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Chapter 1

Introduction



1. 1. Background

1. 1. 1. Organic light emitting devices (OLEDS)

Because we live in a society where electrical infrastructure has been well-
developed, applications run by electricity are essential to our daily life. As an amount of
communication traffic increases year by year,! display devices are desired to extend their
presence to unconventional places such as blank walls, glasses,? and body surfaces.®
Organic devices have high potential for such kinds of applications because of their
flexibilities.

Organic electroluminescence (EL) was first reported from an anthracene crystal
with the thickness of dozens of micrometers by applying extraordinary high voltage such
as 1000 V in 1963.* After the single crystal studies, various thin film devices had been
examined in 1970th to 1980th® and in 1987, C. W. Tang reported an impressive bilayer
organic light-emitting diode (OLED),® demonstrating ~1000 cd m with a low driving
voltage of 5 V. After this report, the OLEDs have attracted extensive attention for display
and lighting applications because of /‘ “
their unique characteristics such as

Cathode (reflective €<

mechanical flexibility, transparency;,

and solution processability in
ole gransport layers

H

addition to the high EL efficiency’ arectrode)
Anode (transparent

Moreover, high contrast and fast

response are suitable for use in

displays and large-area surface  Figure 1-1. Illustration of a basic three-layer

emission is suitable for use in OLED.



Chapter 1
1. 1. Background

lighting applications.®

Nowadays, flat or flexible panel displays utilizing OLEDs have been popular and
the market has been rapidly expanding.® Figure 1-1 shows one of the basic OLED
structures, called a bottom-emission type OLED. This bottom type device archetecuture
has been commonly used at laboratory scale because of its easy-to-fabrication. The
OLEDs consist of stacked thin uniform layers with the thickness of equal to or less than
sub-micrometers to produce EL with practicable driving voltage, even though organic
amorphous films have low charge carrier mobilities of about 10°-10° c¢m? V1 110
OLEDs show light emission when electrically generated excitons deactivate to the grand
state from the excited states. The excitons are generated by the reconbination of electron-
hole pairs injected from an anode and a cathode, respectively. To obtain efficient
luminescence from a light emitting layer, the structure of OLEDs has been developed to
incorporate various functional layers. Generally, a hole transporting and an electon
transporting layers adjacent to the light-emitting layer are formed to transport charge
carriers from the electrodes to the emitting layer.** To confine charge carriers and excitons
in the emitting layer, blocking layers are also inserted between the emitting layer and the
transporting layers.'>'® Moreover, carrier injection layers, inserted at the interfaces
between transporting layers and electrodes, help reducing the driving voltage of the
devices.!* Further, in the light emitting layer, a host-guest system, dispersing emitters into
a host matrix, can be introduced to improve efficiency.!® Insufficient energy confinement
resulting from the mismatched energy difference between the emitter and the host or the
adjacent layers causes unexpected exciton deactivation.'® Therefore, the host matrices and
adjacent layers should have higher energy gap than that of the emitter. The host is also

required to have a good spectral overlap between the emission of the host and the
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absorption of the guest molecule to induce efficient energy transfer to guest materials.*’
Applying bipolar carrier transportability to host matrices by mixing two or more types of
materials also helps achieving ideal bipolar carrier transport and successive carrier
recombination.!® Furthermore, the encapsulation of OLEDs with inert gas is favorable to

prevent undesired reactions with the atmospheric constituents.®

1. 1. 2. Parameters of light emitting performances and decay rate constants of excitons

When an  electronically 1
H H | excited state
excited organic molecule relaxes, the 08 -
. .. . |
relaxation processes are divided into _ °° |
o o s
two types. A process with light i :
|
v
emission is called as a “radiative” T s
ground state
decay process and the process without 8.0001 0001 001 0.1 1 10 100 1000 10000

kem/knr
emission is called a “nonradiative”
Figure 1-2. The relationship between ®em and

decay process. The total exciton . /k.,. Inset: Illustration of the relaxation

decay rate constant kita, Which process of an exciton.

means transition probabilities per time from excited states, is the sum of the individual
rate constants of all decay channels as below:

kiotat = ki + ko + ... +kn =2 k; . (1-1)

An exciton decay lifetime (z) and a quantum vyield (&) of a certain pathway of the
molecules are connected to the rate constants.

=1/ kiotat = 1/ (Kem + Kar) , (1-2)

@ =k/kwota =k/Zki=k/z. (1-3)

Here, the relationship between an emission efficiency (®em) and a ratio of the rate
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constants of radiative (kem) and nonradiative decay processes (knr) is illustrated in Figure
1-2.

Dem = Kem / (Kem + Knr) = Kem / 7. (1-4)
The rate constants of organic emitters are one of the fundamental indicators for evaluating
exciton dynamics, photoluminescence (PL) and EL performances. Understanding of
exciton dynamics in emissive organic materials is essential for the development of high-
performance organic light-emitting applications such as OLEDs,?° bioimaging probes,?

and organic long-persistent luminescence.??

1. 1. 3. Spin formation and exciton harvesting in OLEDs

A possible electron spin multiplicity of excitons, M, resulted from bimolecular
reactions between different species is expressed as below:?

M = 25 + 1, (1-5)
where S is the total spin angular momentum of unpaired electrons (£ 1/2) of excitons. The
reaction between different species, A and B, through an encounter complex is expressed,

"A+"B =2 mn (AB) — Product , (1-6)
where m and n represent the spin multiplicity of A and B, respectively, and the product
mn gives the number of possible spin states of the encounter-pair AB. Because two
doublets, hole and electron pair, recombine in the emitting layer of OLEDs, the exciton
can be formed as four types of pair states, one is a singlet and other three are triplets.
Because three-quarters of electrically generated excitons are directly formed in a triplet

state, harvesting triplet excitons is crucial to enhance OLED efficiency.?*

1. 1. 4. Triplet harvesting materials for OLEDs

Transition probabilities between different energy levels are controlled by the

-5-
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production of three transition factors.?

Total transition factor f =fexf, x s, (1-7)
where, fe, fv, and fs represent transition factors based on an electronic factor, Franck-
Condon (i.e., vibrational) factor, and spin factor, respectively. While the transition
between a lowest excited single state (S1) and a ground state (So) is strongly allowed, the
transition between a lowest excited triplet state (T1) and So of pure organic aromatics are
forbidden due to the small value of fs. Thus, harvesting triplet excitons as light emission
are not easy under normal conditions. However, the forbidden transitions become
partially allowed by perturbations such as vibronic and spin-orbit coupling. Some organic
aromatics are known to show phosphorescence with the transition from T1 to Sp at low
temperature.?® Since the nonradiative deactivation factors of triplet excitons are easily
suppressed at low temperatures, the slow radiative process of phosphorescence can
exceed the nonradiative deactivation pathway, resulted in the appearance of
phosphorescence emission.

Generally, the phosphorescence emission decreases with increasing temperature
(T) because the temperature-dependent knr from T1 (knr"(T)) becomes larger than the rate
constant of phosphorescence (kphes). Therefore, most aromatic molecules show no room-
temperature phosphorescence (RTP). Therefore, to observe RTP from organic molecules,
Kphos Should be larger than kn" at room temperature (k' (RT)).

One effective approach for harvesting triplet excitons as emission is the
enhancement of kpnos. Introducing heavy atoms like bromine,?” iridium,?® and platinum?®
enhances both ISC and Kpnos through the spin-orbit coupling due to “heavy atom effect”
which is proportional to the fourth power of the number of nuclear charges (Z). So far,

such a mechanism has been adopted to practical OLEDs to maximize internal quantum
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efficiency?®®

and in fact Ir(ppy)s derivatives have been widely used for display
applications.® In this case, the materials are designed to be shortened the exciton lifetime
to the order of micro-second. However, there some critical issues to overcome for these
emitters. A decrease of EL efficiency at high brightness, called “roll-off”, results from
exciton-exciton and exciton-polaron annihilations is caused by the accumulation of triplet
excitons.3! Further, exciton reactivity leads to luminance degradation of OLEDs,*? which
is especially critical in highly excited energy regions, i.e., blue emitters, because
decomposition of materials and the successive exciton quenching by the decomposed
products are likely to occur.3*34

Therefore, recent advanced OLEDs often contain blue subpixels based on triplet-
triplet annihilation or fusion (TTA/TTF) emitters, which can improve the efficiency with
the enhancement of the device stability.®® According to Schemes (1-5) and (1-6), two

encountered triplets can produce nine different configurations of the encounter-pair, one

is a singlet, three are triplets and five are quintets.

IM*+3M* 2 5(M -+ M) * (1-8)
2 3(M M)* N SM* +1M (1_9)
2 IM = M)*  — IM* +'M  (1-10)

Generated singlet contributes to fluorescence and generated triplets can be recycled into
these processes. As a result, 15% more singlets can be generated, in addition to 25% of
originally generated singlet excitons.3%

Recently, effective electron-photon conversion has also been achieved by thermally
activated delayed fluorescent (TADF) emitters.®® The TADF mechanism, which was
firstly discovered in Eosin Y had been significantly developed to aim for electrical

excitation, resulted in ultimate efficiency.®” In fact, an endothermic intersystem crossing
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pathway from Ty to S (reverse intersystem crossing, RISC), led to delayed fluorescence,
resulted in the harvesting triplet excitons under room temperature with nearly 100%.3®
The relationship between krisc and AEst shows an exponential relationship.

Krisc o< A x exp (-AEst/ ksT), (1-11)
where A is a pre-factor, AEst is the energy gap between Si and Ty, and kg is a Boltzmann
constant. For designing efficient TADF emitters, the energy difference (AEst) between Sy

and T1 should be minimized to accelerate Krisc.

1. 1. 5. Suppression of nonradiative deactivation pathways

Suppression of a nonradiative deactivation pathway also contributes to improve
®em and this idea can be useful not only for OLEDs,* but also for various applications
such as long-lived room temperature phosphorescence (LL-RTP),?%% TTA upconversion,**
and optical gas sensors.*?

EL from OLEDs containing carbonyl compounds as a phosphorescent emitter
driven under low temperature had been reported.** However, the OLEDs required high
driving voltage under the low temperature at which kphes can compete with kn'(T),
because charge carrier mobilities in organic semiconductors strongly depends on
temperature due to their thermally activated hopping conduction mechanism.**

The total ko' (T) of emitting materials can be divided into two components of an
internal factor (Knrint' (T)) and an external factor (Knrext' (T)).2%2

Knr' (T) = Knrint' (T) + Knrex' (T). (1-12)
The rate constant knrint' (T) is related to the product of fe, fy, and fs. Here, fy corresponds
to the square of the vibrational overlap of initial and final states, showing an exponential

relationship with the energy gap between the states (AE):*°
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fv o exp (-AE) . (1-13)

Generally, high-frequency C-H stretching vibration strongly affects fy and the

substitution of the hydrogen atom by deuterium can reduce this value.*® This can be

explained by the relationship between an energy gap between the vibrionic states (AEvin)

and effective mass (mesf), which is increased by deuteration.

AEvip o mest 2, (1-14)
Mett = My Mc / (My + mc) . (1-15)
Since deuteration greatly T
1
affects mesr, AEvio becomes smaller
S0
and the number of vibrational quanta v=m v=n
(v) of So, reaching to Ty, increases.
AEvib AEvib ’®‘
At higher v value, the overlap 0
V=

integral of the two states decreases
due to an increase of the number of
nodes in the wavefunction, resulting
in the cancellation of the positive
and negative contributions (Figure

1-3).

Figure 1-3. Schematic illustration of the
deuteration effect. Franc-Condon factor of C-D
(right) is smaller than that of C-H (left).

The rate constant, knrext' (T), can be further divided into several factors (Figure 1-

4), for example, aggregation induced quenching caused by oxygen quenching (kqo2

T

(T)),* concentration quenching or phase separation (kaig" (T)),*® energy transfer from the

triplet energy level of emitters to the triplet energy level of energy acceptors (ker' (T))®

and diffusional motion of the matrix (kairt" (T)),?%

Knrext' (T) = kg,02" (T) + Kaio" (T) + ket (T) + Kairt' (T) +... . (1-16)

-9-
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(a) Oxygen quenching . (b) Aggregation induced quenching

77 K RT

. (c) Energy transfer . (d) Diffusional motions of host matrices

/N/\B En= 2626V (g

*, Er;=2.56eV ! 1
AN | A '_ Awo
sdhe PMMA iyt

Ery=2.42eV

Figure 1-4. Schematic illustration of the nonradiative deactivation factors of triplets
caused by a) oxygen quenching, b) aggregation induced quenching, c) energy transfer,
and d) diffusional motion of the host matrices.

&

In solution, kqo2" can be predominant over other deactivation pathways even
though Ir based complexes are used as an emitter.*® Molecular oxygen (O2) is well-known
to quench triplet emitters easily because O has a low-lying singlet excited state from a
ground triplet state.>® In other words, triplet generators, especially from photo-excitation,
can provide effective sensitizers for singlet oxygen.>* Many studies about RTP support
that Oz quenching plays a critical role in the vanishment of phosphorescence.??2% Further,
in solid states films used in OLEDs, kaig" (T) can be kept to be a smaller value when the
emitter is doped in a host matrix at a low concentration of 0.5 ~ 2 mol%. On the other
hand, at the high concentration of emitter molecules or a phase separated condition
between emitter molecules and host matrices, it results in exciton-exciton annihilation or
aggregation induced low-energy lying excimer formation. In addition, ker" (T) becomes

larger when impurities contaminated during manufacturing processes or fabrication

-10 -
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procedures present nearby the emitting molecules. In phosphorescence based OLEDs, the
incomplete device structures having host matrices or carrier transport layers with low Ty
energy also cause endothermic energy transfer under room temperature.'® Further,
thermally diffusional motions of host matrices, leading to an enhancement of Kqitt™ (T),

also reported to quench triplet excitons with increasing the temperature.??

1. 2. Purpose and outline of this study

The purpose of this thesis is understanding the nonradiative decay processes of
excited states aimed for triplet harvesting as light emission and their applications.

When evaluating the photophysical characteristics of molecules, kem can directly
reflect the probability of a radiative transition from the lowest excited state to the ground
state, So, whereas knr is represented as the sum of the remaining non-radiative electron-
transition probabilities. In case of deriving deactivation rate constants only from optical
measurements, although various types of noncoupled paths, such as vibration-induced
quenching, concentration quenching, and energy transfer should be considered, knr cannot
be decomposed into each component. As mentioned above, when kyr is large enough to
compete with kem, clarification of the dominant factor of knr and its suppression is crucial
to improve the light-emission abilities of emitters. In particular, triplet excitons are
sensitive for nonradiative events and are easily quenched because Kpnos Or Krisc is normally
much smaller than kn' because of the spin-forbidden nature of the transition at room
temperature. Figure 1-5 and Table 1-1 summarize the activation and deactivation

processes in organic molecules focused in this study.

-11 -
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A
| v |
| () () C)-T1
l K. Kiicc I
| :
| :
| :
V v Vv
S0
kflu knr kphos kan

Figure 1-5. Schematic illustration of activation and deactivation processes in organic
molecules.

Table 1-1. Summary of transition rate constants in this study.

Rate constant  Initial state Final state L'igr'mt Trip'let harvesting
radiation in OLEDs

Kl Si So y
Kphos T1 So v y

Kisc S: To

Krisc T1 S; y

Knr® S S

Knr " T, S

-12-



In Chapter 2, | demonstrated
long-lived phosphorescence at room
temperature

(LL-RTP) resulting

from the suppression of the
nonradiative deactivation of triplet
excitons in conventional organic
semiconducting host—guest systems
(Figure 1-5). The nonradiative

deactivation  pathway  strongly

depends on the triplet energy gap

energy

Chapter 1

1. 2. Purpose and outline of this study

Reverse energy transfer

AE; 1, s0.5eV —_— @Ejﬂ -
: o0
knr, host(T)%: r@
. Z_ v 00— SRR
@O0 T, : |
H 1 Tl EP
kp knr,guest(T) : .
v v
Sy So

LL-RTP guest
ko< 100 st

semiconducting
host

Figure 1-5. Schematic illustration of Chapter 2.
Investigating the dominant quenching factor in
afterglow OLEDs.

between the guest emitting molecules and the host matrices (AEti-11°). The triplet energy

gap required to confine the long-lived triplet excitons (~0.5 eV) is much larger than that

of conventional host—guest systems for room temperature phosphorescent emitters. By

effectively confining triplet excitons, | demonstrate long-lived room temperature

phosphorescence under both optical and electrical excitation.

In Chapter 3, | investigated

nonradiative  decay  behavior,

including internal and external
exciton quenching processes of
various types of TADF materials in
solution (Figure 1-6). Under air-
saturated conditions, both the
lowest singlet and triplet excited

states of almost all TADF materials

mprompt

AQy0,°

(oM AD, ;"

vy

TADF molecules

Figure 1-6. Schematic illustration of Chapter 3.
Investigating quenching pathways of TADF.

-13 -
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showed oxygen quenching. | carefully studied the effect of oxygen quenching for both
singlet and triplet spin states to develop a method for determination of the triplet
contribution to the total photoluminescence quantum yield from the transient
photoluminescence profiles. Furthermore, | observed a clear energy gap law for the

internal nonradiative processes.

Finally, in Chapter 4, the thesis is summarized and prospects are discussed.

-14 -
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Long persistent phosphors are widely commercialized as glow-in-the-dark paints
for watches, indicators, emergency lights, and afterglow safety lamps and are being
explored for use in in vivo bioimaging since the emission can be observed long after
excitation.? Presently, this long-lasting emission is realized by an inorganic system of
alkali aluminate (Sr, Al, O) doped with rare earths (Europium and Dysprosium),? which
exhibits emission over 10 hours through the trapping and detrapping of photo-generated
charge carriers. However, the inorganic phosphor alkali aluminate contains rare elements
and requires very high fabrication temperatures over 1000 °C.2 Moreover, this inorganic
system requires photo-excitation in the ultraviolet region, the intensity of which is very
weak in general modern lighting such as from light-emitting diodes (LEDs) and organic
LEDs (OLEDs).

Some organic aromatics are also well-known to show long-lived emission called
phosphorescence. While pure organic aromatic compounds have an intrinsically long
phosphorescence lifetime exceeding a second, it is not obtained under conventional
environmental conditions because of the presence of facile nonradiative deactivation
processes from triplet states. Triplet excitons on organic molecules easily deactivate at
room temperature because of the presence of thermally activated nonradiative pathways.

The approach for making RTP observable by the enhancement of kpnos as introduced
in chapter 1, makes the emission lifetime is also very short. In contrast, minimization of
knr' (T) by using pure aromatic compounds and rigid host matrices also enables RTP.
Many approaches, like host—guest systems,® clathrate compounds,* mixed crystals > and
metal organic frameworks (MOFs),”® have been reported. Because of the lack of

enhancement of kpnos, this type of RTP persists for durations on the millisecond to second
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Figure 2-1. Conceptual illustration of afterglow OLEDs. a) Deactivation lifetimes
compared between conventional OLEDs and afterglow OLEDs. b) Deactivation
images of afterglow OLEDs.

order as a result of the long lifetime of the triplet excited states. Although the RTP duration
from aromatic molecules is far shorter than that from inorganic system, organic RTP has
some advantages, such as easy color tunability, ON/OFF switching ability,’ and
biocompatibility by molecular modification. Further, the presence of triplet absorption
can be utilized for reverse saturable absorption ° and is expected to have applications in
nonlinear optics.

Such long-lived RTP (LL-RTP) may be useful for afterglow lighting as an
alternative to afterglow fluorescent lamps, which are widely used for residential lighting
because they emit a faint glow even after the power supply is switched off. In the case of
afterglow OLEDs, long-lived emission can be obtained in the form of
electroluminescence (EL) from an organic LL-RTP emitter layer without requiring an
extra layer of inorganic phosphor to produce photoluminescence (PL), making such
devices attractive for future lighting applications. Furthermore, dual emission of both
fluorescence and phosphorescence is another possibility to harvest all singlet and triplet

excitons for light emission. Such a system may have advantages over phosphorescent and
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TADF emitters, because it can exhibit two different emission colors from a single emitter
molecule, leading to white OLEDs with one kind of emitter (Figure 2-1).

Effective molecular design guideline for LL-RTP from host—guest systems was
investigated by Hirata et al. using hydroxysteroid.!* The hydroxyl steroid host provides a
rigid amorphous environment for guest emitters, which minimizes the nonradiative decay
of the long-lived triplet excitons. However, hydroxysteroid is one of the few host matrices
shown to suppress all the host-related quenching factors at ambient conditions. While
afterglow OLEDs could be realized by introducing an organic LL-RTP emitter layer into
an OLED structure, almost all of the LL-RTP host materials reported to date are electrical
insulators because their nonaromatic backbones or containing hydroxyl functional groups.
Hydrophilic functional groups usually result in electron traps in semiconducting
devices.!? To realize afterglow OLEDs, we need to investigate a wide variety of host
matrices to understand the host-related quenching process in more detail.

This chapter presents LL-RTP from aromatic emitters doped into well-known
organic semiconducting host materials. | investigated the dependence of the LL-RTP
lifetime on the glass transition temperature (Tg), the triplet energy (Et1) of host matrices,
and sample temperature. I demonstrate that the triplet energy gap between the emitting
materials and the host matrix (AEri-11°) plays an important role in LL-RTP. These results
are important for the confinement of long-lived triplet excitons in organic semiconducting

devices.®?
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2. 2. 1. Dominant factor of kn:" under room temperature

Figure 2-2a shows the
aromatic hosts used in this study,
most of which are commonly used in
OLEDs. The deuterated organic
phosphor DMFLTPD-dss (Fig. 2-2b)
1 was mixed with these hosts with
the concentration of 1 wt% and films
were formed using melt casting. The
room-temperature phosphorescence
decay profiles of these mixed films
are shown in Fig. 2-2c. The films
with B-estradiol, DPEPO, PPT, mCP,
and mCBP hosts showed LL-RTP
while those with TrisPCz, TPD, and
a-NPD hosts showed no LL-RTP.
For each

doped film, the

(a) Host molecules
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@ p-estradiol @ DPEPO @ PPT
QLD @ @
sSagliNata
@ mcp ® mCBP O

g g O @ rrspcz

@TPD ® o-NPD

(b) LL-RTP guest molecules

Ao P o
AL -0 e
O S0 O-b W
@ DMFLTPD ® DPADBC © coronene

(c) Conventional RTP guest molecules

4

SN

!
= N/ \N/ ‘
S J X
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Figure 2-2. a) The molecular structures of
hosts, b) LL-RTP guests and c) conventional
phosphorescent guests used in this chapter.

phosphorescence lifetime (zpnos(T)) was calculated from the first-order exponential fitting

of the emission decay profile, and the phosphorescence quantum yield (@phos) Was

calculated from the product of the total emission quantum yield (®wta) and the ratio of

the integrated phosphorescence spectrum to the total integrated emission spectrum (Table

2-1).
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Figure 2-3. Transient room temperature phosphorescence decay curves of
DMFLTPD-dze with the dopant concentration of 1 wt% in various host matrices.

Table 2-1. LL-RTP lifetime, triplet energy level, and glass transition temperature of host

and guest materials.

Properties of materials

Properties of doped films

Property Er1 AET1T0 Ty Tphos(T) Dyotal Dphos! Drotal Dy Dphos
(unit) eV eV K S % % % %
DMFLTPD 2.509 - - - - - - -
B-estradiol 3.20 0.7 313 1.81 57.4 375 35.9 215
DPEPO 3.20 0.7 367 1.72 50.0 314 34.3 15.7
PPT 2.98 0.48 380 1.50 20.3 68.3 6.4 13.9
mCP 2.85 0.35 339 0.71 41.2 10.3 37.0 4.2
mCBP 2.82 0.32 365 0.45 41.3 10.8 36.9 4.4
TrisPCz 2.65 0.15 427 N.O.D 28.5 0.0 28.5 0.0
TPD 2.40 -0.10 333 N. 0.9 35.2 0.0 35.2 0.0
a-NPD 2.30 -0.20 372 N.O.? 24.1 0.0 24.1 0.0

a) measured in frozen 2-MeTHF solution, b) Not observed.
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Although the concentration of guest emitter DMFLTPD-dss was constant, the zpnos
(T) values varied greatly depending on the host molecules (Figure 2-3 and Table 2-1),
indicating that the nonradiative decay process is affected by the host molecule. The rate
constant of the total nonradiative decay from the triplet excited state (ko' (T)) can be
divided into components from the guest (Knr.guest' (T)) and host (Knrhost' (T)) as follows:*

Knr™ (T) = Karguest” (T) + Kncost! (T). (2-1)

In organic glasses, knrnost' (T) caused by oxygen quenching was investigated

using some emitters, such as Ir(ppy)s, PtOEP, and DMFLTPD-dze (Fig. 2-2c), having
different kphos from each other. While Ir(ppy)s showed virtually no changes of the
phosphorescent component, PtOEP showed a decrease of ®phos and zpnos. (Figure 2-4
and Table 2-2). For DMFLTPD-dze, the phosphorescent emission was disappeared
under the air. knrnost' (T) contributed by oxygen quenching in mCP was confirmed to be
2.6 x 10% st through the evaluation of PtOEP doped in an mCP film. Here assumed that
@ of intersystem crossing from Sy to T1 (@isc) of PtOEP is 100%. Compared with Kpnos
of the LL-RTP emitter, which has less than 10° s, this value is enough large to quench
its phosphorescence.

When aiming to use LL-RTP emitters in OLEDs, the effects of concentration
guenching and oxygen quenching can be avoided by using a low concentration of guest
molecules and measuring under vacuum conditions. Thus, the main origin of nonradiative
decay of triplet excited states is either thermal diffusional motion or reverse energy
transfer. To investigate these two factors, | evaluated the thermal and photo-physical

properties of the semiconducting host molecules.
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Figure 2-4. Transient phosphorescence decay curves of a) DMFLTPD-dzs, b)
PtOEP, and c) Ir(ppy)s doped mCP films in the absence and presence of O».

Table 2-2. Phosphorescence lifetime and PLQY of phosphors doped in mCP.

Tphos Dphos
compound air N2 air N2
DMFLTPD-dss N.O.°P 0.71s N.O. P 0.042
PtOEP 72.8 ps 94.2 us 0.44 0.53
Ir(ppy)s 1.05 ps 1.13 ps 0.90 0.91

b) Not Observed
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Figure 2-5. Low temperature phosphorescence spectra of a) LL-RTP guests in 2-
MeTHF and b) amorphous organic semiconducting hosts formed by melt-cast method.

The glass transition temperature (Tg) of each host was examined using differential
scanning calorimetry (DSC) and is shown in Table 2-1. All the T4 values are above room
temperature, indicating that the hosts can form amorphous films at room temperature. The
energy level of the lowest triplet excited state (Et1) of each host was estimated from the
onset of the phosphorescence spectrum (Figure 2-5) obtained from an amorphous film at
77 K (Table 2-1). The phosphorescence spectra of the guest emitter molecules
DMFLTPD-dss and deuterated diphenylaminodibenzo[g,p]chrysene (DPADBC-dzs),
which is discussed later, were obtained from 2-methytetrahydrofuran (2-MeTHF)

solution at 77 K.
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Figure 2-6. The relationship between zpnos(RT) and a) Tq or b) AEri-ti' using
DMFLTPD-dss doped films.

Based on these results, we could not find a correlation between Tg and zpnhos(RT),
indicating that the triplet exciton lifetime does not depend on the thermal stability of the
organic semiconducting host matrix (Figure 2-6a). In contrast, the zphos(RT) value was
strongly dependent on the Et1 of host matrix (Figure 2-6b). The Et1 gaps between host
and guest (AET1-1°) are summarized in Table 1. Although the Et1 gap between mCP (2.85
eV) and DMFLTPD-dss (2.50 eV) would generally be considered sufficient for preventing
quenching in OLEDs, the zphos(RT) was 0.71 s. In the case of DPEPO (3.20 eV), zphos(RT)
increased to 1.72 s. These results indicate that reverse energy transfer from triplet state of
guest to host is the main factor for the nonradiative decay of triplet excitons and that a
large AETi-71° is required to reduce this process. To confirm this triplet energy transfer
process, mixed host matrices of p-estradiol or DPEPO (3.20 eV) and mCBP (2.82 eV)
with various concentrations were investigated (Figure ex2-1, Appendix). Although
7phos(RT) was almost constant for concentrations of mCBP below 10 wt%, zphos(RT)

drastically decreased for concentrations of mCBP over 10 wt%. This can be explained by
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improved Dexter energy transfer from T of the emitter to the T1 of mCBP because of a
shorter distance between them without greatly modifying the matrix rigidity.

The LL-RTP behavior was also

S5 100
examined for vacuum-deposited & melt-casted
> * B-estradiol
. D = DPEPO
films to check the dependence of the & PPT
@
L . € 101 Vacuum deposited
fabrication process (Figure 2-7). = vacuum deposited
2 o DPEPO
k) PPT
Both the amorphous melt-casted GEJ’
B 10
glass films and the vacuum-deposited 10
°
@ B .
films show almost identical emission -% Py % o SR
c Rt S ¥
decay profiles, indicating that the & 10°% ——————————t——
Z 0 5 10 15
preparation method has no critical Time (s)

influence. Figure 2-7. Transient phosphorescence decay

To understand the thermal curves of melt-casted films (closed symbols)

and vacuum deposited films (open symbols).
activation of the reverse energy

transfer from guest to host molecules, the phosphorescence decay curves of DMFLTPD-
dse doped into B-estradiol, DPEPO, PPT, mCP, mCBP, and TrisPCz glass films were
obtained at 5-400 K (Figure ex2-2, Appendix). The calculated zpnos(T) as a function of
the reciprocal of temperature are shown in Figure 2-8a. The zphos(T) values in the low
temperature region below 150 K were almost equal for all of the hosts. In contrast, zphos(T)
rapidly decreased as temperature increased above temperature thresholds that show a
correlation with the Er1 of the host molecules. The nonradiative deactivation rates (Kn"
(T)) were calculated from the temperature dependence of zphos(T) and are plotted in Fig.

2-8b.
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Figure 2-8. a) Temperature dependence of zpnos(T). b) Temperature dependence of Knr'
(T). c) Energy diagram of the materials and the radiative, nonradiative, and energy
transfer scheme.

In the low temperature region, all of the host—guest films exhibited a first-order

exponential decay of kn" (T) in the range of 103 to 10~ s™. This region can be attributed

to the nonradiative deactivation of the guests Knrguest' (T) because most of the host

matrices show similar trends. By increasing temperature, kn." (T) rapidly increased at

certain temperatures that again correlate with the Et1 of the host molecules. This increase

can be assigned to the nonradiative deactivation of the host knrnost' (T). Because the

knr(RT) of mCP, mCBP, and TrisPCz were much larger than the kpnes Of the emitter
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Figure 2-9. Transient decay profiles; a) optically excited, b) electrically excited
phosphorescence decay curves and c) EL spectra during (blue) and at different times
after (red) excitation of DPADBC-dzs.

DMFLTPD-dss (4.8 x 1071 s71 ), the triplet excitons in these host—guest films were
deactivated by the host molecules and exhibited a shorter zphos(T) at 300 K. Because the
knrhost' (T) value is related not to Tgy but the sample temperature, the main deactivation
pathway can be ascribed to the thermally assisted reverse energy transfer from the T1 of
the guest to the Ty of the host (Fig. 2-8c). From these results, | conclude that Knrnost' (T)
is dominant at room temperature and that a very large AEt1-11> of around 0.5 eV is required
to confine the long-lived triplet excitons.

To confirm the effect of AEti11> on LL-RTP, | also investigated a lower Et:
emitter of deuterated LL-RTP emitter (DPADBC-dzs) ®* (Fig. 2-2b). The Emi for
DPADBC-d»s of 2.20 eV obtained from the phosphorescence spectrum in 2-MeTHF
solution at 77 K is much lower than that of 2.50 eV for DMFLTPD-dss (Fig. 2-5). This
lower Et1 value of the emitter results in a large AET1-t1 when paired with most of the host

molecules. Figure 2-9a shows the emission decay curves of DPADBC-dzs doped into fil
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Figure 2-10. Relationship between zphos(RT)

and AEritir using DPADBC-dys and the
(Figure 2-10). These results indicate hosts.

decay profiles at room temperature

the contribution of knrnost” (RT) in these hosts is sufficiently small because of a large AET-
11 Of over 0.6 eV. The zpnos(T) values decreased with decreasing AEr1-11' in the hosts of
TrisPCz, TPD, and a-NPD. Thus, a very large AEti-11 of around 0.5 eV is essential to
prevent the reverse energy transfer of long-lived triplet excitons from guest to host. This
required AEri-11° values are much larger than the conventional host—guest energy gap of
0.1-0.2 eV used in conventional OLEDs.'* Based on the Boltzmann statistics, the energy
gap of 0.5 eV corresponds to a significant difference of two states’ population of ~10°.
Thus, vibrational coupling between guest and host molecules and the local fluctuation of
their molecular energy during very long triplet lifetime would enable the guest to host
energy transfer.

Furthermore, the experimental data between zphos(RT) and AEritr using
DMFLTPD-dss and DPADBC-d2s as the guest were compared with the equation (2-2, 3).
Here, Knrhost' (RT) was assumed to be based on an Arrhenius equation considering

Boltzmann distribution.
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tphos(T) = 1/ (Kphos + Korguest' (T) + Karnost' (T)) (2-2)

Knrhost' (T) = A x exp(-AEr-11 /kgT) . (2-3)

(Kphos + Knrguest' (RT)) was presumed by the reciprocal value of zphos(RT) using B-estradiol

as the host. Each plot did not match with any A value (Figure ex2-3, Appendix). To

deepen understanding the mechanism of reverse energy transfer from guest to host, more

precise models incorporating the effect of the nonradiative deactivation from T1 to Sp of

host matrices or the cycle of forward and reverse energy transfer between host matrices
and guest emitters should be considered.

Because of most of the semiconducting host—guest films exhibited LL-RTP, we
examined their operation under electrical excitation with the aim of achieving afterglow
OLED:s. In case of DMFLTPD-dse, optimization of an OLED with the hosts used here is
difficult because of the high Et1 needed for the surrounding layers, so only DPADBC-d2s
was considered. An OLED containing DPADBC-d2s doped in mCBP as the active layer
was fabricated by vapor deposition and operated by applying short voltage pulses of 50
us. The structure of the OLED was composed of the multi-layers of ITO (100 nm),
TrisPCz (30 nm), mCBP (10 nm), 1 wt% DPADBC-d2s: mCBP (30 nm), PPT (40nm), LiF
(0.8nm), and Al (100 nm). Although the OLED exhibited green emission mainly derived
from fluorescence of DPADBC-d2s during pulse duration, | obtained orange afterglow
emission attributed to the phosphorescence of DPADBC-d2s when the applied voltage
was turned off (Fig. 2-9c¢). The transient electroluminescence decay curve shown in Fig.
2-9b was almost identical to the photoluminescence decay curve of DPADBC-d2s doped
in mCBP because of the small contribution of Knrnost' (RT) derived from the large AET:-
11. Although triplet energy confinement is very important for harvesting the triplet

excitons as emission, our results indicate that the required AEt1-t1- value depends on the
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lifetime of the triplet excitons. A conventional AEtiti- of 0.1-0.2 eV is enough for
emitters having short triplet lifetime but would be not sufficient for some triplet-related
emitters having longer triplet lifetimes, such as emitters utilizing long-lived

phosphorescence or thermally activated delayed fluorescence (TADF).

2. 2. 2. Maximization of triplet exciton lifetime of guest molecule
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Figure 2-11. The photoluminescence profiles of film; the PL spectra a) during
excitation and b) after stopping excitation, and c) decay curve after stopping excitation.

To maximize zpnos OF afterglow emission, deuterated coronene-di» (Et1 = 2.46 eV,
Figure ex2-4, Appendix) was introduced as an emitter, which exhibited LL-RTP of over
20 s doped in a polymethylmethacrylate film.'® Coronene-di2 was obtained by deuteration
of coronene-hy2 in mixture solvent comprising D20, cyclohexane and 2-propanol under
an ordinary atmosphere. Figure 2-11 presents the PL profiles of coronene- di» doped in a
DPEPO film at a concentration of 1wt% at room temperature. Because of the highly
symmetrical (Den) chemical structure and pure m-n* transition of coronene-di2, the
phosphorescence decay constant was minimized, and it exhibited sharp fluorescence and
phosphorescence. A long zpnes(RT) of 21.1 s was observed with coronene-di» doped in a

DPEPO. knr"(RT) = 7.6 x 103 s and Kghos = 4.0 x 102 s * was obtained from temperature
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dependent PL measurement because of the small Kpnos and Knrguest' Originated from
coronene-diz and Knrhost' DY securing enough AET1-t1-. ®phos Was calculated to be 12.7%
from @t OF 39.7%. This host-guest pair can be installed to emitting layer of OLEDs to

achieve effective afterglow emission.

2. 3. Conclusion

In conclusion, | demonstrated that many conventional organic semiconducting
host—guest systems exhibit LL-RTP under optical and electrical excitation. | confirmed
that the main deactivation pathway of the long-lived triplet excitons under absence of
molecular oxygen is the reverse energy transfer from guest emitter to host molecule by
comparing the Et1 and Tg of the hosts and the radiative and nonradiative rate constants.
To minimize reverse energy transfer, long-lived excitons (Kphos < 10° s71) require a very
large triplet energy gap AEri71- of around 0.5 eV, which is a much larger value than in
conventional host—guest systems. Our results indicate that AET1-11° needs to be considered
when the emitters have long triplet exciton lifetimes, such as in the cases of long-lived

phosphorescence.

2. 4. Experimental methods

2. 4. 1. Preparation of samples

The compounds DMFLTPD-dss, DPADBC-dzs,'t PPT,'® and DPEPO " were
prepared as described in the literature while a-NPD, TPD, TrisPCz, mCBP, and mCP were
obtained commercially and purified by sublimation.

Deuteration of aromatic hydrocarbons

Coronene-hi2 500mg, 3wt% Pt/C 200mg, deuterium oxide 20mL, 2-propanol 1mL
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and cyclohexane 9mL were heated at 80 °Cfor 24 h. This reaction was repeated several
times until hydrogen of coronene was substituted for deuterium. After cooling, coronene
was extracted with toluene and filtered through celite®. After organic solvent was reduced
by evaporation, recrystallized and then filtered. The deuteration ratio was 95.8%.

Deuteration ratio was calculated from NMR spectra by using 1,4-dioxane as an
internal standard.

Glass samples were prepared by heating powders of the materials above the melting
point of the host materials on silicon or quartz substrates under nitrogen atmosphere and
then cooling down the samples to room temperature immediately. Guest molecules were
mixed with each host in a concentration of 1 wt% before annealing. Vacuum-deposited
films were fabricated on quartz substrates by thermal evaporation at a pressure lower than
1 x 1072 Pa.

An OLED was fabricated on an indium tin oxide (ITO) patterned glass substrate by
thermal evaporation at a pressure lower than 7 x 10~ Pa. The device was encapsulated in

a nitrogen atmosphere using UV-cured epoxy resin and a glass cover.

2. 4. 2. Characterization of properties of samples

Tq was examined by DSC (204 F1 Phoenix, Netzsch) under Na.

The temperature dependence of the transient photoluminescence characteristics
was measured using a photomultiplier tube and a multichannel analyzer (PMA-12,
Hamamatsu Photonics) under vacuum conditions. Samples were excited at 325 nm with
a He-Cd laser.

The ot Was measured using an absolute PL quantum yield measurement system

(Quantaurus-QY C11347-01, Hamamatsu Photonics) under argon gas flow with an
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excitation wavelength of 325 nm. The fluorescence quantum vyields (®ny) and
phosphorescence quantum yields (@pnos) Were determined from the emission spectra and
Droral as described in the literature. ™
Drotal = Dsiu + Dphos - (2-4)
The phosphorescence efficiencies of OLEDs were also determined by same method.
The total value of knr" (T) at each temperature was calculated using *
Knr' (T) = L1/7phos(T) — Kphos - (2-5)
Because the nonradiative decay of guest molecules at 5 K is presumed to be 0:
k' (5K)=0, (2-6)
Kphos Was calculated using
Kphos = L/zphos(5 K) . (2-7)
External quantum efficiency (neqe) — current density (J) and J — voltage (V)
characteristics were measured using a Keithley 2400 source meter and external quantum
efficiency measurement system (C9920-12, Hamamatsu Photonics). Transient
electroluminescence characteristics were measured using a photomultiplier tube and

PMA-12. The applied voltage was adjusted to 250 mA cm 2.
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3. 1. Introduction of Chapter 3

Organic molecules exhibiting thermally activated delayed fluorescence (TADF)
have been one of the important research fields to understand the exciton dynamics.!?
Because bright singlet excitons in purely organic molecules exhibiting TADF can access
dark triplet excited-states, generated excitons can decay nonradiatively through both
singlet and triplet excited-states. Excited states of emissive organic molecules undergo
various kinds of quenching phenomena such as vibration-coupled quenching depending
on their environmental conditions. Simultaneous suppression of knr and acceleration of
krisc 1S required to realize nearly 100% yield for triplet harvesting in delayed fluorescence.
Thus, investigation of nonradiative decay behavior in TADF emitters is worthwhile.

When the transient PL signals of TADF materials are measured, a second
exponential decay component can be observed unlike with fluorescent or phosphorescent
materials. The prompt component is a direct radiative transition from the lowest excited
singlet state (S1) to So after photoexcitation. This emission is related to the radiative decay
rate constant of fluorescence (knu) and generally has a high intensity because of its spin-
allowed transition. The delayed component is related to krisc and has weaker and longer
emission decay characteristics than those of fluorescence because of endothermic and
spin-flip processes from the lowest excited triplet state (T1) to S1. The delayed component
intensity and lifetime strongly depend on kiisc because the radiative decay rate constant
for the delayed component (Kqelay) can be described as Kaetay = Krisc X (1 = (Kisc / (Kfiu + Knr®
+ kisc)) + knr'. To calculate the rate constants of TADF materials from these characteristic
PL signals,®® it is necessary to separate the total quantum yield into prompt and delayed
components.®1% Acquiring two curves, i.e., prompt and delayed emission profiles,

requires high-performance measurement systems with wide dynamic ranges of five or six
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orders of magnitude for emission intensity and a nanosecond to a second for time scales.
One approach to estimate accurate prompt fluorescence/delayed fluorescence ratios
requires separate measurements for data on the different time scales.'**? Clarification of
nonradiative deactivation processes from singlet and triplet states separately can be
helpful to comprehensively determine all decay processes.

In this chapter, | investigated the activation and deactivation behaviors of typical
TADF molecules under different purged conditions to understand the nonradiative decay
channels. By analyzing the PL profiles, | observed oxygen quenching from both S; and
T, of TADF in solution. To understand the oxygen quenching effect, I calculated a prompt
fluorescence/delayed fluorescence ratio, even in TADF materials with very different time
scales, and the emission intensities of the prompt and delayed components. | also
compared the PL performances with those reported previously ° and identified the

nonradiative deactivation behaviors.

3. 2. Result and discussion

To assess the radiative and @ B ,
©\5N7h/© | (@) 2CZTRZ:RI=H,R? = b E

nonradiative deactivation processes é T e “‘ 5
{ | (@) DACT-I:Rl= R?= ©N© E

of various TADF molecules, Teesemmrmmmmmmmseseeeoooooooes

phthalonitrile- (PN) and triphenyl T
triazine-based  molecules  were

-------------------------------------------------------------

selected as model compounds and | ®)2CzPN (9 2CzPN () 2CzTPN _ :RI=R’=H :

_____________________________________________________________

their ~optical —properties Were | wacen @ capn @ 4caPN R R-H
(b) 4CzPN-Me , () 4CzIPN-Me , (d) 4CzTPN-Me :R!=

. | (b) 4CZPN-Ph , (c).4CZIPN-Ph , (d) 4CZTPN-Ph :Ri= .

measured.>'3* Figure 3-1 ShOWS i------oooon ool e

Figure 3-1. Molecular structures of the TADF

the TADF molecules used in this materials used in this chapter.
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study. In a non-polar solvent such as toluene with a dilute concentration condition, a
degradation of molecules resulted from an ionization or a radical formation is poorly
occurred. Thus, photo-activation and -deactivation processes were considered to proceed

cyclically.

3. 2. 1. Bimolecular exciton guenching

For each TADF molecule, lengthening decay lifetimes at the characteristic prompt
and delayed components and enhancement of the PL quantum yield (PLQY) were

observed with a change from an air- to No-saturated solution (Table 3-1).
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Table 3-1. Photo physical properties of TADF materials in toluene solution.

Tprompt,air ~ Tprompt,N2 Tdelay,air Tdelay,N2 Keiu knr, intT Kisc Krisc kq,OZS kq,OZT

compounds
ns ns us us 107st  10°st 107s! 105st 107s?  108st

2CzTRZ 6.58 8.47 N.O.® 87.9 9.89 0.08 191 0.04 3.41 -

3CzTRZ 6.12 7.58 N.O.® 64.2 11.2 0.12 2.02 0.05 3.15 -

DACT-II 8.79 12.7 N.O.® 5.42 4.82 1.48 3.06 0.60 3.49 -
2CzPN 15.2 25.8 N.O.® 177 1.37 0.05 2.50 0.03 2.69 -
2CzIPN 6.98 8.79 N.O.® 111 1.96 0.03 9.41 0.33 2.94 -
2CzTPN 15.4 23 N.O.® 179 2.26 0.03 2.07 0.04 2.15 -
4CzPN 9.41 11 0.348 13.8 1.19 0.09 7.89 4.82 1.55 2.80

4CzPN-Me 10.1 11.9 0.301 5.67 0.96 0.82 7.47 8.28 1.47 3.15

4CzPN-Ph 10.9 12.5 0.322 2.28 1.15 1.95 6.88 17.0 1.11 2.67

4CzIPN 11.5 14.6 0.347 4.57 1.52 0.12 5.32 9.29 1.87 2.67

4CzIPN-Me 10.7 13.2 0.286 2.66 1.74 0.62 5.86 13.7 1.71 3.13

4CzIPN-Ph 16.6 22 0.315 1.6 1.74 2.13 2.82 10.8 1.45 2.55
4CZTPN 6.17 6.6 0.612 2.59 2.92 0.55 12.2 17.2 1.05 1.25
4CzTPN-Me 5.85 6.4 0.299 1.61 2.49 3.81 13.1 15.1 1.47 2.72

4CzTPN-Ph 8.43 9.53 0.254 0.772 1.82 12.2 8.68 4.34 1.36 2.65

a) Not observed.
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Figure 3-2. Phosphorescence spectrum of O2(*Ag) using 4CzIPN as a singlet oxygen
photosensitizer.

As in our previous study,® 4CzIPN showed a dramatic increase in the delayed
component upon removal of dissolved molecular oxygen (O2) from the solution.
Furthermore, to evidently confirm the quenching of the triplets of the TADF molecule by
02, spectroscopic measurement of excited singlet oxygen, O2(*Ag), using 4CzIPN as a
photosensitizer was performed under the air atmosphere (Figure 3-2). The emission with
the peak around 1270 nm supports that photogenerated singlet excitons accessed to triplet
and quenched them in the presence of O,.1> However, slight increases in the prompt
components were also observed in all solutions. Figure 3-3 shows the PL decay profiles
of 4CzIPN and DACT-II, which had remarkably different decay behaviors. Here, |
determined the intrinsic PL quantum vyield (PLQY) under a degassed condition of a

prompt component (@prompt,Nz) from the product of @promptair multiplied by the emission

-45-



Chapter 3

3. 2. Result and discussion

(@ (b)

S 10° 100
8
1
§ 2 0s 10 P 0,7 = 68.0%
NC CN E
|
5 10 2
7 jij[ I T
7 S g1
g o Pq0,°= 4.8% 10°
S s
o= 10 4
0 20 40 60 0 5 10 15 20
Time (ns) Time (us)
() (d)
5 100 100 ¢
&) 7 i
> D05=18.8% | 101 |
Q £ 4 g 7 Do, =7.7%
N@ % 101k i q,
_ J £ 107}
el |
103 |
d L) g0} |
o .
O % 10
£
210-3....|...-|----..|_n..4._. 105 TR B AT SR arant ARt
0 20 40 60 80 0 5 10 15 20
Time (ns) Time (us)

Figure 3-3. Decay curves of a) the prompt component, and b) the delayed components
of 4CzIPN and c), d) DACT-II before and after purging with inert gas.

decay lifetime ratio of the prompt components under degassed and air-saturated
conditions  (zprompt,N2/Tprompt,air). The PLQY of the delayed component (@Ddelay) Was
determined by subtracting @prompt, N2 from the total PLQY. The zprompt 0f 4CzIPN changed
slightly from 11.5 ns to 14.6 ns when the solution was degassed. The decrease in PLQY
with O, (Adq02) was 72.8%, which was made up of 4.8% of singlet quenching (A®Pq,02°)
and 68.0% of triplet quenching (A®qo02"). For DACT-II, zprompt increased from 8.9 ns to
12.7 ns upon degassing and the A®q 02 of 26.5% was made up of 18.8% of Adq02° and
7.7% of A®q02". Interestingly, A®q0.° was greater than Adg 0" in this case. A previous
study focused on oxygen quenching from S; for 3CzTRZ.1® The 3CzTRZ in toluene
showed no delayed fluorescence and a fingerprint for population of the triplet state was

not observed at room temperature. The missing triplet feature could be attributed to ksy
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being four orders of magnitude @
5 100
larger than  kise. In our & ® 2CZTRZ N,
2 air
measurements, delayed % 10t L ® 3CZTRZ N,
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£ d
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Figure 3-4. a) Prompt and b) delayed transient
PL decay profiles of 2CzTRZ and 3CzTRZ
component in the group Il excited by flash lamp.

observed for the delayed

compounds. Thus, some singlet excitons are definitely quenched by O2. Previously,
oxygen quenching in many TADF materials has only been discussed for triplets because
of their long lifetimes. Here we note the linearity of the rate constant of oxygen quenching
from S1 and T1 (kq02>T) for the partial pressure of Oa. Both kq02° and kqo2" increase
proportionally to the partial pressure of O, from the atmospheric oxygen concentration to
100%, respectively (Table 3-1, 3-2 and Figure ex3-1, Appendix). Such quenching
behavior of singlet excitons by O could be explained by formation of a contact charge-

transfer (CCT) state between an excited molecule and O, which could occur via several
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processes:t’22

Table 3-2. Decay lifetimes of TADF materials in toluene after purging with Oa.

compound Tprompt,02 (NS) Tdelay,02 (US)
SHTO02 3.43 N.O.?2
DACT-II 3.98 N.O.2
2CzPN 5.98 N.O.?
4CzIPN 6.28 0.08

a) Not Observed

Table 3-3. Oxygen quenching rate constants of TADF materials in toluene.

air-saturated ° O,-Purged ® Ratio
compound  kqo2° (1) Kgo2' (51) Kkgo2® (1) kgo2' () (airquo‘zz)s(%) (ai:;gz;(%)
SHT02  3.15x10’ - 1.60x108 - 21.0 -
DACT-Il  3.49x107 - 1.72x108 - 20.6 -
2CzPN 2.69x10’ - 1.28x108 - 19.7 -
ACzIPN  1.87x107 2.67x10° 9.09x10" 1.18x10’ 20.2 22.6

b) under air-saturated condition. c) under O»-purged condition.
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Figure 3-5. a) The deactivation process from S; and T1 under air-saturated conditions
and b) the activation or deactivation rate constants of the TADF materials.

IM*+ 0, - (M - O)* — M +0Og, (3-1)
- SM* + 02 (*Ay), (3-2)
— 3M*+ 0y, (3-3)

where M * indicates an excited state of an organic molecule M. As shown in Scheme (3-
2), Oz is paramagnetic and known to quench fluorescence and enhance intersystem
crossing (ISC) process of emitters that have larger energy gap between S; and T1 levels
(AEst) than the Oz (*Ag) energy, which is equal to 0.98 eV.!® Although the AEst of TADF
emitters are not large enough to excite O, the rate constant of oxygen quenching under

air-saturated conditions from S (kq,02°) can be competitive with the sum of ks and the
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rate constant of 1ISC(kisc) in some TADF molecules by the processes of (1) and (3) (kq,02°
~ 107 s 1). These values are one order of magnitude greater than kq,02 from T1 (kg,02") and

the correlation can be explained by the spin multiplicity of CCT complexes as below:?*-

22

3M*+02 . S(M 02)* (3'4)
- 3 (M 02) * M+ 02 (1Ag) (3'5)
- 1 (M 02) * 1M+ O]} (1Ag) (3'6)

While three different types of CCT exciplexes are given from the combination of a
triplet exciton and O, singlet and/or triplet multiplicities, that are 1/9 to 4/9 of the total
CCT exciplexes can be the main quenching channel because of the multiplicity-allowed

transition (Scheme 3-6).

3. 2. 2. Intramolecular exciton quenching

On the basis of these results, the internal nonradiative deactivation pathways of the
triplet states, knrint', Of carbazolyl phthalonitriles were compared with their photophysical
properties. The calculated rate constants of the TADF materials are summarized in Fig.
3-5b and Table 3-1. In our previous study, the PLQY and tzgelay 0f 4CzTPN and its
derivatives decreased with substitution at the 3- and 6-positions of the carbazolyl groups
(Figure ex3-2, Appendix).® In the low singlet-energy region, such as red emission,
exponential correlation between knrini' and the energy level called the “energy gap law”
was observed. Figure 3-6 shows a plot of Karint' and Si1 at room temperature (Esi_rr)
estimated from the onset of the fluorescence spectra. This indirect relationship between
knrint' and Esi_rr can be explained by the fact that T1 at room temperature (Et1_rr) iS

close to Esy_rr because of its small AEst, especially for group I11 compounds. Although
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Figure 3-6. The relationship between Knrint' of carbazolyl phthalonitriles and Es_gr.
Inset: knrint'" of 4CzPN-Me with different solvents

group 111 compounds have relatively large kisc of around 10° s, 4CzTPN-Ph with the
lowest Esi_gr has a much larger Kurint' than krisc. Consequently, the molecular design of
red or near-infrared TADF emitters is more difficult than that of shorter wavelength
emitters.?® In the high singlet-energy region (> 2.8 eV), knrint' had a nearly constant value
of around 103-10* s™* for all emitters. This value will be caused by unexpected O, that
remains or unwarranted penetration even after careful purging with inert gas ([O2] =~ 1076
107" M) because of the diffusion rate constant in the solvent (kgirr = 101°s™* M™1). Smaller
Knrint' could hardly be observed in solution measurements.

The effects of environmental conditions, such as solvent polarization, on the Knrint"
were also investigated using 4CzPN-Me as a model emitter. The Knrint' of 4CzPN-Me
could be clearly distinguished from the quenching characteristics of O,. The selected
solvents were benzene, 1,3,5-methytilene, tert-butylbenzene, and chloroform. Here,
Esi_rr was stabilized in accordance with the polarizability of the solvents (Figure ex3-3,
Appendix).?* This solvatochromism is also subject to the energy gap law likewise the
effect of substitution at the 3- and 6-positions of carbazolyl groups shown in Fig. 3-6.

External effects because of environmental changes are expected to happen in solid state-
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like amorphous host—guest systems in films.

3. 3. Conclusion

In summary, | investigated intrinsic and extrinsic nonradiative deactivation
pathways, especially by O, from the excited states of organic molecules exhibiting TADF
in the presence and absence of oxygen conditions. | revealed that O strongly affected the
decay processes of not only triplets but also singlet excitons of TADF emitters despite its
small AEst. To evaluate the optical characteristics of TADF molecules in solution, oxygen
quenching from the exited singlet state should be considered because of competitive kqo2®
to kay and kisc processes. Compared with the conventional method, our method
incorporating the effect of kq,02° makes it easier to evaluate the rate constants of TADF
molecules even with large keau/krisc ratios of over 10*. Furthermore, TADF materials with
low singlet energies are subject to the energy gap law. In toluene, Knrint' Overcomes Krisc

when the energy is less than 2.3 eV.

3. 4. Experimental methods

3. 4. 1. Preparation of samples

All TADF compounds were prepared as described in the literature >34 and
purified by sublimation.

Sample solutions were prepared by dissolving the materials in the required solvents
to a concentration of 10° M. The toluene, benzene, and chloroform were used
spectroscopic grade. tert-butylbenzene and 1,3,5-methytilene were distillated before use.
After the initial assessment of PL characteristics of the solutions, the solutions were

purged with high-purity nitrogen (5N grade) in the quartz cell through the septum by a
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syringe needle for 30 minutes. To prevent evaporation of the solvents, the gases were
passed through the neat solvents before bubbling the solutions. After the degassing
process, the quartz cell was immediately encapsulated by Parafilm®. These operations are

conducted at 298 + 1 K.

3. 4. 2. Measurement of photophysical properties

PL spectra were measured using multi-channel analyzer (PMA-12 C10027-01,
Hamamatsu Photonics). Oz (*Ag) emission spectra were detected from the 107 M
solutions using an absolute photoluminescence quantum yield measurement system
(Quantaurus-QY Plus C13534-02, Hamamatsu Photonics) with an excitation wavelength
of 400 nm.

Emission lifetimes were measured using a fluorescence lifetime measurement
system (Quantaurus-Tau C11367-21, Hamamatsu Photonics).

PLQY of the solutions were measured under air and purged with nitrogen gas using
an absolute PLQY measurement system (Quantaurus-QY Plus C13534-02, Hamamatsu
Photonics) with an excitation wavelength of 360 nm. These measurements were carried
out at 298 + 1 K. A breakdown of @total INt0 Pprompt and Paelay Was calculated as follows:

Dprompt = Pprompt X Tprompt,N2 /Tpromptair , (eq. 3-1)
Delay = Drotal — Dprompt - (eq. 3-2)
Decay rate constants were determined by from their quantum yields and lifetimes

as described in the literature.”®

kprompt =1/ Tprompt,N2 , (eq. 3-3)
kdelay =1/ Tdelay,N2 , (eq. 3-4)
kfiu = Dprompt X Kprompt , (eq. 3-5)
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Kisc = (1 — Dprompt) X Kprompt , (eq. 3-6)
Krisc = Kprompt X Kdelay X @delay / (Kisc X DPprompt) , (eq. 3-7)
knr,intT = kdelay - ¢pr0mpt X Krisc . (eq. 3-8)

Here, knrint® is assumed to be 0 because prompt component showed virtually no

temperature dependence (Figure ex3-4, Appendix).
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4. 1. Summary of this thesis

In this thesis, | investigated nonradiative deactivate phenomena which compete
with the emission pathways in LL-RTP and TADF emitters as summarized in Figure 4-
1.

In Chapter 2, the quenching factors of LL-RTP emitters in organic semiconducting
hosts were studied. Oxygen quenching rate constant in organic semiconducting solid-state
films was determined to be around 10° s. This value is smaller than that in solution, but
quite larger than the rate constant of phosphorescence (kphos) Of LL-RTP emitters. Other
guenching factors were also investigated by changing the photophysical properties of the
host materials in the absence of O.. Under room temperature, an endothermic energy
transfer from an emitter to a host matrix was observed even with AETi-11- larger than 0.3
eV. The nonradiative rate constants of some host matrices, knrnost' (RT), Were exceeded
10° s%, leading to the quenching of guest phosphorescence.

In Chapter 3, quenching behaviors of TADF emitters in diluted solutions were
studied. Under the air-saturated condition, oxygen quenching rate constants for triplet
excitons of TADF molecules (kq02") in toluene solution were determined to be around
10° s, This value is one order of magnitude smaller than that of the singlet excitons
(kq02° ~ 107 s1). Thus, some TADF molecules have a comparative rate constant of the
prompt component, Kprompt (= Kfiu + Kisc), With kq.02°, resulted in a partial quenching of the
singlet emission. Further, the rate constants of reverse intersystem crossing (krisc) of TADF
emitters were observed in the range of kiisc = 10° to 108 s™%. Thus, according to the “energy
gap law”, I confirmed that kisc can be defeated by the rate constant of nonradiative

deactivation Knrint' When the energy is less than 2.3 eV.
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Figure 4-1. Radiative or nonradiative rate constants studied in this thesis.
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4. 2. Future perspective

Finally, I mention the future perspective of further triplet harvesting based on my
experimental results.

For LL-RTP emitters, the maximum lifetime length is intrinsically limited by 1/Kpnos
and the long lifetime triplets would induce reverse energy transfer to a host matrix or
upconversion into a singlet state. Thus, to obtain longer afterglow EL from OLEDs, other
novel scheme should be considered. For example, incorporating “organic long persistent
luminescence” (OLPL)! inspired by inorganic carrier trapping/de-trapping systems is one
of the possible candidates.

In particular, to realize highly efficient deep-red TADF emission, the design of
TADF molecules and OLEDs should incorporate further advanced concepts. For example,
the material having the adjusted localized excited (LE) triplet energy level as T1 2 can
reduce the nonradiative deactivation from the triplet states. (Figure 4-2a). T1 (LE) usually
has smaller knrint' than T1 (CT) due to the small transition factors of fs, and fy. For example,
non-deuterated DPADPC (DPADPC-hzs) in Chapter 2, using a dibenzo[g,p]chrysene unit,
exhibited Knrint (RT) = 5.9 x 10 st even with Et1 = 2.2 eV. Thus, the construction of
TADF molecule with the ETn(CT) > ET1(LE) energy level would realize highly efficiency
deep-red emitters. Further, the use of a TADF-assisted fluorescence (TAF) system®# is
also promising to enable deep-red emission (Fig. 4-2b). A TAF system can transfer the
energy from S; of a TADF molecule to S; of a conventional fluorescent molecule. This
can convert a dark triplet to a bright singlet without facing the problem of energy gap law.

Finally, 1 wish that the TADF measurement technique proposed in this thesis will
accelerate the screening of TADF materials, leading to the rapid development for the

practical use.
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Figure 4-2. Approach to obtain deep-red luminescence using TADF emitter. a) 3(LE)
is lower than 3(CT). b) TAF system with energy transfer mechanism from TADF
emitter into fluorescent emitter.
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Materials in this thesis

Chapter 2

2-MeTHF: 2-methyltetrahydrofuran

Coronene

DMFLTPD: 9,9-dimethyl-N? N’-diphenyl-N? N’-di-m-tolyl-9H-fluorene-2,7-diamine
DPADBC: N,N-diphenyldibenzo[g,p]chrysen-2-amine

DPEPO: bis[2-((oxo)diphenylphosphino)phenyl]ether

ITO: Indium tin oxide

Ir(ppy)a: tris(2-phenylpyridinato)iridium(II)

LiF: Lithium fluoride

PPT: dibenzo[b,d]thiophene-2,8-diylbis(diphenylphosphine oxide)

mCP: 1,3-di(9H-carbazol-9-yl)benzene

mCBP: 3,3-di(9H-carbazol-9-yl)-1,1'-biphenyl

PtOEP: Platinum octaethylporphyrin

TPD: N* N*-diphenyl-N* N*-di-m-tolyl-[1,1'-biphenyl]-4,4'-diamine

TrisPCz: 9,9',9"-triphenyl-9H,9'H,9"H-3,3":6',3"-tercarbazole

a-NPD: N* N*-di(naphthalen-1-yl)-N* N*-diphenyl-[1,1'-biphenyl]-4,4'-diamine

[3-estradiol
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1,3,5-Mesthylene

2CzIPN: 4,6-di(9H-carbazol-9-yl)isophthalonitrile

2CzPN: 4,5-di(9H-carbazol-9-yl)phthalonitrile

2CzTPN: 2,5-di(9H-carbazol-9-yl)terephthalonitrile

4CzIPN: 2,4,5,6-tetra(9H-carbazol-9-yl)isophthalonitrile

4CzIPN-Me: 2,4,5,6-tetrakis(3,6-dimethyl-9H-carbazol-9-yl)isophthalonitrile
4CzIPN-Ph: 2,4,5,6-tetrakis(3,6-diphenyl-9H-carbazol-9-yl)isophthalonitrile
4CzPN: 3,4,5,6-tetra(9H-carbazol-9-yl)phthalonitrile

4CzPN-Me: 3,4,5,6-tetrakis(3,6-dimethyl-9H-carbazol-9-yl)phthalonitrile
4CzPN-Ph: 3,4,5,6-tetrakis(3,6-diphenyl-9H-carbazol-9-yl)phthalonitrile
4CzTPN: 2,3,5,6-tetra(9H-carbazol-9-yl)terephthalonitrile

4CzTPN-Me: 2,3,5,6-tetrakis(3,6-dimethyl-9H-carbazol-9-yl)telephthalonitrile
4CzTPN-Ph: 2,3,5,6-tetrakis(3,6-diphenyl-9H-carbazol-9-yl)telephthalonitrile
Benzene

Chloroform

DACT-1l:  9-(4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)-N* N3 N® N®-tetraphenyl-9H-
carbazole-3,6-diamine

2CzTRZ: 9-(4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)-9H-3,9'-bicarbazole
3CzTRZ: 9'-(4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)-9'H-9,3".6',9"-tercarbazole
tert-Butylbenzene

Toluene
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Figure ex2-1. Relationship between znos(RT) or kn'(RT) of DMFLTPD-dss and the
doping concentration of mCBP in (a) B-estrasiol/mCBP (b)DPEPO/mCBP mixed

matrices.
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