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Temperature dependency of energy shift of
excitonic states in a donor–acceptor type
TADF molecule

Youichi Tsuchiya 1 , Keito Mizukoshi1,2, Masaki Saigo3, Tomohiro Ryu3,
Keiko Kusuhara1, Kiyoshi Miyata 3, Ken Onda 3 & Chihaya Adachi 1,2,4

In recent years, thermally activated delayed fluorescence (TADF) has attracted
intense attention owing to its straightforward application to high-efficiency
organic light-emitting diodes. Further, to develop high-performance TADF
materials, many researchers have designed novel molecules that have a small
energy gap between the lowest excited singlet and triplet states (ΔEST ), and
detailed analysis suggests a significant contribution of higher-lying excited
states for spin flipping processes. In this study, we demonstrate a peculiar
thermal behaviour of emission decay of a donor–acceptor type TADF mole-
cule,TMCz-BO, which seems like thermal deactivationof delayedfluorescence
that can be explained without a negative ΔEST by comprehensive kinetic
analysis across various temperatures and solvents. While the activation energy
has previously been treated as being temperature-independent, we stress that
it should be a dynamic parameter affected by changing the solvent-solute
interaction with the environmental temperature, especially in the case of a
small energy gap.

Through the extensive development of novel organic emitters in
organic light-emitting diodes (OLEDs), the singlet and triplet energy
levels have been controlled by designing novel molecules. In recent
years, thermally activated delayed fluorescence (TADF) materials have
been a hot topic, and significant development has been achieved
owing to their high applicability for OLEDs with the ultimate quantum
efficiency from electrons/holes to photons without using precious
metals. TADF materials show unique exciton decay processes, such as
bi-exponential decay with a dual lifetime in the nanosecond range and
micro to millisecond range originating from the forward and reverse
intersystem crossing (ISC and RISC) processes between the lowest
singlet (S1) and lowest triplet (T1) excited states1,2. One of the key issues
for efficient TADFs is a small energy gap between the S1 and T1 states
(ΔEST ) by controlling the highest occupied and lowest unoccupied
molecular orbitals3–7. Several groups have developed advanced TADF
materials with near zero ΔEST (ZEST, i.e., 0 ± 25meV) achieving a short

exciton lifetime (τ) of less than 1μs8–10. Because of the presence of
activation energies for both the ISC and RISC, they show clear double
exponential decay. Interestingly, some unusual TADF behaviours have
recently been reported. Yersin et al. designed a novel ZEST material
that showed single-exponential emission decay (τ = 431 ns), and they
confirmed the promising OLED characteristics with a high external
quantum efficiency of 18.7%8. They proposed the ZEST mechanism
based on the significant mixing between the charge transfer (CT) and
local excited (LE) states. Further, Aizawa et al. reported experimentally
observed negative ΔEST on a heptazine derivative, HzTFEX2

9. While
HzTFEX2 showed delayed emission with τ = 217 ns at 300K, shorter
delayed emission (τd = 195 ns) was confirmed at 200K in a toluene
(TOL) solution. They interpreted these observations as inverted rate
constants between the ISC and RISC (i.e., kRISC>kISC) to explain the
inverted S1–T1 energy state (InvEST). In general, Hund’s rule states that
a T1 state has lower energy than a S1 state

11. However, azaphenalenes,
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including heptazines, have been confirmed to show an InvEST by ab
initio calculation considering the doubly excited state configuration12.
Recently,materials with an InvEST have attracted research interest, and
several groups have reported the possibility of InvEST materials from
both theoretical calculations and experiments13–19.

In 2020, our group reported a cutting-edge TADF emitter with
1,3,6,8-tetramethyl-9H-carbazole as the donor unit and 5,9-dioxa-13b-
boranaphtho[3,2,1-de]anthracene as the acceptor unit (TMCz-BO,
Fig. 1a) that showed very short transient decay of 750 ns and high
photoluminescence quantum yield (PLQY, 96%) in a 6wt%-TMCz-
BO:2,8-bis(diphenylphosphine oxide)dibenzofuran (PPF) film10. In
addition, a very small ΔEST of 20meV was estimated from the tem-
perature dependency of its transient photoluminescence (PL) (Sup-
plementary Fig. 1). Considering the high device performance (external
quantum efficiency of 20.7%) and the temperature dependence of the
transient PL (TRPL) decay, the emission mechanism was assigned as
TADF.However,whenwe investigated the temperaturedependenceof
the delayed emission in various solutions, we observed thermally
deactivated behaviour in the delayed emission similar to that of
HzTFEX2 (Fig. 1b). This strongly suggests we should check carefully to

understand our result. Here, we report the peculiar temperature
dependence of the emission characteristics of TMCz-BO that can be
explained in the usual TADF framework by our original model
including the equilibrium of the T1 and higher-lying triplet (Tn) states
with considering the exciton thermo-dynamics.

Results
S1–T1 energy gap estimation
The absorption, fluorescence (at room temperature, rt), and phos-
phorescence (at 77 K) spectra of TMCz-BO in TOL and dichlor-
omethane (DCM) are shown in Fig. 1d. The results in tetrahydropyran
(THP), tetrahydrofuran (THF), and acetone (ACE) are summarized in
Supplementary Fig. 2. The ΔEST value in TOL was estimated to be
7meVwith the S1 andT1 energy levels of 3.04 and 3.03 eV, respectively,
from the spectral onset of the fluorescence and phosphorescence
spectra. While TMCz-BO showed strong solvatochromism in the
fluorescence spectrum, no significant difference was observed in the
phosphorescence onset values. Therefore, we obtained negative ΔEST

values in highly polar solvents using these spectral onset values (e.g.,
−0.23 eV in DCM) (Supplementary Table 1). Because there are several

Fig. 1 | Photophysical properties of TMCzBO. a Chemical structure of TMCz-BO.
b Temperature-dependent transient PL decay in TOL, c transient PL decay in various
solvents, d Absorption (black line), fluorescence (rt, red line), and phosphorescence

(77K, blue line) in TOL and DCM, e Marcus plots for kISC and kRISC in TOL and DCM,
f Temperature-dependent absorption spectra normalized with 300K, g Temperature-
dependent emission spectra normalized with 300K; [TMCz-BO] = 2.0 × 10−5 mol L−1.
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problems in the estimation of the excited energy from the spectral
onset, it is not suitable to discuss the accurate energy levels for TADF
materials, particularly those with small energy differences (see Sup-
plementary Notes), e.g., ignoring the energy relaxation at ground (S0)
state, the accuracy of onset value, the solvation in different state of the
solvent, inhibition of reorganization at a frozen state, and violation of
Kasha’s rule20–22. Especially, the liner or log scaling for emission
intensity makes a large difference in estimated energies (Supplemen-
tary Fig. 3 and Supplementary Table 2). In the case of TADF materials,
more accurate ΔEST values can be obtained from the temperature
dependence of the emission decay curves. The Arrhenius plot for the
estimated ISC (kISC) and RISC rate constants (kRISC) provides the acti-
vation energies (Ea). Subtracting the Ea for RISC (ERISC

a ) to ISC pro-
cesses (EISC

a ), ΔEST can be estimated23. Because the Arrhenius plot
drifts by the temperature based on the Marcus equation (Supple-
mentary Eq. (3)), it is suitable to employ the Marcus plot, a corrected
Arrhenius plot, to estimate EISC

a and ERISC
a for TADF materials

(see Supplementary Notes)24.
The TRPL decay of TMCz-BO in TOL (Fig. 1b) showed the short-

ening of a delayed lifetime (τd = 1=kd) with an increased delay com-
ponent (ΦDF ) to the prompt component (ΦPF ) by decreasing the
temperature; τd = 1.02 and 1.86μs andΦPF=ΦDF =0.863 and 0.834 for
250 and 300K, respectively. This behaviour is opposite from that of
TMCz-BO in a PPF film, where τd increased by decreasing the tem-
perature, which is typical TADF behaviour (Supplementary Fig. 1).
TMCz-BO showed clear bi-exponential decay in TOL. Thus, we applied
a typical three-state analysis with the approximation of no triplet
radiative decay to a ground state25. As a result, the kISC and kRISC were
estimated to be 1.28 × 107 and 1.06 × 106 s−1 at 250K and 1.72 × 107 and
0.59 × 106 s−1 at 300K, respectively (Supplementary Table 3). These
results suggest that the ISC is a thermally activated process, whereas
theRISC is a thermally deactivatedprocess. Becauseof its high PLQY in
toluene (1.000 and 0.845 at 250 and 300K, respectively, Supplemen-
tary Table 4), it is difficult to explain this by the difference of the
nonradiative paths from S1 or T1. To confirm the estimation difference
of the nonradiative paths, the possible ranges of the rate constants are
summarized in Supplementary Table 3.

The emission decay of TMCz-BO also showed strong solvent
polarity dependence (Fig. 1c and Supplementary Figs. 4 and 5). Longer
delayed emission τd was observed in lower polarity solvents for each
temperature (Supplementary Table 5). The Marcus plots of TMCz-BO
in TOL and DCM are shown in Fig. 1d. The data for all five solvents are
summarized in Supplementary Fig. 6 and Supplementary Table 6
including the results of Arrhenius plot analysis (all data in HEX, MES
and PC, where TMCzBO showed low PLQY, are summarized in Sup-
plementary Figs. 7–9 and Supplementary Tables 7 and 8 as just for
information). Here, a negativeΔEST value of −114meVwas estimated in
TOL based on EISC

a and ERISC
a of 49 and −65meV, respectively. More-

over, the ΔEST values were negative in all of the five solvents. The ΔEST

values of −12 and −5meV in DCM and ACE were provided those
negative ERISC

a meanwhile the conventional TADF-like thermal beha-
viour was provided. Generally, bi-exponential exciton decay can be
explained by a three-state model26. However, it is difficult to explain
theunique thermalbehaviour ofTMCz-BObya three-statemodel even
when the InvEST energy arrangement is taken into consideration. Fur-
thermore, although kRISC > kISC is considered strong evidence for
InvEST material9, kISC was always greater than kRISC in all solvents
investigated in the case of TMCz-BO.

Next, we investigated the participation of the dark states in the
transient absorption spectra at 250 and 300K (Supplementary Fig. 10).
The exciton lifetime was found to show a similar trend to the TRPL in
both TOL and DCM. Therefore, we conclude that it is difficult to dis-
cuss the contribution of additional dark states that cannot be detected
in the TRPL. Further, a post-Hartree–Fock calculation considering the
doubly excited states at the SCS-CC2/def2-TZVP level of theory

suggested a positive ΔEST of 0.20 eV (Supplementary Table 9). A time-
dependent density functional theory calculation at the ωB97X-D/6-
31 G(d,p) level of theory gave similar results. Thus, both the transient
absorption spectra and advanced calculations did not provide infor-
mation about the possible mechanism.

Model construction and simulations
The key is the negative ERISC

a obtained from the Marcus plots. Because
Ea is an energy barrier for the conversion process from the initial state
to the final state, the value must be positive. However, negative Ea

values as apparent values are sometimes found in the kinetic analysis
of chemical reactions, which can be explained by the presence of an
endothermic equilibrium between a precursor chemical as an initial
state and another species uninvolved in the reaction26–29. Therefore,
the negative ERISC

a can also be explained as an apparent value by the
presence of an endothermic equilibrium with an upper state that
works as a trap state. Thus, we introduced this perspective in the time-
dependent exciton decay process. Here, we consider a four-state
model, which is explained with a S0 state, excited singlet and triple CT
states (1CT and 3CT), and a triplet LE state (3LE). Here, we assume that
the energy level of 3CT is higher than that of 3LE. In this case, the direct
spin-flipping process between 1CT and 3CT is inhibited by the El-Sayed
rule. When the internal conversion process between 3LE and 3CT is
much faster than the RISC process, the exciton distribution between
3LE and 3CT canbe explainedby theBoltzmanndistribution. In fact, the
relaxation rate is much faster than the radiative and RISC rates in
solution30. Thus, the differential equations for this exciton decay
process can be expressed as

d 1CT
� �
dt

= � kS
r + k

S
nr + kISC

� �
1CT
� �

+ kRISC
3LE
� �

, ð1Þ

d Ttotal

� �
dt

= kISC
1CT
� �� kRISC

3LE
� �� kT

r + k
T
nr

� �
Ttotal

� �
, ð2Þ

Ttotal

� �
= 3LE
� �

+ 3CT
� �

, ð3Þ

3CT
� �
3LE
� � = exp

� ΔE3CT�3LE

� �
kBT

� 	
, ð4Þ

wherekS
r , k

S
nr , k

T
r , and kT

nr are the radiative andnonradiative decay rates
from the singlet and triplet states and ΔE3CT�3LE is the energy gap
between 3CT and 3LE. Here, kT

r and kT
nr are not separated for the 3CT

and 3LE states because the two states forma thermal equilibriumby the
Boltzmann distribution, and it is difficult to separate these decay
processes between 3CT and 3LE. These terms can be removed to ensure
consistency with the three-state kinetics under the approximation of
no phosphorescence decay. The values of kISC and kRISC are provided
by EISC

a and ERISC
a using the Marcus equation, respectively. When

ΔE3CT�3LE <0, the condition is the same as the conventional four-state
model. The combination of the Boltzmanndistribution and theMarcus
equation has been used to estimate the theoretical kRISC for the
3CT→3LE→1CT system21,22.

The theoretical curves obtained from the above model consider-
ing exciton trapping (model 1) were analysed with the three-state
kinetics and Marcus plot, which was the samemethod used to analyse
the experimental results, and the resulting Ea andΔEST values from the
theoretical model were compared with those of the variables.Model 1
succeeded in explaining the InvEST-like thermal behaviour of the
exciton decay with the excited state energy configuration of conven-
tional TADF (Fig. 2 and Supplementary Table 10). For example, the
simulationprovided InvEST-like thermalbehaviourwith theparameters
of 1, 2 and 10meV for EISC

a , ERISC
a , and ΔE3CT�3LE , respectively (Fig. 2b).

In this case, the actualΔEST value is 1meV, but the analysedΔEST value
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was −3.80meV with a negative ERISC
a of −1.89meV. Interestingly, the

energy region of 0 ≤ ΔEST < 10meV provides the apparent negative
ΔEST with positive EISC

a and ERISC
a even in the energy configuration of

conventional TADF (Fig. 2c). The analysed values of EISC
a , ERISC

a , and
ΔEST were 4.80, 3.74 and−1.06meVwhen theparameterswere 4, 2 and
−3meV for EISC

a , ERISC
a andΔE3CT�3LE , respectively. In this configuration,

3LE is located 2meV higher than 1CT and 3CT is located 1meV lower
than 1CT. Thus, we confirmed that the negative ΔEST with the
EISC
a >ERISC

a was present in the regular energy configuration of TADF.
Furthermore, we confirmed that the negative ΔEST with the negative
ERISC
a was present in the InvEST energy configuration (Fig. 2d). More

interestingly, a decrease of the delayed fluorescence components at
lower temperatures was also obtained in the InvEST energy config-
uration (Fig. 2e). These simulation results indicate that care should be
taken when analysing the materials in the case of negative ΔEST esti-
mated from the thermal behaviour of the emission decay. Thus, the
ΔEST value estimated by the thermal dependence of the rate constants
is anapparent valuebasedon themismatch of the supposed and actual
emission mechanisms.

Model improvement to explain the thermal behaviour in various
solvents
In the case ofmodel 1, the experimental results ofTMCz-BO could not
be well explained even by introducing the different SOC strengths for
the ISC and RISC processes because of simplification employing
kS
r + k

S
nr as a temperature-independent value. Thus, kS

r + k
S
nr was treated

as a temperature-dependent term in model 2 considering the
temperature-dependent PLQY (Supplementary Table 4). The differ-
ence between eachmodel is summarized in Fig. 3. While different SOC

strengths were required for the ISC and RISC processes to explain the
experimental results, model 2 provided better fitting (Table 1 and
Supplementary Tables 11 and 12). Here, this still suggests the InvEST
energy configuration for TMCz-BO. The ΔEST values were −112 and
−0.5meV in TOL and DCM, respectively. In addition, the SOC strength
for the ISC process in TOL was very large (1.358 cm−1). Thus,model 2 is
not a suitable model to explain the energy arrangement of TMCz-BO.

Next, we focused on the onset value of the absorption spectrum,
which did not show temperature dependence, while that of the emis-
sion spectrum showed a slight red shift in all of the solvents at lower
temperatures (Supplementary Figs. 11 and 12). This is not unique to
TMCz-BO, and it is an often-reported phenomenon31. This red-shifted
emission indicates that the excited states were stabilized by the
increased solvent polarity by decreasing the temperature, which can
be described by the Onsager model of dielectrics32. The experimental
results can be explained based on the larger dipole moment than the
ground state in the CT excited states of donor–acceptor-type mole-
cules, lowering 1CT and 3CT. To fit the temperature dependence of the
CT energies, we introduced the following equation for both the ISC
and RISC processes:

Ea = E
300
a +ΔET

a ð300� TÞ ð5Þ

where E300
a is the activation energy at 300K and ΔET

a is the Ea shift
coefficient for the temperature difference. Note that Ea has been
estimated from the temperature dependence of the rate constant
under the assumption that it has no temperature dependence in most
of the previous reports. However, the temperature dependency of Ea

on electron transfer have been reported33. When the 1CT energy shift

Fig. 2 | Simulated emission decay curves with considering exciton trap. Exam-
ples of the decay curves simulated with model 1 with near zero S1–T1 energy
splitting (ZEST); kr + knr = 2 × 107 s−1. a–c Conventional TADF energy configuration,
(d, e) InvEST energy configuration, (f) excited state energy diagram showing each

energy gap. Analytical results with conventional method showed (a) positive ΔEST ,
(b) negative ΔEST by EISC

a > ERISC
a , (c) negative ΔEST with negative ERISC

a , (d) negative
ΔEST with negative ERISC

a , (e) negative ΔEST by EISC
a > ERISC

a . (See Supplementary
Fig. 10 for other energy configurations including non-ZEST ones.).
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by the temperature is considered, it should also be considered. This
means that the analytical Ea values areno longer accurate regardlessof
the presence or absence of the trap states. Here, we assume that the
energy shift has a linear relationship with the temperature shift in the
measurement region34. Inmodel 3, we ignored the trap state, i.e., there
is no exciton equilibrium in the triplet state (the Boltzmann distribu-
tion between 3LE and 3CT is not considered) but included the tem-
perature dependence of the 1CT energy and the PLQY. This does not
mean thatΔE3CT�3LE =0 in Eq. (4) but 3LE

� �
= Ttotal

� �
in Eqs. (1) and (2),

i.e., the absence of the trap state. The experimental curves were well
explained by model 3 in all of the solvents, including TOL and THP.
ΔEST increased with increasing temperature in all of the solvents. For
example, ΔEST = 85 and 52meV in TOL and ΔEST = 33 and 26meV in
DCM for 300 and 250K, respectively (SupplementaryTables 11 and 12).
However, model 3 provided a larger SOC strength for an activation
state of ISC and RISC in lower polarity solvent: SOCME=0.547, 0.487,
0.479, 0.274 and 0.142 cm−1 for TOL, THP, THF, DCM and ACE,
respectively; note that, it was difficult to find the value for global
minimum when the assuming SOCME is independent to solvent were
employed (see Supplementary Notes). Thus, there were significant
differences despite there being no external heavy atom effect. While
model 3 explained the temperaturedependenceof the emissiondecay
curves of the experimental results very well, it is insufficient to explain
why TMCz-BO in TOL showed a large ΔEST decrease by decreasing the
temperature (Supplementary Fig. 13).

Comprehensive analysis across various temperatures and sol-
vents with a dynamic four-state model
Model 4 considered the trap state again, in addition to the tempera-
ture dependence for both the solvent polarity and nonradiative decay
processes. Because the relative energy of each excited state should
change with the temperature, the temperature dependence (ΔET

CT�LE)
for the energy difference of 3CT and 3LE (ΔE3CT�3LE in Eq. (4)) was also
introduced:

ΔE3CT�3LE =ΔE
300
3CT�3LE +ΔE

T
3CT�3LE ð300� TÞ ð6Þ

Because the time constant for solvation is faster than the rate
constants related to exciton decay35, it is possible to assume there is a
similar magnitude of solvation effect both in 1CT and 3CT states36,37.
Therefore, the following approximation was used to decrease the
arbitrary parameters:

ΔET
3CT�3LE � ΔET

a,RISC � ΔET
a, ISC ð7Þ

Here, the right-hand side of the equation corresponds to the
variation of the 1CT and 3LE levels based on Supplementary Eq. (2) and
Eq. (5). Further, the effect of the solvent polarity on the SOC strength
can be ignored because there is no heavy atom effect. The SOC
strength was estimated to be 0.186 cm−1 by comprehensive fitting
using all of the decay curves under different conditions. This value is
similar to the reported SOC strength determined by the DFT calcula-
tion of 0.127 cm−110.

In model 4, the fitting results for all the solvents well explained
the experimental results, and the results of the conventional three-
state kinetic analysis applying to the obtained theoretical curves
showed good agreement between the experimental and theoretical bi-
exponential emission decay curves (Fig. 4a, Supplementary Fig. 14 and
Supplementary Tables 11–13). The actual ΔEST of TMCz-BO estimated
from the fitting parameters still showed a large decrease with
decreasing temperature in TOL and THP, while that in THF, DCM and
ACE showed no temperature dependence (Fig. 4b). Similar tomodel 3,
the ΔEST values showed positive values for all of the conditions. This
behaviour can be clearly explained by the temperature dependence of
each excited state. The temperature dependence of the energy dif-
ferences of 1CT–3LE and 3CT–3LE for each solvent is shown in Supple-
mentary Fig. 15. The slopes were less than −1meVK−1 with a smaller
slope in higher solvent polarity: slopes of −0.70, −0.56, −0.50, −0.45
and −0.44meVK−1 for TOL, THP, THF, DCM and ACE, respectively.
While the 1CT–3LE gaps for TOL and THP were always positive under
the investigated conditions, the 3CT–3LE gaps for THF, DCM and ACE
were negative. In the case of THP, the gap was negative below 280K,
which can be confirmed as the inflection point at approximately 280K
in Fig. 4b. The energies of 1CT and 3CT continuously decreased with

Fig. 3 | Schematic energy diagrams. a model 1, b model 2, c model 3 and
d model 4. EISC

a and ERISC
a should be ≥0, but ΔE1CT�3LE and ΔE3CT�3LE can be

both positive and negative. Red-coloured fitting parameters have temperature

dependence, and the blue-coloured energies are shifted by temperature depen-
dency of red-coloured fitting parameters.

Table 1 | Estimated energy configuration by model fitting and
the results of Marcus plot in the three-state system analysed
for fitting curves by each model

Solvents Fitting parameter for each model Analysed values with
Marcus plot

EISC
a

(meV)
ERISC
a

(meV)
E3CT�3LE
(meV)

ΔEST
(meV)

EISC
a

(meV)
ERISC
a

(meV)
ΔEST
(meV)

Experimental value

TOL – – – – 49.0 −65.0 −114.0

DCM – – – – 4.1 −7.0 −11.6

model 2

TOL 111.7 0.0 30.0 −111.7 81.5 −2.9 −84.4

DCM 0.7 0.2 27.0 −0.5 4.1 −6.6 −10.6

model 3

TOL 55.5a 140.0a – 84.6a 48. 7 −64.8 −113.5

DCM 36.4a 68.9a – 32.6a 3.8 −7.6 −11.3

model 4

TOL 10.1a 93.2a 69.5a 83.1a 48.7 −65.2 −113.9

DCM 24.9a 26.2a −22.6a 23.9a 3.9 −7.2 −11.1
aAt 300K.

Article https://doi.org/10.1038/s41467-025-59910-z

Nature Communications |         (2025) 16:4815 5

www.nature.com/naturecommunications


increasing solvent polarity (Supplementary Fig. 16). The analytical
results for the fitting curves obtained by the Marcus plot based on the
three-state model agreed well with those of the experimental data
analysis (Table 1 and Supplementary Table 14). The reliability of com-
prehensive analysis result with the dynamic four-state model was
confirmed with the temperature dependence decay data of TMCz-BO
in TOL for 200–250K by using the obtained fitting parameters for
250–300K (Supplementary Fig. 17). Therefore, this method is enough
to explain the photophysics of solution state even in the low tem-
perature. As explained above, the analysis withmodel 4 revealed that
TMCz-BO has a small ΔEST exciton energy configuration, like con-
ventional TADF. The dependence of the energy shift of the excitonic
states on the temperature provides the peculiar thermal behaviour,
like an InvEST material, in the emission decay of TMCz-BO. Based on
the analytical result of the dynamic four-state model, ΔE3CT�3LE values
were ca. 70 and 35meV at 300 and 250K, respectively, and
the population of 3LE is 94 and 83%. This 10% differencewould provide
few spectral differences in the transient absorption spectra (Supple-
mentary Fig. 10).

Discussion
In this study, we studied the peculiar thermal behaviour of a TADF
material, TMCz-BO, that shows faster delayed emission at lower tem-
peratures in the solution state. The dynamic four-state model con-
sidering the temperature dependence of the solvent polarity (model 4)
well explained the decay process, which can be ascribed to the different
energy configurations of the excited states. Finally, we conclude that
TMCz-BO is a material showing an apparent negative ΔEST of −114meV
based on the conventional analytical method but it has positive ΔEST .
The important findings are the contribution of higher-lying triplet state
and the thermal dependency of activation energy, which is believed to
be a temperature-independent constant in general. The excited-state
energy configurations have been experimentally estimated so far, but it
has not been so accurate. The comprehensive analytical method with
dynamic excitonmodel can provide higher-resolution analytical results,
especially in the small energy gap ofΔEST . Ourfindings donot repudiate
HzTFEX2 as an InvEST material. However, a recent report states that
InvEST needs to be carefully explained theoretically38. Most of the theo-
retical research on InvEST does not consider the solvation effect and
higher-order excited state configurations than doubly-excited config-
urations. Also, the experimental evidence should be carefully examined
to clarify the violation of Hund’s rule experimentally. The rate constants
should be discussed not only under the mathematically reasonable
condition of kT

nr =0, but also for kS
nr =0, as pointed out in our previous

report25. In fact, the rangesofkISC andkRISC forHzTFEX2, whichhasbeen
reported to be an InvEST material with kRISC>kISC in the case of kT

nr =0,
are (4.61∓ 1.94) × 107 and (4.07 ±0.07) × 107 s−1, respectively9,25.

kRISC<kISC under the condition of kS
nr = 0ðkISC =6.55 × 107 s−1 and

kRISC =4.00× 107 s−1). Therefore, it is desirable to investigate the tem-
perature dependence of the TRPL decay in various solvents for the
reported InvESTmaterials or candidates and to comprehensively analyse
the experimental results, which will open a new stage to develop the
advanced TADF emitters. Furthermore, it is very important to apply the
comprehensive kinetic analysis using the dynamic four-state model to
existing and novel TADF materials, such as multiple resonant- and high-
performance TADF materials to experimentally obtain their higher-
resolution descriptions of excited state energies. This will not only help
us understand the actual emission mechanism of TADF due to the
dynamic energy configuration of excitons but also be useful for devel-
oping further high-performance TADF in combination with computa-
tional quantum calculations. Although it may not be necessary to apply
the dynamic three-level or four-level model always through the TADF
materials development cycle, it is important to keep inmind anddiscuss
that the exciton energy levels are dynamic, and the estimated energies
are the apparent values.

Methods
General information
TMCz-BO was synthesized by a previously reported method10. The
photophysical measurements were performed using a tightly closed
cell with a greaseless Teflon valve. The PLQY was checked, and there
was no significant error (<3%) before and after the temperature-
dependence measurement. The phosphorescence measurement was
performed using anNMRglass tube. The transient emission decay was
measured by a Quantaurus-Tau fluorescence lifetime measurement
system (C11367, Hamamatsu, Japan) and a streak camera system
(C10910, Hamamatsu) with a Nd-YAG third-harmonic laser (PL-2251,
ESPKLA, Lithuania). The fluorescence and phosphorescence were
measured with an FP-8600 spectrofluorometer (JASCO, Japan). The
absorption spectra were measured with a Lambda 950 spectro-
photometer (Perkin-Elmer, USA). The absolute PLQY was measured
with a Quantaurus-QY PLQY spectrometer (C11347, Hamamatsu). For
all of the photophysical measurements, the temperature was con-
trolled by a CoolSpeK cryostat (Unisok, Japan). The computational
calculations were performed with Gaussian16 Rev.A.03 and TURBO-
MOL 7.2139.

Solvent polarity
The fundamental photophysical properties of the absorption, fluor-
escence (at rt), and phosphorescence (at 77 K) spectra, PLQY, and
TRPL were investigated in n-hexane (HEX, 30.9), mesitylene (MES,
32.9), TOL (33.9), THP (36.2), THF (37.5), DCM (40.7), ACE (42.3), and
propylene carbonate (PC, 46.0). The values in parentheses are the
solvent polarity indicator in ET(30) for each solvent (in kcal mol−1)40

Fig. 4 | Comprehensive fitting results with model 4 for experimental PL decay of TMCz-BO. a Experimental PL decay and fitting curves in TOL and DCM.
b Temperature-dependent energy configuration estimated bymodel 4.
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Because of the very low PL intensity of TMCz-BO in HEX, MES, and PC
(< 0.50% PLQY, Supplementary Table 1), we focused on the other five
solvents.

Estimation of the relative PLQY
The relative PLQYs at low temperature were estimated using the
absorption and emission for light excitation at each temperature by

ΦT
PLQY =

Φ300
PLQYR

T
FL

RT
Abs

=Φ300
PLQY

PT
FL

P300
FL

� P
300
Abs

PT
Abs

ð8Þ

PT
Abs =

X
αTNEx

photon =
X

1� 1

10AT


 �
NEx

photon ð9Þ

where ΦT
PLQY is the relative PLQY at each temperature, Φ300

PLQY is the
absolute PLQY measured at 300K, RT

Abs and RT
FL are the relative photon

numbers of the absorption and emission for 300K, PT
PL and P300

PL are the
detected emitted photon numbers at each temperature and 300K, PT

Abs
and P300

Abs are the total absorbed photon numbers for the irradiated
photons (normalized) at each temperature and 300K, αT andAT are the
absorption ratio and absorbance at each temperature and each wave-
length, andNEx

photon is the irradiatedphotonnumber for eachwavelength
normalized by the peak maximum of the excitation light spectrum.

Fitting details
The curve fitting was performed by chi-square fitting assuming the
variance is 1 using Microsoft Excel with the GRG nonlinear solving
method. The reduced chi-square χ2ν was used to check the goodness of
fit eliminating the plots with the experimental data of 0. The model
fitting by each model was performed for all of the experimental
temperature-dependent emission decays for each solvent. In the case
of model 4, the SOC matrix element (SOCME) was estimated as a
global minimum by the fitting error investigation for the comprehen-
sive fitting over the various temperature and solvent. A small data set,
which explains the trend of the environment dependence for PF and
DF from the bi-exponential fitting curves of the experimental data, was
used instead of the full experimental data to eliminate the error on
data collection which have a possibility to trap to the local minimum.
The χ2ν of themodel fitting to the full experimental data were provided
with the additional fitting only for the baseline.

Data availability
All data generated in this study are provided in the Supplementary
Information.
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