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The temperature dependences of photoluminescence (PL) decay rates and the PL spectrum of a
thermally activated delayed-fluorescence emitter, 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene
(4CzIPN), are investigated. It is found that not only the lowest singlet (S;) and triplet (7';) excited states
but also an additional triplet excited state (7',,) lying between S| and 7’| play an important role in the exciton
decay process, particularly around 100 K. At around this temperature, some of the triplet excitons are
thermally activated into 7, but not up to Sy, and they then decay into the ground state (S,) with
phosphorescence emission. Therefore, two kinds of phosphorescence, originating from 7, and T, are
observed. The temperature dependence of the PL decay rates of 4CzIPN can be explained by a four-level
model consisting of Sy, Ty, T,,, and Sy, and its energy gaps between 7', and 7'y and between S; and T'; are
determined to be 45 =5 meV and 135 £ 10 meV, respectively.
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I. INTRODUCTION

Recently, molecules that exhibit thermally activated
delayed fluorescence (TADF) have attracted considerable
attention as alternative emitters for organic light-emitting
diodes (OLEDs) [1]. In TADF emitters, excitons in the
lowest triplet excited state (7';) can be activated into the
lowest singlet excited state (S;) by thermal energy at room
temperature and then decay into the ground state (S,) with
delayed-fluorescence emission. Thus, in OLEDs using
TADF emitters, triplet excitons created after recombination
of injected electrons and holes can be converted into
photons without expensive phosphorescence emitters [2].
To obtain efficient TADF, the energy gap between S; and
T, (AE,,) should be small enough that triplet excitons can
populate the S; level at room temperature. The main
strategy to realize a small AE;, is to use molecules that
have an intramolecular charge-transfer (CT) excited state as
S;. In such molecules, the spatial overlap between wave
functions of the CT excited state and the ground state is
limited, resulting in a considerable reduction of the
exchange integral and, consequently, a small singlet-triplet
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energy splitting [3,4]. Based on this design principle, a
series of carbazolyl-dicyanobenzene-based CT molecules
have been synthesized, and it has been confirmed that they
exhibit efficient TADF. In addition, using one of those
TADF emitters—i.e., 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-
dicyanobenzene (4CzIPN)—OLEDs with an excellent
external quantum efficiency (19%), comparable to phos-
phorescence emitters, has been demonstrated [2].

As mentioned above, the basics of exciton decay
dynamics in TADF emitters has frequently been explained
only in terms of §;, Ty, and S, [5,6]. Such a simple
explanation seems to be sufficient because, according to
Kasha’s rule [7], excitons created in higher excited states
are expected to decay immediately into S; or 7. As is well
known, for some CT molecules in solution, more excited
states, e.g., locally excited (LE) states, should be consid-
ered. Depending on the polarity of the solvent, the order of
the lowest singlet CT and LE states may be reversed, and,
consequently, their emission properties are dramatically
changed [8,9]. In these studies, however, attention has still
been paid only to the lowest excited state. Recently, the
importance of a higher triplet excited state than 7'; (here-
after abbreviated as 7,) in an exciton decay process in a
TADF emitter was pointed out [10-15]. Specifically, Dias
et al. found that activation rates from the lowest CT state
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and the lowest LE state into S are different, so that the
efficiency of TADF is largely dependent on the solvent
polarity [13]. Their findings indicate that, in some TADF
emitters, the TADF efficiency is determined not only by the
AE, value but also by the order of the lowest two triplet
excited states. It therefore seems to be essential to consider
T, aswellas Sy, T, and S in order to better understand the
exciton decay dynamics.

Since the demonstration of the excellent external quan-
tum efficiency of OLEDs using 4CzIPN [2], various
optoelectronic properties of 4CzIPN have been investigated
[2,16-22]. However, it is still unclear whether 4CzIPN has
such a T, between S; and T and, if it does, how important
T, is in its exciton decay dynamics. In this work, we apply
a three-level model consisting only of S;, 7', and S, and a
four-level model also including 7, to the temperature
dependence of the photoluminescence (PL) properties of
4CzIPN-doped thin films. It is found that the observed
temperature dependence of the PL decay rates is incon-
sistent with expectations from the three-level model, but it
can be well explained by the four-level model. In addition,
the PL of 4CzIPN around 100 K contains a component that
is attributable to phosphorescence from 7,. We therefore
have concluded that 4CzIPN indeed has a T, state which
influences the exciton decay process.

II. EXPERIMENT

In this work, 4CzIPN-doped thin films are fabricated on
sapphire substrates via spin coating from a dichlorome-
thane solution in which 4CzIPN and a host material, 1,3-bis
(9-carbazolyl)benzene, are dissolved in a 5:95 weight ratio.
During the measurements, the samples are maintained in a
vacuum (1073 Pa) in a closed-cycle helium cryostat. For PL
measurements, the samples are excited by pulses of the
third-harmonic wavelength (355 nm) of a Nd:yttrium alu-
minum garnet laser. To avoid unfavorable influences due to
exciton-exciton annihilation processes such as triplet-triplet
and singlet-triplet annihilations [17], we set the pulse energy
density to be less than 100 xJ cm™2 pulse™! and the repeti-
tion rate to be less than 1 Hz. With a pair of lenses, PL from
the sample is collected and led to a monochromator. The PL.
decay curves over a short time range until 150 ns after the
pulsed excitation are recorded with an oscilloscope con-
nected to a gigahertz amplified photodiode. The time
resolution of the setup is a few nanoseconds. On the other
hand, PL decay curves over a longer time range are recorded
with a photon-counting system and a photomultiplier tube.
We also use a mechanical shutter to prevent the initial intense
part of the PL decay from entering the photomultiplier tube.
The PL spectra are measured using a CCD detector coupled
to the monochromator using a relatively long integration time
(1 s) comparable to the time interval between the adjacent
laser pulses. Phosphorescence spectra are measured by
starting the integration 30 ms after the incidence of the laser
pulse.

III. RESULTS

A. Temperature dependence of decay rates

Figure 1 shows the normalized time-integrated PL and
phosphorescence spectra at 7 K. The time-integrated PL of
4CzIPN may contain several PL components, such as
fluorescence and phosphorescence. At room temperature,
PL exclusively originates from S; so that the measured
time-integrated PL spectrum can be regarded as the
fluorescence spectrum, although the phosphorescence
spectrum at this temperature cannot be recorded. On the
other hand, at very low temperatures, the phosphorescence
spectrum can be recorded, as shown in Fig. 1, whereas the
fluorescence spectrum at these temperatures cannot be
measured separately from the phosphorescence; a phos-
phorescence component is always included, even in a time-
resolved PL spectrum. Usually, AE|, is estimated from a
comparison between the fluorescence and phosphorescence
spectra [4,5]. For the case of 4CzIPN, in addition to the
difficulty in knowing both of the fluorescence and phos-
phorescence spectral shapes at any temperatures, these
spectra must be too broad to determine its small AE,,.

As shown later (Fig. 6), the time-integrated PL spectrum
has a peak of around 2.4 eV at any temperatures between 7
and 300 K. Thus, we measure temporal evolutions of PL
intensity at 2.4 eV. Figure 2(a) shows PL decay curves
measured at 7 and 300 K in the short time range. In this
time range, the temperature dependence of the PL decay
curve is not strong, and PL always decays nonexponen-
tially. Here, we define a decay rate for this short time range
as the reciprocal of the time required for the PL to decrease
to 1/e of its initial value, where e is the base of the natural
logarithm. The determined decay rates are around
3 x 107 s7!, as shown in Fig. 2(b).

In contrast, PL decay curves in the long time range are
strongly dependent on temperature. The PL decay curves
measured at 7 and 300 K are shown in Figs. 3(a) and 3(b),
respectively. At 7 K, the tail of the PL decay curve reaches 2 s.
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FIG. 1. The solid and dashed lines are normalized time-
integrated PL and phosphorescence spectra at 7 K, respectively.
(Inset) The chemical structure of 4CzIPN.
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FIG. 2. (a) Solid and dotted lines represent PL decay curves at 7

and 300 K. (b) Temperature dependence of the decay rate
estimated from the decay curves in the short time range.

These curves cannot be fitted with a single exponential
function, even if the initial part of the curves in the short time
range are ignored. Thus, we obtain the decay rate for the long
time range as follows: we first fit a sum of three exponential
functions to the curve at 300 K and regard the lowest
estimated decay rate as the decay rate for the long time
range. Then we fit a sum of several exponential functions to
the curve at a lower temperature and choose the decay rate
that is continuously connected to the estimated decay rates
for the higher temperatures. The reason why we focus on the
lowest decay rate is that the lower decay rate is more sensitive
to temperature and is expected to be less influenced by the
exciton-exciton annihilation processes. The estimated decay
rates for the long time range are shown in Fig. 3(c). Note that,
although these decay rates are slightly dependent on the
method used to estimate, the change is tiny compared to the
huge variations by 5 orders of magnitude due to a temperature
change.

Before discussion of the four-level model, we apply the
three-level model to interpret the experimental results. The
assumed energy diagram is illustrated in Fig. 4(a). Based on
the three-level model, the time evolution of §; and T,
exciton densities can be described by rate equations that can
be analytically solved. The solutions for the S; and T}
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FIG. 3. PL decay curves at (a) 300 K and (b) 7 K. (¢) The

temperature dependence of the estimated decay rate for the long
time range. The blue and red dashed lines are fitted results based
on a three-level mode with AE, of 45 and 135 meV, respectively.
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FIG.4. The assumed energy diagrams of (a) a three-level model
and (b) a foul-level model.
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exciton densities both have the form of a sum of two
exponential functions [23,24]. This indicates that the PL
decay curve consists of fast (prompt) and slow (delayed)
components. Although the experimental decay curves can-
not be fitted with a sum of two exponential functions, we

|

assume here that, within the framework of the three-level
model, the decay rates determined for the long time range
shown in Fig. 3(c) correspond to the delayed component.
From the analytic solutions of the rate equations [23,24], the
decay rate of the delayed component (k) is given by

kd:

N[ =

where kg and k; are decay rates from S; and T,
respectively, and kigc and kggc are rates for inter-
system crossing (ISC) and reverse ISC (RISC), respec-
tively. If we assume that a population of an excited state
is described by a Boltzmann distribution, kgigc can be
written as

AE,
krisc = kisc €xp (— ”), 2
RISC = Kisc igT (2)

where kp is the Boltzmann constant and 7 is the temper-
ature. Thus, using Egs. (1) and (2), the temperature
dependence of k; can be calculated. However, the exper-
imental decay rates cannot be reproduced with Eq. (1). In
Fig. 3(c), we show two examples of the calculated results.
One result obtained with AE, of 45 meV reproduces the
gradual onset at around 50 K, but the expected decay rate at
300 K is 2 orders of magnitude lower than the experimental
value. In the other result, with AE,, of 135 meV, the
deviation at around 100 K is remarkable. The decay rates in
the entire measured temperature range cannot be repro-
duced with any single AE,, value with the three-level
model. Note that the discrepancy is not due to the omission
of the temperature dependences of kg, k7, and kigc. The
first two are confirmed to be temperature independent
from the fact that the PL quantum efficiency (PLQE) of
4CzIPN is almost constant if it is measured with a
sufficiently weak excitation laser in order to avoid the
exciton-exciton annihilation processes [21]. The temper-
ature dependence of kjgc must also be weak; if not, the
decay rate in Fig. 2(a) should exhibit a much stronger
temperature dependence.

In the case of a four-level model also including 7', the
time evolution of the exciton densities in S;, 7, and T are
described by the following rate equations:

das, (t
% =G — (ks +kiscn + kisc1)S1 + kriscn T + krisc1 T
AT, (1
) = kiscnS1 — (kz, + kic +krisca) T + kric T,
dT (t
;t( ):klsc151 + kT, = (kr, +krisct +kric)T1. (3)

{ks + kisc + krisc + kr — \/(ks + kisc + krisc + kr)? — 4lkisckr + kg(kpisc + kr)] } (1)

|
where G represents the generation rate of singlet excitons
by the excitation light and kjc is the rate of internal
conversion, and the rates with n and 1 in the subscript
are associated with 7', and T, respectively, and R in the
subscript indicates the reverse processes. The assumed
energy diagram is shown in Fig. 4(b). The rate equations
can be solved using a Laplace transform (see the
Appendix). The time evolution of S;, T, and T are given
in the form of a sum of three exponential functions:

S1,T,, Ty = Aexp(—kt) + Bexp(—kyt) + Cexp(—kst),
(4)

where A, B, and C are determined by the initial conditions
(see the Appendix). The characteristic decay rates k;, k,,
and k5 are common for Sy, T, and T, and can be obtained
as solutions of a cubic equation [see Eq. (A3) in the
Appendix]. By analogy with the three-level mode, k;, k,,
and k5 correspond to decay rates of excitons in Sy, 7, and
T, respectively, in a situation where the thermal activation
processes can be ignored. Although the excitons in §
always decay downward, excitons in 7, and T} can decay
upward through higher states as well. It is thus expected
that k, and k5 are dependent on temperature, whereas k; is
temperature independent. Using Eq. (A3) in the Appendix,
the temperature dependence of the three decay rates can be
calculated if we assume the Boltzmann distribution, i.e., the
following relationships:

AEs, 1, — AEq, 1,
kT ’

kriscn = kiscn €XP <—

AEg 7
k = kisc1 €Xp (— #)
RISCI I1SC1 kpT
AEr _r
kric = k -1, 5
RIC 1c €Xp ( kT ) (5)

One example of the calculated temperature dependence
of the three decay rates is shown in Fig. 5. In Table I,
we list the physical constants that are used to obtain
the example. The calculated lowest decay rate almost
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FIG. 5. Temperature dependence of three decay rates, ki, k»,
and k3 in Eq. (4), calculated based on the four-level model. The
open squares are the experimental decay rates for the data shown
in Fig. 3(c).

completely reproduces the experimental temperature
dependence of the decay rate. The calculated highest decay
rate is virtually independent of temperature, whereas the
middle decay rate slightly increases with increasing tem-
perature. The latter feature is consistent with the exper-
imental result shown in Fig. 2(b). We therefore conclude
that the four-level model is much more suitable for
explaining the temperature dependence of the decay rates
than the three-level model. It should be noted that the
highest decay rate may be too fast to be measured with our
experimental setup or may be omitted because of the way
we determine a decay rate for the short time range. In spite
of the good agreement between the experimental and
calculated results, it is impossible to determine all of the
constants in Table I using this calculation. Similar calcu-
lation results can be obtained with different sets of

TABLE 1. Physical constants used to calculate the temperature
dependence of the PL decay rates in Fig. 5.
Constants Values
ks 7 x 107 s7!
kic 2.6 x 107 57!
kT] 557!
kg, 1 x10* s7!
kisci 7x107 s7!
leCn 7 x 107 S_1
AE7 7, 45 £ 5 meV
AEg, 7, 135 £ 10 meV

constants; for instance, when one of kg, kisc,, and kigc;
increases and the others decrease, almost the same result
will be obtained. Although the kg, kisc,, and kigc; values
in Table I seem to be large for a TADF emitter [2], the
experimental lowest decay rate at room temperature cannot
be reproduced if all of the three decay rates are reduced.
The sum of the three seems to be a kind of true variable.
From the calculations, only the k7 and kjc values can be
uniquely determined; the latter is nearly equal to the middle
decay rate at 7 K as far as we examined. However, to obtain
good agreement between the calculated and experimental
results, the energy gap between T, and T; (AEy, _r,)
should be 45 + 5 meV and the energy gap between S; and
T, (AEg,_7,) should be 135+ 10 meV. In other words,
these energy gaps are strongly suggested from the calcu-
lations. This AE; _y value is almost the same as the
activation energy that we previously estimated as a major
activation energy in 4CzIPN from the temperature depend-
ence of its PLQE [17]. Below 100 K, the PLQE of 4CzIPN
is largely reduced because of the exciton-exciton annihi-
lation processes. In such a low-temperature region, as a
result of the suppression of the activation process, the
triplet exciton density significantly increases under a
continuous-wave photoexcitation and thus the exciton-
exciton annihilation processes are accelerated. In our
previous work [17], we estimated the activation energy
by analyzing the temperature dependence of the PLQE
using a theoretical relationship between the PLQE and
the temperature that is derived based on the three-level
model. In the model, the higher excited state is essential
for modeling the thermal activation process from the lower
excited state, but it is not needed to be a singlet. Thus,
the activation energy that we previously estimated
[17] must correspond to AE7 _r . In fact, the temperature
dependence of the PLQE can also be reproduced using
the four-level model with AE; _; =45+ 5 meV and
AEg _p, = 135+ 10 meV.

With the four-level model, the temperature dependence
of the decay rates in Fig. 5 can be understood as follows: at
very low temperatures, the triplet excitons in 7'; have to
decay into S, with emission of the phosphorescence and its
decay rate, which corresponds to k7 , is only a few s7l As
temperature increases, the triplet excitons start decaying
through 7', into Sy. There must be a temperature region
where the triplet exciton can be activated into 7', but not up
to S;, so that the triplet excitons preferentially decay
through 7,. If such a temperature region did not exist,
the four-level model should not be needed to explain the
temperature dependence of the decay rates, and the three-
level model should be sufficient. The necessity for the four-
level model indicates the importance of 7', in the exciton
decay process in 4CzIPN. In Fig. 3(c), we show the
calculated result based on the three-level model for AE,
of 135 meV, which is equal to the estimated AEg _7, value.
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FIG. 6. Time-integrated PL spectra of 4CzIPN measured at
various temperatures (a) from 7 to 125 K and (b) from 125 to
300 K. In (a) and (b), some spectra are indicated by dashed lines
for clarity. (c) Solid lines are phosphorescence spectra measured
at 25, 50, 75, and 100 K, whereas the dashed lines are the time-
integrated PL spectra at 50, 75, and 100 K. The time-integrated
PL spectra in (c) are the same as in (a).

From the discrepancy between the calculated and exper-
imental results in Fig. 3(c), it is expected that the con-
tribution of 7, is maximized at around 100 K, where the
experimental decay rate, 30 s, is one order magnitude
larger than k7 [see Fig. 3(c)]. At even higher temperatures,
a larger number of triplet excitons decay through §. At
300 K, the experimental decay rate reaches 2.1 x 10° s7!,
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FIG.7. Temperature dependence of the peak photon energies of
the time-integrated PL and the phosphorescence.

and thus the direct decay from 7; and T, into S, is
negligible at this temperature.

The above scenario may raise a question regarding the
exciton decay process: is the transition from 7', into S,
radiative or nonradiative? As mentioned above, the PLQE
of 4CzIPN remains high between 7 and 300 K when it is
measured with a sufficiently weak excitation laser [21].
Therefore, the decay from 7', into S, can be identified as
radiative. If so, the phosphorescence component originat-
ing from 7', should be contained in the observed PL. In the
next section, we investigate the temperature dependence of
the PL spectrum to find this phosphorescence component.

B. Temperature dependence of the PL spectrum

Figures 6(a) and 6(b) are the time-integrated PL spectra
measured at various temperatures below and above 125 K,
respectively. The spectrum does not change at all below
50 K, and it slightly broadens with increasing temperatures
above 100 K. The remarkable spectral shift of 20 meV is
observed only between 50 and 100 K. This spectral shift
can be more clearly recognized in Fig. 7, where the peak
photon energy is plotted as a function of the temperature.
The spectral shift of the time-integrated PL is due to the
shift of phosphorescence, which shifts by 50 meV around
the same temperature region, as shown in Figs. 6(c) and 7.
Unfortunately, the phosphorescence spectrum cannot be
measured above 100 K because its decay rate becomes too
fast to be measured separately from the fluorescence
component using a mechanical shutter. No further spectral
shift of the phosphorescence is, however, expected above
100 K from the fact that the time-integrated PL. does not
shift above 100 K. Between 7 and 100 K, the spectral
broadening suggestive of the influence of molecular vibra-
tions is not apparent (see Fig. 6). Thus, the spectral shift can
be considered to result from a switch from phosphores-
cence from 7' at a lower temperature side into another PL
component at a higher temperature side. The latter PL
component is observed at 100 K, where the triplet excitons
cannot be activated up to S;. Furthermore, the spectral shift
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of 50 meV is almost the same as the AE; _p value
estimated above. Therefore, we assign the blueshifted
phosphorescence observed at around 100 K to phospho-
rescence originating from 7,,.

From Figs. 6(c) and 7, it is found that, at 100 K, the peak
of the phosphorescence from 7', appears at higher photon
energies than that of the time-integrated PL. This blue-
shifted peak of the phosphorescence does not mean that 7',
lies higher in energy than §;. It simply results from the
steeper onset of the phosphorescence from 7', than that of
the fluorescence from S;. Since S, is a CT excited state, it is
reasonable that fluorescence from S; has a broad spectral
shape. The narrower spectral shape of the phosphorescence
components from 7'} as well as 7', suggests that these triplet
excited states have less CT character than S|, and that they
may be LE states. The spectral difference between the
fluorescence from §; and the phosphorescence from T, is
also a key to understanding the spectral broadening of the
time-integrated PL shown in Fig. 6(b): as temperature
increases, thermal activation into S, is accelerated so that
the broad fluorescence component from S, relatively
increases, whereas the narrower phosphorescence compo-
nent from 7', decreases. As a result, the time-integrated PL
seems to be broadened with increasing temperature.

IV. DISCUSSION

It is technically impossible to measure the fluorescence
and the two phosphorescence spectra separately from
one another. Thus, the relative ratio between the three
PL components cannot be experimentally determined.
Instead, we estimate the relative ratio by integrating
Eq. (4) from t = 0 to oo [see Eq. (A6) in the Appendix]
and using the physical constants in Table 1. The result is
shown in Fig. 8. Although there is an arbitrariness in the
listed physical constants, the following conclusions can be
drawn: at very low temperatures, the observed PL consists

1.0 e ,

00bliaad sl Loy L
0 50 100 150 200 250 300

Temperature (K)

FIG. 8. Calculated result of relative intensity between a
fluorescence component from S; and two phosphorescence
components from 7, and 7. This calculation is carried out
using the four-level model and the physical constants listed in
Table I, and we ignore any nonradiative decay channels into S.

of fluorescence from S§; and phosphorescence from T4;
the former is emitted before the ISC process is completed.
The major phosphorescence component from 7'; switches
on at around 60 K, and the phosphorescence component
from T, is then maximized at around 100 K. Above 100 K,
the phosphorescence component gradually decreases with
increasing temperature. We would like to stress here that
these conclusions are consistent with the observed PL
spectral changes, although all of the physical constants
used are obtained from the PL decay measurements.

It is also reasonable to inquire whether more triplet
excited states exist between S; and 7. From a four-level
model, PL decay in the form of a sum of three exponential
functions is expected. However, the observed PL decay
curves cannot be reproduced, even with a sum of three
exponential functions. From an m-level model, a temporal
evolution in the form of a sum of m — 1 exponential
functions is obtained. Thus, the observed nonexponential
PL decay curve might result from contributions of more
triplet excited states in 4CzIPN. Here, we have found T,
from the analysis of the temperature dependence of the PL
decay rates, but this method does not have a good energy
resolution, particularly on the higher energy side. Thus,
although we believe that the triplet excited state referred to
as T, is the second-lowest triplet excited state, we do not
deny the possibility that an additional triplet excited state
exists between S| and T,. Rather, the fact that the narrower
spectral shape of the phosphorescence from 7', and T'; than
that of the fluorescence from S, suggests the existence of an
additional triplet excited state with a larger CT character,
which is split from S, due to the exchange interaction. The
existence of such a triplet CT excited state, nearly degen-
erate with S|, was proposed by Ogiwara et al. from their
time-resolved electron paramagnetic resonance measure-
ments [18]. However, if such a triplet excited state exists,
the determined energy gaps, AEy, _r, and AEg _r , would
only be slightly affected; the correction would be as small
as the energy separation between the additional triplet
excited state and S;.

V. CONCLUSIONS

In this work, we show that 7', plays an important role in the
decay process of excitons in 4CzIPN. To explain consistently
the temperature dependences of the PL decay rates and the
PL spectral shape, a four-level model consisting of Sy, 77,
T,, and S, is needed. If a three-level model is applied, a
wrong value for AE; would be estimated and the phospho-
rescence component observed around 100 K would not be
explicable. The analysis based on the four-level model
described here can be used to identify an additional
triplet excited state, i.e., T,,, which has recently become
regarded as an important factor for fully understanding the
reverse ISC mechanism. For the case of 4CzIPN, using the
four-level mode, we determine that AE; _7 = 45 =5 meV
and AEg 7 =135+10meV. Recently, similar temperature
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dependences of PL decay rates and PL spectra have
been observed in other carbazolyl-dicyanobenzene-based
TADF emitters [25], such as 1,2-bis(carbazol-9-yl)-4,5-
dicyanobenzene and 1,4-dicyano-2,3,5,6-tetrakis(3,6-dime-
thylcarbazol-9-yl)benzene, which are known as 2CzPN and
4CzTPN-Me, respectively [2]. Therefore, contributions of
T, to emission properties are not a unique characteristic
of 4CzIPN but rather appear to be common features of
carbazolyl-dicyanobenzene-based TADF emitters.
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APPENDIX: SOLUTIONS OF
THE RATE EQUATIONS

The rate equations, Eq. (3), can be solved using the
Laplace transform. In this appendix, we derive their
solutions, which are used to calculate the temperature
dependence of the decay rates and the relative ratios of
the PL components. In a situation where the exciton-
generation process is absent, G = 0, the rate equations
are Laplace transformed as follows:

sX(s) — 1 = (kg + kiscn + kisc1)X (s) + krisca Y (5) + krisc1 Z(s),
sY(s) = kiscaX(s) = (kz, + kic + krisca) Y (s) + kricZ(s),

sZ(s) = kisc1X(s) + kicY (s) = (kr, + krisci + kric) Z(s),

(A1)

where X(s) = L[S,(1)], Y(s) = L[T, ()], and Z(s) = L[T,(¢)], and we assume S;(¢) =1, T,,(t) =0, and T,(¢) = 0 at
t = 0 as the initial condition. By solving the simultaneous equations, Eq. (A1), we obtain

X(s) = kic(krisct + kr, +5) + (kric + krisct + k7, + 5)(kriscn + Kz, + 5)
(ki + 5)(ky + ) (ks + ) ’
Y(s) = krickisci + kisca(kric + krisci + kr, +5)
(ki +5)(ka + 5) (k3 +5) ’
kickisc, + k kic + krisc,, + kr +
Z(s) = ICcKisc isci (ki RISC T, s) ’ (A2)
(kl + S)(k2 + S)(k3 + S)
where k|, k,, and k5 are the solutions of the following cubic equation:
s —as> +bs—c =0, (A3)
where
a = kg +kr, + kr, + kiscy + kisc1 + kic + kriscn + krisci + krics
b = (kic + kriscn + kr,) (kric + krisci + kr,)
+ (ks + kisci + kiscn) (kic + kric + krisct + kriscn + kr, + kr,)
— krickic — kiscikrisci — kiscakriscns
¢ = (kric + krisci + kr,) (kic + kriscn + kr,)ks
+ [krickisct + kisca (kric + krisc1)lkr,
+ [kickiscn + kisc1 (kic + krisca) 1k,
+ (kiscn + kisci)kr, kr, — krickicks. (Ad)

Then, by taking the inverse Laplace transform of Eq. (A2), the solutions of the rate equations, Eq. (3), are
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S, (1) = kic(krisct + kr, — ki) + (kric + krisc1 + kr, — ki) (kriscn + kr, — k) okt
(ky = ky) (k3 = ky)
n kic(krisci + kr, — k) + (kric + krisci + kr, = k2) (kriscn + k7, — k2) s
(ki = ka) (ks — k)
n kic (krisci + kr, = k3) + (kric + kriscr + kr, — k3) (kriscn + k7, — k3) oot
(ky = k3)(ky = k3)
T, (1) = krickisci + kisca(kric + kriscr + kr, — ky) okt
(ky = ky) (k3 — ky)
n krickisci + kisca(kric + krisci + kr, — k) s
(ki = ko) (ks — k)
n krickisci + kisca(kric + krisci + kr, — k3) ot
(ki = k3)(ky = k3) ’
T\(f) = kickiscn + kisci (kic + kriscn + kr, — k1) .
(ky — ki) (k3 — ky)
n kickiscn + kisci (kic + kriscn + kr, — k2)
(ki = ko) (ks — k)
n kickiscn + kisci (kic + kriscn + k7, — k3) ot (AS)
(ki = k3)(ky = k3)

e—kzt

Sy(t), T, (1), and T(¢) are all in the form of a sum of three exponential functions with the decay rates, k;, k,, and k3. If
nonradiative decay from S;, T, and T into S is ignored, the relative intensities of PL emitted from S, T,,, and 7' can be
calculated by integrating S,(z), T,(t), and T () from # = 0 to oo. The results are

PL(S,) = kic(krisct + kr, — ki) + (kric + krisct + kr, = ki) (krisca + kr, — k1)
ki(ky = ki) (ks = ky)
n kic(krisct + kr, = k) + (kric + krisct + kr, = ko) (krisca + kr, = k2)
ky (ki = ky) (k3 = ka)
n kic(krisct + kr, = k3) + (kric + krisct + kr, = k3) (krisca + kr, — k3)
k3 (ki = k3)(ky = k3) ’
PL(T,) — krickisci + kisca(kric + krisct + kr, — k)
! ky(ky = ki) (ks = ky)
krickisci + kisca(kric + krisct + kr, = k)
ky (ki = ky) (k3 = ka)
krickisci + kisca (kric + krisct + kr, = k3)
ks (ki = k3)(ky = k3) ’
PL(T,) = kickiscn + kisci (kic + krisca + kr, — k)
ki(ky — ki) (ks = ky)
kickiscn + kisci (kic + kriscn + kr, = k)
ky(ky = ky) (k3 = k3)
kickisca + kisci (kic + kriscn + kr, — k3) (A6)
ky (ki = k3)(ky — k3) .

From the initial condition, PL(S;)+PL(7T,)+PL(T;)=1.
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