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The photophysical analysis of thermally activated delayed fluorescence (TADF)
materials has become instrumental to providing insight into their stability and performance,
which is not only relevant for organic light-emitting diodes (OLED), but also for other
applications such as sensing, imaging and photocatalysis. Thus, a deeper understanding of the
photophysics underpinning the TADF mechanism is required to push materials design further.
Previously reported analyses in the literature of the kinetics of the various processes occurring

in a TADF material rely on several a priori assumptions to estimate the rate constants for
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forward and reverse intersystem crossing (ISC and RISC, respectively). In this report, we
demonstrate a method to determine these rate constants using a three-state model together
with a steady-state approximation and, importantly, no additional assumptions. Further, we
derive the exact rate equations, greatly facilitating a comparison of the TADF properties of
structurally diverse emitters and providing a comprehensive understanding of the

photophysics of these systems.

1. Introduction

In recent years, organic thermally activated delayed fluorescence (TADF) materials
have attracted significant attention within the organic semiconductor community as TADF
provides a route for 100% internal quantum efficiency in organic light-emitting diodes
(OLEDs), without the need to use precious noble metal complexes.4 Distinct from phosphors
that rely on large spin-orbit coupling to drive the conversion of singlet excitons to triplets and
then phosphorescence of the latter, organic TADF materials convert triplet excitons to singlet
excitons by taking advantage of the small energy gap (AEsT), typically taken as less than 200
meV, between the lowest singlet (Si) and triplet (T1) excited states. As Ti excitons are
efficiently upconverted into an Si level through a reverse intersystem crossing (RISC) route,
OLEDs can harvest the 75% of electrically generated excitons that are triplets for
electroluminescence (EL) as delayed fluorescence from the singlet excited state. The most
common molecular design that shows small AEst is based on a donor-acceptor architecture
wherein there is poor electronic communication between the two moieties, resulting in a small
exchange integral and a correspondingly small AEst. TADF materials typically exhibit dual
fluorescence consisting of a prompt nanosecond fluorescence originating from the radiative
decay of directly formed singlet excitons and a microsecond to millisecond delayed
fluorescence that originates from the multiple ISC and RISC cycles preceding emission from

the singlet excited state. The performance of the OLED, and in particular the efficiency roll-off



and the device stability, are intimately linked to the population of the long-lived triplet excitons.
As RISC is the slowest process typically observed in OLEDs using organic TADF emitters, the
optimization of the device performance is intimately linked to increasing the rate constant
associated with RISC, krisc. Thus, it is essential to have an accurate measure of this key rate
constant.

Many researchers have tried to understand the photophysics of TADF materials by curve
fitting the time-resolved photoluminescence (PL) decays using a conventional rate equation
strategy that accounts for each decay process. While this approach is useful, most previous
analyses require several a priori assumptions, leading to rather large deviations from
experiment or, in some cases, completely incorrect conclusions. For example, in 1983,
McMillin and co-workers explained the TADF behavior of a Cu(l) complex using a Boltzmann
statistical analysis of the population equilibrium of excitons in the S; and T states, this analysis
based on several assumptions. These included that the intersystem crossing (ISC) efficiency
(@;5¢) is almost unity and the rate constant of nonradiative decay from the singlet excited state
(k3. is 0.1 In a very early study in 2012, our group applied this method to organic TADF

materials having nearly 100% PL quantum yield (PLQY).[®1 Here, kg was given by

_AEST>, (1.1)

krisc = lkf exp (

3 RT
where R and T are the ideal gas constant and the temperature, respectively. However, the
materials that can be analyzed using this method are quite limited because of the demanding
assumptions this model makes. Subsequently, in our first kinetics analysis model in 2012, kg;sc
was obtained but with a less stringent set of assumptions that the radiative and nonradiative
decay rate constant from a singlet excited state (k;) and k3, respectively, and the ISC rate
constant (k;sc) are all significantly larger than both the rate constants of nonradiative decay

from a triplet excited state (kI,.) and kg;sc; further, it was assumed that radiative decay from a

triplet excited state (kI) does not occur.l1 In our second, revised, kinetics analysis study, we
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further simplified the model by imposing the additional assumption that k3, = 0, which
implies that k; and ks are significantly larger than k;, and kg;sc. Within this framework,

k;sc and kg;sc can be formulated as:

kpka ®pg
kpisc = —— ——, (1.2)
RSC™ kyse Ppr
kISC == kp(]. - (pPF)' (1 3)

where @pr, @pp, ky, and kg, are the experimentally obtained PL efficiencies and decay rates for
the prompt and delayed emissions. In 2016, Wu, Wong and co-workers arrived at the same
equations as those of Eq. 1.2 and 1.3, but by imposing fewer assumptions in their model.[J In
the same paper, they also obtained the following equation with the assumption of kI = kL. =

0 as:

Ko = 12K g, (1.4)
risc = 5 PrLovs :
T

Dias, Penfold and Monkman more recently proposed a model that applies for TADF emitters
that show a large fraction of delayed emission, i.e., @z /®pr > 4, and with the assumptions
that kT = kL. = 0.[%

Ppp + Ppg
krisc = ka .. (1.5)
PF

Kaji and co-workers removed the constraint that @, /®pr > 4 and showed that kg5 could be

estimated with only the assumptions that kT = kI, = 0.[*4

k, +k k, + kg\2 @
Krisc = ”2 d_j(pz d) —kpkd(1+(p—l:>. (1.6)

Taking each a different approach, Hasse, Briitting, Monkman and co-workers demonstrated the
direct fitting of the time-resolved PL decays using the rate constants as fitting parameters,*
while Nguyen et al. provided an analysis model derived from experiments employing an exciton

quencher.[*®l Goodson and co-workers extracted the triplet decay rate using transient absorption



(TA) measurement as a proxy for the RISC rate constant, but they did not appear to consider
cycling between the singlets and triplets.* The constraints and assumptions for these RISC
rate constant estimations are summarized in Table S1. Since there are now a large number of
different models used to estimate kg, s, €ach with their own set of assumptions, it has become
impossible to accurately compare the estimated rate constants across these studies,
complicating any meta-analysis. To reduce the number of assumptions and the differences in
estimated kg;sc, @;5c Must be measured experimentally.

Because @, and its related rate constant ks are two of the essential parameters of
photochemical processes that implicate triplet states, dating back to before 1970, several groups
have focused on an estimation method of accurate @;5.. Scott and Maltenieks proposed a
method to estimate k. using triplet absorption under steady-state conditions.[*®! To apply this

method to TADF materials, their equation can be rewritten as

_ p(N)sskqy
BCT e (DIl

(1.7)
where p(4)gs is the optical density change due to the triplet-triplet absorption from a T; state
to a higher-lying triplet (T,) state at the steady-state condition, (1) is the triplet-triplet
extinction coefficient, I, is the rate of absorption of exciting light, and [ is the optical path
length. It should be noted that (1) can be estimated experimentally.[*8l In another study,

Berberan-Santos et al. provided an estimation of @, by fitting the intensity ratio of the prompt

and delayed emission (Ipz/Ipr), corresponding to @F, /@&, , vs 1/T by using Eq. 1.8.17]

I 1 AE. 1 kI 4+ kT
In ﬂ—(——1)]= ST-—+1n<M>, (1.8)
IDF CDISC R T kRISC

where kg5 is the average rate constant for RISC. The shape of the plot is very sensitive to
®;5c, and is normally not linear. Continuous variation of &, within the search for maximum
linearity yields its best value. It should be noted that this method assumes that (kI + kZ,.) and
@, are each essentially temperature independent. They also provided another analysis method
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for @,5-, shown in Eq. 1.9, which combines a steady-state condition and a time-resolved
analysis. 128l

Tpr = Tlghos - (@ - 1) Tghos E' (1.9)

where tpr is the delayed fluorescence lifetime (1/k;) and 72, is the low-temperature
phosphorescence lifetime without any contribution to the emission associated with TADF,
which means 1/(kI + kL,.). This method also assumes that (kI + kZL,) is temperature
independent. Our group demonstrated an estimation of @;¢. for thin film samples by combining
pulse-excited electroluminescence (EL) and PL measurements.” Here, @, can be obtained as

o _ 3N

(1.10)
where M and N are the quantum yield ratio of delayed fluorescence and prompt fluorescence
for EL and PL, respectively; ®g, /®F = M, ®g, /®F, = N. This method is very effective since
it requires only the ratio of initial exciton distribution between S; and T: states, although this
model is only relevant for thin films where OLED driving is applicable. Very recently, Naito et
al. reconsidered the estimation method to obtain k;s- from PL decay measurements under the
assumption of k3 + k;gc » krisc » kI + kI, (Eq. 1.11).12°] This is a reasonable assumption

for efficient organic TADF emitters.

B = Ppr + Prnos  Ppe
1sc = = :
D + Ppp + Ppros Prroy

(1.11)

This equation for ®;5. converges to our three-state analysis (see Eq6.4) when . = 0 and
@I = 0 are employed; however, we note that Eq. 1.11 is derived without these assumptions.
This method should only be applied at around room temperature for organic TADF materials
where triplet excitons mainly decay by a RISC path. Naito et al. also provided an equation for
®;c determined at low temperature where the TADF is completely suppressed. For the

temperature region where contributions from nonradiative decay paths cannot be ignored, an



alternative approach using the temperature dependence of the prompt fluorescence rate is also
provided.

Thus, if thin film samples are available, our model using Eq. 1.10 is the most promising
and provides the most accurate determination of @;s.. Without considering the complexity of
the experimental setup and the associated specialized instrumentation, the method proposed by
Scott and Maltenieks should be employed for solution-state samples. Both methods provided
by Berberan-Santos et al. assume that (kX + kI.) is temperature independent, which is a
limitation of their methods as kI, usually possesses a temperature dependence that is explained
in terms of the thermal quench model.[?>?3 The method of Naito et al. should be useful as it
does not assume temperature independence for (kI + kZ,.); however, it cannot be applied to
inefficient TADF materials.

As explained above, most of the previously reported rate equations used for TADF
compounds are based on models derived from highly emissive materials and assume @3, = 0
or ®I. =0, in order to obtain an estimation of &,.. Therefore, most of these previously
reported rate equations are not appropriate for the analysis of low efficiency TADF materials.
However, we often find reports that uncritically employ these models and equations to extract
rate constants for low efficiency materials. In addition, assumptions such as @5, = 0 or @I, =
0 raise the question about “which parameter should be set to zero”. Here, we introduce two
kinetics analysis methods for TADF materials based on a three-state system of So, S1, and Ti.
In our first method where we invoke a steady-state approximation, no other assumptions are
required in order to derive the set of rate constants related to the emission of TADF materials.
This method not only can help in our understanding of TADF processes, but it can demonstrate
the connections between several previously reported methods; however, this method still has

the weakness in terms of providing an accurate estimation of @,¢.. To resolve this outstanding



issue, we then present a derived exact solution to provide precise rate constants in the kinetics

analysis of TADF materials.

2. Exact equation for emission decay curve for a three-state system

We first present an exact equation to model the emission decay that occurs from a three-
state system comprising S1 and T1 coupled excited states and the So ground state (Figure 1).
The combined decay rates from both excited states in the absence of exciton-formation

processes can be formulated as

d[S]

o= 0 + kil + kisc)[S1] + ks [Ta), (2.1)
d[T,]

dtl = —(kf + ki + krisc)[Ti] + kisc[S1], (2.2)

where [S;] and [T, ] are the populations of S1 and T excitons. The differential equations, Eq.

2.1 and 2.2, are a system of ordinary differential equations of the general formula of

d?(t) /dt = A?(t), and can be written as,

d [51]> (—ks kRISC) ([51]>

4 — , 2.3

at ([Tl] ke~ J\[T] 2.3)
where kS = k3 + ky, + kjgc and kT = kI + kI + kg,c, respectively. The general solution to

this system is given by,

n

V() = ) cmiexp@in), (2.4)

i=1
where v, is the eigenvector with corresponding eigenvalue A; of the matrix A, and ¢; is a
constant depending on the initial conditions. For the matrix A in Eq. 2.3, the eigenvalues can
be calculated as,

—k* =1 kpsc

det(A — AE) = d t[(
e( ) € kISC _kT_A

)] = (kS + DT + 1) — kjsckrisc =0, (2.5)

where E is the identity matrix. Eq. 2.5 can be rewritten as,



AZ + (kS + kT)A + kSkT - kISCkRISC == O (2 6)

S_l krisc
1 ;.
1
i kisc !
I 1
kS| kS, kIl
r nr r | nr
Y 'I' v S{]

Figure 1. The scheme of photophysical process for three-state system.

This quadratic equation provides A as,

Mo =— — kSkT + kysckrysc

kS + kT N (kS + kT)?
2 = i

1 —
= _E(ks + kT + \/(ks - kT)Z + 4k15‘clesc) . (2 7)
Here, it is worth pointing out that A; < A, < 0 and, therefore, the exact prompt and delayed

emission decays for the photoluminescence (k,, kq) are written as k,, = —4; and kg = —21,
respectively. Several rate equations introduced in the previous section have been derived from
Eq. 2.7 but employ a number of different assumptions. Here, we note that Eqg. 2.7 provides a
relationship among k%, k7, k,, and k as,

kS + kT =k, + kq. (2.8)
Considering the clear relationships of k5 > k, and k, > k™, Eq. 2.5 implies the relationships
of k, > kS and kT > k, (these provided relationships are explained again in section 5). If these
relationships are not operative, then there should be no observed delayed emission. The

corresponding eigenvectors are given by evaluating 1,7, = Av,.

()= (0 ) (. 2.9

kISC

Eq. 2.9 leads to the relationship of Eq. 2.10.



kRISC

X1 =75 X2 krisc X1 = Xy, x ER
kS + A, =
k+ P Y e ol _ ks . (@10
ISC 2 = 1
X, = x X, = Xy, x, ER kT + 2;

Using Eq 2.5, this set of equations can be easily reduced to a linear relationship between the
dimensions of the eigenvector, allowing for the other dimension to be fixed to a freely chosen
value. When x, = 1 is chosen, both eigenvectors, v; and v, are given by

kRISC kRISC
=\ kS+1, | v, = kS+ 1, (2.11)
1 1

Inserting Eq. 2.11 in Eq. 2.4 yields the following equations for [S;] and [T;] as a function of

time.
[S,] krisc krisc
([T ]) =C kS + Al eXp(/llt) + Cy kS + AZ exp(}{zt) , (2 12)
1 1 1
kg
=C75 5 €& k t)+c ex kit
[ 1] C1 ks p( ) 2 kS p( d ) (2 13)

[T,] = ¢, exp(—kpt) + ¢, exp(—kg4t)
The pre-exponential factors depend on the initial conditions. Using [S1] = [S1];=¢ and [Ty] =

[Ti]l;=o = 0 att = 0, they are expressed as follows.

[s,] krisc krisc
( 10t=0> =c | kK5 —k, |+c (ks _ kd)' (2.14)
1 1

EqQ. 2.14 expresses the relationship of Eq. 2.15.

kRISC kRISC
Sile=o = 135 Ky T2 — k. (2.15)
1= —C

Here, [S1];=( and c, are given as Eq. 2.16 and 2.17.

lesc(k kd)
2, — K5) (kS — k)’

[Sili=0 = (2.16)

kISC
[&]t:uﬁ-
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From Eq. 2.13, 2.16, and 2.17, the exact [S;] and [T;] can be written as following equations.

S,],-
[S,] = lEll—k(; [(ks —kg) exp(—kpt) + (kp — k%) exp(—kdt)]. (2.18)
p
[T,] = Bilezokise [— exp(—ky,t) + exp(—kqt)]. (2.19)

k, —kq

Here, it is evident that Eq. 2.18 provides a bi-exponential decay of the S population, and Eqg.
2.19 provides a convex curve behavior of the evolution of the Ty population. Hasse et al.
reported that the emission decay of TADF materials corresponds to the Si population decay
when assuming kX = kI = 0.1*2 They also verified that the depletion of the T1 population was
accurately determined by the TA decay. When now including the depletion from the T, state
term described in Eq. 2.19, the total emission decay now includes the contributions from both
S1 and T1 populations. Because the total emission from S; is the sum of the overall emission
efficiencies from S; excitons, which are generated by direct photoexcitation and indirectly from
the T1 population, i.e., sum of prompt and delayed fluorescence (@, + @pf), the contribution
arising from generated triplet excitons must also be accounted for within the emission efficiency
from T1, phosphorescence (®p,,5). The S1 and Ty populations described by Eq. 2.18 and 2.19
do not consider the luminescence. Therefore, the exact emission decay can be modelled as a bi-
exponential decay as described in Eq. 2.20 using the radiative decay ratio for each exciton
(Figure 2).

I1(t) = &[S1] + O] [T4]
_ [S1]e=0 { [(kS — k)PP — kysc @] exP(_kpt) }
- ky —kq +[(kp — ks)(prs + k,SCCDTT] exp(—kyt))

(2.20)
where I(t) is the time-dependent emission intensity, @> and @ are the quantum efficiencies
of the radiative decay for S; and Ty as written by and k3 /k5 and kI /kT, respectively. By using

this equation that describes explicitly the emission decay, we can deeply understand the kinetics

of TADF based on a three-state system.
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Figure 2. Emission decay curve and theoretical curves of Eq. 2.18-2.20 within nano second
time range (a) and milli second time range (b). the difference of total emission and S1 population
decays is related to the phosphorescence contribution.

3. Derivation of rate equations using steady-state approximation

In the previous section, we derived the rate equations for the emission decay of TADF
materials based on a three-state system. In this section, we derive the rate equations by using
the assumption of k3 + k3, + k;sc > kgisc. This assumption implies that at least one of k2,
ks, or k;sc is much larger than kg;sc. Since the Ty level is lying below the S level, k;gc >
kr;sc should always be valid and no further assumptions are employed.

Before deriving the rate equations, we define ®pr and @p in terms of 4, A4, k,, and
k4 which are parameters that describe a bi-exponential decay curve; these parameters are the
pre-exponential factors (A) and decay rate constants (k) for the prompt (p) and delayed (d)
components, respectively. There are several reported methods to obtain these values
experimentally.?2 For instance, these values can be obtained from the integration of the
emission decay corresponding to the prompt and delayed emission, respectively.?8 Also, there
is the rough method of using the experimentally determined PLQY under aerated conditions as
a surrogate for @,5; however, the triplet state may not be completely quenched by O2 under
aerated conditions, and it is not the case that oxygen is benign to react with the S; state of TADF

materials as its presence has been shown to increase the nonradiative decay path from the S;
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state.?l The most commonly used approach to determine these values would be using Eq. S3.1
and S3.2 where A, A4, ky, and k4 can be obtained from bi-exponential curve fitting. However,
the two exponential curves in Eq. 2.20 do not directly correspond to the exact “prompt emission”
and “delayed emission”, respectively. To estimate each efficiency, therefore, it is necessary to
rewrite Eq. 2.20 as,

1(t) = (A, + Ag) exp(—kyt) + Ag|— exp(—k,t) + exp(—kgqt)]. (3.1)
In this form, the first and second terms exactly correspond to the prompt and delayed emission,

respectively (Figure 3). The quantum efficiency of the prompt (®,r) and delayed emission

(@pg) are therefore given by,

A, + A
p d
k (A, + Ag)ka
Dpp = d Pproy = ——— 2 Dpr 0y, 3.2
PF Ap + Ay +A_d_A_d PLQY A kg + Agk, PLQY (3.2)
k, kqg kK
A A
ka Ky Aa(ky — ka)
Opp = o = , 3.3
DE A, +Ag +A_d_A_d PLQY Apkd +Adkp PLQY (3.3)
k, kq Kk

Ay exp(=kyt)
Agexpl=kyt)
Ay exp(—k,t) + Ay exp(=kqt)

- ==- Observed emissiondecay ———-

Observed emission decay

(Ap + Ag) exp(=kyt)
Aa|—exp(=kyt) + exp(=kqt)]
Eq. 3.1

Intensity in log
/
/

Time (ps) Time (ps) Time (ns)

Figure 3. (a) Emission decay curve and biexponential fitting curves which are employed to
estimate the prompt and delayed emission efficiency in general. (b) Corrected prompt and
delayed component curves to provide exact emission efficiencies. (c) Closeup within nano
second range to recognise difference of prompt components for general and corrected
estimation method.
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Under the assumption of k; + k;, + k;sc > kg;sc and with the restriction condition of
[S;] > [Ty] (t « 1/k,), the emission decay agrees with the prompt decay in this region and
[T,] can be approximated to be 0. Eq. 2.1 can therefore be rewritten as Eq. 3.4. Hence, the
singlet decay rate (k°) can be approximated to the prompt decay rate (k,), and the evolution of

the S; population as a function of time at short time can be written as Eq. 3.5.

d[S
[S4]
[S1] = As exp[— (k7 + kny + kisc)t] = Asexp(—kSt) = Ag EXP(—kpt) , (3.5)

where Ag is a pre-exponential factor.
Next, we focus on the exponential decay of [T1] to derive kisc. EQ. 2.2 can be rewritten

as Eq. 3.6.

[S4]
= — <k;1~1 + k;l‘;r + kRISC - klscﬁ dt. (3 6)
1

Here, since [S;] and [T; ] are time-dependent terms; this equation cannot be integrated. In the
delayed decay region, however, we note that the decay rate is not exactly the same as the
intrinsic triplet decay rate, as delayed emission decay also contains a term relating to the singlet
population given that there is an exp(—k,t) term found in the corresponding equations of Eq.
2.18-2.20. Therefore, the ratio of singlet and triplet population, [S;]/[T;], is not a time-
dependent value but an exactly fixed value in the delayed decay region (t » 1/k,). Further,
the delayed component that originates from an Si; population decay is extremely small
compared with the T: population decay, [T;] > [S;], because k;sc > kgisc (Figure 2b).
Therefore, the temporal differentiation of [S, ] can be approximated to be 0, i.e., d[S,;]/dt = 0,
in this time region. In other words, the population of the intermediate state S; resulting from
upconversion of Ty excitons, which then decay to So can be considered using the steady-state

approximation. We thus obtain the ratio of [S;]/[T;] in Eg. 3.6 by using the steady-state
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approximation (SSA) in this time region. By the SSA, the ratio of [S;]/[T;] can be provided as

Eq. 3.7. Also, the SSA provides a description of the time dependence for [T, ] as Eqg. 3.8.

S k
[S;] ~ — R;ISC . (3.7)
[Tl] kr + knr + kISC
[Ty] ~ Apexpd{— kT + kT +(1— Krisc kuiscltt = A exp(=kgt), (3.8)
1 T €XP r nr kf-l‘kgr-l‘kmc RISC T €XpP at), .

where A is a pre-exponential factor for the delayed decay component of the triplet excitons.

Now, k, can be approximated as,

kRISC
kg~kl + kI +(1— krisc. 3.9
d T nr ( k,‘? + krsl‘r + kISC RISC ( )

For this approximation, k; + k3, + k;sc > kgisc remains a necessary assumption to achieve
the restriction condition of [T;] > [S;]. However, this assumption is valid in general as we
explained previously. Invoking the SSA leads to a reduction in the number of required
assumptions for the analysis of the kinetics of organic TADF materials.

The total decay efficiency of singlet excitons generated by photoexcitation is the sum
of @5, &3, and @, (for the distribution of singlet exciton, the ISC/RISC cycles are not
considered because k5 was approximated as k, in this section by Eq. 3.5, i.e., &S ~ dpr), and
the decay efficiency of triplet excitons that results from an ISC process is the sum of @1, &I,
and @5, Which are given by

DS+ D5 + P = 1, (3.10)
& + O + Pprgc = 1. (3.11)
As aresult of k3 + k;, + kjgc > kgysc, the RISC process is rate determining for the decay of
T1 excitons via the S; state while the Sy excitons generated by the RISC process rapidly decay
to the So state or return back to the Ty state according to Eq. 3.10. In other words, the T excitons
return to T, state with a certain probability after ISC/RISC cycling. In this case, the efficiencies

shown in Eq. 3.11 should be modified to take ISC/RISC cycling explicitly into account by using
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overall efficiencies (OEs), which correspond to the distributed exciton ratio between the S; and

T1 populations under the SSA via ISC/RISC cycles; these are oT%% > oT oI °F > &7 and

PriscPt < @pisc (see section 4 in supporting information for the detailed relationship between

T7OE _ 1 OE

efficiencies and OEs). From these, @, can be divided into @7, ®I."", and ®x;5-°F, and
the total efficiency is given by
T + T %F 4+ @pyscF = 1. (3.12)

The fraction of T1 exciton decays via Si (®;5c®Prisc’") can be divided to occur either
radiatively (@) or nonradiatively (®3,), because ®@z;5.° encompasses the exciton ratio after
considering ISC/RISC cycling. The delayed fluorescence (@) can now be formulated as a

function of the radiative fraction to the total efficiency, ®° + &5,

S (pS
Ppr = cDD};"RglI;z = (DISC(DRISCOEm = (pISC(pRISCOEl_—:pISC- (3.13)

where @, are the quantum efficiency of phosphorescence and delayed emission, which is the
sum of @, and phosphorescence (®ppos), Ppr = Ppr + Ppnos- RpE 1S the ratio of the delayed
fluorescence component of the delayed emission (®,r/®pe). On the other hand, the fraction
of radiative decay from T (cb,scqbrTOE) corresponds to @py,,s, as shown in Eq. 3.14.

d’Iscd’rTOE = Pphos = Pproy — Ppr — Ppr = Ppp(1 — RBE), (3.14)
In the three-state analysis, the lifetimes of TADF and phosphorescence are exactly the same
since they occur from the same origin of the T, state (see Eq. 2.20). Therefore, both @, and
@ppos coNtribute to the delayed emission (®p5). The total PL quantum yield (®p,oy) is the sum
of @2 and @, . Based on the above analysis, all of the efficiencies related to the TADF process
are presented in Eq. 3.15-3.20.

N

@S = ==,
kS kS ke Ky

(3.15)
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S S
Kknr _ knr

@5 =1—D° — Do = = . 3.16
nr T ISC k,‘? + k}ir + kISC kp ( )
kISC kISC
e = = ) 3.17
BT RS v kS +lyse Ky (3.17)
@ kT kI
cDrTOE — Phos — . . T — _r. (3. 18)
Pisc kf kL + (1= Pscdkpisc kg

kT kT
ol °F = nr = (3.19)

" kI + Kkl + (1 — @i50)kpisc ka
® OE — (DDF(]- - q)ISC) — (1 - q)ISC)kRISC — (1 - (pISC)kRISC (3 20)

RIs¢ P Pysc kI + Kkl + (1 — @i50)kpysc kq ' '

The corresponding rate constants are thus described by Eq. 3.21-3.26.
ki =k, ;. (3.21)
ki, =k, @5 = k,(1—®F — D) (3.22)

nr p*nr p T I1SCJ- .

kISC = kp(DISC' (3 23)

@ ®pp(1 — REE
k;lj — kd(DTTOE — kd Phos — kd DE( DE . (324)

ISC (DISC
k?lr =kq— (1 — Pr5c)kpisc — krT- (3.25)
Drisc”®  kpka Por _ kaPogRBE

krisc = ka = S = s (3.26)

1- (DISC kISC (Dr (pr (DISC

As explained above, we obtained these rate equations with essentially no assumptions;
they are nearly identical to those described in Ref 7. The value of R5E can be obtained by fitting
the delayed emission spectrum with the prompt fluorescence and phosphorescence spectra to
provide the contribution of the phosphorescence to the delayed emission. However, we note
that these equations still require @;¢. to be known. We can employ @3, = 0 or @I, = 0 as the
limiting conditions to determine @,5-. This method should be applicable for most TADF
materials; however, it should be noted that the model employs the approximation of k5 ~ k,
in this section, which introduces a degree of uncertainty to the estimated rate constants, thus

reducing their accuracy.
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4. Reevaluation of rate equation using assumption of @3, = 0 or @1 =0

As it is difficult to measure directly k; s, in most of the literature the rate equations for
TADF materials have been estimated using one of the assumptions of @5, = 0 or ®f. = 0. The
previously reported equations have been used indiscriminately to analyze not only highly
emissive TADF materials but also poorly emissive materials, despite the inappropriateness of
these models to handle the latter given their implicit assumptions. The derived rate constants
must therefore be evaluated skeptically. The equations provided in the previous section using
the SSA have upward compatibility with previously reported models, especially those of
Goushi-Masui and Dias, which have been often employed in the literature. 8° When we employ
@5 = 0or dL. = 0 as a limiting condition to obtain ®,¢., our equation using SSA leads to the
same rate equations as those discussed in Refs 8 and 10 (®p,,s = 0), respectively, shown here
as Eqg.4.1and 4.2
PR =1~ Ppp. 4.1)

d’an:O — d)DE - (pPhOS(l - (DPF) .

(4.2)
Is¢ Ppr + Ppp — Pppos

Where @75=% and ®%7=% correspond to the maximum and minimum values of &4,
respectively. When @ = 0 (this approximation holds for organic TADF emitter behavior at
around room temperature), the average k;sc and kg;sc values within the range between these
limiting conditions (ks and ki, respectively) are provided as follows.

Avg. k_p_ [¢PLQY(1 — Ppp) + (pDF] * [CDPLQY(l — Ppp) — ‘pDF]

= 4.3
ISC 2 d)PLQY ( )
ave. _ Ka [Prioy( = Per) + Ppr] £ [Prigr(1 = Per) — Ppr| 4.4)
RISC 2 ®pp(1 — Ppp) ' '
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The maximum and minimum values of k;‘;’cg' are the values for the limiting conditions of @3, =

0 and ®F,. = 0, respectively, while the maximum and minimum values of ke are the values
for the limiting conditions of @~ = 0 and @2, = 0, respectively.

We analysed the range of kg,;sc values of the three-state system by using Eq. 4.4. Figure
4a shows the plot of k7 for the delayed emission ratio as a function of PLQY. The maximum
and minimum values of the ranges are the values for the limiting conditions of @L. = 0 and
@5 = 0, respectively. The plots of blue circles, green triangles, and red squares correspond to
the respective values of 0.9, 0.5, and 0.1 for @,,. The prompt and delayed emission lifetimes
(T, and 74) were fixed at 20 ns and 20 us, which are representative values observed for organic
TADF emitters. This plot reveals several important points: (1) the ratio of the delayed emission
component significantly affects the magnitude of kg;sc. When the emission decay has only a
small contribution from the delayed component, kg5 is not only slow but remains slow even
if the material shows a high PLQY; (2) When the PLQY of TADF materials is not very high,
i.e., less than 0.8, there is a larger range of accessible kg;sc values within the limiting conditions,
regardless of the magnitude of @, ;. Similar relationships also exist with respect to k;s¢. It is
important to note that the assumption of @3, = 0 results in both an underestimation of kz;sc
and an overestimation of k;q. while the assumption of ®I. =0 results in both an
overestimation of kg;g- and an underestimation of k;q-. The estimated kg, values do not
change as a result of changes to the PLQY when the assumption of @L. = 0 is employed. This
in turn creates problems when this assumption is applied to the poorly emissive TADF materials.
Especially for inefficient emitters (®p,oy < 0.1), the values of kg,sc under the assumption of
@5 = 0or L. = 0 have been estimated with one order magnitude higher error depending on
the ratio of @, and @, (Figure 4b). Further, despite when materials have high PLQY

(PpLoy > 0.9), the difference between k3737 ° and kj7Z~° can be more than double than the

®pr/Ppr ratio. In the supporting information, several equations are provided to convert k;g¢
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and kg;sc USIng a limiting condition to another condition or average rate constants, e.g. these
equation make possible to interconvert the rate constants defined with the models of either

Goushi-Masui or Dias and our models. When the k,, and k, are each provided in the literature
along with ®@p; 4y, ®pr, and @pp, EQ. 4.2 and 4.3 allow direct extrapolation of the range of

accessible values of k;q- and kg;sc, and make possible the comparison between the value
estimated using the different models and thus assess the possible range of values these rate
constants can attain.

Recently, the importance of the role of intermediate triplet excited states in facilitating
RISC processes, aided by spin-vibronic coupling has been elucidated.?5-28 Thus, we often find
the delayed component of TADF shows biexponential decay. Naito et al. demonstrated the
direct fitting of the TR PL decay by using the rate constants as a fitting parameter within a four-
state model.[®! Very recently, we also reported a rate analysis based on a four-state system
consisting of S1, Ty, Tn, and So, where T is a triplet state of intermediate energy between S;
and T1.°! The rate equations for the four-state system implicate that RISC proceeds via
transient population of the intermediate T,, state. However, it is difficult to derive the exact rate
equations for the four-state analysis without invoking several a priori assumptions. Such a four-
state system can also be modeled by using the SSA in a similar manner as we have described
for the three-state system (see section 10 in supporting information). There are two required
assumptions: the direct ISC/RISC process between the S: and Ti states and the direct
radiative/nonradiative processes from T, to So be both forbidden, which are related to El-
Sayed’s and Kasha’s rules, respectively.2%3! This situation occurs when S; and T involve
orbitals of the same orbital type and thus the corresponding ISC/RISC rate constants are
negligibly small. Using a similar approach to that employed for the three-state system, we can
obtain the rate equations that describe all of the rate constants, k;, k., kisc, krisc, kKic, ke,

and k.. Here, k. and k%, are the forward (IC) and reverse internal conversion (RIC) rate
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constants between T, and T1. We again confront the problem of determining @;¢.. As explained
in the previous section, we wish to avoid invoking the assumption that @3. = 0 or @I. = 0 in
order to estimate @;¢.. Therefore, we propose to determine @, using, again, the average rate
constants for the ISC, RISC, IC and RIC processes within a range of accessible values as an
alternative, assuming ®@35. = 0 or L. = 0. When &7 ~ 0 is employed as a likely limiting
condition, in an analogous manner to our previous analysis, k;sc, krisc, kic and kg;c values

within these conditions are given by Eq. 4.5-4.8.

avg. _ Kp[2®proy — Ppp(1+ Ppry) £ Ppr(1 — Pprgy)]

kisc = 2®rrgr (4.5)
avg. _ ka1 Pe1[2®piov — Per(1+ Ppirov) + Ppr(1 — Prigy)] +.6)
mIse 20pp(1 = Ppp)(Pproy — Prr)

oA ka1 Ppp1[1+ Pproy — 2@pr £ (1 — Ppoy)] @7

e “ 2(1- (DPF)((pPLQY - (DPF)
avg. _ *az[2Ppp2(1 = @pp) + Pppi (1= Pprgy) + Ppgi (1 — Pprgy)] +.8)

Ric. = Zd)DEl(l - d)PF - (pDEl)

5. Derivation of exact rate equations for three-state system containing k;s¢
In section 2, we derived the exact equation to model the experimental bi-exponential

emission decay of TADF materials. In section 3, we also provided a solution to determine the
rate equations while minimizing the assumptions made. Though these rate equations provide
several important insights, they are still based on the approximation of k* ~ k,,. Here, we show
that this approximation need not be invoked and derive the exact rate equations. In so doing,
we aim to eliminate the confusion caused by implicating this approximation.

Here, we focus on the exponential decay of [T1] to derive k;sc. In section 3, we obtained
the ratio of [S,]/[T;] by applying the SSA to Eq. 2.1, but the exact value of [S;]/[T;] within
the delayed emission regime can be provided from the exact population decay equations of Eq.

2.18 and 2.19.
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[Sl] — kp - ks — leSC
] kisc  kS—ka

(5.1)

Therefore, Eq. 3.6 can be integrated and the evolution of [T4] as a function of time becomes,

k Sili=ok
[T,] = Agexp {— [krT + kjy + (1 - %) kRISC] t} = MEXP(—kdt) , (5.2)
IS — kg K, — kq

where A7 is a preexponential factor of the delayed decay of triplet excitons. Therefore, k, can

be written by,

k
ky = kT + kT + (1 - )kR,SC. (5.3)
d

From the relationship of Eq. 2.8 and 5.3, k,, can be written by

k
ky = kS + kS, + (1 + fi) Kisc. (5.4)
kS — kg

Surprisingly, Eqg. 5.4 implies that k;q- is slightly accelerated by the presence of multiple
ISC/RISC cycles, and the resulting relationship of the observed decay rate of Si1 (k) is larger
than the pure decay rate of S1 (k°), in spite of increasing the singlet exciton population due to
the upconversion from a T state. The relationship k,, > k* was mentioned also in section 2.
This phenomenon would be the result of the inflow from T1. From the relationship of Eq. 2.5,

5.3 and 5.4, the overall efficiency of ISC and RISC (®;5:°%, ®g;sc°F) can be written as,

kRISC
E (1 + kS — kd> kISC _ kISC + kp - kS

OE _
Pisc = k) k) ) (5.5)
_ _kusc )
B OF _ (1 kS — kg4 Krisc _kpise — Ky +K° (5.6)
RISC - kd - kd * "

Because @ can be explained as the overall emission efficiency from S; via Ty, it can be
defined as,

Ppr k7

1-— ¢15C0E B kS - kISC

Dpr = (DDERgg = (DISCOE(DRISCOE ¢ISCOE¢RISCOE» (5- 7)

22



where @, corresponds to the overall quantum efficiency of the radiative decay from excitons

populated directly at S1. Note that the generated S excitons via Ty described as @, %% @p;5:°F

decay to So both radiatively or nonradiatively because ®;s.%F ®g;5:°F is the final distributed
exciton ratio of Sy via T1, considering the ISC/RISC cycles. They should not distribute to T

anymore. From Eq. 5.7, the quadratic equation for k;g- can be obtained as

—b —Vb?% —4ac
kisc = > ) (5.8)
a
_ Ppg DF S
a—kdd)—PFRDE_kp'i‘k ) (5.9)
b= (k, — k) (kS — ky — ky) — ak®, (5.10)
¢ = (ky — k5) (k5 — ky). (5.11)

As k;sc should be smaller than k%, the value is uniquely determined as described in Eq. 5.8.
When we can approximate that the delayed emission does not contain phosphorescence (R5E ~
1), the value of a becomes 0 and the equation for k;. can be rewritten more simply as,

(kp — k5) (kS — kg)

krisc can be obtained from the relationship shown in Eq. 5.13, which is also found in Eq. 2.5.

The equation for kg, is provided as Eq. 5.14 with the approximation of RRE ~ 1.

B (kp — k5) (kS — ky)

kRISC - k (5 13)
ISC
kRISC = kd + kp - kS. (5 14)
From Eq. 2.20, Eq. 3.2 can be written by,
(e A, +Ay)k D2 (ky, — kg )k
PF _(p d)d_ r(p d)d (515)

Pproy B Apkq + Agky B [®7 (kS — kq) — D k;sclky + [d’rs(kp - ks) + ‘I’erlsc]kp
Eq. 2.22, 3.2, 3.3, and 5.15 provide an exact solution for the singlet decay rate (k) as,

CDDE
kS:kp—kd_(p +k15c_
P

. 5.16
P gs 510

23



This equation also can be derived from Egs. 2.20 and 3.3 with the similar derivation, and also
the ratio of preexponential factor (4,/A,) of Eq. 2.20. When Rf ~ 1, k¥ is simplified as the

phosphorescence related term vanishes as Eq. 5.17.
k® =k, —kq—. (5.17)

The rate constants for non-radiative decay from S; and T1 can be extracted from Eq. 2.8 without
invoking the simplification of RHE ~ 1 as,
kfs’;r =k’ — kf — kisc, (5.18)
ki = kT — kpisc — kf = kq + ky — k% — kgysc — kf. (5.19)
When data is collected at 300 K or in solution state, it is not unusual to assume the observed
emission does not contain phosphorescence (®pp,s = 0), i.e., R5E ~ 1. However, kI, is
always 0 when approximated as R5E ~ 1 because of Eq. 5.14 and 5.19. As a result, the rate
constants for k3., k;sc, and kg;sc under the approximation of RE ~ 1 can be written in terms
of decay rates and efficiencies for prompt and delayed components as shown in Eq. 5.20-5.22.
In this case, it should be noted that kg, is obtained as a maximum for these possible values.

Ppr

kflr = kp ¢PLQY (1 - (DPLQY)' (5 20)
(pDF ¢DF
kisc = ky———kqg—. 5.21
o)
krisc = ka (Ziy- (5.22)

Interestingly, the rate equation for kg;sc IS exactly same with the model of Dias. The radiative
decay rate k3 is independently obtained by,

ki =k, ®pp. (5.23)

Next, we provide the exact solution of the kinetics analysis for TADF of a three-state

system without any assumptions and approximations. The relationship related to the

phosphorescence is provided as,
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OE
(DISCOE(DrT = Dppos = (DPLQY — Qpp — Ppp = ¢DE(1 - Rgg): (5.24)

From Eq. 5.24 the rate equation and radiative decay quantum efficiency for T1 excitons (kf and
@) can be described as Eq. 5.25 and 2.26.

ka®ps(1 — Rpp) _ kyka®pp(1— Rpg

kT = =
(DISCOE kisc + kp — kS

(5.25)

ka@F " kpka®pp(1 — RBE)
kKTDysc%%  (ky + kg — k5)(kise + kp — k5)

(5.26)

From the Eq. 5.16 and 5.24 the exact k° can be obtained as a solution of the following cubic

equation,
KS* + dkS% + ekS + f = 0. (5.27)
(pDE
— [Jese + 3ky +ka (122 |. (5.28)
PF
®
| 2kische, + 3ky? + (2kpky + kischa) (1 - ﬂ) |
= | Do DF I (5.29)
l —k 2 d)DE kISde(pDE(l RDE) J
¢ Dpp
¢DE
= —(kise + k) (I + kd)( kas ) (5.30)

Because k5 should be smaller than k, and larger than k;sc (k;sc < kS < k,), the solution to

the cubic equation is uniquely determined using the Cardano—Tartaglia formula as,

-1+ V3 -1-iV3 1
k5=TLX3_g+ g2+h3+TLx3—g— g2+h3—§d. (531)
27f+2d3—9de
g= - , (5.32)

3e —d?
= 5 . (5.33)

Because the exact equations for k;sc- and k5 contain the terms of k5 and k; ., respectively, a
numerical analysis is required to obtain the exact rate. For example, k;sc at R3E ~ 1 can be

provided to obtain k5 and then estimated k; 5. were evaluated to avoid the circular reference; a
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new k;s- value can be provided to minimize the difference between the given and estimated
values. The R5E is given as all rate constants are provided as > 0.

Here, we derived the exact rate equations for organic TADF materials based on the
three-state model. It is noteworthy that the equations in this section considerably reduce the
errors in the estimation of the rate constants compared with the previous methods without the
requirement of additional experiments except the transient PL decay and PLQY measurements
to obtain k;¢.. The equation for k;s. cannot be applied to the previously reported rate equations
that use the approximation of k* ~ k,. We note here again, the emission lifetimes of TADF
and phosphorescence are exactly the same as in the three-state system because both decays are
related to the T1 decay; the ISC/RISC cycles behave as an exciton pool for both decays.
Therefore, the delayed emission should always include both contributions from delayed
fluorescence and phosphorescence at the fixed ratio (RBE and 1 — R5E) in the three-state model.
In other words, when data contain three or more decays, the “exact” rate equation derived in
this section should not be applied. For example, phosphorescence often can be found as an
additional radiative decay distinct from TADF. In this case, the material should be analyzed by
other models, e.g., four-state model explained in Sl of this paper. Because the rate equations
describing the three-state system were derived considering the phosphorescence is intrinsic to
the delayed emission, it is favorable to collect the emission decay data in the full-range of
fluorescence and phosphorescence spectra, i.e., the decay data collected not only by a single
wavelength measurement but also with multiple wavelength measurements. When the single
wavelength measurement is employed, the measurement wavelength should be a wavelength
around the intersection between the normalized fluorescence and phosphorescence spectra.

Finally, we re-estimated the rate constants for several TADF materials in the literature:
4CzIPN;2 5CzBN;27321 3Cz2DPhCzBN;B2 5Cz-TRZ;B® TQ;B4 +-DABNA;P! TMCz-

BO:B8 TPAt-tFFO:[M Br-3pXZ-X0:B1 DiKTa:[*8 and MCz-TXT.[3 We undertook this
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analysis with the approximation of RRE ~ 1. The rate constant values listed in Table 1 contain
the originally reported values from the literature, the values using the equations where the SSA
is invoked with the general estimation method of @, and @, (SSA-1), the values using
equations where the SSA is invoked with the corrected estimation method of @, and @,
(SSA-2), and using the “exact” equations for the three-state model. For SSA-1 and SSA-2, the
k;sc and kgr;sc Values are provided with the limiting conditions of k;,. = 0 and kX, = 0.

An evaluation of the results using these different models reveals that the literature
reported kg;sc Values and those using SSA-1 are similar. Most of the literature reported kg, ¢
values using the assumption of k;,. = 0 and those using the exact value (kI = 0) show no
difference; however, this is the result of a fortuitous cancellation of errors with the assumption
of k5, = 0, the approximation of k° ~ k,, and the estimation method of ®pr and ®p,. The
kg;sc values of TPAt-tFFO, which is estimated with the assumption of kI.. = 0, show relatively
large differences depending on the model used. This is related to the estimation method of @pp
and @, and the use of the approximation via a Maclaurin expansion. For the kg;¢c estimation,
the SSA-2 with the condition of kT,. = 0 showed good agreement with those using the exact
equation. This is because both rate equations to determine kg;gc are exactly the same (see Eqg.
5.22 and S7.5) when approximating R3E ~ 1 and when using SSA with the limiting condition
of kj, = 0. When TADF materials show very fast T1-S1 upconversion, i.e. k, = kg, will
become available, the equations using the SSA cannot be applied, but there remains no
restriction to the use of the exact equations. In addition, when using the wrong estimation of
®pr and @pp by Eq. S3.1 and S3.2 employed in many literature reports, k;¢. tended to be
overestimated; this can be found by comparing the k- between SSA-1 and SSA-2. To reduce
the estimation error of the rate constants, it is important to use the corrected estimation method
for @, and @ . Further, Eqg. 5.21 and S6.4 provide the correction coefficient, —k; @pr/Ppr

for k;g¢ to exclude the affection of k° ~ k,,. Thus, all derived equations help understand the
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spin-flip processes with the exact rate constants for reported TADF materials; the equations in
the model with practically no assumptions allow the conversion of the rate constants obtained
using the model of Goushi-Masui’s to those using the model of Dias, and the correction
coefficient between the model of Dias and exact model provides the exact rate constants.

As an additional finding, the estimated rate constants numerical analysis showed no
change with the case of R ~ 1 for most of the materials explained above. Both kI and kI,
are estimated as « 1. Therefore, the approximation of RHE ~ 1 should be reasonable. This
finding is highly suggestive in the photophysics in three-state system. When there is the decay
channel of T1 via Sy, then direct decay from Tz to So is not available. To explain the direct decay
of T1, a new model would be necessary to explain the materials that show the dual emission of
TADF and room temperature phosphorescence. The four-state kinetics analysis explained in

the SI would help to understand the advanced function of emissive materials.

Table 1. Rate constants of interest TADF materials in this paper for three-state TADF system
(approximating RAE ~ 1).

) ) kp kd kf kflr kISC klr kRISC
PF DF (107gy (1055 (107sT) (10°s)  (107sT)  (10°s!)  (10°sY)
original  0.21° 0.65 1.8 . 7.0 . 8.8
1.858 0 6.991 3.853 8.517
4(;215’ 11\1 SSA-1  021° 065 8850  2.174
1n toluene 1.858 3.025 6.689 0 8.903
exact 0.21° 0.65 1.858 3.190 6.61 0 8.836
original 0.07* 0.68 1.9 - 25 - 22
1.842 0 24.47 0.574 2232
SC.Z?T SSA-l 007" 068 2632 0214
1n tofuene 1.842 6.140 23.86 0 2.289
exact 0.07° 0.68 1.842 6.160  23.84 0 2.288
original 0.16 0.65 5.0 . 26 4.1 36
5.000 0 2624 2218 4730
SSA-1 0.16 0.65
5CzBN 5.000 11.73 25.07 0 4952
20 wt% 31.25 0.980
in mCBP 5.006 0 2624 2218 4735
SSA-2 0.160  0.650
5.006 11.74  25.07 0 4.957
exact 0.160  0.650 5.006 11.74  25.03 0 4.957
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i)} )} kp kd kf‘ kflr kISC kr’;r kRISC
il PF@o’sh (10°sh) (0’  (10°shH (10'sh)  (10*sh  (10°sh
original 0.14 0.80 3.0 - 19 4.1 9.9
1.552 0 19.11 1.235 11.76
SSA-1 0.14 0.80
3Cz2DPhCzBN 1.552 19.86 18.91 0 11.88
20 wt% 2222 1.770
in mCBP 3.125 0 19.10 1.236 11.717
SSA-2 0.141 0.799
3.125 19.95 18.90 0 11.83
exact 0.141 0.799 3.125 19.95 18.80 0 11.83
original  0.031 0.889 0.544 - 17 - 150
0.544 0 17.00 4345 155.8
SSA-1 0.031 0.889
0.544 0473 16.95 0 156.2
SC.Z;T}{Z 2439 2439
1n toluene 0.591 0 16.95 4357 1434
SSA-2 0.034 0.886
0.591 0.514 16.90 0 143.8
exact 0.034 0.886 0.591 0.514 15.52 0 1438
original 0.459 0.095 - - - - 0.035
5216 0 6.148 0.743 0.034
SSA-1 0.459 0.095
TQ 5216 41.99 1.949 0 0.109
10 wt% 8.8 111
in DPEPO 5216 0 6.148 0.743 0.034
SSA-2 0.459 0.095
5216 41.99 1.948 0 0.109
exact 0.459 0.095 5216  41.99 1.948 0 0.109
original 0.82 0.08 20 22 23 0 2.0
20.00 0 4390 13.55 1322
SSA-1 0.82 0.08
2000 2222 2.168 0 2.677
V‘D’i‘BlNA 2439 2439
1n toluene 20.00 0 4388 13.56 1321
SSA-2 0.820 0.080
2000 2222 2.166 0 2.677
exact 0.820 0.080 20.00 2222 2.163 0 2.677
original 0.66 0.32 1.7 - 0.9 - 19
1.737 0 0.895 7.843 19.01
SSA-1 0.66 0.32
TMCz-BO 1.737 0.354 0.859 0 19.80
30 wt% 2.632 13.33
in PPF 1.780 0 0.852 8.236 18.50
SSA-2 0.676 0.304
1.780 0363 0.816 0 19.32
exact 0.676 0.304 1.780 0363 0.756 0 19.32
original 0.02 0.82 0.11 0.20 53 - 120
0.131 0 6.405 3.694 94.65
SSA-1 0.02 0.82
TpATAFFO 0.131 0.249 6.380 0 95.02
S CRP 6.536  2.262
n m 0.149 0 6.387 3.705 82.84
SSA-2 0.023 0.817
0.1499  0.284 6.358 0 83.21
exact 0.023 0.817 0.149 0284 5.549 0 83.21
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i)} )} kl’ kd kf kflr leC knr kRISC
PF DF (107¢") (10°sT) (107s") (10°sT) (107s)  (10%sT) (10°s)
original  0.033 0.42 0.68 - 19 120 260
0.660 0 19.34 115.4 268.6
SSA-1 0.033 0.42
0.660 7.970 18.54 0 280.1
B;-3t})>1<z-xo 2000 2041
In toluene 0.746 0 19.25 116.0 236.4
SSA-2 0.037 0.416
0.746 9.005 18.35 0 2479
exact 0.037 0.416 0.746 9.005 16.08 0 2479
original 0.25 0.01 49 140 0.75 - 0.46
4.902 0 14.71 4.290 0.023
SSA-1 0.25 0.01
. 4.902 139.5 0.754 - 0.452
D‘.KtTal 1961 0435
In toluene 4.902 0 14.71 4.290 0.023
SSA-2 0.25 0.01
4.902 139.5 0.754 - 0.452
exact 0.25 0.01 4.902 139.5 0.754 0 0.452
original  0.012°  0.908 1.3 - 94 - 1100
1.287 0 106.0 10.80 1021.0
SSA-1 0.012°  0.908
MCoTXT 1.287 1.119 105.9 0 1022.2
o CRP 1073 13.33
mm 1.287 0 105.8 10.81 933.2
SSA-2  0.013®*  0.907
1.408 1.224 105.7 0 9343
exact 0.013®  0.907 1.408 1.224 96.51 0 9343

3 Using the PLQY before introducing the inert gas.

6. Summary

In this paper, we provided the exact decay curve equation for the TADF materials on
the three-state system. The equation was derived from exact S1 and T1 population decays
considering all exciton decay processes. The exact equations of exciton population decays help
advance our understanding of the photophysics of not only TADF materials but also materials
related to the three-state system of Si, T1, and So, because these equations were derived without
employing any approximations and assume not particular preferential decay pathway. In
addition, the equations to estimate the efficiencies for the prompt and delayed emission
components (®pr and @) were corrected. The estimation method of efficiencies strongly
influenced the estimated value of rate constants. Further, we demonstrated that it is possible to
derive the rate equations with “practically” and “perfectly’” no-assumptions. The rate equations

are summarized in Table 2.
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For the first method, we employed two approximations. One is k° =~ k,,, which is
commonly used, to analyse the prompt emission under the condition of [S;] > [T;] (t < 1/k,).

This approximation requires the assumption of k2 + k3, + k;sc > kgrisc; however, this is
satisfied because of the relationship of exo- and endothermic processes of k;sc and kg;sc. The
other one is the steady-state approximation of the S; population to obtain the [S;]/[T;] ratio at
the delayed emission region of [S;] < [T;] (t » 1/k,). This approximation also requires the
assumption of k2 + k3, + kysc > kgisc . To analyse the experimental data, this method
requires that the @, must be provided by additional measurement; however, it is possible to
employ @5. = 0 or @T. = 0 as not assumptions but as limiting conditions. This practically no-
assumption method makes exchange these two assumptions used in the most of literatures being
able to compare the reported values. This method has some margin of error; however, it should
be noted that there are some inapplicable cases because of the approximations employed. When
@, sc 1S not provided, the rate constants should be reported as average values between both sets
of limiting conditions. In addition, the rate equations for the TADF materials using a four-state
system of So, S1, Tnh and Ty are derived in the supporting information.

We also derived the “exact” rate equations for the TADF materials on the three-state
model. In this model, @5 can be estimated without any other additional measurements other
than emission spectra, transient emission decay, and PLQY. This method requires the
estimation of @,,,,, Which can be obtained by spectral fitting or numerical analysis. However,
there is difficult case because of the high accuracy of the equations. In this case, the equations
allow to approximate @,,,s = 0, which can be applied to the data collected at temperatures
where TADF is operational and is used in most of the literature reports. With the approximation
of no phosphorescence contribution, the rate equations simplify and a consequence of this
approximation within the model is that &I. = 0; i.e. the rate constants of radiative and non-

radiative decay from T are coupled. This method provides the most precise set of rate constants
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for TADF materials. Further, the exact equations reveal the presence of an important
relationship on the photophysics; the singlet population decay is accelerated by the presence of
a RISC process. By using either model reported here, we can derive the exact rate constants
from reported values in the literature by analysing the data using the models of either Goushi-
Masui or Dias, which are the ones most commonly used. We believe the equations provided
here will enable the universalization of the kinetics analysis of TADF materials and so lead to

a better understanding of their photophysics, and ultimately better materials.

Table 2. Summary of rate equations provided in this paper for three-state TADF system.

Entry Equations Comments

Assumption: k§ + k3, + k;sc > kpysc
; ~ IS
S = ko to approximate k, = k . and apply
T pPF steady state approximation.
k‘ir = kp(l — @pp — ‘I’Isc)
Requirement to obtain all rate constants
kisc = kpd’lsc

k;sc estimation or assuming k3, = 0 or kL, = 0

1 T_ ®pe(1 — RBE) RPE estimation or assuming R5E = 1
¢ Pisc
kL. = kg — (1 — Prsc)kpysc — kF O = .. = kd(Ap +Ad)
k _ kq®ppRBE " PF Apkq + Agky pLQY
MSET @r5cPep Ag(k, — k)
®DE =L LA

Based on method 1.

o Assumption: k3 + kS, + kjsc > kgisc

kngax =k, <1 — Ppp — DF ) to approximate k, ~ kS and apply
PLQY steady state approximation.

ki =k, ®pp

k . [‘DPLQY(l — Ppp) + ‘DDF] + [‘DPLQY(l — pp) — (DDF]

ity =2
2 2 Pproy OS5 =, = 7kd(Ap + 4d) [
T Max _ (1 _ Ppr ) " a Apky + Agky Lo
nr a 1— @pp — Ay(ky, —kq) o
JAve, — ka [Ppror (1 = Ppp) + Ppi| £ [Ppror (1 = Ppp) — P bE Apkq + Agky prey
Fuse 2 Ppp (1 — Ppp)
No assumption (require numerical analysis)
kq(A, +A
Ppr = %‘pmqy
kS = ky®pr Apkg + Agky
Ag(k, — k
Koy = kS =k — ke Pp M‘pmy
i _ —b—+vb*—4ac @ pra T haty
15 = 2a (a= = o kaRBE — ko +
k, —kS)(kS —k
kpisc = W b= k —k5) (kS —k, —ky) — ak’
= ke, — k)’ (kS — k)
3 + _ Kpka®ps (1= RED) ¢ = (k= k%)’ 9
" kisc +kp — kS d=— [k,sc + 3k, +kq (1 —(p—DE)]

. e o PF
kar = kp +ka = k> = Kpse = Ky 2hischey + 3k132

(]
+(2kyky + kiscky) (1 - ﬂ)
¢PF

—k 2 % _ kISde(DDE(1 - Rgg)

e

kS can be obtained as the solution of cubic equation

kS + dkeS +ekS+ f =0

¢ b D
[
F=—(kisc + k) (ky + kd)( “k, chE)
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ki=k,®
T(D prRE Based on method 3.
kS, =k, m PF (1— ®pror) Approximation: R5E ~ 1
PLQY
Ppr Ppr k(A + A
4 Kise = by —25 — kg -2F _ ka(4, +44)
isc p Poror d Ppr Dpp = Ayka + Agh, Dproy
o)
krisc = kq ;LQY b = Ad(kp — kd) ®
PF DE Aipkd T+ Agk, PLQY
KL =0

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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1. Summary of the methods to estimate kg;s- (Table S1)

Entry Equations Assumptions Comments
¢ De =1
1 —AEg; (D, K Py, k3, = 0)
15 krisc = §k,scexp( BT ) . kzspc N k; n For metal complexes.
o kpise » kf + k7,
* Pproy ® 1
(k$, ~ 0, kL, ~ 0)
1 —AEg; o Dy < Dy, (kise > kD)
6 — s 3 ar (Kisc r
2 Krise 3kr exp( RT ) o 7>1ps
* 0.05eV < AEg < 0.3eV
(kI = 0)
37 Kpisc = _kpkd . & =k, Pa ok ke Kise > Kpises ke
kisc @, D, Pp5c e kl=0
. S T
48 Koo = kpka Pa _ Pq . ]ZTS’ Ii'sé > Kiusc: Knr Transient PL prompt must be
RS e @y D, Prsc . k’-lfr: 0 temperature independent.
T~
@ k _ kpka ®q e ky» kg k] =0
5 RISC™ ke @, (kS + kS, + kisc > kpise + kX kpisc can be determined even
@) Koo = kykq ® o kS, = 0,®p,0p = 0.9 for (1) when k$ < kg;sc.
RISC —kE PLQY « kL ~ 0 for (2)
“ KL~ 0
o« 1T &
1 ®, + B, by =0
610 krisc = kq 1oy =kq —q)p o ks > kS>> kS,
¢ kise » kpisc
Db, =4
711 i _ky kg (kp + kd>2 i1+ P, e kI =0 krisc can be determined even
RISC™ 2 2 phd s kI'~0 when k$ < kp;sc-
s
- _ LIN) ~1
g12 dt (kv + kisc)Sa] + kemrsc [T (kPSLQYN 0, kT ~ 0) Estimated by multi-parameter
d[T,] pr T e fitting.
dt1 = kysc[S1] — krisc[Til c kf~0 &
Prepare the pristine and quencher
doped film.
kyo and kg, are prompt and
delayed decay rate of pristine film.
913 - kao” — kpokao e kL. ~0 k;sc is estimated by curve fitting of
RISC™ Ty + kao — ko skl =0 delayed emission for quencher
doped film.
Other parameters such as exciton
diffusion coefficients and length
are also estimated.
ky is triplet lifetime from transient
absorption spectra.
@ pr is the difference of PLQY
1014 Koo = kb presence and absence of O2.
RISC — "T¥TADF

krisc is estimated as not an
elementary rate but an effective
rate, because ISC/RISC cycle is not
considered.

Reference numbers is corresponding to that in main text.
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2. Summary of the methods to estimate ®;5- (Table S2)
Entry Equations Assumptions Comments
116 g = p(Wssky  Depending on estimation
er(D1,1 method of e7(1)17
Temperature dependency of the ratio
of prompt and delayed emission are
measured to provide the plot by
218 In [ILF - (L - 1)] = Afor l +1n (M) skt and - Bysc are using equation,
I ) R T t i t )
PF 1sc Frisc emperature independen Then, you can find a best &,z value
to obtain linearity of plot by
continuous variation of @ .
When 79,,s is not provided, T,,s
I oL r and @5 can be obtained by the
319 Tpr = Thhos — (— - 1) T0s 2 fer + Ky . and  Pygc are similar method of entry 2 with the
Dsc Ipp temperature independent
temperature dependency of 7z and
Ipp/Ips-
3N Only thin film state can be applied.
Doe =—— The OLED device should be
47 M= 11\\]/1 = o /P fabricated using same emissive layer
N = Lng/(p%L with the thin layer for PL
PL
measurement.
Ppr + Ppp, P, This method can be applicable to the
520 Ppge = ———rer = _DF o kS + kyge > kpge > kI + KT, pp

D5 + Dpp + DPonos Doy

efficient TADF emitters.

Reference numbers is corresponding to that in main text.
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3. Conversion equation from quantum efficiency of prompt and delayed emission component
commonly used to precise efficiency.
The quantum efficiency of prompt and delayed emission components, which have been used commonly

in most of literature, were written as,

¢, = ke, $3.1
P Dk + Adky O -
P L $3.2
= Aokg + Agle, TPLeY (53.2)
From Egs. 3.2, 3.3, S3.1 and S3.2 the conversion equations can be obtained as,
kq
Dpp = P, +— Py, (53.3)
kp
k
Gpp = (1 - —‘1) @, (53.4)
kp
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4. Relationship between efficiencies and overall efficiencies (for section 3)

The efficiencies related to the distribution of triplet exciton can be described to Eqs. S4.1-5S4.3.

krisc
(o)) = . S4.1
RISC™ Kpise + KT + k7, ( )
kT
of = 4 . S4.2
" kgisc + kT + kL, ( )
kT
oL = o (54.3)

krisc + kX + kL
The overall efficiencies related to final distribution of triplet exciton can be described to Egs. 3.18-3.20. From
tease equations, the relationship between overall efficiencies and the efficiencies related to the distribution
of T population as Eqs. S4.4-54.6.

or (1= Pic)Pprisc

Le) = S4.4
Hse 1 — Py Prysc (549
(DT
L (S4.5)
" 1- (DISC(DRISC
(DT
(pETOE _ nr (S4.6)

B 1- (DISC(DRISC.
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5. Derivation of @171~ for three-state analysis
From Eqgs. 3.24, 3.25, and 3.26,
— Ppros)  kpka  Pppos
Ppr k=0 a0
_ D~ Ppnos = Ploc " Ppr + Ppp = Prnos = D Ppnos

nrT=0
C‘DPFC‘DISC

P
K= 0= kg — (1 — =0y 228

therefore,

by — @ 1+ @S
(plygg‘:o — DE Phos( T ) ) (851)
Dpp + Ppg — Pppos
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6. Derivation of kg at the limit conditions (k[%2=9, k™7T=0) for three-state analysis

From Eq. 3.10,
PR =1-d =1—Dpp.
From Egs. 3.23 and S6.1,
k9= = kp(1 — ®pp).

From Egs. 3.23 and S5.1,

k=0 = Ppg — Ppros(1 + (pPF).
P @pp + Ppp — Pppos

When @p;,,. = 0 was employed,

Ppr —k Ppr
P@pr + @pg P ®pror

nrT=0 .
kisc™ =k

From Egs. S6.2 and S6.4 the exchange equation of k;s. between the limit condition is provided as,

R = e 2
(1= Ppp)PpLoy

43

(S6.1)

(S6.2)

(S6.3)

(S6.4)

(S6.5)



7. Derivation of kg s at the limit conditions (k}7sz°, kT I=0) for three-state analysis

From Egs. 3.20 and 3.26,

(DDE - (pPhos

krisc = ka ®prPrsc
PF¥I

From Egs. S5.1, S6.1, and S7.1,

EnrS=0 — Ppe — Pphos
T e (1= )

(DDE ((DPF - (DDE) - (pPhos ((pPF - (pPhos)
PprPpr — PprPppos(1 + Ppp)

When @p,,,c = 0 was employed for simplification,

nr’=0 _
kRISC - kd

P ()
kan:O =k DF =k DF ,
RISC = P pp(1— Bpp) @ DppPysc
_ @pr + Ppp Dproy
k}zlzrsTc 0= kg ®pr =kqy Dpp

(57.1)

(S7.2)

(S7.3)

(57.4)

(57.5)

Egs. S7.4 and S7.5 are completely corresponding to the Goushi-Masui’s equation and Dias’ equation

respectively (see Entry 3, 4, and 6 in Table S1). This means kg;¢c Values in the literatures estimated by their

method with the different assumption of @5. = 0 and .. = 0 can be compared by using Eq. S7.6. In this

case, the efficiency values of @pp and @pr or @p; oy With the ratio of @pr and @ are requested to the

literature.

=0 _ gars=o 1~ Per)Prroy
RISC = ™RISC @ .
DF

44
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8. Definition of k‘,"s"f' and kﬁ’,’f‘c

(kan=0 + kan:O (kan=0 _ kan:O

k;?;cg. = Msc ISC i ISC ISC ' (s8.1)
2 2
AV = (ks + kRise ) + (ks — kRise ) $8.2
RISC = 2 L 2 . (58.2)
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9. Detail calculation for k{¥¢ and k¢, for three-state analysis (approximating ®p,,s ~ 0 for

simplification)
From Egs. S5.1, S6.4, and S8.1

1
kﬁs%g' =5 [kp(l Ppp) +k

k(l Dpp) — k F]

P ‘DPLQY + 2 P (pPLQY
= &. [(pPLQY(]- — ®pp) + (DDF] t [(pPLQY(]- — @pp) — (DDF] (59.1)
2 (pPLQY ' .
From Eqgs. S7.4, S7.5, and S8.2,
1 @ [e) 1 o) @
b = o [ T g 2] o [ T gy 2]
Ppr Ppr(1— Ppp) 2 Ppr Ppp(1 — Ppp)
ka [‘DPLQY(l - ‘DPF) + ‘DDF] s [d)PLQY(l - d)PF) (pDF]
- - (S9.2)
2 o5 (1 —d°)
Because the relationship of Eq. S6.5, k{i7¢- can be obtained from reported k5. by using S9.1 as
Avg. _ 1 nrS=0 [(DPLQY(l - (DPF) + (DDF] t [(DPLQY(l - (DPF) - (DDF]
kisc” = kisc < . (59.3)
2¢PLQY(1 — & )
) 1-9 + @ + |D 1-9 D
k;?;cg _ k}?g 0 [ PLQY( PF) DF] [ PLQY( PF) DF] (59.4)

2@pg

Because the relationship of Eq. S7.6, k45 can be obtained from reported kg, sc by using S9.2 as

j(Avg: _ jnrs=0 Pproy (1 — Ppp) + Ppp £ (pPF(l + d)PLQY) (59.5)
RISC RISC Z(DDF .

kAVg- _ kan 0 (DPLQY(l - ¢PF) + (DDF + d)PF(l (DPLQY)
RISC RISC Z(DPqu(l — d)PF)

(59.6)
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10. Detail derivation of rate constants for four-state analysis among S, S1, T; and T,
Here, we derived the rate equations for the four-state analysis considering higher triplet state (T,,) as an
intermediate state of RISC state with the generally expected assumptions for the emitters.

S_l krisc
T,

kRIC

Figure S1. Schematic diagram for four-state analysis of So, S1, T1 and Th.

When we assume direct ISC/RISC process between S; and T; state and direct radiative/nonradiative
process from T, to S, are forbidden, those decay pass can be eliminated. These assumptions should be related
to the El-Saied's and Kasha’s rules (Figure S1). The global decay rate from each excited state in the absence

of exciton-formation processes can be formulated as

dE{il] = —k3[S1] — knr[S1] — Kisc[S1] + kpisc[Tul, (510.1)
d[T,

Elt ] = —krisc[Tal = kic[Tal + kisc[S1] + kric[Ti], (510.2)
d([;;ll = —kI[Ty] = kL [T;] = kric[Ty] + kic[Tal, (510.3)

where [T, ] is the densities of T, excitons, k;. and kg, are the rate constants for internal conversion (IC) and
reverse-internal conversion (RIC) processes. In this system, all three components of [S,], [T,], and [T;]
should be provide as the tri-exponential curves. Therefore, the emission decay can be fit with a tri-exponential
curve as,

1(t) = Ay exp(—kpt) + Agy exp(—kgy ) + Agz exp(—kgyt), (510.4)
where A,, Ag1, Aaz, kp, ka1, and kg, are the pre-exponential factors (A4) and decay rates (k) for prompt (p),
primary delayed (d1), and secondary delayed (d2) components. To obtain the quantum efficiency of prompt
(Dpr), primary delayed (®@5g4), and secondary (@p,) delayed components, Eq. S10.4 should be rewritten
by,

1(t) = (Ap + Ags + Agz) exp(—kpt)

+(Ag1 + Adz)[— exp(—kpt) + exp(—kdlt)]
+A 4 [—exp(—kgqt) + exp(—kg,t)]. (510.5)
In this form, the first, second, and third terms are exactly corresponding to the prompt, primary delayed and
secondary delayed components, respectively, and each efficiency can be estimated as Eqgs. S10.6-S10.8,
Ap+Agr + Ay
kP
PF = (DPLQY
Ap +Ad1 +Ad2 +Ad1 +Ad2 _Adl +Ad2 +@_@
kp kdl kp kdz kdl
_ (Ap + Aqr + Az kaikay ®
Apkaikas + Agikpkas + Agzkpkay pLev:
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Agi Y Agy  Agi HAg
Dppy = kaz k @
DE1 AP +Ad1 +Ad2 +Ad1 +Ad2 _Adl +Ad2 +@_@ PLQY
kp kdl kp kdz kdl
(Ag1 + AdZ)(kp — ka1 )kaz

~ Apkarkaz + Aqikykas + Agokpkar  THO (10.7)
Aaz Az
Pppz = kaz _Kas Doror
Ap+Ad1+Ad2+Ad1+Ad2_Ad1+Ad2+@_@ Q
kp ka1 ky kin  kas
Aga(kgr — kaz)ky 10

- Apkarkaz + Agikpkaz + Agzkpkar Prior

Under the assumption of k2 + ki, + k;gc > kgrisc With the restriction condition of [S;] > [T,] (t <

1/k,), Eq. S10.1 can be rewritten as Eq. $10.9. Therefore, the singlet decay rate (k*) can be approximate to
the prompt decay rate (k,,), and the function of time can be written as Eq. S10.10.

d[S,]

[S4]

[S,:] = Ag exp[— (ki + ki + kisc)t] = As exp(—kSt) = Asexp(—kyt), (510.10)

where Ag is a pre-exponential factor.

Next, we focus on the exponential decay of [Tn]. Eg. S10.2 can be rewritten as Eq. S10.11 under the
assumption of k2 + k3, + kjgc > kgrisc and kgisc + kjc > kg With the restriction condition of [T;] «
[To] and [S;] « [T,] (1/k, K t < 1/kqq). By the assumption of kg;sc + k¢ > kg, the term related to

the T can be vanished.

[S4]
= | —krisc — kic + kisc 7= | dt, (5§10.11)

[Tnl
The time dependent term of [S;]/[T,] can be obtained as non-time-dependent value by the steady state

approximation (SSA) of Eq. S10.1, d[S,]/dt = 0.

[S,] - krisc
[Tn] kf + krgr + kISC.

This require the assumption some of k3, k., or k;sc is much larger than kg, .. When T, level is lying below

(510.12)

S1 level, k;gc > kpisc is always approved because the relationship of exo- and endothermic process. If
kisc > kgisc is satisfied as a consequence, it should not matter whether T, level is lying above S; level. By

using Eq. S10.12, the time dependence for [T, ] is provided as Eq. S10.13.

kISC
[Tol(t) = Ary exp {— [(1 - m) krisc + klc] t}

= Arpexp(—k™t) = Ar, exp(—kg4qt), (510.13)

where Ar,, is a pre-exponential factor, k™™ is a decay rate of T, state. Therefore, k,, can be approximate as,

kisc
kin=|{1l——————k + k¢ $10.14
d1 ( S+ kS, + ks RISC ic ( )

Further, we focus on the exponential decay of [T1]. Eq. S10.3 can be rewritten as Eq. S10.15 under the
assumption of kg;sc + ki > kg With the restriction condition of [T,] « [Ty] t » 1/kgs.
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d[T,] [T
] - (—kz — kfy — kgic + kic ﬁ) dt. (510.15)

The time dependent term of [T,]/[T,] can be obtained as non-time-dependent value by the steady state
approximation (SSA) of Egs. S10.1 and S10.2, d[S,]/dt = 0 and d[T,]/dt = 0, respectively; this is

necessary to assume k;c > kg;c but it always approved because of the relationship of exo- and endothermic

process.
T, k
Tl RIC . (510.16)
Tl (1- R )lesisc +
ki + kay + s/ R T IC

By the similar process, observed k,, can be written as Eq. S10.17.

kg, ~ kTt = |1 - ki kL. + kT + kT (510.17)
az ~ - (1 kISC ) i Ttk RIC r nr- .
ky + kay + kyse) R T IC

The total decay efficiency of singlet excitons generated by photo-excitation is the sum of @ (x ®pf), @3,
and @;c.

DS+ D3 + D = 1. (510.18)

The decay efficiency of T, excitons resulted from an ISC process is the sum of @g;q and the internal

conversion (®7). It should be noted again here, we assumed that the T, excitons do not decay directly to the
So state but rather through the T; state, related to Kasha's rule.

Drisc + Ol = 1. (510.19)

Because of k3 + k3, + k;sc > kgisc, the RISC process controls the decay of T, excitons via the S; state and

S1 excitons generated by the RISC process rapidly decayed to Sp or T, states according to Eqg. S10.18.

Therefore, the multiple ISC/RISC cycle is present. In this case, the efficiencies in Eg. S10.19 should be

modified by using overall efficiencies (OEs), which are the final distributed exciton ratio between S; and T,
population via ISC/RISC cycles; those are ®p;sc%F > ®pg;sc and cb,TCOE > @].. Observed decay rate is an

apparent value of T, decays, OEs are employed to the analysis. Therefore, @, can be divided into ®g;5-°F

and qb,TCOE, and the total efficiency is given by,
®procF + L% = 1. (S10.20)
Similarly, the RIC process controls the decay of T excitons via the T, state and T, excitons generated by the
RIC process rapidly decayed to S; or T states according to Eg. S10.20 because of kg;sc + ke > kgic-
Therefore, the multiple IC/RIC cycle is present. The efficiencies related to T1 and its OEs are written by Egs.
$10.21 and S10.22; those are &7 > @T &7 °F > dT and @p,°F < Pgyc. Observed decay rate is an
apparent value of Ty decay, OEs are employed to the analysis. Therefore, @;5.®,-°F can be divided into
&T% o °F and dp, OF.
OF + O + Dpje = 1. (510.21)
o + o7 °F + @, %F = 1. (S10.22)
The fraction of T, exciton decay event via S1 (®;5cPr;sc°F) can decay either radiatively (&5) or non-
radiatively (@), because @x;5-°F is the finally distributed exciton ratio after considering the ISC/RISC
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cycle. Therefore, the primary delayed fluorescence (®pgq, i.e., primary delayed emission @pg,) can be
formulated as a function of the radiative fraction to the total efficiency, &7 + ®3,..

®P ®P

Ppr1 = Ppp1 = ‘DISC‘DRISCO m = ‘plsc‘pRISCOEl_—d,ISC' (510.23)

Similarly, the fraction of Ty exciton decay event via Si (@;5c®@;c°F @r;c%F) can decay either @3 or &3,
because ®g,-°F is the finally distributed exciton ratio after considering both IC/RIC and ISC/RISC cycles
(see Eq. S10.17). Therefore, the secondary delayed fluorescence (@) can be formulated as a function of
@7 to the &2 + @3,

@
D + b3,
where R5E2 is a ratio in of secondary delayed fluorescence in secondary delayed emission, ®@pp,/®@pg,. In

o8

_ OE OE
- (I)ISC(I)IC d)RIC 1 ® .
- ¥ISC

Ppry = Ppg2RPES = Bpsc®icF Dy ” (510.24)

the four-state analysis model, the observed lifetime of secondary delayed fluorescence and phosphorescence
are exactly the same (1/kg,) since they occur from the same origin of the T; state. Therefore, both &5, and
@ppos contribute to the secondary delayed emission (®pg,). The total PL quantum efficiency (®p.oy) is the
sum of &7, ®prq, and @p5,. Based on the above analysis, all of the efficiencies related to the TADF process
were presented in Egs. S10.25-S10.32.

PS5 = k? = ke (510.25)
kS kS ke Ky '
DS =1—-P5 — b5 = fenr _ fonr (510.26)
- - - SC - Y7 L, < _ . - 75 - .
"r T T S v kS ke Ky
kisc kisc
Do = = . §10.27
1se ki +kny +kise Ky ( )
(o) 1—-¢@ 1—-¢ k 1—-¢ k
Do = DEl(S 1sc) _ ( 1sc)krisc _ ( 1sc) RISC (510.28)
P Pysc (1 = Drsc)kpisc + kic kay
ki Ppr; kic
&,.%F = . = =1—PpcF (510.29)
e kfie Pporr (1= @psc)kpisc + kic Ris¢
®. OF _ ¢RISC0Ek£1C _ ¢RISCOEk£16 $10.30
RIC - OE T T T k : ( . )
Prisc Kric + ki + kqr dz
70E _ Pppos Ppea(1 — RPES _ kf _ kr $1031
T B ® % e P PF PriscfFk KT + kI, kay (510:31)
1scPic 1scPic rRisc  Kric t Ky + Kyr dz
or 0F _ 1= Prior o 1= Prsc®Pic” (1= Ppuc™) _ ki LT
nr - OE  *nr OF _ - OEk kT kT - k . ( . )
DiscPc Prsc®Pic” (1 — Prsc) Prisc’ kric + ky + kpy dz
The corresponding rate constants are described by Egs. S10.33-S10.40.
kS = k,®5. (510.33)
kS = kp®3, = k(1 — &5 — dy50). (510.34)
kISC = kp¢ISC' (51035)
Dpisc?” Ppr1 kpkai

k =k = . . §10.36
RSCT T 1 —d5e) 0 kise ( )
kic = kar — (1 — ®r5c)kpisc. (510.37)
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OE
T o_ DPiic _ (1 — P15c)PpraRDES
kric = kaz oF = Kaz o5 7 OF - (510.38)
(DRISC (p (I)ISC(DRISC (I)
®pp, (1 — RBE2
ki = kdz‘pTOE = kdzLol,)gEz (510.39)
Prsc Pl
OE OE
T OE 1-— (DPLQY 1+ (pISC(pT ((pglc - 1)

knr = KazPrr ™ = kaz ————6F ~ Kaz o (510.40)

PiscPie Brsc @l (1= Brsc)
The value of R5E2 can be estimated by fitting the secondary delayed emission spectrum with the prompt
fluorescence and phosphorescence spectra to provide the contribution of the phosphorescence to the
secondary delayed emission. For the data collected at high temperature, Rp%3 can be approximate as 1.
Because we obtained above rate equations by minimum assumptions. We can employ the constraint @3, =

0 or @1 = 0 as limit conditions to provide the @, values of ®}%5=% and &%=, respectively, as below.

PNF=0 =1— 7. (510.41)
P -5 —(1—-5o P -3
(plr.lSrCTzo _ PLQY T ( r) Phos ~ PLQY T ’ ( Rgg% ~ 1)' (510.42)
(pPLQY — Pppos (pPLQY

We can also calculate the average kjsc, kgisc, ki and k%, values with the range between the limit
conditions (@3, = 0 or ®I. = 0), when it is difficult to estimate &, .. By using @45 =° and ®[u7=0, pR7$50
and @170 are estimated from Eq. S10.36. The average rate constants for ISC and RISC can be obtained
from Eqgs. S8.1 and S8.2, respectively. The average rate constants for ISC and RISC can be obtained by Egs.
S10.43 and S10.44.

(kI nrs=0 kan 0) (klncrs=o _ k;lch=0)

A

ko9 = > + > . (510.43)
kan=0_|_kan 0 kan=O kan 0

kﬁ;;c‘? = ( RIC > RIC i ( RIC > RIC ) (51044)

When @, is approximated as 0 (i.e., R3E2 ~ 1) for the simplification, these average values can be

estimated as followed.

wave. _ Kol 2®pror = Por(1+ Ppigr) + Ppr(1 ~ Prigy)]

.= . (510.45)
Isc 20p; oy
A9 — kd1¢DF1[2‘pPLQy - "75101:(1 + (DPLQY) T (DPF(l — (DPLQY)] (510.46)
RISC 207 (1 = Ppr) (Pproy — Per)
k1@ 1+ —20pp+(1 -
k9 = gy -~ ors[1+ Prigr — 20pr £ (1~ Prigr)] (510.47)
2(1 - (DPF)((DPLQY - cz)PF)

ka2 2®pr (1 — @pp) + Pppq (1 — @ +Ppri(1-@

A9 — dz[ pr2( PF) DFl( PLQY) DFl( PLQY)] (510.48)

Ric 20pp (1 — OF — Pppy)
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