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Fast Transfer of Triplet to Doublet Excitons from
Organometallic Host to Organic Radical Semiconductors

Qinying Gu, Sebastian Gorgon, Alexander S. Romanov, Feng Li, Richard H. Friend,*
and Emrys W. Evans*

Spin triplet exciton formation sets limits on technologies using organic
semiconductors that are confined to singlet-triplet photophysics. In contrast,
excitations in the spin doublet manifold in organic radical semiconductors can
show efficient luminescence. Here the dynamics of the spin allowed process
of intermolecular energy transfer from triplet to doublet excitons are explored.
A carbene-metal-amide (CMA-CF3) is employed as a model triplet donor host,
since following photoexcitation it undergoes extremely fast intersystem cross-
ing to generate a population of triplet excitons within 4 ps. This enables a foun-
dational study for tracking energy transfer from triplets to a model radical semi-
conductor, TTM-3PCz. Over 74% of all radical luminescence originates from the
triplet channel in this system under photoexcitation. It is found that intermolec-
ular triplet-to-doublet energy transfer can occur directly and rapidly, with 12%
of triplet excitons transferring already on sub-ns timescales. This enhanced
triplet harvesting mechanism is utilized in efficient near-infrared organic light-
emitting diodes, which can be extended to other opto-electronic and -spintronic
technologies by radical-based spin control in molecular semiconductors.
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1. Introduction

Triplet excitons play a critical role in all
technologies based on organic semicon-
ductors, and effective spin management is
required to achieve the desired optoelec-
tronic properties. For closed-shell materi-
als, organic light-emitting diodes (OLEDs)
have well-known efficiency limits from the
formation of 25% singlet and 75% triplet
excitons with spin-allowed and -forbidden
emission. The generation of dark triplet ex-
citons that competes with charge extrac-
tion also hinders the performance in or-
ganic photovoltaics. The control of sin-
glet and triplet states is critical in up-
and down-conversion for photon manage-
ment in imaging and increasing the spec-
tral working range of devices such as pho-
todetectors. In these technology areas, it
is necessary to obtain light emission from
triplet excitons, which can be achieved

by a spin-flip (e.g., phosphorescence, thermally activated delayed
fluorescence (TADF), triplet-triplet annihilation[1,2]) with perfor-
mance limits set by singlet-triplet photophysics. Here we show
the advantage of going beyond the singlet-triplet manifold in the
presence of an open-shell organic radical with an all-doublet spin
energy landscape. We present a foundational study of the triplet-
doublet control mechanisms for harvesting energy from dark
triplets with effective use as doublet excitons on organic radicals
for luminescence.

To demonstrate the potential of triplet-doublet photophysics
we designed a model system for studying direct spin-allowed en-
ergy transfer from triplet excitons generated within a closed-shell
organic host to a doublet radical chromophore. We use a carbene-
metal-amide (CMA-CF3, Figure 1a) as a model host since follow-
ing photoexcitation it undergoes extremely fast picosecond in-
tersystem crossing (ISC) to generate a population of triplet exci-
tons. This enables a direct measurement by optical spectroscopy,
where the clock starts from picoseconds for tracking the subse-
quent energy transfer from triplets to TTM-3PCz (Figure 1a) rad-
ical doublet states for light emission. We show one application of
this where our photophysical studies reflect the working mech-
anism in an efficient near-infrared OLED (705 nm, > 16% ex-
ternal quantum efficiency) for which the core process that needs
to happen fast and efficiently is excitation transfer from triplets
to doublets for electroluminescence. A rapid spin-allowed triplet-
doublet transfer process overcomes the rate and performance
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Figure 1. Model triplet-doublet energy transfer system with CMA-CF3 and TTM-3PCz. a) Chemical structures of CMA-CF3 and TTM-3PCz, and energy
transfer mechanism in 3% TTM-3PCz in CMA-CF3 blend with contributions to TTM-3PCz emission indicated as percentages. Example orbital configura-
tions of triplet-doublet transfer with spin conservation are depicted. b) Molar absorption coefficient (red dashed line) of TTM-3PCz in THF, fluorescence
(dark blue line) and phosphorescence (light blue line) spectra of CMA-CF3 liquid toluene solution and frozen MeTHF respectively (excitation at 365 nm).
Significant spectral overlap of the absorption and emission profiles enables energy transfer from S1 and T1 of CMA-CF3 to TTM-3PCz. c) Absorption and
steady-state PL spectra of 3% TTM-3PCz in CMA-CF3 and pristine CMA-CF3 films. CMA-CF3 emission is completely quenched in the blend with only
radical emission observed. d) Time-resolved PL of 3% TTM-3PCz (600–900 nm) in CMA-CF3, 3% TTM-3PCz (600–900 nm) in 4,4′-bis (N-carbazolyl)−1,1′-
biphenyl (CBP) and pristine CMA-CF3 (400–600 nm) films. Delayed emission in 3% TTM-3PCz in CMA-CF3 shows an activated energy transfer channel
for radical emission that is faster than pristine CMA-CF3, but slower than 3% TTM-3PCz in CBP.

limiting spin-flip step for light emission from triplet excitons in
organic semiconductors.

Related singlet exciton energy transfer from a host TADF
OLED system to a narrow band guest emitter (so-called hy-
perfluorescence) has been engineered to provide promising
blue OLEDs.[3,4] The spin doublet emitter allows scope for
direct energy transfer from the triplet excitons present in a
host since this energy transfer process can be spin allowed.
This was shown for a 4CzIPN (1,2,3,5-tetrakis(carbazol-9-yl)−4,6-
dicyanobenzene) triplet harvesting host[5] and in the reverse pro-
cess of doublet to triplet transfer[6] and in solution,[7] although
these demonstrations were limited to microsecond timescales.
Direct triplet energy transfer is attractive since it can speed up
the emission rate by bypassing the slow reverse ISC step involv-
ing a spin-flip in TADF.

The theoretical treatment of energy transfer from closed-
shell to open-shell (radical) materials was previously reported.[8]

Singlet-doublet energy transfer can proceed via both Förster reso-
nance energy transfer (FRET) and Dexter energy transfer (DET).
Formally Coulomb-forbidden processes such as triplet-doublet
energy transfer may become weakly allowed in the presence of
spin-orbit coupling[9] that enables the FRET mechanism. Triplet-
doublet DET is mediated via electron-exchange with spin con-

servation enabled by 2 of 6 encounter pairs that form an overall
doublet multiplicity wavefunction.[5] A simplified scheme show-
ing part of the orbital configurations involved in this mechanism
is shown in Figure 1a.

The host CMA-CF3 is chosen from a family of compounds with
a molecular design of linear, two-coordinated coinage metal com-
plexes where a metal atom bridges a cyclic (alkyl)(amino)carbene
and carbazole as tunable electron 𝜋-acceptor and -donor
components.[10–26] The generally observed picosecond ISC in
carbene-metal-amides is driven by strong spin-orbit coupling de-
rived from the coinage metal. Triplet states in carbene-metal-
amides are long-lived up to microsecond timescales. By having
tunable electronic and photophysical properties—whilst main-
taining rapid ISC—as well as high thermal stability and in-
sensitivity to aggregation quenching, this makes carbene-metal-
amides the ideal host in model host-guest systems with organic
radicals to study the mechanisms and fastest kinetics for triplet-
doublet photophysics.[27]

The guest TTM-3PCz in our model system is a luminescent
𝜋-radical emitter that operates between a doublet spin energy
manifold. The optical and doublet-spin properties of radicals en-
able efficient OLED demonstrations using a mechanism that
avoids detrimental triplet exciton formation in device action.
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Despite highly efficient OLED performance being reported for
TTM-3PCz (Figure 1a) with 703 nm emission,[28] charge im-
balance and accumulation at interface layers in this design are
found to limit the device efficiency, stability and cause sub-
stantial reduction in performance at high current density (“roll-
off”).[29] Here the triplet-doublet photophysical mechanisms re-
vealed from our studies of CMA-CF3:TTM-3PCz enable en-
hanced performance for radical OLEDs. Triplets formed by di-
rect electrical excitation of host sites, away from the radical,
are harvested via energy transfer to the doublet emitter in an
application where spin-flip limits can be removed in emission
pathways starting from triplet excitons. We show that spin-
allowed triplet-doublet energy transfer is efficient already on sub-
nanosecond timescales, which is orders of magnitude faster than
in triplet management technologies using singlet-triplet-limited
photophysics.[1,2]

2. Results and Discussion

For energy transfer we require that the HOMO and SOMO levels
of the TTM-3PCz energy acceptor lie between the HOMO and
LUMO levels of the carbene-metal-amide host. Energy level val-
ues for TTM-3PCz and CMA-CF3 were previously obtained from
cyclic voltammetry in solution[12,28] and can be estimated in the
solid state:[30] HOMOTTM-3PCz = ‒6.2 eV; SOMOTTM-3PCz(reduction) =
‒3.5 eV; HOMOCMA-CF3 = ‒6.32 eV; LUMOCMA-CF3 = ‒2.58 eV.
We have tried several host candidates and found it was neces-
sary to use two trifluoromethyl groups on the carbazole moi-
ety in order to lower the HOMO energy of CMA-CF3 below the
TTM-3PCz HOMO to set up conditions for excited-state energy
transfer to the radical component (Figure 1a). Other CMA can-
didates with cyano substitution and single trifluoromethyl have
HOMO energies higher than the radical, and led to substan-
tial host CMA emission in photoluminescence and electrolu-
minescence from CMA:TTM-3PCz combinations as presented
in Figure S1, Supporting Information. The favorable pairing of
CMA-CF3 and TTM-3PCz for energy transfer is demonstrated
in Figure 1b where optical properties in tetrahydrofuran (THF)
solvent show a significant spectral overlap of CMA-CF3 delayed
fluorescence (dark blue, measured at room temperature) and
phosphorescence (light blue, measured at 77K) with the TTM-
3PCz absorption profile (red). This supports energy conditions
for transfer of excitations from singlet and triplet exciton states
of CMA-CF3 to TTM-3PCz radical. CMA-CF3 shows structured
deep blue emission (𝜆max = 425 nm) in frozen 2-MeTHF at 77 K
which is ascribed to local (i.e., ligand-centered) excited lumines-
cence. The emission red-shifts in liquid toluene solution at room
temperature and becomes broad and unstructured in this less-
constrained environment, and is assigned to CT excited states[12]

(Figure S2, Supporting Information for transient PL spectrum
of solid-state CMA-CF3). A broad and structured photolumines-
cence (PL) profile (Figure 1c) with major peaks at 425 and 470 nm
is measured for the pristine CMA-CF3 film, indicating that the
emission in the solid state is mainly from the local-excited triplet
state from the carbazole ligand, 3LE(Cz), and is mixed with
delayed luminescence of charge transfer CT character. There-
fore, unlike the standard CMA1,[31] the emission of CMA-CF3
films shows substantial phosphorescence contribution.[12] Thin-
film PL of TTM-3PCz shows a strong CT character ascribed

to electronic transitions from TTM-centered SOMO to 3PCz-
HOMO in doublet fluorescence from D1 (707 nm emission
peak).[28]

To examine the effectiveness of CMA-CF3 as a host for en-
ergy transfer, we measured the absorbance and steady-state PL
of the pristine CMA-CF3 film and 3% TTM-3PCz in CMA-CF3
blend (Figure 1c) at film thickness of 80 nm. We excited the
films at 355 nm, where CMA-CF3 is strongly absorbing. The
blend exhibits PL spectra near 715 nm due entirely to TTM-
3PCz, and the CMA-CF3 emission is quenched below the noise
floor. Here TTM-3PCz emission is red-shifted by ≈10 nm com-
pared to films in CBP, which is attributed to host polarity ef-
fects (Figure S3, Supporting Information). As direct TTM-3PCz
photoexcitation is negligible, this shows that the radicals effi-
ciently harvest CMA-CF3 excitons by energy transfer for doublet
emission.

2.1. Time-Resolved Spectroscopy

For tracking the dynamics of energy transfer, we performed time-
resolved PL on ns-μs timescales. A 3% TTM-3PCz in CBP film
was used as a reference since CBP has been shown to be a suc-
cessful host in achieving efficient radical emission.[28] All sam-
ples were excited at 355 nm with fluences near 5 μJ cm−2. As
shown in Figure 1d, pristine CMA-CF3 shows a multiexponen-
tial decay (400–600 nm averaged) with emission contributions
from prompt and delayed fluorescence from 1CT, as well as phos-
phorescence from 3CT and 3LE as previously reported.[12] How-
ever, on pairing CMA-CF3 with TTM-3PCz, the 3% TTM:3PCz
in CMA-CF3 PL kinetics approaches that of the 3% TTM:3PCz
in CBP blend (600–900 nm averaged). PL time slices exhibit only
deep-red emission from the TTM-3PCz radical for the duration of
the emission lifetime (Figure S4a, Supporting Information). The
delayed component of the radical emission in the model blend
is faster than delayed host emission in pristine CMA-CF3, but
slower than radical emission in 3% TTM-3PCz in CBP, suggest-
ing that triplets are involved in energy transfer for TTM-3PCz in
CMA-CF3 blends.

To establish the earlier time kinetics, we performed tran-
sient absorption (TA) spectroscopy on ps-μs timescales. Follow-
ing 355 nm excitation to achieve majority CMA-CF3 host excita-
tion, several overlapping photoinduced absorption (PIA) bands
are present in the 3% TTM-3PCz in CMA-CF3 blend, as shown
in Figure 2a. To assign these excited-state features, we performed
TA experiments on reference samples (Figure S5, Supporting In-
formation). Photoexcitation of pristine CMA-CF3 yields a broad
PIA band centered at 660 nm that decays on ps timescales with
the formation of a narrower band at 590 nm, which we assign to
the CMA-CF3 singlet (S1) and triplet (T1) excitons respectively. To
establish the D1 exciton profile of TTM-3PCz, we used samples
of 3% TTM-3PCz in CBP and observed two PIAs centered at 620
nm and 1650 nm, matching our previous solution studies.[28,32]

As shown in Figure 2b, the bands identified in the con-
trol samples appear without any spectral shifts in the model
3% TTM-3PCz in CMA-CF3 blend. Following photoexcitation
into the CMA-CF3 S1 level, ISC occurs within the first few pi-
coseconds to yield T1 excitons. The TTM-3PCz D1 level popula-
tion grows continually until nanosecond timescales. We used a
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Figure 2. Excited state dynamics of TTM-3PCz and CMA-CF3. a) Normalized transient absorption spectroscopy map of 3% TTM-3PCz in CMA-CF3
following 355 nm excitation at fluence of 5.1 μJ cm−2, with b) time slices of unnormalized spectra. PIA bands corresponding to CMA-CF3 singlet S1 and
triplet T1 excitons are centered at 660 and 590 nm respectively. TTM-3PCz doublet D1 exciton PIAs are present at 1600 and 620 nm. c) Kinetics extracted
from TA in 3% TTM-3PCz in CMA-CF3 blend the reference 3% TTM-3PCz in CBP blend and pristine CMA-CF3. Following fast ISC, the CMA-CF3 T1 decays
faster in presence of TTM-3PCz. The D1 population peaks around 1 ns and tracks the decay of the T1 signal for the 3% TTM-3PCz in CMA-CF3 blend,
compared to peaking at 60 ps and displaying a faster decay for the 3% TTM-3PCz in CBP blend.

genetic algorithm to extract population-specific kinetic traces for
the visible probe region (Supporting Information: Extracting pop-
ulation specific dynamics from TA, p. 6). The optimized species-
associated spectra matched the bands seen in control samples
(Figure S5a, Supporting Information) and allowed S1 and T1 ki-
netic traces to be extracted from the visible probe region data. We
use the kinetics from the 1650 nm IR PIA to extract D1 kinetic
traces. These are shown in Figure 2c for the 3% TTM-3PCz in
CMA-CF3 blend of interest, and two control samples of pristine
CMA-CF3 and 3% TTM-3PCz in CBP blend.

The S1 dynamics for CMA-CF3 are unchanged in the presence
of TTM-3PCz, as both pristine host and 3% blend show rapid ISC
with a lifetime of 3.4 ps. This indicates that the introduction of
radical dopants does not affect ISC dynamics within CMA-CF3
excited states and confirms that triplet excitons are in excess of
singlet excitons in the model blend already from 2.4 ± 0.3 ps.

The D1 signal in 3% TTM-3PCz in CMA-CF3 blend peaked
at 1.1 ns, two orders of magnitude later than in the 3% TTM-
3PCz in CBP control sample. Both samples show comparable di-
rect radical absorption at the excitation wavelength and similar
early time dynamics. Rapid energy transfer from CBP occurs ex-
clusively via FRET from CBP singlets with a lifetime of 11.6 ps
(Figure S5b, Supporting Information), which is similar to the S1-
D1 FRET lifetime for the 3% TTM-3PCz in CMA-CF3 blend cal-
culated as 12 ps (Supporting Information: p. 5). Therefore, in
the TTM-3PCz in CMA-CF3 blend, singlet to doublet FRET is

largely outcompeted by rapid ISC, and occurs with a quantum
yield of ≈21%. Since singlet-doublet FRET is not the dominant
energy transfer pathway, we can focus on the triplet-doublet en-
ergy transfer (TDET) channel contributions to the blend photo-
physics.

The T1 population peaked at 38 ps in pristine CMA-CF3, but at
24 ps in the 3% TTM-3PCz in CMA-CF3 blend. It decayed faster
with increasing TTM-3PCz loading, with its fastest decay lifetime
decreasing from 200 ns in pristine CMA-CF3, to 70 ns in 3%, and
further to 30 ns in 5% TTM-3PCz in CMA-CF3 blends (Figures
S6 and S7, Supporting Information). This suggests that CMA-
CF3 triplet excitons undergo energy transfer to TTM-3PCz sites
on picosecond to nanosecond timescales. We consider that the
slower transfer rates are limited by the speed of triplet exciton
hopping between CMA-CF3 sites until they are in spatial range
of a TTM-3PCz molecule, and forming an encounter pair in a
spin configuration that allows energy transfer.[33] To estimate the
fraction of TDET by a given time we compare the loss of T1 pop-
ulation seen in TA of the blend versus pristine CMA-CF3. We
observe that 23% of triplet excitons transfer within one radical
radiative lifetime (21.2 ns[28]) and 12% of triplet excitons transfer
within 1 nanosecond.

The TA results show that triplet excitons play the dominant
role in energy transfer. To gain insight into the mechanism of
TDET we performed temperature-dependent time-resolved PL
spectroscopy. At room temperature, analysis of the integrated PL
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Figure 3. Temperature-dependent emission dynamics of TTM-3PCz and CMA-CF3. Temperature-dependence on the time-resolved PL kinetics of a) 3%
TTM-3PCz in CMA-CF3 and b) pristine CMA-CF3 films following 355 nm excitation. Insets show integrated PL. Lowering of activation energy compared
to pristine host shows that hyperfluorescence is not responsible for delayed emission in 3% TTM-3PCz in CMA-CF3 blend.

(Figure 3a, inset) reveals that 24% of all emission in the blend
occurs within one radical radiative lifetime. This matches the TA
results and suggests the majority of triplet excitons transfer at
later times. From the fraction of delayed radical emission, we
estimate this fraction at 55%. Upon cooling, the delayed emis-
sion is significantly slower in both the 3% TTM-3PCz in CMA-
CF3 blend (Figure 3a) and pristine CMA-CF3 (Figure 3b). TTM-
3PCz in CMA-CF3 showed no changes to the emission spectra
upon cooling. We used Arrhenius analysis of kRISC (rate of re-
verse ISC, RISC) against the inverse of temperature to estimate
the activation energies (Ea), following methodology for delayed
fluorescence systems (Figure S4, Supporting Information). For
pristine CMA-CF3, the activation energy was found to be 70 ±
1 meV. The key temperature-activated process in pristine CMA-
CF3 is the RISC from triplet to singlet excitons, and this value

shows good agreement with the calculated ∆EST for CMA-CF3
(120 meV) from fluorescence and phosphorescence spectra. This
large activation energy makes RISC relatively slow. However, for
the 3% TTM-3PCz in CMA-CF3 blend the activation energy cal-
culated from the Arrhenius equation was found to be Ea = 24 ±
8 meV. This shows the delayed component of radical emission is
not due to thermal excitation of triplet to singlet excitons followed
by singlet-doublet energy transfer, hyperfluorescence, since this
would require the same activation energy.[27] Therefore, as the ac-
tivation energy is lower in blends compared to pristine CMA-CF3,
RISC to the singlet level is not mediating energy transfer from
triplets to TTM-3PCz doublets. We consider the lower activation
energy of the TTM-3PCz:CMA-CF3 blend reflects the emergence
of triplet-doublet energy transfer pathways for delayed emission
in this system.
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2.2. Discussion of Energy Transfer Mechanism

Our time-resolved spectroscopy results demonstrate that T1
triplet excitons accumulate rapidly following photoexcitation of
CMA-CF3 and this provides a model system to study the sub-
sequent energy transfer from this triplet population. Due to the
rapid ISC, SD FRET is not a significant channel in this blend.
We observe energy transfer directly from triplets to form doublet
excitons in TTM-3PCz, with some TDET occurring already on
picosecond timescales. Two of the main energy transfer mecha-
nisms in organic systems are FRET and DET.[33–43] FRET occurs
through a long-range dipole-dipole electromagnetic interaction
and its efficiency is dependent on the spectral overlap integral
between the emission profile of the host (CMA-CF3) and the ab-
sorption of the dopant (TTM-3PCz).[40,44] The triplets in CMA-
CF3 can also undergo FRET because CMA-CF3 is phosphores-
cent. Although “pure” triplets have no oscillator strength and are
generally not active in FRET, enhanced spin-orbit coupling de-
rived from the metal center makes the CMA-CF3 triplets emis-
sive, and they can be radiatively dipole-coupled to radicals for
energy transfer. As shown in Figure 1b, the absorption of TTM-
3PCz overlaps well with the phosphorescence spectrum of CMA-
CF3 indicating the triplet to doublet energy transfer via Förster
type is possible. FRET can be therefore used to harvest energy
from both singlet and triplet CMA-CF3 excitons. Energy transfer
is also achievable via DET in an electron-exchange mechanism,
whose efficiency depends on the overlap of molecular orbitals on
adjacent molecule.

As the doublet population dynamics show a stretched rise and
decay, and DET requires close molecular proximity, we expect the
picosecond-DET to occur from excited CMA-CF3 sites directly ad-
jacent to a TTM-3PCz, We consider the rate of nanosecond-DET
to be limited by triplet diffusion (cf. Figure S7, Supporting Infor-
mation) that underpins the activation energy of delayed PL.

Additionally, part of the nanosecond energy transfer may origi-
nate in a FRET mechanism from distant T1 excitons that have not
encountered a TTM-3PCz site directly. As the phosphorescence
of CMA-CF3 and the absorption of TTM-3PCz overlap around
450 nm (Figure 1b), which corresponds to the energy of the sec-
ond doublet excited state (≈2.75 eV) of TTM-3PCz, direct FRET
can take place from T1 to D2. D2 excitons can undergo rapid in-
ternal conversion to D1, and then fluorescence to the D0 ground
state.

In summary, we identify two direct triplet-doublet energy
transfer routes: the dominant fast channel occurring on sub-
20 ns times which accounts for 19% of emitted photons, made up
of temperature independent Dexter transfer from T1 to D1 with
a possible contribution of TD FRET for nanosecond timescales.
This is followed by slower, temperature-activated triplet diffu-
sion within the CMA-CF3 host matrix where triplets can en-
counter a radical site in range and in an allowed spin configu-
ration for TDET, leading to 55% of emitted photons. The smaller
activation energy for delayed emission in the blend compared
to the pristine host indicates that the excitation transfer pro-
cess is direct and not mediated by “hyperfluorescence.” The re-
maining emitted photons originate from excitons transferred
via FRET from the singlet level (21%) and weak direct TTM-
3PCz absorption (5%). Our study pushes the boundary of emis-
sion times in organic semiconductors limited by delayed fluo-

rescence or phosphorescence from triplet excitons.[45] We show
triplet-doublet transfer can be an efficient and fast mechanism
for harvesting emissive excitations in organic semiconductors
using a luminescent radical energy sink where doublet excitons
are degenerate or have lower energy than triplet excitons in a
system.

2.3. Device Performance and Physics

Our radical-based method for efficient light emission that origi-
nates from triplet excitons (Figure 1a) can advance performance
and unlock possibilities for spin control in optoelectronics,
optospintronics, and photon management technologies from
organic semiconductors. Here we target demonstrations in
OLEDs to show one application that emerges from using
triplet-doublet photophysics. Several device structures were
prepared by vacuum thermal deposition and the following
architecture was found to give the best performance: indium
tin oxide (ITO)/molybdenum trioxide (MoO3) (5 nm)/1,1-bis[(di-
4-tolylamino)phenyl]cyclohexane (TAPC) (40 nm)/emissive
layer (EML) (30 nm)/4,6-bis(3,5-di-3-pyridylphenyl)−2-
methylpyrimidine (B3PYMPM) (60 nm)/lithium fluoride (LiF)
(0.8 nm)/aluminum (Al) (100 nm) (Figure 4a). The optimized de-
vice shows near infrared (NIR) electroluminescence (EL, 𝜆max =
705 nm) with a maximum external quantum efficiency (EQE)
of 16.0%, which ranks among the highest EQE values for NIR
OLEDs employing purely organic emitters.[46,47] The low turn-on
voltage (3.8 V) and high achievable radiance are also competitive
compared to previously reported radical-based OLEDs.[28,48]

The emission of the device is only from TTM-3PCz across
the applied voltage from 5 to 10 V (Figure 4d), with efficient
quenching of the CMA-CF3 EL. We optimized the OLED device
stack in terms of the selection and thickness control of EML
and the electron transport layer (ETL) to achieve negligible
current leakage and therefore good charge balance (see Figures
S8–S11, Supporting Information) for current density–voltage
and radiance–voltage characteristics of other device stacks).
The EML composition of 3% TTM-3PCz in CMA-CF3 balances
having efficient CMA-CF3 to TTM-3PCz energy transfer and
reducing TTM-3PCz concentration quenching effects (Table S2,
Supporting Information) that lead to lower PLQE and EQE.
All devices show high EQEs at low current density together
with good reproducibility. Generally, improved device perfor-
mance (higher EQE, higher radiance, lower efficiency roll-off)
was observed for TTM-3PCz:CMA-CF3 OLEDs compared to
TTM-3PCz:CBP reference devices (Figure S12, Supporting
Information).

The main exciton formation mechanism in 3% TTM-
3PCz in CMA-CF3 OLEDs is considered to be the energy
transfer mechanism from excited CMA-CF3 as studied in
thin film photophysics. We also replaced the B3PYMPM
for 2,2′,2′′-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)
(TPBi): 1,4-bis(triphenylsilyl)benzene (UGH2) (9:1 wt%, 10 nm)
and TPBi (60 nm) where TPBi and UGH2 are ETL and hole block-
ing layers, respectively. Here the LUMO energies are closer to
that of CMA-CF3 so that it is more preferentially excited over
TTM-3PCz when using the TPBi:UGH2 transport layer com-
pared to B3PYMPM.[12,31] This device shows 14.9% maximum
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Figure 4. OLED characteristics of TTM-3PCz and CMA-CF3. a) Optimized device structure for 3% TTM-3PCz: CMA-CF3 OLED. b) EQE versus current
density with a maximum EQE of 16.0%. c) Current density versus voltage (blue) and radiance versus voltage (red) of the 3% TTM-3PCz: CMA-CF3 device.
d) EL spectra of the champion device from 5 to 10 V indicating 3% TTM-3PCz: CMA-CF3 device is from TTM-3PCz.

EQE and no residual emission from CMA-CF3 can be seen
(Figure S12, Supporting Information), consistent with our en-
ergy transfer mechanism.

Additionally, magneto-electroluminescence (MEL) studies
were conducted to obtain further mechanism insights from the
carrier spin dynamics in working OLEDs.[49–52] In the reference
4,4′-bis(N-carbazolyl)−1,1′-biphenyl (CBP)-based OLED (Figure
S13, Supporting Information), we found negligible MEL effects,
which are consistent with previous observations in radical OLEDs
with direct doublet electrical excitation.[50] A positive MEL was
observed in the 3% TTM-3PCz in CMA-CF3 device. The magne-
tosensitivity is attributed to Zeeman splitting[53,54] of triplet ex-
citon sublevels, with positive MEL effects from increased triplet
CMA-CF3 exciton populations in the presence of magnetic field,
and therefore an enhanced triplet-to-doublet energy transfer.[55]

Device stability is a key property that must be realized for the
practical use of radical OLEDs. Compared to 3% TTM-3PCz in
CBP devices, where lifetimes are limited to minutes timescales,
our device using the energy transfer mechanism has an order of
magnitude of improvement in lifetime to around 1 h at the same
current density without device encapsulation (Figure S14, Sup-
porting Information for the device stability comparison). We at-
tribute the device improvement to the ability of CMA-CF3 to pro-
mote electrical excitation away from radical sites in this design,
with doublet excitons for infrared emission formed by efficient
energy transfer from CMA-CF3 to TTM-3PCz as demonstrated
in our photophysics studies.

There is an even larger improvement in device stability com-
pared to the pristine CMA-CF3. Degradation of carbene-metal-
amides is considered to be due to the presence of excitons rather
than charges.[56] This is particularly severe for the CMA-CF3 ma-
terial used here, for which device lifetimes are only a few seconds
(Figure S14, Supporting Information). However, in our device
design, efficient energy transfer quickly depopulates the high-
energy triplet excitons from CMA-CF3, avoiding the degradation
caused by high-energy states. Our successful demonstration of a
radical energy transfer system in optoelectronics shows the po-
tential of higher performance limits and novel technology plat-
forms from singlet-triplet-doublet photophysics.

3. Conclusions

In summary, we explored the rate limits of spin-allowed triplet
to doublet energy transfer and demonstrated that the process
can occur on sub-nanosecond timescales. These foundational
studies of a triplet-doublet energy manifold were conducted in a
model system using triplet excitons from CMA-CF3 and doublet-
spin radicals from TTM-3PCz. Due to the few-picosecond ISC
in CMA-CF3, which leads to rapid generation of triplet excitons
in high yield by optical excitation, the triplet-doublet transfer
mechanisms can be tracked in spectroscopic studies of the model
system as enabled here by 74% of radical emission taking this
channel. We show that some excitons transfer from CMA-CF3
T1 to TTM-3PCz D1 states within hundreds of picoseconds and
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attribute this to an efficient triplet-doublet process, showing that
triplet management mechanisms for emission can be acceler-
ated by orders of magnitude compared to spin-flip schemes in
standard singlet-triplet photophysics. A demonstration of OLEDs
using this system translated the triplet-doublet mechanism en-
abling emission from triplet excitons that otherwise limit the de-
vice performance. High EQEs of up to 16.0% were achieved in
TTM-3PCz:CMA-CF3 devices with near infrared 705 nm electro-
luminescence derived from triplet-doublet energy transfer. The
mechanism is applicable to all technology platforms using or-
ganic semiconductors in applications ranging from imaging to
communications, to where radical spin control overcomes per-
formance limits in opto-electronics and -spintronics, and the
possibilities created from enhanced luminescence in molecular
materials.

4. Experimental Section
Materials: TTM-3PCz and CMA-CF3 were synthesized as previously

reported.[12,28] TAPC, B3PYMPM, CBP of sublimed grade, and other OLED
materials were obtained from Ossila and Lumtec.

Photophysics: Optical spectroscopy measurements (time-resolved PL
and transient absorption, TA) were conducted on home-built setups pow-
ered by a Ti:Sapphire amplifier (Spectra Physics Solstice Ace, 100 fs pulses
at 800 nm, 7 W at 1 kHz). Time-resolved PL studies were performed with
an Andor spectrometer setup using a spectrograph and electrically gated
intensified CCD camera (Andor SR303i; Andor iStar). Sample photoexcita-
tion with 355 nm pump pulses was provided by frequency doubling of the
output of a home-built narrowband visible Noncollinear Optical Paramet-
ric Amplifier (NOPA) pumped by 1 W of the Ti:Sapphire output for time-
resolved PL experiments. 355 nm pump pulses for the short-time (<2 ns)
TA studies were prepared in a similar way. The third harmonic of an elec-
tronically triggered Q-switched Nd:YVO4 (1 ns pump length, Advanced
Optical Technologies Ltd AOT-YVO-25QSPX) laser was used as the source
of 355 nm pump pulses for the long-time (> 1 ns) TA studies. Broadband
NOPAs were used to generate probe pulses for TA in the visible (510–
780 nm) and infrared (1250–1650 nm) wavelength ranges. NOPA probe
pulses were divided into two identical beams by a 50/50 beamsplitter, al-
lowing the use of a reference beam for improved signal:noise. Custom-
built Si (Hamamatsu S8381-1024Q) and InGaAs (Hamamatsu G11608-
512DA) dual-line arrays from Stresing Entwicklungsbüro were used to de-
tect probe and reference pulses.

Device Fabrication and Characterization: An Angstrom Engineering
EvoVac 700 system was used to fabricate organic semiconductor films and
devices by vacuum deposition (10−7 torr). Current density, voltage, elec-
troluminescence characteristics, and device lifetimes were obtained from
a Keithley 2400 sourcemeter, Keithley 2000 multimeter, and calibrated sil-
icon photodiode in a home-built setup. Magneto-electroluminescent (EL)
measurements were performed with Andor spectrometer (Shamrock 303i
and iDus camera) to monitor the modulation of EL in presence of a mag-
netic field applied by GMW 3470 electromagnet.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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