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To produce high-efficiency organic light-emitting diodes, materials that exhibit thermally activated
delayed fluorescence (TADF) are attracting attention as alternatives to phosphorescent materials
containing heavy metallic elements. Melem, a small molecule with a heptazine backbone composed
only of nitrogen, carbon, and hydrogen, is known to emit light in the near-ultraviolet region and exhibit
high photoluminescence (PL) quantum yield and delayed fluorescence. However, the mechanism
underlying the high PL quantum yield remains unclear. This study aimed to elucidate the mechanism of
the high PL quantum yield of melem by examining its optical properties in detail. When the amount of
dissolved oxygen in the melem solution was increased by bubbling oxygen through it, the PL quantum
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yield and emission lifetime decreased significantly, indicating that the triplet state was involved in the
light-emission mechanism. Furthermore, the temperature dependence of the PL intensity of melem was
investigated; the PL intensity decreased with decreasing temperature, indicating that it increases
thermally. The experimental results show that melem is a TADF material that produces an extremely
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1. Introduction

Two-dimensional materials, such as graphene, have a wide
range of potential applications, including new electronic func-
tional materials, photocatalysts, and optical materials.">
In recent years, one of the 2D-like materials that have attracted
particular attention as next-generation functional materials is
carbon nitride (CN) polymers. CN-polymers are organic mole-
cules consisting mainly of nitrogen, carbon, and hydrogen and
have a metal-free structure. Furthermore, owing to their low
material and fabrication costs, they can be synthesized using a
simple thermal polymerization method, making them attractive.
Melon is a representative CN-polymer that is a linear polymer
composed of a one-dimensional chain of 2,5,8-triamino-tri-s-
triazine (melem) units, as shown in Fig. 1(a). Melon can generate
hydrogen in sunlight because of its ability as a photocatalyst
to decompose water and generate hydrogen using visible light.?
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high PL quantum yield by upconversion from the triplet to the singlet excited state.

Additionally, melon is a direct-gap semiconductor as expected
from its energy band structure, and is known to emit blue
fluorescence, as shown in Fig. 1(b). Therefore, several previous
studies used melon as a blue light-emitting layer in organic light-
emitting diode (OLED) devices.”® Conversely, small-molecule
melem, a typical precursor of CN-polymers, such as melon,®®
has a larger energy gap than melon and emits in the near-
ultraviolet (UV) region. The photoluminescence (PL) quantum
yield of melem crystals is very high (approximately 80%).>°°
Although there have been reports of OLED devices that use
melem as the light-emitting layer, stable and high-brightness
devices have not yet been successfully realized."* The realization
of highly efficient near-UV-emitting OLEDs is expected for new
white-light-emitting devices, information storage applications,
backlight sources for full-color OLED displays, applications in
sterilization technology, and medical applications.'>"* However,
the mechanism by which melem exhibits high quantum yield
remains unclear. Melem exhibits delayed fluorescence,'**®
which may contribute to the high PL quantum yield; however,
the specific mechanism of the PL has not been clarified.

In OLEDs, based on the spin statistical law, singlet and
triplet-excited states are produced with probabilities of 25%
and 75%, respectively. Therefore, only 25% of the excitons in
fluorescent materials are involved in the emission of light.
Besides, a portion of that 25% of excitons will be lost by
thermal deactivation. Therefore, the extraction of triplet exci-
tons is the key to improving the efficiency of OLEDs. For many
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Fig. 1 (a) Molecular structures of melamine, melem, melem tetramer (MT),

under ultraviolet (mercury lamp) irradiation.

years, there have been many efforts to realize highly efficient
OLED devices that use phosphorescence, which is light emitted
from triplet-excited states; however, to use phosphorescence, it
is necessary to emit light at very low temperatures, such as
77 K,'® or to use heavy atoms, such as Ir or Pt that have large
spin-orbit interactions."”'® However, the Ir reserves are limited
and device manufacturing is costly. Thermally activated
delayed fluorescence (TADF) materials have been reported as
third-generation light-emitting materials."® TADF upconverts
the triplet-excited state to the singlet excited state via thermal
activation and uses the fluorescence process from the S; excited
state to the ground state. The use of TADF materials in light-
emitting layers enables almost 100% upconversion,'® and
because they do not require low temperatures and heavy metals
as phosphorescent materials, they have attracted much attention
as new OLED materials in recent years. In addition, hyper-
fluorescence, a fourth-generation luminescence technology that
combines third-generation TADF materials and first-generation
fluorescent materials, has been intensively studied in recent years.
Hyperfluorescence can achieve a 100% internal quantum yield,
and because it emits light from fluorescent molecules, a narrow
emission spectrum with high color purity can be obtained.”

A possible mechanism for the high PL quantum yield
exhibited by melem is TADF that has also been reported for
molecules with a heptazine skeleton similar to that of
melem.*’* Since melem has a very high quantum yield at
room temperature, phosphorescence contribution is unlikely,
and TADF is a possible origin. Furthermore, melem has been
reported to exhibit delayed fluorescence,*'*"* but the specific
mechanism of PL, such as whether this is because of TADF and
how it relates to the quantum yield, has not been clarified.
Understanding the origin of the high PL quantum yield of
melem should provide important information for the future
development of light-emitting materials for third- and fourth-
generation luminescence technologies for OLEDs.

This journal is © the Owner Societies 2022

View Article Online

PCCP

and melon. (b) Photographs of melem, MT, and melon powdery samples

The purpose of this study is to elucidate the mechanism
underlying the high PL quantum yield of melem. Bubbling
oxygen, a triplet quencher, into the melem solution signifi-
cantly decreased the quantum yield and fluorescence lifetime,
indicating that the triplet state is involved in the luminescence
mechanism. The temperature dependence of the PL intensity
was measured, and it was confirmed that the PL intensity
increased with increasing temperature. In fluorescent materials,
as the temperature increases, intramolecular motions, such as
vibration and rotation, tend to cause nonradiative deactivation,
resulting in a decrease in PL intensity. However, the opposite
phenomenon was observed in melem, indicating that the PL
process was thermally activated. These results show that TADF,
owing to upconversion from the triplet-excited state, is responsi-
ble for the high PL quantum yield of melem. Furthermore,
comparing the PL quantum yields of melem crystals and melem
solutions showed that the PL quantum yield of melem crystals
was larger than that of melem solutions, indicating that the
hydrogen bonds between molecules in the crystal suppressed
intramolecular motions, such as vibration and rotation, resulting
in an improved PL quantum yield.

2. Experimental and
calculation methods

2.1. Synthesis of melem crystals (c-melem)

1,3,5-Triazine-2,4,6-triamine (melamine, Fig. 1(a)) (5 g; purity:
99.0%; FUJIFILM Wako Pure Chem. Co., Ltd; 139-00945) was
placed in a tube furnace (KTF035N1; Koyo Thermo Systems Co.,
Ltd) in an N, atmosphere (purity: 99.99995%). The temperature
of the material was increased from room temperature at
1 °C min~" and maintained at 310 °C for 5 h. The material
was subsequently cooled naturally to obtain melem. The
as-synthesized melem (500 mg) was washed with 50 ml of
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N,N-dimethylformamide (DMF; purity: 99.5%; FUJIFILM Wako
Pure Chem. Co., Ltd; 045-02916) in which melamine is easily
soluble and melem is less soluble.”®*” The mixture was soni-
cated and centrifuged twice for 15 min before adding 50 ml of
acetone (purity: 99.5%; FUJIFILM Wako Pure Chem. Co., Ltd.;
012-00343)*® to remove DMF. Thereafter, 2 sets of 15 min
sonication at 42 kHz and centrifugation at approximately
2500 rpm were carried out. The powdered melem sample was
subsequently air-dried to obtain c-melem.

2.2. Synthesis of melem tetramer (MT) and melon

Melamine (5 g; purity: 99.0%; FUJIFILM Wako Pure Chem. Co.,
Ltd; 139-00945) was placed in a tube furnace (KTF035N1; Koyo
Thermo Systems Co., Ltd) in an N, atmosphere (purity:
99.99995%). The temperature of the material was increased
from room temperature at 1 °C min~ ' and maintained at 415 °C
and 450 °C for 5 h. After reducing the temperature to room
temperature at a rate of 2 °C min~ ', the powdered product in
the quartz test tube was removed and ground in a mortar to
obtain uniform particle sizes.

Regarding MT, the procedures in a vacuum were performed
as follows, based on the previous study:> the sample was heated
in an alumina crucible using the resistive heat generated by a
tungsten wire wrapped around the periphery of the crucible.
The average vacuum pressure during calcination was approxi-
mately 1 x 10~* Pa. During heating, a thermocouple was
inserted into the powder in the crucible in the chamber to
determine the temperature, and the temperature was increased
to 180 °C at a rate of approximately 1.5 °C min~'. After a
predetermined time (4.0 or 5.3 h), the heating was stopped and
the sample was removed from the chamber after it cooled to
room temperature. The obtained sample was ground using a
mortar and pestle.

2.3. Preparation of melem solution

c-Melem was dissolved in superdehydrated dimethyl sulfoxide
(DMSO, s.d.; purity: 99.0%; FUJIFILM Wako Pure Chem). The
solution was subsequently placed in a quartz cell (T-23-UV-10,
Tosoh Quartz Corporation), covered with a septum (Precision
Seal 7565776, Sigma-Aldrich), and bubbled. Nitrogen was
bubbled through for 10 min followed by oxygen for 3 min.
An oxygen can (oxygen 95%; Taiyo Nippon Sanso Gas & Welding
Co.) was used for oxygen bubbling. Measurements of solution
samples bubbled with gas were completed within approxi-
mately 10 minutes after bubbling.

2.4. Characterization

PL spectra and absolute PL quantum yields of the powdery
samples were measured using a spectrometer (Quantaurus-QyY,
C11347-01; Hamamatsu Photonics, Ltd) with the samples in
quartz Petri dishes (A10095-03; Hamamatsu Photonics, Ltd).
The excitation wavelength used in the measurements of the
c-melem and melem solution was ., = 320 nm, whereas that of
MT and melon was /e = 340 nm. PL measurements were
performed in the emission wavelength range of 330-600 nm
for all samples. A SHIMADZU RF-6000 was used to measure the
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temperature dependence of the PL spectra, and a CoolSpeK
UV/CD USP-203 cryostat was used for cooling. The measure-
ments were performed at an excitation wavelength of 310 nm
with an interval of 1.0 nm while decreasing the temperature
from 100 °C to —191 °C. To measure at a stable sample
temperature, 3 measurements were taken at 15, 20, and
25 min after the desired temperature was reached.

The samples for the emission lifetime measurements were
prepared by sandwiching a powder sample between 2 quartz
plates (20 x 20 mm?). The measurements were performed
using a compact fluorescence lifetime measurement system
(Quantaurus-Tau, C11367-01; Hamamatsu Photonics, Ltd) at
excitation and monitoring emission wavelengths of 340 nm and
370 nm, respectively.

The measurements for temperature dependence on the
emission lifetime were determined using an ANCF003 nano-
second visible and near-infrared emission lifetime measure-
ment system. The wavelengths for excitation light and emission
used for the measurements were 278 nm and 375 nm, respec-
tively. The measurements were performed using a short-pass
filter at 330 nm and a band-pass filter cut below 350 nm.

2.5. Calculation method

Materials Studio (BIOVIA) was used as the calculation software,
and energy level calculations were performed using the
CASTEP?*® plane wave basis set and general gradient approxi-
mation (GGA) with Perdew-Burke-Ernzerhof (PBE) as the corre-
lation functional®® (Dassault Systemes BIOVIA). The details
of the calculation are as follows: SCF tolerance threshold:
1 x 10°° eV per atom; core treatment: all electrons were
included in the calculation; basis set: DNP; basis file: 4.4.

3. Results and discussions

First, the melem, MT, and melon samples used in the following
experiments were obtained by a synthetic method based on
previous study,” and the obtained samples were confirmed to
be the target materials by X-ray diffraction method (XRD) and
other methods. The data of the XRD of the melem, MT, and
melon samples we obtained are shown in Fig. S1 in the ESL¥

3.1. Differences in delayed luminescence due to different
degrees of polymerization of CN compounds

Transient PL decay for melem, MT, and melon was measured to
investigate the cause of the high quantum yield of melem.
Melon is a typical example of CN compounds that are active
under visible light, and Fig. 1(a) shows that it is formed from
the layered polymerization of a 1D polymer with melem as a
unit. MT is a small molecular weight CN compound obtained
from thermally polymerizing melem, and, as shown in Fig. 1(a),
it is an oligomer consisting of 4 linearly linked melem units.
In this section, we discuss how different degrees of polymeriza-
tion result in different luminescent properties.’

The emission lifetime of PL produced by a transition process
is defined as 7, the PL intensity at ¢ = 0 s is 4, and PL intensity

This journal is © the Owner Societies 2022
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Fig. 2 Transient PL decay of melem, MT, and melon powdery samples. t
represents the average fluorescent lifetime of the fast and slow compo-
nents of each sample. The dots represent the experimental data and the
solid lines represent the fitted results. The vertical axis is a logarithmic
scale.

after ¢ s is I(¢). In reality, PL can be considered as consisting of
the contributions from multiple components with different
lifetimes owing to several different transition processes; thus,
if there are n luminescent components contributing to the PL,
the PL intensity can be obtained as follows:

(1) = ZAp([) 1)

where 4; and ; are the intensity at 7 = 0 s and the lifetime of the
component, i, respectively. Fig. 2 shows that the slope of the
transient PL decay for melem, MT, and melon changes with
time, indicating that multiple components contribute to the PL.
Based on eqn (1), the number of the components can be
determined by the change in slope of the decay curve. Using
eqn (1), the analysis of the experimental results for each sample
are fitted, and the results are shown in Fig. 2. The results can be
explained by combining components with fast and slow life-
times. The initial intensity and emission lifetime for both
components, the prompt component with a short lifetime
and the delayed component with a long lifetime are A, 4,, 14,
and t,, respectively, and the results of the analysis are shown in
Table 1.

Fig. 2 shows the results of the transient PL decay measurements
of melem, MT, and melon. t represents the average emission
lifetime of the fast (Prompt) and slow (Delay) components for each

Table 1 Initial emission intensities, A; and A,, the lifetimes, 1, and t,, and
the fraction of the PL components, R, and R4 of the prompt and delayed
components of melem, MT, and melon calculated using the analysis fitted
using the least-squares method

Prompt Delay
Sample Ay 7,/n8 R, A, T,/ns Ry
c-Melem 2793 31.5 0.29 803 266 0.71
MT 221 3.23 0.54 38 16 0.46
Melon 241 2.43 0.60 44 9 0.40
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sample. 7 is calculated using eqn (2):*!
A 2 2
- 177 + A273 D)
Aty + Ar1o

The results show that PL decay becomes faster, and the emis-
sion lifetime decreases in the order of melem, MT, and melon.
In particular, melem has an emission lifetime of several hundred
nanoseconds, which is much longer than the lifetime of ordinary
fluorescence (several tens of a nanosecond) and an extremely long
lifetime compared with MT and melon.

The results in Table 1 also show that the value of 7, for
delayed luminescence decreases as the polymerization degree
increases from melem to MT and melon. The weighted
averages, R, and Rq, are expressed in eqn (3). R, and Ry are
the relative ratios of emission intensity 4; at ¢t = 0 s for each
component for i = 1 and 2, respectively; because we performed
the fitting analysis with two components, R, represents the
fraction of prompt component with a short lifetime and Ry
represents the fraction of delayed component with a long
lifetime. R, and R4 are calculated using the values in Table 1,
and the delayed component accounts for approximately 70% of
the total luminescence, which is the majority of the lumines-
cence of melem. The values of R, and Ry are listed in Table 1.

Am 3)

R.— Az‘rz
L Aty + Ay’

4= Aty + Azt

The origin of the delayed luminescence remains unclear, but
similarly delayed luminescence has been reported in previous
studies.*'*'> However, a previous study reported that the
absolute PL quantum yields of melem, MT, and melon are very
different, with the quantum yield of melem being very high
compared with others.” This trend is consistent with the trend
in the emission lifetime shown in Fig. 2. Thus, the difference
between the emission lifetimes of MT and melon is not as large
as the difference between them and melem, which is similar to
the trend in the change in the PL quantum yield. In general,
delayed luminescence increases the number of photons
observed for longer periods, and there is a direct relationship
between delayed luminescence and higher PL quantum yields.
Therefore, the delayed luminescence of melem may signifi-
cantly contribute to its high PL quantum yield.

3.2. Effect of triplet quenching material on luminescence
properties

Delayed luminescence is generally observed in transitions
between states with different spin multiplicities. Therefore,
we investigated whether the triplet-excited state was involved
in the emission process of the delayed luminescence of melem.
The changes in the PL quantum yield and emission lifetime
caused by bubbling oxygen, a triplet quencher,>>* into a
melem solution (superdehydrated DMSO) were investigated.
The ground state of oxygen is a triplet, but there is an excited
singlet state with very low energy (Egingiec = 95 K] mol~'); thus,
molecules in the triplet-excited state with energies above Egjngiet
are efficiently quenched by the exchange mechanism. Bubbling
oxygen into the solution causes a change in the emission

Phys. Chem. Chem. Phys., 2022, 24, 23602-23611 | 23605
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Fig. 3 (a) Transient PL decay of air, N, bubbling, and O, bubbling melem
solutions. The vertical axis is a logarithmic scale. The initial luminescence
intensity was normalized to 3000 counts. The solvent for the melem
solution was superdehydrated DMSO. (b) PL spectra of air, N, bubbling,
and O, bubbling melem solution samples. The vertical axis represents the
PL emission intensity, with the peak at 320 nm because of photoexcitation.
(c) PL spectra of c-melem and melem in DMSO solution (melem solution;
N> bubbling). The peak around 320 nm is caused by photoexcitation.
@ represents the PL quantum yield of each sample and is summarized in
Table 2.

lifetime owing to the nonradiative deactivation of excitons
in the excited triplet state of melem. To evaluate the optical
properties with and without oxygen, 3 samples were prepared
in the following order, sample with oxygen bubbling (O,
bubbling), sample without bubbling (air), and sample with
nitrogen bubbling (N, bubbling). Bubbling with N, gas can
remove the oxygen originally dissolved in the melem solution.*
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Table 2 Absolute PL quantum yields, @, and average emission lifetimes,
7, of c-melem, MT, melon and melem solution (Melem soln.) samples, N,
bubbling sample, air sample, and O, bubbling solution sample. c-Melem,
MT, melon were the powdery samples. The values of t were evaluated
from the emission lifetime measurements in Fig. 2 and 3

Sample /% ’/ns
c-Melem 77.7 176
MT 10.4° 9.1
Melon 7.4° 5.1
Melem soln. (N, bubbling) 66.8 330
Melem soln. (Air) 24.7 158
Melem soln. (O, bubbling) 5.8 35

? The absolute PL quantum yield was obtained by integrating the PL
spectral intensity at wavelengths between 330 and 600 nm.? The
wavelength of the excitation light is 340 nm and the measuring
wavelength is 370 nm.

The emission lifetime and intensity measurements are shown
in Fig. 3 and the PL quantum yields for each sample are
summarized in Table 2.

Fig. 3(a) shows that the emission lifetime and PL quantum
yield decrease in the order of the amount of dissolved oxygen,
that is, O, bubbling, air, and N, bubbling. These results
indicate that the delayed luminescence of melem involves an
emission process via triplet-excited states. Furthermore, com-
paring the results for N, bubbling and O, bubbling confirm
that the PL quantum yield of melem is improved by approxi-
mately 60% owing to the emission process through the triplet-
excited states. These results indicate that the emission process
involving triplet-excited states is a major factor in the high PL
quantum yield of melem. From Fig. 3(a), the slopes of the
spectra of air and N, bubbling change after a delay of approxi-
mately 0.1 ps. This shows that the PLs of these samples have 2
components: prompt and delayed emission components.
Oppositely, the spectrum for the O, bubbling sample has a
single slope, indicating that it has only a prompt emission
component. From this result, the luminescence of the O,
bubbling sample is considered to be that of the S;-S, transition
and the PL quantum yield calculated from the experimental
results is @(S1-Sg) = 5.8%.

Fig. 3(b) shows the PL spectra for O, bubbling, air, and N,
bubbling samples. The shape of the PL spectrum does not
depend on the presence or absence of an emission process via
the triplet, this is more clearly shown in Fig. S2 in the ESI,¥
confirming that the delayed luminescence is not a room-
temperature phosphorescence. This is because, generally, lumi-
nescence changes from fluorescence to phosphorescence,
changing the shape of the spectrum and emission wavelength.
This suggests that the prompt and delayed emission compo-
nents observed in the spectra of the air and N, bubbling
samples in Fig. 3(a) are emissions from the transition that
produces fluorescence. Therefore, the delayed luminescence of
melem is attributed to the delayed fluorescence that is respon-
sible for its high PL quantum yield. Furthermore, comparing
the prompt emission component of the luminescence of O,
bubbling with that which appears in the emission lifetime
spectra of the air and N, bubbling samples in Fig. 3(a), the

This journal is © the Owner Societies 2022
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slopes of the prompt component versus time do not coincide.
This may indicate that the transitions that produce the prompt
component of the air and N, bubbling samples may involve
intersystem crossings (ISCs) between the higher-order T, states
and S;.

3.3. Differences in the luminescence properties of melem
powders and solutions

In this section, the luminescence properties of melem powder
and solution are compared. The measurements were performed
in solution to avoid the formation of aggregates and to evaluate
the luminescence properties of isolated melem molecules. In
the PL measurements shown in Fig. 3(b), the concentration
of the solution sample was adjusted such that the absorbance
value of melem is maintained at approximately 0.4 at 320 nm of
the wavelength of the excitation light. As shown in Fig. 3(c),
comparing the wavelengths of the maximum intensities of the
PL spectra, the melem solution (N, bubbling) has a longer
wavelength (6 nm) compared with c-melem, resulting from the
solvent effect of DMSO, a polar solvent.>® As shown in Table 2,
a comparison of the PL quantum yield values of c-melem and
melem solution (N, bubbling) evaluated using PL measure-
ments show that the PL quantum yield of c-melem is 10.9%
higher. This difference in quantum yield can be explained by
considering intermolecular interactions in the crystalline state.
Intermolecular interactions, such as hydrogen bonding, sup-
press nonradiative deactivation of the excited state of mole-
cules after light absorption because of their inhibitory effect on
molecular rotation and vibration. This phenomenon is a type of
aggregation-induced emission (AIE), which does not emit light
in dilute solution but emits strongly in the solid or aggregated
state. Consequently, in some cases, the PL quantum yields
differ between the solution and crystalline states.’”*® The
crystal structures of c-melem are shown in Fig. 4(a) and (b).
In the be-plane of the c-melem crystal, strong hydrogen bonds
exist between melem molecules and n-stacks of melem mole-
cules in the a-axis direction.® The NH---H hydrogen bond
between the hydrogen atom of a melem molecule and the
nitrogen atom of a neighboring melem molecule is a strong
enough intermolecular interaction to inhibit molecular motion
and deformation to some extent. Therefore, the PL quantum

(b)

Fig. 4 (a) Crystal structure of melem. (b) Arrangement of melem mole-
cules in the bc-plane of melem crystals. The gray dotted lines in the figure
represent intermolecular hydrogen bonds. In the crystal, a melem mole-
cule forms 8 hydrogen bonds with 5 surrounding melem molecules.
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yield of c-melem is considered to be higher because the hydro-
gen bonds and other intermolecular interactions suppress
molecular motions, such as rotation and vibration, thus redu-
cing nonradiative deactivation.

3.4. Mechanism of the delayed luminescence of melem

Delayed fluorescence has been observed in heptazine deriva-
tives with a heptazine skeleton similar to that of melem and has
been reported to exhibit TADF.>'>* TADF is produced by a
mechanism in which excitons that are photoexcited to the S;
level and subsequently deactivated through the ISC to the T,
level transition back to the S; level through thermal upconver-
sion via T; — S; reverse ISC (RISC), and generate fluorescence
via the S; — S, transition. Compared with the normal S; — S,
transition, TADF transitions between states with different spin
multiplicities in the emission process result in delayed fluores-
cence. To achieve high efficiency in TADF materials, RISC must
be induced efficiently, and its rate, kgisc, must be faster than
the nonradiative deactivation rate, k., of the T; — S, transi-
tion. Therefore, kgisc must be increased to satisfy this condi-
tion; krisc can be expressed using eqn (4) and (5):

AEST)
k = Aexp| — 4
RISC P( keT (4)
_ $ilHsol ¢y
A~ ALss (5)

where AEgr is the energy difference between S; and Ty; Hso
represents the spin-orbit interaction; ¢; and ¢ are the wave
functions of the initial and final states of the transition,
respectively. From these equations, to obtain a large kgisc, AEsr
must be small. AEgr is twice the value of the exchange integral
between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) and depends
on the degree of spatial overlap between the HOMO and LUMO.
To reduce AEgr, the overlap between HOMO and LUMO must
be small. Therefore, the basic design of TADF molecules is
based on structures with intramolecular donor-acceptor (D-A)
moieties or D-A molecule pairs.'®?° This is because charge
transfer (CT) transitions have small exchange integrals between
wave functions, yielding a small AEgy. The energy gap, AEgr,
between S; (n,n*) and T, (n,n*) tends to be smaller because the
overlap integrals of the wave functions of the n and n* orbitals
are smaller.”” In the heptazine skeleton, the HOMO and LUMO
are localized on the nitrogen and carbon atoms, respectively,
resulting in a smaller AEsr because of the high orthogonality
between the HOMO and LUMO.

Regarding melem, the energy difference between the singlet
and triplet states of the nn* transition is expected to be small
owing to the small spatial overlap between the n and n*
orbitals. Fig. 5(a) shows the wavefunctions of the HOMO and
LUMO of melem. As shown in Fig. 5(a), similar to other
molecules with heptazine skeletons,”>*> melem also has a
small AEgr, since the HOMO and LUMO are localized at the
nitrogen and carbon atoms, respectively. Fig. 5(b) shows the
Jablonski diagram of melem obtained by density functional
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Fig. 5 (a) Wave functions of the HOMO and LUMO of the melem
molecule. The blue and yellow parts represent different wavefunction
signs. (b) Jablonski diagram of the isolated melem molecule. The numbers
represent the excited state energy measured from the ground state energy
in eV. The descriptions in parenthesis indicate the configuration of the
molecular orbitals.

theory (DFT) calculations that confirms that the energy difference
between S; and Ty, AEs r,, is indeed small (0.1 eV) and compar-
able with that of other molecules exhibiting TADF. Since the
energies of S; and the second-lowest triplet-excited state, T,, of
melem are also very close, an ISC from S; to T, upon thermal
excitation is also expected. To increase the value of the coefficient,
A, expressed by the overlap integral in eqn (5), the symmetry of the
wavefunction, ¢;, of the initial state and the wavefunction ¢y
of the final state must be significantly different according to the
El-Sayed rule."” For example, electronic transitions between ortho-
gonal electron orbitals, such as n-orbitals (p., p,) and n-orbitals
(p), are more likely to allow spin-forbidden transitions through
spin-orbit interactions. Based on the El-Sayed rule, the (1nm*)
configuration of S; and the (3nn*) configuration of T, indicate
that the transition from S; to T, is a spin-allowed transition via
spin-orbit coupling and ISC from S; to T, becomes possible.
Indeed, several examples have been reported in which TADFs
involve T, slightly mixed with the S; state through spin-orbit
interactions or hyperfine coupling.*’~*® This indicates that TADF
is one of the likely causes of delayed luminescence in melem.

Fig. 6(a) shows the temperature dependence of c-melem PL
intensity. Regarding fluorescent materials, higher temperatures
induce more intense molecular motions, such as vibration and
rotation, increasing the rate of nonradiative deactivation and
decreasing the PL intensity."® However, for TADF materials, as
the temperature increases, the T;-S; transition is promoted,
increasing the PL intensity.'®* Fig. 6(a) shows that the PL
intensity of c-melem decreases with decreasing temperature.
In particular, the PL intensity decreases rapidly from above
room temperature to room temperature; therefore, the PL
intensity of c-melem increases thermally. From these results,
it can be concluded that TADF is the origin of the high PL
quantum yield of melem.

The wave functions involved in the transition of MT fluores-
cence may provide a clue as to why the delayed component
decreases with increasing degree of polymerization as discussed
in Fig. 2. As shown in Fig. S3 in ESI,} the wavefunctions involved
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Fig. 6 (a) Temperature dependence of c-melem PL intensity. The vertical
axis is the integrated intensity of the PL spectrum from 325-525 nm. The
data were acquired 3 times at 15, 20, and 25 minutes after the sample
reached the target temperature. (b) Arrhenius plot of PL intensity of
c-melem. The vertical axis is the natural logarithm of the average intensity
of c-melem in (a). The horizontal axis is the reciprocal of temperature. The
dotted lines represent the fitted results. The data could be fitted separately
in two temperature regions and were fitted in dotted lines A and B. E, in the
figure represents the activation energy calculated from the slope of the
line A. (c) The PL component, represented by A, is identified as TADF, while
B is due to normal fluorescence and phosphorescence.

in the transition for the fluorescence from MT have a small spatial
overlap. As discussed above, in general, a small overlap of the
wavefunctions tend to give a small AEs 1 and is favorable for
TADF, while the transition dipole moment is dramatically
reduced. Therefore, if the overlap between the wave functions is
excessively small, the delayed component is expected to decrease
because the rate of the fluorescence emission process is reduced
and the rate of nonradiative inactivation is increased.

Fig. 6(b) shows the Arrhenius plot of PL intensity of
c-melem.”® The slope of the line clearly changes after room

This journal is © the Owner Societies 2022
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temperature (7' ~ 3.5 x 1072 K™). Fitting the straight line at
temperatures above room temperature with straight line A
yields an activation energy E, = 31.2 £+ 10.4 meV, which can
be considered to correspond to the activation energy of T;-S;
transition as shown in Fig. 6(c). This value is equivalent to the
thermal energy at room temperature and comparable to E, of
other TADF materials.” In contrast, at temperatures below
room temperature, the temperature dependence of PL intensity
is very slight; E, = 0.87 £+ 0.19 meV. This result shows
the emission pathway changing from T;-S; to the normal
fluorescence from the S;-S, transition and phosphorescence
from the T,-S, transition shown in Fig. 6(b), which will be
discussed later.

Fig. 7 shows the PL decay curves of c-melem in the time
range up to 1.0 ps measured at various temperatures. The slope
of the prompt component of the PL decay curve up to 0.1 ps in
Fig. 7 significantly depends on the temperature. At 98 K, the PL
decay curve slope is smaller than at 348 K, and it increases with
increasing temperature. This indicates that the value of &k,
which is the rate constant of the prompt component, increases
with temperature. In general, k, and kq, which is the rate
constants of the delayed components, are expressed by the
following equations:*>>'~>?

1
kp = i(ks +kisc +krisc +k"

+ \/(kS +hkisc +krisc +kT)?—4(kSkrisc + (kS + kISC)kT)>
(6)

1
kq = E(ks + kisc +krisc + kT

- \/(kS +hisc +krisc +KT) =4 (kSkgisc + (kS + kISC)kT)>

)

Here, k% = k£ + k3, and k" = k} + k.. kisc represent the rate of
ISC, i represents the radiative deactivation constant from the
S; state, and k3, represents the nonradiative deactivation con-
stant from the S, state. k! is the radiative deactivation constant

T T T T T T T T T T

Transient PL decay

104 £

102 |

Intensity (arb. units)

101

Time / s

Fig. 7 Transient PL decay curve of c-melem as a function of temperature.
The vertical axis is on a logarithmic scale. The initial intensity of lumines-
cence is normalized to 100 00 counts.
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from the T, state and k., is the nonradiative deactivation
constant from the T; state. Assuming the relationship, &° +
kisc » kpisct KT that is generally known for TADF materials,
eqn (6) can be expressed simply as follows:**

kp = ks + kISC' (8)

In cases where the shape of the PL spectrum of the prompt
component is independent of temperature, the values of k¥ and
k; can be considered temperature-independent.”*>® In fact,
there are known TADF materials, such as a series of carbazolyl-
dicyanobenzene-based CT molecules, in which &° is indepen-
dent of temperature.”>*®> Thus, if there is no temperature
dependence on k%, the temperature dependence on kp can be
attributed to the temperature dependence on kisc.

In general, the transition from the initial state to the
intermediate or final state caused by light absorption requires
the system to overcome a barrier at the intersection of two
potential energy surfaces. The transition from the S, state to the
T, state is also caused by the crossing of the potential energy
barrier. In the high-temperature region, thermal energy makes
the system more likely to exceed the potential barrier between
S; and Ty, resulting in a larger kisc value, whereas, in the low-
temperature region, the system is unable to exceed the
potential barrier between S; and Tj, resulting in a smaller kisc
value. Therefore, in the high-temperature region, the slope of
the prompt component up to 0.1 ps in the PL decay curve
becomes steeper because of the larger value of k;; in contrast,
in the low-temperature region, it becomes slower owing to the
smaller value of k,.>*

The spectral shapes of the PL spectra of c-melem measured
at 82 K and 298 K shown in Fig. 8(a) are similar but not
identical; the PL spectrum at 298 K has a broad peak at
363 nm, while the PL spectrum at 82 K has a peak at 366 nm.
Additionally, the shape of the PL spectrum at 82 K is narrower
than that measured at 298 K. This can be attributed to the
suppression of molecular vibration at low temperatures. As the
temperature decreases, the width of the distribution of the PL
spectrum is suppressed because the molecule no longer occu-
pies highly vibrational excited states, and the transitions
between excited and ground states that cause deexcitation
become limited. The ratio of the c-melem PL intensities at
366 nm and 363 nm shown in Fig. 8(b) indicates that the ratio
of the intensity at 366 nm increases at lower temperatures. The
peak wavelength of the PL spectrum shifts to 366 nm at lower
temperatures, although the shape of the spectrum does not
change significantly. This shift in the peak wavelength is
thought to indicate a change in the PL component, indicating
that the fluorescent component is reduced, and the phosphor-
escent component is enhanced as the temperature is lowered.
Therefore, at lower temperatures, upconversion from T; to S; is
no longer possible, resulting in phosphorescence being
observed. Several examples of similar phenomena have been
reported, such as molecules that no longer exhibit TADF and
become phosphorescent at low temperatures.>"**°° In general,
the T, state of the molecule is lower in energy than the S; state;
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Fig. 8 (a) PL spectra of c-melem measured at 82 K and 298 K. The
intensity of each spectrum is normalized to the respective maximum
intensity. (b) The ratio of the PL intensity at 366 nm to that at 363 nm
for PL spectra at each measuring temperature.

thus, phosphorescence originating from the T;-S, transition
has a longer PL wavelength than that originating from the S;-S,
transition. However, regarding melem, the Jablonski diagram
shown in Fig. 4 shows that the energy difference between S;
and T, is very small, approximately 10 nm, which is consistent
with the small peak wavelength shift observed in Fig. 8(a) to an
enhancement in the phosphorescence component. The shift in
the peak wavelengths of the PL spectra measured at 82 K and
298 K in Fig. 8(a) may be caused by the enhancement in the
phosphorescent component with a decrease in temperature,
in addition to the temperature-dependent effect of ISC, as
described above.

4. Conclusions

In this study, the specific luminescence mechanism of melem
was elucidated and the origin of the high PL quantum yield was
investigated. The melem solution was bubbled with oxygen,
which is a triplet quenching agent, and its optical properties
were investigated. The PL quantum yield and emission lifetime
of the melem solution were significantly reduced by bubbling
oxygen to quench the triplet state, indicating that the triplet-
excited state was involved in the luminescence mechanism.
DFT calculations also revealed that the energy difference
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AEs 1, between S; and T; of melem is small (0.1 eV) and
comparable to that of other molecules exhibiting TADF.
Furthermore, measurements of the temperature dependence
of the PL intensity of melem showed that the PL intensity of
melem decreased with decreasing temperature. Thus, the PL
intensity of c-melem increased thermally. These experimental
results indicate that melem is a TADF material whose PL
quantum yield is considerably enhanced by upconversion from
the triplet to the singlet excited state upon thermal activation.

The PL quantum yield of c-melem was approximately 10%
higher than that of the solution state. This is because, in
c-melem, there are many intermolecular interactions between
melem molecules. Intermolecular interactions, such as hydro-
gen bonds, tend to suppress molecular motions, such as
rotation and vibration of the molecules, preventing the non-
radiative deactivation of the excited states of the molecules
after light absorption.

Understanding the origin of the high PL quantum yield of
melem, which is a basic molecule, should afford important
insights for the future development of light-emitting materials
for OLEDs.
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