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Thermally assisted delayed fluorescence (TADF):
fluorescence delayed is fluorescence denied†
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High luminescence eﬃciency is a prerequisite for achieving an electroluminescence (EL) eﬃciency
approaching 100% (photons/electrons). Since the EL process involves the formation of both singlet (S1) and
triplet (T1) excitons, this requirement can be further refined to be high luminescence eﬃciency from both
singlet and triplet states, or rapid interconversion between them coupled with high luminescence eﬃciency
from either the singlet or triplet states. A common approach to harvesting S1 and T1 excitons in EL is to use a
heavy metal-based emitter, relying on the high spin orbit coupling of a metal ion, such as Ir3+, to promote
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rapid intersystem crossing and mixing of the S1 and T1 states. An alternative to the use of rare elements like Ir
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delayed fluorescence (TADF). In this report, we introduce the routes for eﬃcient radiative decay from S1 and
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T1 states and describe the TADF process in some depth. The kinetics and eﬃciency of TADF are analyzed as
a function of the energy diﬀerence between the S1 and T1 and the rates of emission from each state.

to achieve high EL eﬃciency involves the use of emitters that harvest S1 and T1 excitons via thermally assisted

I. Introduction
Molecular materials are important in a wide range of optoelectronic
applications, including organic LEDs (OLEDs), photovoltaics and
sensors to name a few, with OLEDs having advanced to a significant
commercial level, being used in both high performance mobile
displays and televisions. In these applications, controlling the interplay between singlet and triplet excited states is critical to
maintain high luminescence eﬃciency (nonradiative decay
rate { radiative decay rate). In this paper, we will focus on
processes most relevant to OLEDs where high luminescence
eﬃciency and high radiative rate are both important to achieving
eﬃcient electroluminescence.
Electroluminescence in OLEDs involves hole–electron recombination creating a mixture of singlet (S1) and triplet (T1) excitons
or excited states. Spin statistics during recombination leads to
formation of S1 and T1 states in a 1 : 3 ratio. The first efficient
OLEDs utilized only the singlet excitons, whereas later devices
harvested both singlet and triplet excitons.1–4 Understanding
how the S1 and T1 states emit and interconvert is important in
achieving a high electroluminescence efficiency, ZEL. For the
purposes of this paper, we will consider only internal electroluminescence efficiencies, thus ZEL here has a maximum efficiency
of 100% (photons/electrons), noting that the external efficiency is
less than the internal efficiency by up to a factor of 5, depending on
the outcoupling optics used in the device.5–8

There are four basic processes that give rise to light emission
from S1 and T1 states that have been used in eﬃcient OLEDs,
illustrated in Fig. 1. The first process, Type 1, involves radiative
decay of the S1 state and is commonly referred to as fluorescence. In the absence of a symmetry mismatch between the S0
and S1 states, this process is an allowed transition and typically
takes place with a lifetime o10 ns. The second process involves
emission from the T1 state (Type 2) and is called phosphorescence. In this case, the direct radiative relaxation from T1 to S0
is spin forbidden, requiring spin–orbit coupling (SOC) or other
means to promote radiative decay to the ground state, leading
to emission lifetimes of 1 ms–minutes.‡ Phosphorescent lifetimes on ms timescale are typically the result of significant SOC
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‡ Atomic emission from a lanthanide ion is typically a phosphorescent process as
well, with a spin mismatch between the ground and excited states making
radiative decay a formally spin forbidden process.
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Fig. 1 Four processes are shown that can give rise to eﬃcient emission
from singlet and triplet excited states. Intersystem crossing (ISC) processes
are illustrated by dashed arrows. The excited sates can be formed by either
optical excitation or hole/electron recombination (electroluminescence).
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in the luminophore, brought about by heavy atoms such as
iridium or platinum.9 In this case, SOC of the heavy metal atom
mixes the singlet and triplet states such that the emitting triplet
is a linear combination of singlet and triplet states: fT1 = C1fT +
C2fS where C1 c C2, leading to ms luminescence. Two other
processes illustrated in (Fig. 1) can lead to relatively efficient
emission. The Type 3 process is a bimolecular process, involving
Triplet–Triplet Annihilation (TTA) to promote one molecule to
the S1 state while the other relaxes to S0. This can be thought of
as two concerted electron transfers such that spin is conserved:
. The S1 state formed in this
process then emits as in Type 1. The timescale for emission here
is not related to the S1 lifetime, but instead to the rate of
diffusion and recombination of the two triplets, often giving
measured emission lifetimes in the 10–100 ms range or longer.
The last process, Type 4, is a unimolecular process, involving
both the S1 and T1 states. Here, the T1 and S1 energies are very
close and ambient thermal energy is sufficient to promote the
intersystem crossing (ISC) from T1 to S1, which then emits via
S1 - S0 (Type 1). This process is most often referred to as
Thermally Assisted Delayed Fluorescence (TADF), and typically
takes place on the 1–100 ms timescale. The kinetics of this
process will be discussed in the third section of this paper.
TADF and TTA were both first described by Parker and Hatchard,
the former in 196110 and the latter in 1962.11
Considering that spin statistics of the electroluminescent
process gives S1 and T1 excitons in a 1 : 3 ratio, only two of the
emission processes outlined above can give rise to OLEDs with
ZEL B 100%. OLEDs based on only fluorescence have a limiting
eﬃciency of 25%.1,2,4,12 Similarly, OLEDs based on TTA emission have been reported, but suﬀer a 50% loss in triplet
excitons, severely limiting their theoretical eﬃciencies.13 Phosphorescence-based OLEDs (Type 2) with eﬃcient ISC from S1 to
T1 can give eﬃciencies of 100%4,14 and are used in virtually
every commercial OLED display produced today. The other
process that has been demonstrated to give rise to ca. 100%
eﬃcient OLEDs involves TADF emitters, Type 4. These materials
show tremendous promise.15,16 Phosphorescence from heavy
metal based emitters (Type 2) has been well covered in previous
reports4,17 and will not be discussed in depth here. Although
TADF has also been discussed in some depth elsewhere,18–20
this perspective piece will focus on that process, aiming to
discuss TADF in terms that will be useful for any researcher
working with luminescent and electroluminescent materials.

as opposed to the delayed emission from phosphorescence. Thus,
the emission decay rate was initially used as the discriminator of
fluorescence and phosphorescence. With a better understanding
of the photophysical processes, a more precise set of mechanistically
based definitions were proposed to characterize fluorescence as
originating from an allowed transition, giving a fast or ultrafast
emission rate, and phosphorescence as being the result of a
forbidden transition, leading to a very slow radiative rate or delayed
emission.21,24 Sometime later another definition became popular,
stating that fluorescence involves emission from singlet excited
states and that phosphorescence involves emission from triplet
states (or other excited states with higher spin multiplicity than
the ground state). However, classifying all emission from singlet
excited states as fluorescence misses the fact that some S1 - S0
transitions are symmetry forbidden, leading to very long emission
lifetimes. For example, the natural radiative lifetime of the S1 state
of pyrene is 40.5 ms,25 hardly something that should be referred to
as fluorescence from either a phenomenological or mechanistic
standpoint. Therefore, definitions of fluorescence and phosphorescence based on the nature of the transition, i.e. allowed or
forbidden, offer the ‘‘cleanest’’ way to classify emitters as being
fluorescent or phosphorescent, respectively.
Considering the definitions given above, Type 2 emission is
clearly phosphorescence. Although the SOC of a heavy metal
ion imparts some singlet character into the nominally triplet
excited state to relax the forbidden nature of the emission,
radiative lifetimes of 1–100 ms or longer are common and clearly
indicative of a phosphorescent process. A question arises as to
whether TADF (Type 4) is fluorescence or phosphorescence.
The emitter spends the lion’s share of its time in the T1 state
(vide infra) and requires ISC to enable spin-forbidden promotion
to the S1 state, suggesting that phosphorescence is the best label.
However, luminescence in TADF comes primarily from the
S1 - S0 transition, thus this step in the emission process is
typically an allowed process and could be aptly referred to as
fluorescence. It is important to note that organic TADF based
emitters have emission lifetimes in the 1–100 ms regime, consistent
with the forbidden nature of the prerequisite T1 - S1 ISC process.
Therefore, while luminescence in the final step can be classified as
fluorescence, it is important to recognize that the emission process
is controlled largely by the long-lived T1 state, and the prerequisite
ISC process between the T1 and S1 states. Thus, even though TADF
carries the name fluorescence within its acronym, the process itself
is actually phosphorescence.

II. What is and is not fluorescence?

III. ‘‘Simple’’ kinetic picture of TADF

The original definitions of fluorescence and phosphorescence
are phenomenological, tied to the time scale of emission.
Phosphorescence was discovered in the seventeenth century
in inorganic solids and later in molecular materials and characterized as having significantly delayed emission,21 with some
on the time scale of minutes. The discovery of fluorescence
came much later and was characterized as immediate or nearly
immediate emission,21–23 often referred to as prompt emission

For the purposes of the discussion here, only the kinetics of
TADF emitters with the potential to achieve an ZEL of 100% will
be considered. A luminescence eﬃciency near 100% is a prerequisite for achieving a near-unity value for ZEL. This requires
that the emission eﬃciency from T1 and S1 be B100%, allowing
us to simplify the kinetic scheme significantly by ignoring the
nonradiative channels, which by definition are much slower
than the radiative rates, as illustrated in Fig. 2. The triplet
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sublevels in the simplified picture are considered to be degenerate,
consistent with the zero field splitting (ZFS) of these levels being
markedly lower than the energy diﬀerence between the singlet and
triplet, DEST. It is important to include the rate constants for ISC
between the T1 and S1 states. These rate constants are often
referred to as reverse ISC (kRISC) for endergonic ISC (T1 - S1)
and kISC for exergonic ISC (S1 - T1)26,27 but the simpler labels of k1
for T1 - S1 and k1 for S1 - T1 will be used here. Using k1 and
k1 eliminates the need for a ‘‘reverse’’ ISC to promote a
‘‘forward’’ TADF. The phosphorescent channel (from T1) can
be neglected since kT1 is much smaller than kS1, kISC, and kTADF
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for TADF emitters. For T1 ! S1 to outcompete phosphorescence
or nonradiative decay from the T1 state, a small exchange energy
(DEST o 2000 cm1, 0.25 eV) is required, which becomes an
upper limit for the eﬃcient TADF emitters. A common signature
of TADF is emission spectra that redshift upon cooling due to
the lower T1 energy. Emission due to TADF originates from the
S1 state at room temperature, whereas at 77 K, there is insuﬃcient
thermal energy to promote the T1 - S1 ISC process and thus
emission is from the T1 state, i.e. phosphorescence, albeit with a
much longer lifetime. Therefore, estimates of DEST are often made
by comparing emission spectra measured at room temperature
and at 77 K. While this simple approach is a good qualitative
measure, temperature eﬀects on the line shape and rigidochromic
solvent shifts make this method of estimating DEST unreliable.
Thus, the best method to determine DEST and directly measure the
energy diﬀerence between the two states is to perform variable
temperature photophysical measurements (vide infra).18,28–32
Using the simplified three level model of Fig. 2, one only
needs to consider three rate constants to evaluate the rate constant
and radiative lifetime for TADF, i.e. k1, k1 and kS1. As we will show
below, the relative values of k1 and k1 can be determined from the
energy diﬀerence between S1 and T1, DEST. Using this simple
model gives the kinetic scheme in eqn (1) and the rate expression
in eqn (2).
k1

kS

1
T1 !
 S1 ! S0 þ hn

(1)

dðhnÞ
k1 kS1
¼
½T 1 
dt
k1 þ kS1

(2)

k1

Here, we will consider three cases: kS1 c kISC, kS1 { kISC and
kS1 B kISC, where kISC = k1, k1. Compounds whose kinetics
correspond to each of these cases will henceforth be referred to
as Class 1, 2 and 3 materials, respectively.
Case 1: kS1 c kISC
This is the simplest case to consider. If we assume that k1 is
slower than phosphorescence (kT1), there will be no interconversion between singlet and triplet channels prior to radiative
or nonradiative decay, thus both states will relax independently.
Emission will be from fluorescence (with the lifetime given by
tS1 = 1/kS1) and the T1 will decay nonradiatively. This is the
situation found in fluorescence-based OLEDs, and for devices
optimized to harvest triplet excitons by TTA.13 Highly eﬃcient
fluorescent dyes are designed to have very slow ISC rates since
this process can be an eﬃcient nonradiative channel for excited
state decay. In fluorescent OLEDs, the dopant gives rise to singlet
emission (Type 1) while the triplets nonradiatively decay to the
ground state. Thus, in this case, the OLED eﬃciency is 25% if the
triplets do not lead to net emission and 62.5% for fluorescence
plus TTA collection of the triplets.13 An alternative is to use two
diﬀerent emitting materials, one that fluoresces with high eﬃciency and the other phosphoresces at high eﬃciency, collecting
the S1 excitons exclusively at the fluorophore and the T1 excitons
at the phosphor. This approach allows for highly eﬃcient,
parallel Type 1 and Type 2 processes.33–36
Case 2: kISC c kS1
Rapid ISC is the common situation for TADF based emitters
that include transition metal ions, particularly those with
monovalent group 11 metals. There has been a great deal of
recent interest in monovalent copper, silver and gold complexes for TADF.29,30,37–39 Their d10 configuration prevents the
nonradiative decay though ligand field states that is prevalent
for complexes with metal ions with d1–d9 configurations. The
closed shell configuration for the d10 ions does not preclude
strong SOC in these complexes, leading to fast ISC rates. TADF
emitters built around group 11 metal ions have achieved tTADF
as short as 0.5 ms and FPL B 1.0.30 If k1 and k1 are both ckS1, a
rapid preequilibrium approximation can be used to simplify
the rate law given in eqn (2), giving eqn (3), where Keq is the
equilibrium constant for T1 $ S1. It is important to stress that
once the ISC rate exceeds kS1 by a factor of 50 or more, no
further benefit accrues from increasing this rate; i.e. making a
rapid preequilibrium even more rapid does not change the
kinetics of the overall process.
dðhnÞ k1 kS1
tS
¼
½T1  ¼ Keq kS1 ½T1  ) tTADF ¼ 1
dt
k1
Keq

Fig. 2 The full kinetic scheme for emission via TADF is shown to the left, where
k1, k1, kT1 and kTnr characterize ISC transitions. The rate constant for TADF (kTADF)
is for the process illustrated by the green arrow. The simplified scheme to the
right was generated assuming FPL 4 0.9 (kr c knr) and kT1 { k1, k1, kS1.
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(3)

It is important to stress that the individual values of k1 and
k1 are unimportant in this rapid preequilibrium limit, all that
matters is their ratio, which gives Keq. This feature leads to an
interesting conclusion: if the TADF eﬃciency is 100%, it
becomes possible to determine Keq from time-resolved emission
data at short lifetimes. Large SOC constants of the central ion in
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metal complexes typically push k1 values into the 1–200 ps
regime, allowing for a direct measure of this rate constant from
the initial emission decay times. After a few hundred ps, the
emission rate settles to the rate given by eqn (3), which is on the
0.5–5 ms time scale. Thus, the ratio of the emission intensity at
earliest time (pure S1 emission) to the intensity at long time
(4500 ps) is equal to Keq.30 Note that this situation is only true in
cases where FPL B 1.0, so nonradiative decay can be neglected.
Thus, with Keq and tTADF in hand one can easily determine kS1.
One can also use the value of Keq to calculate DEST as given in
eqn (4). The factor of 1/3 in this equation accounts for the three-fold
degeneracy of the triplet state.40 Fig. 3 shows the luminescence
decay traces for two TADF emitters, one with a silver ion and the
other a copper ion. These decay traces were generated using
time correlated single photon counting methods with a 20 ps
excitation source. The two complexes have similar k1 values
(160 and 220 ps, respectively), but very different Keq values
(0.13 and 0.02, respectively). These Keq values correspond to
DEST values of 190 cm1 for the silver complex and 570 cm1 for
the copper complex (both at 300 K). The DEST values obtained this
way are comparable to values found using a detailed variable
temperature kinetic analysis of the photoemission lifetimes.30
Keq ¼





k1
1
DEST
) DEST ¼ kB T  ln 3Keq (4)
¼ exp 
k1 3
kB T

The emission behavior of heavy metal phosphorescent
materials, such as those commonly used in OLEDs, can also
be treated by a similar analysis to the one given here for Case 2.
The emission is well fit to an equation similar to eqn (3), where
k1 and k1 are rates of internal conversion between triplet
sublevels, and kS1 is replaced with kTIII, the decay rate constant
for the highest lying triplet sublevel (see the ESI† for details).
Case 3: kISC B kS1
When kISC and kS1 are comparable, the situation is more
complicated than the two previous cases. The S1 and T1 states
cannot be treated independently (Case 1) and cannot be simplified
to eqn (2) using a preequilibrium approximation (Case 2).

This situation is common for organic TADF emitters, where
there are no metal atoms to provide strong SOC. The principal
approach that has been used to enhance the ISC rate in these
compounds (and move closer to Case 2) is to make the energy
diﬀerence between the S1 and T1 states very small. A small DEST
is typically achieved in organic TADF materials by decoupling the
donor and acceptor groups involved in a charge transfer excited
state.16,18–20 This decoupling is accomplished by designing molecules where the donor and acceptor moieties are oriented orthogonal
to each other,41 connected by a nonconjugated linkage42,43 or are on
separate molecules (i.e. an exciplex)44,45 The idea of using a
small DEST to promote ISC makes sense when one considers the
parameters that control the TADF rate given in eqn (5) (to a first
approximation considering only direct spin–orbit coupling),12,46–49
kðTADFÞ /

X hTn jHSOC jS1 i
n

DES1 Tn

 hS0 jmjS1 i

(5)

where HSOC is the SOC operator and m is the dipole operator. Here,
the mixing is not considered between the T1 and S1 states, because
these states have the same orbital parentage and thus their
interaction will be forbidden by El Sayed’s rule, which requires
a change in angular momentum between the singlet and triplet
states to offset the change in spin angular momentum in the
ISC process.50 Thus, a high density of states is beneficial to keep
T1 and Tn close in energy for efficient ISC, which is facilitated
by the multiple closely spaced d orbitals of transition metal
complexes or the use of multiple donor and acceptor groups in a
single TADF molecule to create a number of closely spaced
orthogonal triplet states.
A small value of DEST (in eqn (5)) will enhance the rate of
TADF; however, there are two other mitigating factors. The spin–
orbit coupling operator (HSOC) in organic compounds is typically very
small, making the Tn/S1 mixing terms in the numerator small as
well. Moreover, the approach that is often used to promote a small
DEST value is to build electron donor–acceptor luminophores where
emission results from a charge transfer transition.16 Minimizing the
electronic coupling between the donor and acceptor leads to the
desired small DEST values, but also markedly decreases the oscillator

Fig. 3 Emission decay traces are shown for silver (left) and copper (right) based TADF emitters.30 The initial decay is due to ISC (S1 - T1). The tTADF values
for the two compounds are 500 and 1400 ns, respectively, well outside of the window shown here.
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strength of the S0 - S1 transition, hS0|m|S1i, and counteracts the
effect of a small DEST. Therefore, while tTADF values approaching 1 ms
have been reported for organic TADF compounds, these lifetimes are
rarely achieved and most are longer (tTADF = 5–100 ms).18–20
While the kinetics of emission from Class 3 TADF materials
cannot be simplified by a preequilibrium approximation, the
kinetics can be simplified by assuming that knr can be neglected
(consistent with a high FPL) and slow phosphorescence (kT1 can be
ignored), leading to eqn (6) following the substitution of k1
according to eqn (4). Emission decay traces for Class 3 emitters
are bimodal, with a prompt component for decay from S1 state (ns
timescale) and a slower one for TADF (ms timescale). The prompt
time constant is often erroneously ascribed to kS1, yet rates for
emission from the S1 state (kS1) and ISC from S1 - T1 (k1) are
comparable, so it is not possible to unequivocally determine either
rate constant from the prompt luminescence decay.


DEST
k1 þ kS1
1
1
thn ¼ tTADF ¼
(6)
¼ 3e kB T
þ
kS1 k1
k1 kS1
Even the simple treatment in eqn (6) illustrates why decreasing
DEST has a positive eﬀect on tTADF. Thus, while some approaches
to decreasing DEST can be counterproductive (vide supra), a small
DEST is clearly beneficial. Note that while increasing the already
fast ISC rate for Class 2 TADF materials does not lead to a smaller
tTADF, the same is not true for Class 3 emitters. Increasing k1
independent of DEST will still lead to lower tTADF (as per eqn (6))
until k1 reaches values much faster than kS1, at which point the
emitter will behave like a Class 2 material. The values for k1 in
purely organic molecules generally vary over a wide range
spanning 103–1011 s1.51 However, those molecules that exhibit
TADF typically feature rather slow ISC rates (o107 s1) for
reasons outlined below.
Before discussing the strategies being investigated by researchers
to boost the ISC rate of organic TADF emitters, it is instructive to
oﬀer a brief discussion on the factors that influence ISC. Within the
Condon approximation assuming non-dependence of spin orbit
coupling (SOC) on vibrational degrees of freedom, the ISC rate (k1)
can be simply expressed according to Fermi’s golden rule as:
k1 ¼



2

2p
r  CT1 HSOC CS1 
h FC

(7)

Here, CS1 and CT1 are the electronic wavefunctions of the S1 and T1
states respectively, rFC is the Frank Condon weighted vibrational
density of states and HSOC is the spin–orbit coupling operator. As
dictated by eqn (7), the ISC rate is primarily dependent on the spin–
orbit coupling matrix elements (SOCME) between the S1 and the T1
states, which in turn is dependent on the nature of the two states
and vanishes when both states involve the same set of orbitals
(El-Sayed’s rule).52,53 This is further exacerbated in the case of
long-range singlet and triplet CT (1,3CT) states, which feature
limited overlap between the constituent molecular orbitals,
given the short-range dependence (1/r3) of the SOC operator
(HSOC) on distance between the two electrons.54 This shortcoming is a major issue for TADF materials, especially those
that usually feature S1 and T1 states of long-range CT character
mandated by the requirement of minimal DEST as noted earlier.
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Furthermore, pure-organic TADF materials are at a disadvantage relative to TADF emitters featuring heavy metals since
the latter can leverage the BZ4 scaling of the SOCME to
boost ISC.
The situation in organic TADF emitters can be improved if
energetically close-lying states of diﬀerent orbital character are
introduced that can interact with the 1,3CT states directly via
SOC. For such a scenario, the electronic wavefunctions of the S1
and T1 states can now be expressed in terms of the SOC-unperturbed
(spin-pure) electronic wavefunctions (FSn/Tn) according to first-order
perturbation theory in eqn (8).

P S =T 
CS1 =T1 ¼ FS1 =T1 þ an 1 1 FTn =Sn
(8a)
n

S =T
an 1 1

 S =T 


 F 1 1 HSOC FTn =Sn 


¼
ES =T  ET =S 
1

1

n

(8b)

n

It is crucial that the new states that couple to the 1,3CT states
lie close in energy as the strength of coupling between the states
according to eqn (8) is inversely proportional to the energy
separation between them. The short-range nature of the HSOC
operator indicates that it is beneficial if these states also have
significant spatial overlap with the 1,3CT states (for instance, CT
or localized excited states featuring one of the molecular
orbitals that is also involved in 1,3CT states). This requirement
creates a situation again where transition metal ions are advantageous, since they often have degenerate or nearly degenerate
d-orbitals that give rise to closely spaced 1,3CT states of diﬀering
orbital parentage. It should be noted that the formalism presented above within the Condon approximation assumes that
SOC is not dependent on the vibrational degrees of freedom.
However, several groups have demonstrated the pivotal role of
spin–vibronic coupling mechanisms in facilitating ISC in TADF
systems, wherein the S1 and T1 states can couple with each other
through spin–orbit and vibronic coupling via close-lying intermediate states (Sn and Tn).55–60
Researchers have sought to improve ISC in organic TADF
systems using the mechanisms presented above, with k1 rates
as high as 1011 s1 thought to be achievable.61 Design strategies
have included the introduction of close-lying states capable of
coupling with the 1,3CT states through one or a combination of
the following approaches: introduction of a manifold of multiple close lying 1,3CT states by attaching multiple donor units to
an acceptor core or vice versa,62–64 introduction of LE states
(usually 3LE) localized on the donor moieties or the acceptor
moieties or both that lie close in energy to 1,3CT states,65–67 and
introduction of a functionalized bridging unit between the
donor and acceptor units that offers close-lying LE states
localized on the bridging unit and CT states (from the donor
to bridge and bridge to acceptor).43 Several groups have highlighted the importance of vibrational flexibility of the molecular
structure to allow for efficient spin–vibronic coupling between
states to boost ISC.56,58,60 Computational tools have been used
to identify the specific vibrational modes that are most conducive
to ISC among all modes for several systems.58,60 Such studies
may aid the rational design of performant TADF chromophores
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wherein steric interactions along the modes facilitating ISC can be
optimally relaxed, while steric blockades along other modes are
maintained to minimize non-radiative decay.
Environmental factors also have a significant eﬀect on TADF
as ISC rates varying by orders of magnitude across media of
diﬀerent polarity have been reported.61,68,69 This apparent
sensitivity to solvent media has been attributed to the fact that
the states of diﬀerent character (e.g., charge transfer vs. p–p*)
that couple with each other are affected differently by the
polarity of the surrounding matrix, and that the energy separation
between them varies accordingly which directly affects the extent
of coupling between them (eqn (8)). Therefore, the matrix
surrounding the emitter cannot be considered innocuous and
can in fact be leveraged as a design parameter to optimize TADF
performance.

IV. The not so simple kinetic picture of
TADF
In Section III, an important limitation was made and that was
that only systems with TADF eﬃciencies near 100% would be
considered. This led to a tremendous simplification of the
kinetic equations. It would not be fair to the reader to not
show the full kinetic scheme and discuss how this scheme is
used to derive the various TADF kinetic parameters, albeit
briefly. A number of detailed papers have described the complete
kinetic picture of TADF with fPL r 100%.18,28–32 Using only the
assumption that the three triplet sublevels are degenerate, the
TADF rate can be expressed according to eqn (9),70
k1 k1 Fp
kp FTADF

(9)



Fp ðk1 Þ2
DEST
exp 
kp FTADF 3
kB T

(10)

 2


kS1 tp
ðk Þ2
DE
 1 exp  ST
¼
3
kB T
Ftotal  kS1 tp

(11)

kTADF ¼

kTADF ¼

kTADF

where kp and Fp are the rate constant and quantum yield of prompt
fluorescence, respectively, and FTADF is the quantum yield of TADF.
Adding the temperature dependence of ISC from eqn (3) gives
eqn (10), and writing FTADF in terms of the total quantum yield,
Ftotal (Fp + FTADF) and the prompt luminescence lifetime, tp, gives
eqn (11) (see ESI† for details). These expressions are significantly
more complicated than any of the kinetic expressions in Cases 1–3,
but fitting over a sufficiently large temperature range can yield good
values for the kinetic parameters and DEST. Note that in eqn (11),
Ftotal, tp and tTADF are temperature-dependent variables. Therefore,
by measuring tp, tTADF and Ftotal across a wide temperature range
and fitting the data to eqn (11), all of the relevant TADF
parameters may be obtained. Similar approaches have been
used by several research groups to obtain accurate kinetic
parameters for TADF emitters.18,28–32

This journal is © The Royal Society of Chemistry 2020

V. Conclusion
High luminescence eﬃciency is a prerequisite for high electroluminescence eﬃciency. The electroluminescent process involves
the formation of both singlet and triplet excitons, thus high
luminescence eﬃciency from both singlet and triplet states is
required, or rapid interconversion between the two states with
high luminescence eﬃciency from either the singlet or triplet
state. Careful optimization of OLED structures with emitters that
meet the luminescence eﬃciency prerequisite has enabled internal
eﬃciencies to reach 100% (photons/electrons) and have been subsequently transitioned to commercial applications on a large scale.
These high eﬃciency OLEDs give long operational lifetime for
devices emitting light from green to red; however, achieving long
operational stability for blue emissive OLEDs remains a challenge.
Device lifetime studies have shown that the degradation of blue
OLEDs is a consequence of the high energy of the blue exciton and
subsequent annihilation events.71–73 TTA can lead to high energy
(‘‘hot’’) singlet excitons (T1 + T1 - S0 + Sn) whereas triplet–polaron
annihilation leads to hot polarons (T1 + H - S0 + H*). Both the
hot Sn and H* states formed from blue excitons have sufficient
energy to promote bond breaking and decomposition of the emitter
and/or host material. Analogous processes take place for singlet
excitons; however, the markedly shorter lifetime of the singlet
exciton significantly decreases the likelihood of these bimolecular
annihilation events. The radiative lifetime of the dopant clearly
affects the operational lifetime of the OLED. Iridium based phosphors are the standard for the green and red subpixels of commercial RGB displays. Researchers have worked to decrease the radiative
lifetimes of these iridium based emitters, which would be a clear
benefit for blue emissive materials; however, achieving lifetimes
below 1 ms has proven to be difficult.9 Less research has been
performed to date on TADF emitters for OLEDs than for heavy metal
complexes, yet their radiative lifetimes show tremendous promise.
Although organic TADF materials seem also to be limited to radiative
lifetimes Z1 ms, recent advances in molecular design have the
potential to shorten those lifetimes into the nanosecond regime.
Notably, radiative lifetimes of 500 ns have been obtained from TADF
emitters incorporating group 11 metals (Cu, Ag, Au). The key is to
design TADF luminophores that fall in Case 2, so that the ISC rate
markedly exceeds the rate of S1 emission. Therefore, while the
inorganic photophysical community has focused in the past on
heavy metal phosphors, TADF emitters that incorporate transition
metal ions may be the answer to achieve short excited state lifetimes,
and thus long OLED operational lifetimes.
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