of the components. High-performance liquid chromato-
graphy (HPLC) experiments were performed on an Agilent 6120 DW
LC/MSD instrument equipped with a Poroshell, EC-C18 column. The
photolyzed solutions, diluted in HPLC grade CH3CN (1:4, v/v), were
passed through a poly(vinylidene fluoride) (PVDF) membrane filter
(pore size = 8.0μm) prior to injection. A 5μL sample volume was
injected and allowed topass through the columnat room temperature;
a gradient eluent with increasing fractions of CH3CN in H2O was used.
The quantum yields for photolysis (Φdeg) were determined according
to Eq. (1):

Φdeg =
kobs ×V

ð1� 10�AbsÞ×q
ð1Þ

where kobs represent the degradation rate corresponding to the slope
of the linear fit of the initial five data points shown in Supplementary
Fig. 6b, V is the volume of the solution (25mL), 1−10−Abs is the photo-
kinetic factor based on the absorbance at a wavelength of 450nm, and
q is the photon flux (4.0 × 10−8 einstein s−1) determined using standard
ferrioxalate actinometry and additionally confirmed using an optical
powermeter.

Oxidative bulk electrolysis
Oxidative bulk electrolysis experiments were conducted using 25mL
of Ar-saturated THF solutions containing 200 µM sample, along with
0.10M tetrabutylammonium hexafluorophosphate, in a 40mL scin-
tillation vial equippedwith aTeflon-coatedmagnetic stir bar. Oxidative
bulk electrolysis was performed at potentials of 1.04 V vs SCE for 1
and 3, 1.01 V vs SCE for 2, and 0.98 V vs. SCE for 4. A Pt mesh and a
Pt coil served as the working and counter electrodes, respectively. An
Ag/AgNO3 pseudo-reference electrode was used. Changes in the Far-
adaic charge transferred from the working electrode during oxidative
bulk electrolysis were monitored. Aliquots of the 100 µL reaction
mixture were collected during the electrolysis reaction and diluted
with 50 µL of 1.0mM benzophenone in THF and 850 µL CH3CN for
quantification of the residual concentration of the components. HPLC
experiments were performed on an Agilent 6120 DW LC/MSD instru-
ment equipped with a Poroshell, EC-C18 column. The electrolyzed
solutions, diluted inHPLCgradeCH3CN (1:4, v/v),werepassed through
a PVDF membrane filter (pore size = 8.0μm) prior to injection. A 5μL
sample volume was injected and allowed to pass through the column

at room temperature; a gradient eluent with increasing fractions of
CH3CN in H2O was used. The Faradaic yield for oxidative bulk elec-
trolysis was determined following Eq. (2):

Faradaic yield=
kobs ×V × t

C × F
ð2Þ

where kobs is the degradation rate corresponding to the slope of the
linear fit of the initial five data points shown in Fig. 3b, V is the volume
of the solution (25mL), t is the reaction time, C is the total charge
transferred at time t, and F is the Faraday constant.

Degradation product analyses
ESI mass analyses were performed under positive-ion detection mode
(voltage = 70 V) in the range 200−1500 amu.

Determination of rate constants for ISC and rISC
The (r)ISC rate constants were analyzed based on Eqs. (3)−(6) devel-
oped by Ying et al.59:

kS1
r =ΦPFkPF +ΦDFkDF ð3Þ

kS1
nr =

1�Φtotal

Φtotal
kS1
r ð4Þ

krISC � ΦPF +ΦDF

� �
kPFkDF

ΦPFkPF +ΦDFkDF
=
ΦtotalkPFkDF

kS1
r

ð5Þ

kISC =
ΦPFΦDFkPFkDF kPF � kDF

� �2

ΦPFkPF +ΦDFkDF

� �2krISC

� ΦPFΦDF kPF � kDF

� �2

kS1
r Φtotal

ð6Þ

In these equations, knrS1 is the nonradiative decay rate of the S1
state, kPF is the rate for prompt fluorescence, kDF is the rate for delayed
fluorescence, kISC is the rate for intersystem crossing from the S1 state
to the T1 state, krISC is the rate for reverse intersystem crossing, ΦPF is
the quantum yield for prompt fluorescence, ΦDF is the quantum yield
for delayed fluorescence, and Φtotal =ΦPF +ΦDF.

Quantum chemical calculation methods
All density functional theory (DFT)58 calculations were performed with
the Orca 4.2.0 suite of quantum chemistry programs59. Geometries of
intermediates and transition states were optimized with B3LYP60,61

hybrid functional along with Grimme’s D3 dispersion62 correction
(B3LYP-D3) using the Ahlrichs balanced basis sets of split valence
quality, Def2-SVP63. The RIJCOSX approximation64,65 was employed to
accelerate Coulomb integrals using the Def2/J auxiliary basis set66.
Single point calculations were carried out with the valence polarized
triple-zeta (ζ) quality Ahlrichs basis set, Def2-TZVP63, to obtain more
reliable electronic energies of the optimized structures. To evaluate
the zero-point energy (ZPE) and entropy correction, the frequency
calculations were performed at the same level of theory used in the
geometry optimization. In order to simulate the dielectric shielding
effect within the emission layer in our OLED device, the dielectric
constant of theHThostmolecule,which is themajor component of the
emissive layer, was evaluated using Clausius–Mossotti relation67, as
follows:

ε� 1
ε+ 2

=
4πα
3V

ð7Þ

where α is the isotropic component of themolecular polarizability and
V is the volume occupied by a single molecule. The polarizability was
calculated as 70.3 Å3, and the volume was obtained as 510Å3 using
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Multiwfn software68. Thus, the dielectric constant ε = 5.101 was
obtained for the thin-film environment composed of HT host. Using
the epsilon value, the solvation energies were calculated based on the
conductor-like polarizable continuum model69 on the gas-phase
optimized structures, to consider the shielding effect. The solution-
phase Gibbs free energies were computed as follows:

GðsolÞ=GðgasÞ+Gsolv ð8Þ

GðgasÞ=HðgasÞ�TSðgasÞ ð9Þ

HðgasÞ= EðSCFÞ+ZPE ð10Þ

ΔGðsolÞ=ΣGðsolÞfor products�ΣGðsolÞfor reactants ð11Þ

G(sol) is the solvation-correctedGibbs free energy fromgasphase
free energy G(gas); H(gas) is the enthalpy in the gas phase; T is the
temperature (298.15 K); S(gas) is the entropy in the gas phase; E(SCF) is
the self-consistent field converged electronic energy; and ZPE is the
vibrational zero-point energy. Note that entropy here refers specifi-
cally to the vibrational/rotational/translational entropy of the
solute(s). The solvent entropies are implicitly included in the con-
tinuum model60–62.

Data availability
The datasets generated during and/or analyzed during the current
study are available from the corresponding author on request. The raw
data for the main figures generated in this study are provided as excel
spreadsheet in the Source Data file.

Code availability
The code used for the numerical analysis is based onode solver built in
SciPy and regression analysis built in Sklearn code using a python
package. The python code data and detailed methods are provided in
the Supplementary Information/Source Data file.
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