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Chapter 1

General Introduction

1.1 Organic Light-Emitting Diodes (OLEDs)

Recently, organic light-emitting diodes (OLEDs) have been the subject of intense
development for application in next-generation displays and lighting due to their advantages of
wide viewing angles, light weight, improved brightness, and the possibility for flexible panels.

In OLEDs, excitons are forming recombination of holes and electrons. The excitons loss their
energy through the radiative decay process in an emitting layer (EML). In an
electroluminescence (EL) process, recombined holes and electrons generate excitons with four
different spin combination of one singlet (antiparallel spins) and three triplets (parallel spins).
Therefore, statistically, 25% of singlet excitons 75% of triplets excitons are formed, resulting
in different radiative decay processes (see more detail in section 1-2). The fundamental
structure of OLEDs with carrier flow are shown in Fig. 1-1. Hole are injected into the hole
conduction level (Ev) and electrons are injected into the electron conduction level (Ee) from
anode and cathode layers. We call this phenomenon the carrier injection. Successively, these
carriers are transported in hole-transporting layer (HTL) and electron-transporting layer (ETL)
and injected into the interfaces between the organic layers should be reduced. Here, in the
anode side, a hole-injection layer (HIL) having small energy gap to the work function of an
anode layer and a HTL which transports holes to an EML are introduced for effective hole
injection and transport to an EML. In the case of cathode side, an electron-injection layer (EIL)
having rather deep E. and an ETL with high electron mobility are introduced for effective
electron injection and transport. This multilayer structure of OLEDs can improve carrier
injection and transport efficiencies, resulted in recombination of holes and electrons in an EML.
Furthermore, electron- and hole-blocking layers (EBL and HBL) with low E. and Ev are widely
introduced for the charge balance of holes and electrons, preventing carrier leakage from an

EML to adjacent layers.



Figure 1-1. Operating process in OLEDs (HIL: hole-injection layer, HTL: hole-transport
layer, EBL: electron-blocking layer, EML: emitting layer, ETL: electron-transport layer,
HBL: hole-blocking layer, EIL: electron-injection layer).

The first study on OLEDs was reported in 1950 with Bernanaonose’s observation of
luminescence from organic dye-containing polymer thin films when applying a high alternating
current (AC) voltage. Successively in 1965, emission of blue light was observed from an
anthracene single crystal by applying a high voltage." During the study of these devices, the
recombination of holes and electrons was found to result in the generation of both singlet and
triplet excitons.? However, single-crystal OLEDs were unsuitable for display applications
because very high driving voltages are necessary for light emission. In 1982, OLEDs based on
a thin film of anthracene fabricated by vacuum deposition were shown to emit light at a low

voltage of 12 V.9

b)
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Figure 1-2. a) Structure of double layer OLED reported by C. W. Tang et al. b) Molecular
structures of tris(8-quinolinolato)aluminum(IIl) (Alq3s) as emitter and 4,4’-

cyclohexylidenebis[ V,N-bis(4-methylphenyl)benzenamine] (TAPC) as hole-transport



Further advanced studies on multi-layer OLEDs were reported by C. W. Tang et al in 1987.%
The OLED, using tris(8-quinolinolato)aluminium(IIl) (Alqgs) and aromatic amines as an ETL
(EML) and a HTL, respectively, and Mg:Ag as a cathode, exhibited luminance of 1000 cd A™!
at 10 V and an external quantum efficiency (#ext) of nearly 1% (Fig. 1-2). In later work, doping
of dicyanomethylene (DCM) and coumarin in an EML, the emission color was well controlled
with more than two times increase of 7ext.”)

In addition, not only small-molecular materials but also polymer materials are being applied
to thin-film OLEDs. In the early study using poly(vinylcarbazole) (PVK) as a host material,
basic operation of EL had been confirmed.® In 1990s, polymer OLEDs based on poly(p-
phenylenevinylene) (PPV) as an EML was reported by J. H. Brruoughes.” After that, various
studies on luminescent polymer materials including polyphenylenes and polythiophenes were
actively developed. In 1997, the first commercial application of OLEDs for a car radio system
was realized. Nowadays, OLEDs have been widely used in mobile phones, tablet computers,
lighting, and television. Since the first reports of OLEDs, various kinds of organic light-

emitting materials have been designed and synthesized.

1.2 Luminescence Mechanism of Organic Materials

1.2.1 Fluorescence and Phosphorescence

The luminescence phenomena in organic materials can be explained by the following
photophysical interpretation when the materials are excited by a light source. The absorption
of a photon in an organic material causes an electron to be excited from its So to an Si. After
photo-excitation, the excited electron losses its energy through photoluminescence (PL),
intermolecular energy transfer, intramolecular energy transfer, isomerization, or dissociation
(Fig. 1-3).Y The PL efficiency of organic materials are estimated by PL quantum efficiency
(@rL) which is defined as photons emitted per photons absorbed by molecules. The
luminescence can be more specifically described as fluorescence or phosphorescence. These
two emission processes can be distinguished by the lifetime of their luminescence (7). While ¢
for fluorescence ranges from 10 to 10 s,  for phosphorescence is much longer and range

from 10 to 10% s (Table 1-1).
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Figure 1-3. Relaxation routes of optically excited organic molecules.

Table 1-1. Transition time of absorption, internal conversion, intersystem crossing,

fluorescence, phosphorescence and thermally activated delayed fluorescence (TADF).

Transition time (s)

Absorption 10713
Internal conversion 10715 = 10710
Fluorescence 10°-10°
Intersystem crossing 10%-10°
Phosphorescence 10°—102
TADF 10— 1072




In the case of fluorescence, excited electrons relax directly from a singlet excited state (S1) to
So to produce light emission (Equ. 1-1). On the other hand, phosphorescence occurs from a
triplet excited state (T1), which is created by intersystem crossing (ISC) from Si (Equ. 1-2).
Since phosphorescence is a spin forbidden process, the lifetime is usually longer than that of

fluorescence.

(Fluorescence) So+hvex — Si —  So+ hvem (1-1)

(Phosphorescence) So+hAvex — S1 — Ti —  So+ hvem (1-2)

Inter
system
crossing

When luminescence is produced by electrical excitation, i.e., EL, the emission can again result
from both fluorescence and phosphorescence (Fig. 1-4). Fluorescent OLEDs utilize singlet
excitons for luminescence, while phosphorescent OLEDs utilize triplet excitons for
luminescence. Due to the branching ratio of singlet and triplet excitons, the production

efficiency of singlet excitons is limited to 25%. In contrast, phosphorescent OLEDs can utilize
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Figure 1-4. Jablonski diagram of electronic transitions after recombination of hole and

electron for fluorescence (S,—S,), and phosphorescence (T,—S,).



both singlet and triplet excitons to for luminescence. Therefore, nearly 100% of electro-
generated excitons can be harvested for luminescence.

Here, the #ext of OLEDs is given by the following equation:

Next = Nint X Nout = Y X ST X PpL X Hout (1-3)

where y is charge-balance factor, #st is exciton production efficiency, #int is internal quantum
efficiency, and #out is light out-coupling efficiency (Fig. 1-5). To maximize #ext, all of these
factors should be nearly 100%. A high y can be attained by the construction of appropriate
multilayer structures.”'? High @pL can be achieved by using emissive materials that have been
developed by suppressing non-radiative recombination, and these materials are often doped
into a wide energy gap host layer to minimize the quenching of excitons that usually occurs at

high concentrations.

._xan (1)
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Figure 1-5. Schematic representation of OLEDs process: charge carrier recombination,
production of molecular excitons, internal emissions of fluorescence, phosphorescence,

and delayed fluorescence, and external emission.



Since singlet and triplet excitons are formed in the ratio of 1:3, st for fluorescent materials
is only 25%. Thus, the maximum #ext of fluorescent OLEDs is limited to 5% assuming an #out
of about 20%, which results from optical reflections and losses in organic layers.'” Meanwhile,
phosphorescent OLEDs can utilize both singlet and triplet excitons for luminescence, allowing
nst to reach nearly 100% and #ext to reach 20%.'” However, rather long 7 of the
phosphorescence process leads to strong non-radiative annihilations (See more detail in section

1.4).19
1.2.2 Thermally Activated Delayed Fluorescence (TADF)

To overcome the aforementioned disadvantages of fluorescent and phosphorescent OLEDs
and further enhance 7ext, a new mechanism for achieving a high production efficiency of

excitons at the S1 in OLEDs has been proposed in our group: thermally activated delayed

fluorescence (TADF, Fig. 1-6).'¥

AD

Figure 1-6. Jablonski diagram of electronic transitions after recombination of holes and

electrons for TADF.



(TADF) So + hvex = S1 — T1 — S1 — So + hvem (1-4)

The emission pathway of TADF upon photoexcitation is expressed by Equ. 1-4. In optical
exciation, excited electrons relax to T1 from S through ISC. Next, the excited electrons are up-
converted to Si by absorbing thermal energy through the process of reverse intersystem
crossing (RISC). Finally, the singlets undergo the same radiative relaxation route, that
producing fluorescence (S1 to So). Therefore, the PL spectrum of TADF should be almost the
same as that of fluorescence. Although the phenomenon of TADF has been known for many
years, it had been observed in only a few materials, such as xanthene dyes,'>'®) aromatic
ketones!”!'® and thiones,'*?” metal poryphyrins??), and aromatic hydrocarbons, and was
through to be almost useless for application to OLEDs.?>%)

Another pathway for up-conversion from Ti to Si is triplet—triplet annihilation (TTA). The
collision of two triplet excitons produces an Si and So. A relatively high up-conversion
efficiency as large as 28% was achieved using palladium tetrakis-quinoxalino-porphyrin as a
sensitizer and rubrene as an emitter.”” However, this value still limits the maximum #int to well
below 100%. On the other hand, TADF has the potential to significantly improve 7ext because
the up-conversion efficiency from Ti to Si can theoretically reach almost 100%.

To obtain TADF with a high conversion efficiency, a small energy gap (AEst) between Si and
T levels is necessary for the luminescent materials, which can be realized by having a small
orbital overlap between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of emitter molecules.”> The AEst of luminescent

molecules can be described by the following equations:
Es=(Eu—Ev) + Kwu (1-5)
Er=(Eu—-EL) — Kw (1-6)
AEst = Es — Et = 2Kru (1-7)
where Eu is a ground level (the highest occupied molecular level, U-level), EL is an excited

level (the lowest unoccupied molecular level, L-level), and KiLu is an exchange energy.

Furthermore, Kiu is given by the following equation:*®



a)

L-level U-level
/// /7 , \ // /7 /; ,”' '
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Figure 1-7. n-n* orbital overlap a) and n-n* orbital overlap b) in benzophenone.

= 1 2 ! 2 1d 1-8
KLU—ff pu(DeL( )E(pU( Joo(DdtyT,  (1-8)

where ¢L and @u are the wave functions of the U- and L-level orbitals, respectively, and r12 is
distance between electron (1) and (2). As shown in Eq. 1-8, KLu is determined by ¢L and ¢@u
and should generally decrease as their overlap decreases.

Evidence of this relationship can be found in several known materials. For example, in the
case of benzophenone, the electronic transition from a non-bonding n orbital to a m* orbital

(i.e., n-m* transition) is well-known to possess a small AEst as a consequence of the orthogonal

10



overlap between n and n* orbitals (Fig. 1-7a). In contrast, n-n* transitions normally possess
large AEst because of the parallel overlap between © and n* orbitals (Fig.1-7b). Thus, small
orbital overlapping between the HOMO and the LUMO should be necessary for small AEsrt.
However, a high luminescence efficiency could not be attained in conventional materials with
small AEst because n-n* characteristics usually cause a small radiative decay rate (k:).
Therefore, the development of new luminescent materials having both small AEst and large 4«
is required for realizing highly efficient TADF.

Although TADF has been observed in several materials since the first discovery of TADF in
xanthene dyes, TADF had not been applied to OLEDs until recently. In 2009, a new class of
OLEDs featuring TADF from a poryphyrin derivatives was developed; however, the quantum
yield of TADF was still very low (TADF quantum efficiency (@tapr) =0.55% at 300 K and
drapr = 2.43% at 400 K).>> More recently, a bipolar triazine derivative, 2-biphenyl-4,6-
bis(1,2-phenylindolo[2,3-a]carbazol-11-yl)-1,3,5-triazine (PIC-TRZ), was synthesized and
used as an emitting material in OLEDs.?” The reported #ext of 5.3% for the OLED was the first
demonstration of the potential of TADF for realizing high performance OLEDs.

However, the efficiency of TADF OLEDs was still lower than that of phosphorescence
OLEDs and move efficient exciton harvesting with high @pL has been anticipated. To achieve
this issue, design of novel TADF molecules based on the direct connection of donor and
acceptor units with inducing strong steric hindrance for less overlapping between HOMO and
LUMO provided a guide line. Suitable combination of donor and acceptor units for effective
CT emission and preventing exciton quenching from CT states to localized excited state (LE)
to increase ®pL should be also considered.’®* Our design strategy for effective TADF

molecules will be discussed on chapter 2 through 6.

1.3 Photophysical Properties of Emissive Organic Molecules

1.3.1 Solvatochromic Shifts

The energy of emitting states can be changed by polarization effects caused by interaction
with the surrounding medium, which is called solvent relaxation.***!) Most polar aromatic

molecules based on CT emissive states including TADF molecules have longer dipole moments

11



in the excited state than in the ground state. Therefore, after excitation of a molecule in a
solution, the dipoles of the solvent interact with dipole moment of the excited molecule, and
the dipoles reorganize to minimize the free energy, resulting in a relaxed excited state. As the
solvent polarity is increased, the solvent relaxation affect is increased, and emission shifts to

lower energies and, therefore, longer wavelength (Fig1-8).

LY
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Figure 1-8. Jablonski diagram for effect of solvent relaxation, resulting in solvatochromic

shifts in solute-solvent system.

The solvatochromic shifts in the wavenumbers of absorption and emission for such a

mechanism are given by the following equations, respectively:

2 _
v, = _E.ug(ue — yg)a 3Af + const.  (1-9)

2 —
Ve = —E,ue(ug — pe)a 3Af + const.  (1-10)

where 4 is Plank’s constants, ¢ is the velocity of light, a is the radius of the cavity in which the
solute resides, ug and ue are the transition dipole moments in ground states and excited states,

and Afis the orientation polarizability defined as

12



Af = fle) - fmd) ==L 2L (191

2e+1  2n2+1

The Af of each solvent is calculated using its dielectric constant (¢) which varies for each
solvent. (Table 1-2).
Subtraction of Equ. 1-9 and 1-10 leads to the Lippert-Mataga equation:*?

Vo —r = = (e — ty) aAf +const.  (1-12)

As shown in Equ. 1-12, the Stoke’s shift depends only on the absolute magnitude of the charge
transfer dipole moment (ue—ug) and it can be approximated using this equation. General
emissive molecules exhibit a linear relationship when Stoke’s shift is plotted against Af, which
is called a Lippert’s plot.

In the case of intermolecular charge transfer (ICT) emissive states for molecules having
donor-acceptor (D-A) combined molecular frameworks, V¢ is very sensitive to changes in Af
compared to non-CT state emissive molecules, so the Lippert’s plots for these materials exhibit
steep slope. Therefore, we can predict the origination of emission process using solvatochromic
properties. For instance, strong CT emission based TADF molecules is expected to exhibit very
sensitive with solvent polarity and steep slope of Lippert’s plots.

Solvatochromic shift phenomenon of TADF molecules is specifically discussed in chapter 5.

Table 1-2. Dielectric constant (&, at 20 °C) and orientation polarizability of solvents.

solvent € Af
Cyclohexane 2.023 0.001
Toluene 2.397 0.013
Chloroform 4.806 0.149
Dichloromethane 9.08 0.219
Dimethylsulfoxide 48.9 0.265
N,N-Dimethylformamide 37.6 0.275
Acetonitrile 25.07 0.306
Methanol 33.62 0.309

13



1.3.2 Aggregation Induced Emission (AIE)

Most aromatic compounds exhibit concentration quenching at high concentrations because of
the formation of sandwich-shaped excimers and exciplexes by the collision between aromatic
molecules.>** For example, disk type molecules often have strong m-m stacking, which
promotes aggregation of molecules and leads to more efficient non-radiative decay. This
mechanism is called aggregation-caused quenching (ACQ, Fig. 1-9a).>>

On the other hand, for aggregation-induced emission (AIE), the aggregation of molecules
promotes emission while no emission is observed in the dissolved solvent state (Fig. 1-9b).%®
Free rotations around single bonds in molecules causes the non-radiative decay in solvent.
However, restriction of the intramolecular rotation (RIR) in the aggregate state such as in
nanoparticle suspensions in polar solvents or in solid-state films, leads to strong emission.
Silole,*” polyphenylene,*® and pyran®” derivatives are the representative of AIE molecules.
Moreover, crystals of organic molecules can emit phosphorescence at room-temperature based
on crystallization-induced emission because the restricted molecular motion in the crystal state

suppresses the non-radiative decay of T1.4?)

a)
Planar molecule
=,= n-n Stacking
“ RS — interaction
O ==
S —
pyrene - Aggregation-caused
| Emission Ee SR

b) Propeller-shape

mo'“' Restriction of
. L ' W intramolecular rotation
[ {1 N (RIR, IRM)
o 1S
A\
HPS 1 Aggregation-induced

T +mision (4

Figure 1-9. Schematic illustration of a) aggregation-caused quenching (ACQ) and b)

aggregation-induced emission (AIE).
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The phenomenon of AIE can find uses in chemical sensors, biological probes,*" and host-free
OLEDs.*» Some of TADF molecules discussed in this thesis exhibit AIE, producing ®pL that
is more than two or three times higher in solid thin films than in solvents, and are discussed in

more detail in later chapters.

1.3.3 Energy Transfer in Host—Guest System

To prevent efficiency decrease in OLEDs by concentration quenching of excitons in EMLs,
most emissive materials are doped in a host matrix at very low concentrations. In a host—guest
system, there are two kinds of energy transfer mechanisms from the host (exciton donor) to the
guest (exciton acceptor): Férster and Dexter energy transfer (Fig. 1-10).44%

Forster energy transfer is a long-range (up to ~10 nm) dipole-dipole coupling interaction
between host and guest molecules (Fig. 1-10a).*> Forster energy transfer is only allowed
between host singlet to guest singlet state because the transitions between terms of the same
multiplicity are spin-allowed, while transitions between terms of different multiplicity are spin-

forbidden (Wingner rule). The rate constant of Forster energy transfer for a host—guest system

is given by the following equation:

kier = Jey (22)° (1-13)

RyG

where kj is the radiative decay rate of the host, Ry is the separation between the host and
guest molecules, and R, is the Forster transfer radius. R, can be calculated from the

following equation:

R6 — 9000x?In 10y
0™ 128n5n*N
A

Jy Fu@ec(da (1-14)

where k2 is an orientation factor, @y is ®@pL of the host, n is refractive intensity of the
medium, N, is Avogadro constant, Fy (1) is normalized host PL intensity. &;(4) is molar
absorption coefficient of the guest, and A is wavelength. From these equations, the rate
constant of Forster energy transfer can be determined by the fluorescence spectrum of the host

and the absorption spectrum of the guest. To increase the Forster rate constant, a large overlap

15



of host emission and guest absorption spectra, a large &;(1), and a small distance between host
and guest molecules are needed.

Dexter energy transfer is a short-range (up to ~1 nm) intramolecular electron exchange
process from host to guest (Fig. 1-10b). The Dexter energy transfer is allowed between host
singlet and guest singlet, and host triplet and guest triplet. The rate constant of Dexter energy

transfer is given by following equation:

kogx = (5) eexp (129) [§” Fu@e(da (1-15)

where Ry is the distance between host and guest molecules and L is the sum of Van der
Waals radius for the two molecules. The rate constant of Dexter energy transfer strongly
depends on the distance between the host and guest molecules and is also affected by the
overlap between Fy (1) and &;(4).

In the case of phosphorescence and TADF emission, both Forster and Dexter processes
contribute to energy transfer between the host and guest molecules because both singlet and
triplet excitons are used for emission. Therefore, selection of the proper host is very important
for effective energy transfer to achieve high efficiency. In chapter 2 of this thesis, various the

dependence of TADF properties on host are discussed using a variety of host materials.

16
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Figure 1-10. Schematic diagram for a) Forster and b) Dexter energy transfer.

17



1.4 Electroluminescence Properties of OLEDs

1.4.1 Roll-Off in OLEDs

Roll-off is the decrease of efficiency with increasing brightness or current density in OLEDs.
This phenomenon is present in all OLEDs, and the causes are very complicated. To realize
wide-application of OLEDs in displays, lasers, and lighting sources, high brightness and
stability must be achieved, meaning that roll-off should be minimized. Roll-off characteristics
can be compared by using the critical current density (J50%) at which the 7ext is dropped to 50%
of its maximum value.'?

Figure 1-11 shows exciton annihilation processes leading to roll-off. For instance,
polaron/exciton and exciton/excitons annihilation, field-induced quenching, charge carrier

imbalance, Joule heating, and degradation can effect efficiency.*®

polarons .-

{ B 4

photons .-t

Figure 1-11. Schematic illustration of roll-off process in OLEDs (SPA: Singlet—Polaron
Annihilation, TPA: Triplet—Polaron Annihilation, SSA: Singlet—Singlet Annihilation,
TTA: Triplet—Triplet Annihilation, and STA: Singlet—Triplet Annihilation).
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The most relevant roll-off process in phosphorescent OLEDs is TTA because of the long 7 of
phosphorescence emission and the high density of triplet excitons.*” Reducing the molecular
distance between dopant molecules in a host-guest system can further increase TTA.*® Devices
based on TADF are also strongly effected by TTA because of the long-lived nature of the
excitons.

The process of TTA can be characterized by the following equations:
4(3M* + M) > M+ PMT +4M (1-16)

3% 3%
ai’m] _ _[°m ]_ﬁ[3M*]Z+q]_d (1-17)

dt T 2

m=fi%[/1+8 / —1] (1-18)
Mo 4] Js0%

where 3M* and M refer to molecules in triplet excited and ground states, respectively, [>M*] is

triplet exciton density, d is width of the recombination zone, k; is TTA rate constant, g is
fundamental electric charge, J is current density, and 7o is maximum #ext. Relationships
between TTA and the efficiency of TADF-OLEDs will be discussed in more detail in chapter
6.

Among these processes, singlet—singlet annihilation (SSA) has been observed in anthracene
crystal and affects the singlet excitons density and lifetime.*” Singlet—triplet annihilation (STA)
usually occurs at high concentrations of guest doping and high current densities over 100 mA
cm 239 Polarons can also interact with both singlet and triplet excitons, leading to
exciton—polaron annihilation. Triplet—polaron annihilation (TPA) occurs in both fluorescent
and phosphorescent OLEDs because of the long excited state lifetime of triplets. Holes
generally lead to stronger TPA than electrons. Singlet—polaron annihilation (SPA) is of great
concern in organic lasers, since very high current densities are applied.’? Further, filed-
induced quenching, charge carrier imbalance, Joule heating, and degradation can effect OLED
efficiency.*®

To suppress the roll-off and achieve high-brightness in OLEDs, decreasing the local exciton
density is crucial. Decreasing the luminescence exciton lifetime,’” reducing molecular

aggregation,>? and broadening the recombination zone>® are all routes for reducing the exciton
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density. Moreover, reducing the spectral overlap between emission and polaron absorption can

decrease polaron annihilation."

1.4.2 White Emissive OLEDs

White OLEDs (WOLEDs) are receiving great attention and being developed as the next
generation of solid-state light sources. However, their low brightness, device stability, and
expensive manufacturing cost currently limit their application. To overcome these
disadvantages, many of researchers have been studying the development of effective emitter
molecules and optimized device structures.

In the case of white emission, the emission spectrum covers large visible regions from 400 to
800 nm. Typically, emissive molecules show narrow emission with a width of 50—100 nm that
can be recognized as colors such as red, green or blue. To realize white emission, different
colors of emission should be mixed to cover a broad emission spectrum, for example, by
combining red, green and blue or blue and orange emissions. The combination of each emission
can be controlled by various device structures for high efficiency in pure white emission (Fig.
1-13).5459

The simplest method to obtain white emission is by blending different color luminophores in
a single layer (Fig. 1-13a). The first single-layer WOLEDs were fabricated by blending of PVK
with orange, green, and blue laser dyes using solution-processing.’® After that, other
researchers reported fabricating WOLEDs by vacuum depositing a blend of three kinds of
phosphorescent luminophores.®” In spite of this advantage of simple device fabrication, single-
layer devices exhibited phase-separation in an EML, which causes color shifts and an increase
of current density.

Another method for fabricating WOLEDs is using a multi-layer device structure (Fig. 1-
13b).5%5 This multi-layer device emits from multiple EMLs and a combination of the colors
generates the white emission. In this device structure, excitons can be created in an EML by
direct recombination of holes and electrons or by energy transfer from a neighboring EML.
This method exhibits the best efficiency, spectral coverage, and device lifetime compared to
other WOLED architectures. However, the emission spectrum often changes depending on the

applied driving voltage in the multi-layer devices, but this can be solved by controlling the

20



o

-

8-

Figure 1-13. Schematic illustration of OLEDs (WOLEDs) structure for white emission.

recombination zone and width of the EMLs.%?

The EMLs can be further isolated for to reduce their interaction and suppress brightness-
dependent color shifts even at very high operating voltages (Fig. 1-13¢).% In the extreme case
of isolating the EMLs, white emission can be generated from monochrome pixels consisting
of OLEDs (or striped WOLEDs, Fig. 1-13d). Striped WOLEDs generate white emission using
independent red, green, and blue emitting devices. However, the manufacturing process of
these types of devices is very complicated, resulted in high cost. In this thesis, highly efficient
and pure WOLEDs based on TADF emitters are demonstrated using a simple multilayer device

structure, as discussed in chapter 3.
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1.4.3 Solution-Processed OLEDs

The main methods for fabricating multilayer OLEDs are thermal evaporation under high
vacuum® and solution processing using solvents.” Thermal evaporation is the most widely
used method for the fabrication of efficient and stable OLEDs, while it has disadvantages of
complexity and high production costs.®” Solution-processing methods such as spin-coating,®>
ink-jet printing,*¥ and spray process®® have garnered great attention for the fabrication of
flexible and large-area OLEDs because of the simplicity and low cost of the processes.

Mainly phosphorescent polymers and small molecules have been studied as emitters for
highly efficient solution-processed OLEDs. After the first reports of solution-processed
OLEDs using the polymer PPV,” phosphorescent conjugated polymers having high solubility
and good morphology were developed, amied for highly efficient polymer-based OLEDs.%66®
However, the long conjugation length of the polymers leads to a low Ti energy level and
decreased device efficiency.’®’? To solve these problems, phosphorescent emitters have been

dispersed into non-conjugated polymers, resulting in improved efficiency.”"-”?

Small
Molecule

Solution
Process
OLEDs

Polymer

Spin-coating

Figure 1-14. Schematic illustration of solution process OLEDs.
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Small molecules are mainly used in vacuum thermal evaporation and have advantages of
having high @pL and being easily purified. For application of small molecules in solution-
processed OLEDs, the problems of low solubility, poor morphology, and strong crystallization
should be solved. Newly designed small molecules incorporating alkyl or alkoxy and flexible
groups have been reported for use with solution processes.”>’ Rigid molecules such as
spirofluorene have been introduced in core unit to increase the glass transition temperature (Tyg),
which suppresses crystallization.”> Using small-molecules, highly efficient solution-processed
OLEDs based on Ir(III) and Pt(II) complexes have been reported.”®’”

In this thesis, the first TADF polymer emitters are designed, synthesized, and applied to highly
efficient solution-processed OLEDs (Chapter 5).
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1.5 Objective of this Thesis

The objective of this thesis is to develop highly efficient novel TADF materials and to apply
these materials in OLEDs. Until now, fluorescent and phosphorescent molecules are the most
widely used and studied emitters for display and lighting sources. However, research on TADF
molecules is in the inchoate stage compared to the studies of other emissive organic materials.

In this thesis, molecular designs with combinations of newly explored electron donating and
accepting units for realizing small AEst and efficient TADF emission are proposed, and the
various photo- and electro-physical characteristics of the new TADF molecules and OLEDs are
analyzed. To demonstrate efficient TADF emission over the whole visible region from blue to
red, various donor and acceptor units are introduced to control the energy gap (E) between
HOMO and LUMO. In addition, a very simple method to fabricate pure WOLEDs is proposed
based on the blends of TADF emitters.

y __l_éi_i*ﬂm_-_i:; If-ﬁi_ﬁ_,._. =
Moleculagbe

Develop 37 F
fOrRTADE, Highly Effective LLluminophour;
TADF Materials

olutionjRrocessable OptimizejDevice
WFADEIpOlymer; Structure!

Figure 1-15. Objectives of this thesis.
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Furthermore, highly efficient solution-processed OLEDs using TADF polymers as emitters
are reported. Carefully optimized device structures, layer thicknesses, and hole- and electron-
transporting materials are reported to achieve efficient and balanced hole and electron injection
and carrier recombination in TADF-OLEDs.

Finally, a strategy for designing TADF molecules with #int of nearly 100% are discussed, and

routes to achieving OLEDs reaching the maximum theoretical limitation of #ext are suggested.

1.6 Outline of this Thesis

In this thesis, advanced molecular designs and new materials are explored for efficient TADF
emission. Newly designed molecules are synthesized, and their luminescent properties under
photo- and electro-excitation are evaluated. Chapters 2 through 6 consist of studies on TADF
emitters for OLEDs.

Chapter 2 reports highly efficient TADF emitters based on a triazine derivative having
bicarbazole substituents, and optimized device structure for effective exciton harvesting in
OLEDs are presented. Moreover, host dependence of the PL properties are investigated to
understand the criteria for the selection of host materials for effective energy transfer in host-
guest systems with a TADF guest. The calculation of theoretical maximum #ext is revisited and
modified for TADF emitters to evaluate the optimization of the fabricated OLEDs.

Chapter 3 introduces a simple molecular design for realizing full-color TADF OLEDs, in
addition to a pure white emissive OLEDs, using butterfly-shaped luminescence benzophenone
derivatives. Correlation between AEst and the electronic transitions of benzophenone
derivatives are investigated.

Chapter 4 suggests a new molecular design strategy to suppress non-radiative decay processes
and realize efficient TADF emission using strongly twisted X-shaped luminophores based on
not only the electron donating unit but also bulky benzoylbenzophenone electron-accepting
units.

Chapter 5 discusses the molecular design and synthesis of the first TADF polymers and their
application in highly efficient solution-processed OLEDs. The solvatochromic properties are

tested in various kinds of solvent and determined emission process in TADF polymers.
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Chapter 6 presents molecules with 7int of nearly nearly 100% based on a heteroatom bridged
molecular structure. Different kinds of heteroatom elements are introduced to control emission
color and realize deep-blue TADF emission with high #ext.

Finally, chapter 7 summarizes the conclusions that can be drawn from this work and proposes

future studies for organic light-emitting molecules.
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Chapter 2

High-Efficiency Organic Light-Emitting Diodes
utilizing Thermally Activated Delayed Fluorescence
from Triazine-Based Donor-Acceptor Hybrid

Molecules

Abstract

We have designed and synthesized a high-efficiency purely organic luminescent material, 2,4-
bis {3-(9H-carbazol-9-yl)-9H-carbazol-9-yl}-6-phenyl-1,3,5-triazine (CC2TA) comprising
bicarbazole donor and phenyltriazine acceptor units, which is capable of emitting TADF. The
molecular design of CC2TA allows spatial separation of HOMO and LUMO on the donor and
acceptor fragments, respectively, leading to an exceptionally small AEst (0.06 eV) together
with a high triplet energy. Furthermore, a high #ext as high as 11% 4 1% has been achieved in
sky-blue OLEDs employing CC2TA as an emitter.

2.1 Introduction

As mentioned in chapter 1, nearly 100% #int has been achieved in the past decade by
employing transition metal-centered phosphorescent emitters such as iridium(IIl) and
platinum(Il) organometallic complexes using fast ISC for phosphorescence emission.!™
However, the efficiency and stability of blue phosphorescent OLEDs are much lower than those
reported for their green and red counterparts. Moreover, a severe efficiency roll-off at high
current densities due to TTA or TPA is a significant issue for phosphorescent OLEDs.?

In contrast, OLEDs incorporating fluorescent emitters provide remarkably high reliability

and stability, but their #int should be theoretically limited to ~25% under electrical excitation.
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Hence, it still remains a challenge to develop new luminescent materials rendering high singlet
exciton generation efficiency in fluorescent OLEDs. To maximize the actual efficiency in
fluorescent OLEDs, we have recently demonstrated a brand new viable mechanism for EL, that
is, TADF.>® We previously revealed that a triazine derivative having a rather small AEst (0.11
eV), PIC-TRZ, exhibited efficient TADF and a high 7ext of 5.3% as an emitter in OLEDs,
which is the first report that demonstrates the possibility of high performance OLEDs utilizing
the TADF mechanism.®

In this study, we focus on advanced molecular design of triazine-based TADF luminophors
having small AEst between the singlet and triplet energy levels for realizing highly-efficient
OLEDs and design 2,4-bis{3-(9H-carbazol-9-yl)-9H-carbazol-9-yl}-6-phenyl-1,3,5-triazine
(CC2TA) (Fig. 2-1). This design concept is expected to lead to molecules with large distortion
between the donor and acceptor constituents. A triazine core has been commonly used to
construct bipolar host materials” because of its strong electron-withdrawing ability.
Bicarbazole substituents function as donor and make a proper donor-acceptor balance, giving
a clear spatial separation of the HOMO and LUMO distribution. By introducing such n-
extended donor substituents, a large A and a high luminescence efficiency based on n-m*

transition is achieved in these D-A hybridized molecules.

Electron-donating
bicarbazole unit

Electron-accepting
triazine unit

Figure 2-1. Molecular structure of CC2TA.
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2.2 Results and Discussion

2.2.1 Characterization of Geometric and Electronic Structure of CC2TA

To understand the electronic and geometrical structure of CC2TA, quantum chemical
calculations were performed using the TD-DFT/B3LYP/6-31G(d,p) method.® As can be seen
in Fig. 2-2b, the HOMO of CC2TA is mainly distributed over the outermost carbazolyl units
whereas the LUMO is localized on the central electron-accepting triazine and its phenyl
substituent. Accordingly, CC2TA provides evident spatial separation of the HOMO and
LUMO distributions, resulting in a notably small calculated AEst of 0.06 eV (S1=2.91 eV and
T1 = 2.85 eV), which is favorable for a reverse ISC process from T to Si states. On the other
hand, 2,4-bis(9H-carbazol-9-yl)-6-phenyl-1,3,5-triazine (Cz2TA), having a mono-carbazole
electron-donating substituent, exhibited a large AEst of 0.35 eV because of a large overlap

between HOMO and LUMO (Fig. 2-2a).

@
NYNYN

CzZ TA

2, a%9 :
LUMO HOMO
CC2TA

Figure 2-2. HOMO and LUMO distributions of a) mono-carbazole substituted analog
Cz2TA and b) bi-carbazole substituted analog CC2TA.
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2.2.2 PL Properties of CC2TA

Figure 2-3 depicts the absorption and PL spectra of CC2TA measured in different solvents.
The lowest-energy absorption peak appears at about 340 nm, which is almost independent of
solvent polarity. In sharp contrast, the PL peak of CC2TA displays an obvious red-shift from
435 nm in non-polar cyclohexane to 513 nm in highly polar THF with a gradual decrease of
emission intensity. This solvatochromic behavior in PL is attributable to the intramolecular
photoinduced charge transfer from the peripheral bicarbazole donor to the central triazine
acceptor in CC2TA, leading to a large change in dipole moment in the excited state. As
presented in Fig. 2-4, a 6 wt%-CC2TA: bis[2-(diphenylphosphino)phenyl]ether oxide
(DPEPO)? film unambiguously indicates both prompt and delayed fluorescence components,
and the PL decay can be fitted by a biexponential model. Because the emission spectra for
prompt (=27 ns) and delayed (z = 22 us) components coincide with one another, the long tail
emissions should be considered to originate from TADF (Fig. 2-4a). The transient PL properties
of the CC2TA: DPEPO film were further studied over a wide range of temperature (Fig. 2-4b).
Whilst the delayed component is almost negligible below 150 K, @1apr evidently increases
with increasing temperature form 150 to 325 K. Thus, the overall @pL reaches to 62%, including

46% from @1apr, at room-temperature (300 K).
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Figure 2-3. Room-temperature absorption and PL spectra of CC2TA in different solvents.
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Figure 2-4. a) Streak image and PL spectra of a 6 wt%-CC2TA: DPEPO film showing the
prompt (fluorescence, black) and delayed (TADF, red) components. b) PL decay profiles
for a 6 wt%-CC2TA: DPEPO film measured at 150-325 K. The inset shows an energy
diagram for CC2TA (kp: fluorescence decay rate; ka: TADF decay rate; knr: non-radiative
decay rate from Si to So; kisc: intersystem crossing rate; krisc: reverse intersystem crossing
rate; knr': non-radiative decay rate from T1 to So; @r: fluorescence efficiency; @tapr: TADF

efficiency).
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2.2.3 &dp1, Dependence on Host Materials

Host materials for CC2TA (TADF emitter) with triplet energy levels higher than that of
CC2TA are desirable to prevent reverse energy transfer and to confine triplet excitons on
CC2TA molecules (Fig. 2-5). To verify the dependence of TADF efficiencies on the Ti energy
levels of hosts, thin films of CC2TA in several representative host materials were fabricated
for transient PL measurements. Here, 1,3-bis(carbazol-9-yl)benzene (mCP, T1 = 2.90 eV),'?
3,5-bis(carbazol-9-yl)pyridine (PYD2, T1 = 2.93 eV),'D 1,4-bis(triphenylsilyl)benzene (UGH-
2, Ti =3.5eV),!” and DPEPO (T = 3.1 eV) were utilized as host materials for CC2TA (Fig.
2-6). It is noteworthy that, by using DPEPO and UGH-2 hosts that possess Ti levels higher
than 3.1 eV, enhanced @rapr exceeding 45% could be obtained. In contrast, mCP and PYD2,
having T: similar to CC2TA, yield lower @1apr, which can be attributed to triplet exciton

quenching by possible reverse triplet energy transfer from CC2TA to the host molecules.

Effective triplet exciton confinement Ineffective ET triplet exciton confinement

2. Energy
S transfer
A S 4. RISC S4
- 2. Energy ' . g &
1 tra_gsfer ; i 3.18C 1. Host
T " excitation
1. Host T A
excitation ” Energi(-‘ T,
3. Fluorescence| | 5. TADF transfer
emission emission :
5. Non-radiative
decay :
So S, vy A S,
Host Guest Host

Figure 2-5. Effective and ineffective triplet excitons confinement after photo excitation

between host and guest molecules.
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2.2.4 Determination of Theoretical Maximum #.x¢

Co-deposited films of CC2TA: DPEPO were employed as an EML in TADF OLED:s. Firstly,
the theoretical maximum #ext of the TADF-based OLEDs was calculated using the prompt and
delayed @pL. Under electrical excitation in OLEDs exhibiting TADF, the triplet excitons are
directly generated by carrier recombination and are then converted into the Si state through
reverse ISC. On this basis, the theoretical maximum of #int can be given by the following

equation:

Nint = 1> X DF + 71> X DraDF + #7r" X DraDF/ Disc (2-1)

where #:° is the singlet-exciton production efficiency (25%), #n:' is the triplet-exciton

production efficiency (75%), @r is the fluorescence quantum efficiency (16%, see Fig. 2-7),

@1apr 1s 47%, and Pisc 1s the ISC efficiency (~ 84%). Therefore, #int 1s estimated to be 56%.
Finally, the theoretical maximum of #ext can be estimated using Equ. 2-2 and assuming a light

nout of ca. 20%. (Fig. 2-7b):

Rext=7 X fint X ow=1%0.56x02 x 100=11.3%.  (2-2)

In conventional fluorescent OLEDs, the maximum #ext is limited to only 3.1% when ®pL is
62.1% because fluorescence utilizes only singlet excitons for luminescence. In the case of
TADF-based OLEDs featuring CC2TA as the emitter, a high #ext (11.3%) that is almost four
times higher than that of conventional fluorescent OLEDs is expected from the foregoing
theoretical assumptions. To realize the high theoretical #7ext and low driving voltages, the

optimization of the device structure is of great importance.
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a 6 wt%-CC2TA: DPEPO co-deposited film as an EML.
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2.2.5 Device Optimization and EL Properties

To demonstrate the practical utility of CC2TA as a TADF emitter, suitable carrier transport
and host materials were explored for the fabrication of multilayer OLEDs. The compounds
4,4°-bis[ N-(1-naphthyl)-N-phenyl]biphenyl  diamine (a-NPD), 1,3,5-tris(1-pheny-1H-
benzo[d]imidazole-2-yl)benzene (TPBi), mCP, and DPEPO were used for the fabrication of
three types of OLED devices.

As shown in Fig. 2-8, device A was fabricated with the following configuration: indium-tin-
oxide (ITO)/ a-NPD (40 nm)/ mCP (10 nm)/ 6 wt%-CC2TA: DPEPO (20 nm)/ DPEPO (40
nm)/ LiF (0.8 nm)/ Al (80 nm). In this device, a-NPD and DPEPO serve as a HTL and an ETL,
respectively, and LiF is used as an electron-injecting material. Sky-blue light-emission with a
peak Aer at 490 nm and a maximum #ext of 10 £ 1% at 0.01 mA cm ™2 was observed in device A
(Fig. 2-9b). However, device A showed a relatively high driving voltage of 16.8 V at 10 mA
cm 2 presumably because of the low electron mobility of DPEPO (Fig. 2-9a) and a high
electron-injection barrier between the cathode and the ETL.

To reduce the driving voltage of device A, a 30 nm-thick TPBi layer was introduced as an
ETL instead of DPEPO in device B (Fig. 2-8). Using TPBi in device B, the driving voltage
decreased considerably from 16.8 V (in device A) to 11.9 V at 10 mA cm 2 (Fig. 2-9b). The
lower LUMO level of TPBi than that of DPEPO should provide a smaller electron injection

Al 80 nm Al 80 nm Al 80 nm
LiF 0.8 nm LiF 0.8 nm LiF 0.8 nm
TPBi 30 nm TPBI 30 nm

=EPO 10 nm ¥ DPEPO 10 nm

6 wt% CC2TA : DPEPO 20 nm 6 wt% CC2TA : DPEPO 20 nm 6 wt% CC2TA : DPEPO 20 nm
mCP 10 nm mCP 10 nm 6 wt? n >P 10 nr

a-NPD 40 nm a-NPD 40 nm a-NPD 40 nm

ITO/Glass ITO/Glass ITO/Glass
= Device A =—Device B w==Device C

Figure 2-8. Configuration of devices A, B, and C using CC2TA as emitter.
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barrier from the cathode to the ETL. However, the high electron mobility of TPBi most likely
disrupted the balance of holes and electrons and caused a shift of the recombination position
toward the mCP layer, which acts as an EBL, leading to an increase in emission intensity in the
range of 410—450 nm.

To obtain high 7ext in TADF-based OLEDs, all excitons should be confined and used for light-
emission in the EML. In the case of device B, the EL spectra included mCP emission in the
range of 410—450 nm, which confirms that not all excitons contributed to light emission from
CC2TA (Fig. 2-10). To use all of the excitons for light-emission from CC2TA, CC2TA was
doped into both the mCP and DPEPO layers in device C.!® The Aer was observed at 493 nm
(Fig. 2-9b) and the emission from mCP in the range of 410—450 nm was suppressed.

In addition, a much lower driving voltage of 9.2 V at 10 mA cm 2 was achieved, attributable
to a lower hole-injection barrier between HTL and EBL in device C (Fig. 2-9a), which
originates from the high HOMO level of CC2TA doped in mCP. As a result, device C achieved
the highest 7ext of 11 £ 1% among the three devices, which is nearly the same as the theoretical
next. Therefore, almost 100% of excitons could be used effectively for light-emission from

CC2TA in device C utilizing double-doped emitting and EML (Fig. 2-8).
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Figure 2-10. PL spectra of 6 wt%-CC2TA: DPEPO co-deposited (black line) and mCP

neat (red line) films.

2.3 Conclusion

In summary, we developed a novel efficient TADF material CC2TA incorporating
bicarbazole donor and phenyltriazine acceptor fragments. By employing CC2TA as an emitter,
we have successfully achieved high-performance TADF-based OLEDs exhibiting #ext as high
as 11 £ 1%, which is one of the highest efficiencies in fluorescence-based OLEDs ever reported.
Using the electron-accepting triazine building block tethered by appropriate electron-donating
segments is a versatile and promising strategy to construct high-performance TADF materials

and OLEDs.
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2.4 Experimental Section

2.4.1 General Methods

NMR spectra were recorded on an Avance III 500 spectrometer (Bruker). Chemical shifts of
"H NMR signals were quoted to tetramethylsilane (6 = 0.00) as an internal standard. Matrix-
assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectra were collected
on a Autoflex III spectrometer (Bruker Daltonics) using dithranol as the matrix. Elemental
analyses were carried out with a Yanaco MT-5 CHN corder. The UV/vis absorption and PL
spectra of organic films were measured with a UV-2550 (Shimadzu) and a FluoroMax-4

spectrofluorometer (Horiba Scientific), respectively. The @pL was measured using an absolute

PL quantum yield measurement system (Hamamatsu Photonics C9920-02, PMA-11).
Luminescence intensity and lifetime of solutions and organic films were measured with a
Quantaurus-Tau (Hamamatsu Photonics). The solution samples were excited by LED lamp (4
= 340 nm, frequency 50 Hz). The density-functional theory (DFT) computations were
performed on the Gaussian 03 program package,® using the B3LYP functional with the 6-
31G(d,p) basis set.

2.4.2 Temperature-Dependent Luminescence Lifetime and Intensity Measurements

Luminescence intensity and lifetime of organic films were measured with a Streak camera
(Hamamatsu Photonics C4334). The organic films were excited by a N2 gas laser (4 =337 nm,
pulse width = 500 ps, repetition rate 20 Hz) under a vacuum of < 4 x 107! Pa. Samples were

cooled down to 28 K with a cryostat (Iwatani Industrial Gases).

2.4.3 OLED Fabrication and Measurement

To measure EL of the CC2TA devices, clean glass substrates precoated with a 110-nm-thick

1

ITO layer with a sheet resistance of <20 Q o were used. The substrates were degreased with

distilled water, a neutral detergent, acetone, and isopropyl alcohol and cleaned in a UV-0zone
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chamber (Nippon Laser and Electrics lab. NLUV253) before being loaded into an evaporation
system. The organic layers were thermally evaporated on the substrates under a vacuum of < 3
x 10~* Pa with an evaporation rate of < 0.3 nm s '. In all devices, a cathode aluminum (Al)
layer was deposited through a 1 mm-diameter opening in a shadow mask. The current density
and voltage (J—V) characteristics of OLEDs were measured using a semiconductor parameter
analyzer (Agilent E5273A). The EL spectra were recorded by multichannel analyzer (Ocean
Optics SD2000) at current densities of 1, 10, and 100 mA cm 2. The brightness of the OLEDs

was measured using an optical powermeter (Newport 1930C).

2.4.4 Materials and Synthesis of CC2TA

All reagent and solvent were purchased from, Sigma-Aldrich, Tokyo Chemical Industry (TCI),
or Wako Pure Chemical Industries, and used as received unless otherwise noted. The synthetic
route to obtain CC2TA is outlined in Scheme 2-1. All reactions were performed under an N2

atmosphere in dry solvents.

o ‘ H
1 N
H m—s% —
N O= S O KOII N
OO ancoonmn £ O Il
CH;COOH, THF KOH, acetone N Cu 0, DMAc DMSO/TIIF

” Q\‘
g oy O

ChNG Ol wuli : ) Na,COs, Pd(P?’En () @
N\( THF O N\H/NYN 1,4-dioxane O N\H/NYN
Cl NN NN
AW 7 .
J O

5 CC2TA

4

Scheme 2-1. Synthetic route for CC2TA.
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3-lodo-9H-carbazole (1). To a stirred solution of 9H-carbazole (10.0 g, 59.8 mmol) in THF
(200 mL) was added N-iodosuccinimide (13.5g, 59.8 mmol) slowly at 0 °C. The mixture was
stirred for 20 h at room-temperature. The reaction mixture was poured into water and then
extracted with ethyl acetate. The combined organic layers were washed with water and dried
over anhydrous MgSOas. After the filtration and evaporation, the crude product was
recrystallized from methanol. The product was dried under vacuum to afford compound 1 as a
white solid (yield = 12.7 g, 72%). '"H NMR (500 MHz, CDCl3): 6 8.39 (d, J= 1.5 Hz, 1H), 8.07
(br, 1H), 8.01 (dd, /= 8.0, 1.5 Hz, 1H), 7.66 (dd, J= 8.5, 2.0 Hz, 1H), 7.46-7.41 (m, 2H), 7.27-
7.21 (m, 2H).

3-lodo-9-(tosylsulfonyl)-9H-carbazole (2). To a mixture of compound 1 (12.5 g, 42.7 mmol)
and tosyl chloride (9.67 g, 51.2 mmol) in dry acetone (200 mL) was added KOH (3.45 g, 61.4
mmol) under N2 atmosphere. The mixture was stirred for 5 h at 80 °C. After cooling to room-
temperature, the reaction mixture was poured into cool water (700 mL) and stirred for 1 h. The
formed precipitate was collected by filtration. The product was recrystallized from methanol,
and dried under vacuum to afford compound 2 as a white solid (yield = 14.7 g, 77%). '"H NMR
(500 MHz, CDCls): ¢ 8.31 (d, J= 8.5 Hz, 1H), 8.21 (d, /= 9.0 Hz, 1H), 8.02 (d, J = 2.0 Hz,
1H), 7.85 (d, J="7.5 Hz, 1H), 7.67 (d, /= 8.5 Hz, 2H), 7.58 (dd, /= 9.0, 2.0 Hz, 1H), 7.52 (td,
J=1.5,1.0Hz, 1H), 7.37 (td, J=17.5, 1.0Hz, 1H), 7.11 (d, J= 8.0 Hz, 2H), 2.28 (s, 3H)

9-(9-Tosyl-9H-carbazol-3-yl)-9H-carbazole (3). To a mixture of compound 2 (14.4 g, 32.1
mmol) and 9H-carbazole (6.46 g, 38.6 mmol) in dry DMAc (30 mL) was added copper(I) oxide
(11.1 g, 77.2 mmol) under N2 atmosphere. The mixture was stirred for 20 h at 170 °C. After
cooling to room-temperature, the reaction mixture was poured into water and extracted with
toluene. The combined organic layers were washed with water, and dried over anhydrous
MgSOas. The resulting solution was filtered through a Celite pad and followed by an aluminium
oxide pad to remove insoluble materials. The filtrate was concentrated by evaporation. The
product was dried under vacuum to afford compound 3 as an orange oil (yield = 14.7 g, 94%).
"H NMR (500 MHz, CDCl3): § 8.54 (d, J= 8.8 Hz, 1H), 8.39 (d, J = 8.5 Hz, 1H), 8.16 (d, J =
7.8 Hz, 2H), 8.07 (d, /= 2.2 Hz, 1H), 7.87 (d, /= 7.5 Hz, 1H), 7.81 (d, J= 7.5 Hz, 2H), 7.66
(dd, J=8.8,2.2 Hz, 1H), 7.55 (t, J = 8.0 Hz, 1H), 7.42-7.35 (m, 5H), 7.29 (t,J = 8.5 Hz, 2H),
7.20 (d, J = 8.8 Hz, 2H), 2.34 (s, 3H). MS (MALDI): m/z 486.17 [M]""; calcd 486.14.
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9-(9H-Carbazol-3-yl)-9H-carbazole (4).> A mixture of compound 3 (14.7 g, 30.2 mmol) and
KOH (19.3 g, 0.343 mmol) in THF (40 mL), DMSO (20 mL), and water (6 mL) was stirred for
5 h at 70 °C. After cooling to room-temperature, the reaction mixture was poured into water.
The solution was neutralized with an aqueous H2SOs and extracted with chloroform. The
combined organic layers were washed with water and dried over anhydrous MgSOa4. After the
filtration and evaporation, the crude product was recrystallized from methanol and isopropyl
alcohol. The product was dried under vacuum to afford compound 4 as a white solid (yield =
5.84 g, 58%). '"H NMR (500 MHz, CDCls): 6 8.24 (br, 1H), 8.22 (d, J = 2.0 Hz, 1H), 8.19 (d,
J=17.8 Hz, 2H), 8.05 (d, J= 7.8 Hz, 1H), 7.62 (d, J = 8.4 Hz, 1H), 7.55 (dd, J = 8.4, 2.0 Hz,
1H), 7.53-7.46 (m, 2H), 7.43-7.36 (m, 4H), 7.31-7.25 (m, 3H). MS (MALDI): m/z 332.05 [M]";
calcd 332.13.

2-Chloro-4,6-bis{3-(9H-carbazol-9-yl)-9H-carbazol-9-yl}-1,3,5-triazine (5). To a stirred
solution of compound 4 (2.71 g, 8.5 mmol) in dry THF (50 mL) was added dropwise n-
butyllithium (5.0 mL, 8.0 mmol) at 0 °C. To this solution was added, dropwise, a solution of
cyanuric chloride (0.74 g, 4.0 mmol) in dry THF (20 mL). The resulting orange solution was
stirred overnight at 70 °C. The crude product was precipitated by the addition of hexane (100
mL) and washed with plenty of water. The yellow solid was filtered off and dried under vacuum
to give compound 5 as a pale yellow powder (yield = 2.67 g, 85%). '"H NMR (500 MHz,
CDCl): 09.24 (dd, J=9.4, 2.5 Hz, 2H), 8.79 (d, /= 7.2 Hz, 4H), 8.35-8.32 (m, 2H), 7.89 (dd,
J=9.0,2.0 Hz, 2H), 7.79 (d, J = 8.0 Hz, 4H), 7.69-7.40 (m, 16H). MS (MALDI): m/z 775.4
[M]"; caled 775.23.

2,4-bis{3-(9H-carbazol-9-yl)-9H-carbazol-9-yl}-6-phenyl-1,3,5-triazine (CC2TA).
Compound 5 (1.50 g, 1.9 mmol) and phenylboronic acid (0.39 g, 1.9 mmol) were dissolved in
dry 1,4-dioxane (40 mL). To the solution were added an aqueous sodium carbonate (2 M, 7
mL) and tertrakis(triphenylphosphine)palladium(0) (0.11 g, 0.09 mmol). After the complete
addition, the mixture was stirred for 48 h at 90 °C. After cooling to room-temperature, the
reaction mixture was poured into water. The product was extracted with chloroform. The
combined organic layers were washed with water and dried over anhydrous MgSOa. After the
filtration and evaporation, crude product was purified by column chromatography on silica gel
(eluent: chloroform) and dried under vacuum to give a yellow powder (yield = 1.38 g, 87%).

This compound was further purified by temperature-gradient sublimation under vacuum. 'H
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NMR (500 MHz, CDCI3): 0 9.32 (d, J = 8.5 Hz, 2H), 9.15 (d, J = 8.5 Hz, 2H), 8.81 (d, /= 8.0
Hz, 2H), 8.29 (d, J= 2.0 Hz, 2H), 8.20 (d, /= 7.5 Hz, 4H), 8.10 (d, /= 8.0 Hz, 2H), 7.76-7.72
(m, 5H), 7.62 (t,J = 7.8 Hz, 2H), 7.51-7.42 (m, 10H), 7.32 (t, J = 7.5 Hz, 4H). *C{'H} NMR
(125 MHz, CDCls): 0 173.50, 164.82, 141.43, 139.52, 137.83, 135.97, 133.30, 129.30, 129.18,
128.05, 127.79, 126.11, 126.06, 126.02, 123.85, 123.38, 120.39, 120.14, 119.94, 118.73,
118.56, 117.76, 109.77. MS (MALDI): m/z 818.26 [M+H]"; calcd 818.30. Anal. caled (%) for
Cs7H3sN7: C, 83.70; H, 4.31; N, 11.99; found: C, 83.90; H, 4.20; N, 12.04.
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Chapter 3
Luminous Butterflies: Efficient Exciton Harvesting
by Benzophenone Derivatives for Full-Color Delayed

Fluorescence OLEDs

Abstract

Butterfly-shaped luminescent benzophenone derivatives possessing small AEst are used to
achieve efficient delayed fluorescence covering the full color spectrum. OLEDs with emissive
layers doped with these benzophenone derivatives generate EL ranging from blue to orange-
red and white, with maximum 7ext of up to 14.3%. Triplet excitons are efficiently harvested

through delayed fluorescence processes.

3.1 Introduction

In the previous chapter, OLEDs emitting sky-blue emission with an #ext of 11% were achieved
by developing the emitter, CC2TA, which harvests electrically-generated triplet excitons
through TADF to produce fluorescence. However, the application of OLEDs to full-color flat-
panel displays and solid-state lighting requires the development of red, green, and blue (RGB)
emitting materials that can cover the full color spectrum. While RGB emission from
phosphorescent materials with high luminescence quantum efficiencies has been achieved,!™
the organic emitting materials generally suffer from instability in practical applications,
especially for blue and white emission. Realizing high-efficiency RGB EL through a simple
organic materials system to reduce the production cost and simplify the manufacturing
processes is pivotal for next-generation OLED technology.

Herein, a series of butterfly-shaped TADF-emitting benzophenones featuring donor-acceptor-
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donor (D-A-D) electronic configurations is developed. Benzophenone is well known as a non-
metallic phosphorescence molecule and its photophysical processes have been widely
investigated. Small overlap between the HOMO and LUMO of benzophenone results in a small
AEst of 0.2 eV and a fast ISC rate constant of 10!! s from the Si (n-n*) to T1 (n-*) state,
which accelerates RISC from Ti (n-n*) to Si1 (n-n*) and enables the emission of delayed
fluorescence at room-temperature (Fig. 3-1).>7 Thus, molecules designed based on
benzophenone framework are expected to be able to achieve small AEst, high up-conversion
efficiency, and strong delayed fluorescence emission. Furthermore, the simple molecular
structure of benzophenone should allow easy modification and synthesis of newly designed
molecules, and the large E¢ of benzophenone makes is suitable for blue emission.
Benzophenone itself was previously explored as a blue phosphorescence emitter in OLEDs
using benzophenone dispersed in Poly(methyl methacrylate) (PMMA) films as an EML, but
the devices exhibited relatively low efficiency at room-temperature.®® However, practical EL
from benzophenone derivatives at ambient temperature has yet to be demonstrated. A
remarkable feature of the system developed here (Fig. 3-2) is that OLEDs employing such D-
A-D-structured benzophenones as light-emitting centers can generate highly efficient blue to
orange-red TADF via up-conversion and realize 7ext far exceeding the theoretical limit for
conventional fluorescence OLEDs. Moreover, highly efficient TADF benzophenones based

WOLED:s are reported.

o 81 : 319\1’_ ." "a .{(_R'I?? T‘I c29eV
0
Delayed :
Phosphdiescence . k
Benzophenone Fluorescence P - Kor
kISC =10 5_1, Digc = 100% ;
AEgr=0.2eV So

Figure 3-1. Molecular structure and schematic representation of PL decay of benzophenone.
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Figure 3-2. Molecular structures of butterfly-shaped benzophenone derivatives 1-5.

3.2 Results and Discussion

3.2.1 Characterization of the Geometric and Electronic Structures of Benzophenone

Derivatives Using TD-DFT Calculations

In principle, AEst should decrease upon decreasing the exchange interaction integral of the
HOMO and LUMO wavefunctions of a molecule.!” Consequently, careful selection of
appropriate donor units is crucial for designing full-color TADF molecules, which should have
their HOMO and LUMO localized on different constituents. To gain insight into the geometric
and electronic structures of 1-5, TD-DFT calculations were performed at the B3LYP/6-31G
(d,p) level. All of the molecules were found to exhibit clear separation of their HOMO and
LUMO distributions.

As exemplified in Fig. 3-3 for 1-3, the LUMO is predominantly located on the central
electron-accepting benzophenone core whereas the HOMO is mainly localized on the electron-
donating peripheral carbazole or phenoxazine substituents because of the highly twisted
geometry between the donor and acceptor constituents. In their optimized ground-state

structures, the dihedral angles between the phenyl rings of the benzophenone unit and adjacent
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carbazoles are calculated to be 51° for 1 and 61° for 2 and that with phenoxazines to be 85° for
3. This evident special separation of the frontier orbitals leads to small AEst of 0.01-0.32 eV
(Table 3-1), suggesting the possibility of exciton harvesting by Ti—S:1 up-conversion.

Furthermore, all of the investigated lowest-excited states corresponded to ICT with a small

exchange energy, which are mainly described by the HOMO—LUMO transition.

3.51eV 3.06 eV
AEsT=0.32 eV AEst=0.10 eV

-5.52 eV

HOMO

P Ve

Figure 3-3. Frontier molecular orbital distributions, energy levels, and energy gaps (AEsr)

between Si and T1 characterized by TD-DFT calculations for 1-3.
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Table 3-1. Triplet and singlet excitation energies (vertical transition), oscillator strength (),
and transition configurations of the benzophenone derivatives 1-5 calculated by TD-DFT at

the B3LYP/6-31G (d,p) level

Compound  State  E (eV) f Main Configuration®  AEst (eV)
SI 3.035 03619 H—oL 0.702 0.32
Sz 3.158 0.0357 H-1—-L 0.703
C22BP (1)
Ti 2.716 0 H-1—->L 0.564
T2 2.795 0 H—L 0.651
Si 2.735 0.1529 H—L 0.692 0.10
Sz 2.767 0.0092 H-1—-L 0.699
CC2BP (2)
Ti 2.634 0 H-1—->L 0.566
T2 2.660 0 H—L 0.631
Si 2.070 0.0063 H—L 0.699 0.01
Sz 2.102 0.0182 H-1—-L 0.699
Px2BP (3)
T 2.059 0 H—L 0.619
T2 2.063 0 H-1—->L 0.617
Si 2.120 0.0200 H-1—-L 0.484 0.02
H-1—->L+1 —0.407
Sz 2.125 0.0074 H—-L 0.478
m-Px2BBP(4) 1, 2095 0 H-1>L 0529
H-1—->L1L+1 —0.444
T2 2.096 0 H—L 0.519
H—-L+1 0.456
Si 1.898 0.0235 H—-L 0.693 0.02
Sz 1.905 0.0090 H-1—->L 0.693
p-Px2BBP (5)
T 1.877 0 H-1—-L 0.687
T> 1.878 0 H—L 0.688

a) H — L represents the HOMO to LUMO transition. Excitation configurations with the highest
contributions are presented, together with the corresponding transition symmetry and nature of

the involved orbitals.
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3.2.2 Photophysical Properties of Benzophenone Derivatives

Consistent with the calculations, emission color tuning can be confirmed by observations with
the naked eye: 1-5 exhibit bright PL in solution with emission varying from blue to green to
orange-red (Fig. 3-4a). This indicates that changing the degree of ICT indeed effectively
modulates the emission wavelength of the molecules. The steady-state UV/vis absorption and
PL spectra of 1-5 in toluene are depicted in Fig. 3-4b, and the photophysical properties are

summarized in Table 3-2.

a)
b)
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Figure 3-4. a) Images of 1-5 in toluene under UV irradiation (365 nm). b) Absorption (left)

and PL (right) spectra of 1-5 in toluene at room-temperature.
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In oxygen-free toluene solution, 1-5 exhibited broad structureless emission with @pL of
10—44%, but the PL intensity drastically decreased in the presence of triplet oxygen (°02) in
aerated solutions. Adopting phenoxazine instead of carbazoles as the donor units resulted in a
red shift of the PL emission peak (4rL), as can be seen for 3 (AL = 509 nm). Depending on the
substitution mode of an additional benzoyl group on the innermost benzene ring, considerable
red shifts of ApL compared with 3 were observed in bis(benzoyl)benzenes 4 (ApL = 566 nm) and
5 (ApL = 600 nm) in solution. Therefore, the additional electron-withdrawing benzoyl unit with
the para-linkage is thought to stabilize the LUMO and decrease the bandgap energy more than
that with the meta-linkage. Thus, fine tuning of the luminescence properties was achieved by

simple chemical modification of benzophenone.

Table 3-2. Photophysical properties of the benzophenone-based TADF luminophores 1-5

Calc.
/IPL (nm) @pL (%)c) Tp (@F) Td (¢TADF) HOMO LUMO AEST

Compound AEst
sol?/ film”  sol®/film® (ns (%)Y (us (%)Y  (eV)?  (eV)? (eV) vy

e
1 438 /444 21/55 59 (5) 710 (50) -5.74 —-2.64 0.21 0.32
2 462 /475 38/73 62 (11) 460 (62) —5.65 -2.63 0.14 0.10
3 509 /538 44 /170 23 (41) 12 (29) =544 292 0.03 0.01

566/
4 36/71(29) 24 (44) 13 (27) -5.64 —-3.03 0.10 0.02
541 (575)

5 600 /555 10/ 36 26 (26) 2.9 (10) -5.62 -3.13 006 0.02

a) Measured in oxygen-free toluene solution at room-temperature. b) 6 wt%-doped film in a
host matrix (host = DPEPO for 1 and 2; mCP for 3; mCBP for 4 and 5). The data for a neat
film are given in parentheses. c) Absolute @pL evaluated using an integrating sphere. d) 7, and
7d decay components for the 6 wt%-doped film measured at 300 K under vacuum. The
fractional contributions of @r and @Drapr to the total drL (%) are given in parentheses. €)

Determined by photoelectron yield spectroscopy in thin films. f) Deduced from the HOMO

and optical Eg. g) Calculated by TD-DFT at the B3LYP/6-31G (d,p) level.
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Figure 3-5. a) Streak image and corresponding time-dependent emission spectra, and b)
transient PL decay profile of a 6 wt%-2: DPEPO co-deposited film recorded at 300 K.
Prompt fluorescence (black) and TADF (red) components are shown. Each dot in the streak
image represents a PL photon count. ¢) Temperature dependence of transient PL decay. d)

The fractional contribution of fluorescence and TADF to the total @, .
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To better understand the nature of the emitting states, the transient PL characteristics and their
temperature dependence were analyzed using a streak camera (Fig. 3-5). Co-deposited
guest:host thin solid films containing low concentrations of the guest emitters 1-5 were used
to avoid emitter concentration quenching and complications by solvent phase changes. For the
blue emitters, 1 and 2, DPEPO'! with higher Si and Ti energies (Es/ET = 3.5/3.1 eV) was
selected as a host to prevent backward excited energy transfer from the guest to host. The @pL
for 1-5 in suitable amorphous host matrices are approximately two to three times larger than
those measured in dilute solutions (Table 3-2). This is likely because of reduced non-radiative
relaxation through suppression of intramolecular torsional/vibrational motions in the solid thin
films.!?

As displayed in Fig. 3-5b, a 6 wt%-2: DPEPO codeposited film exhibits a two-component
decay consisting of a nano-second-scale prompt component (zp = 62 ns) and a micro-second-
scale delayed component (za = 460 ps) at 300 K. Because the delayed emission has the same
spectral distribution as the prompt fluorescence stemming from the S state but with a longer
decay time, the long-lived emission can be assigned to TADF. Furthermore, the TADF
emission intensity is found to increase with increasing temperature from 50 to 300 K (Fig. 3-
5¢). At ambient temperature (300 K), the upper-lying Si state is significantly populated via
thermally-activated up-conversion from the T; state, and in turn emits efficient TADF. Hence,
the overall @pL of the 2: DPEPO doped film reaches 73 + 2% at room-temperature, including

quantum efficiencies of 11 + 2% for @r and 62 + 2% for @rapr, as listed in Table 3-2.

3.2.3 Correlation between Rate Constant and AEst

Using the PL efficiency and lifetime data measured at 300 K, the &5, kisc, and krisc of
benzophenone-based TADF luminophores 1-5 were calculated in Table 3-3.!» The
correlations between experimental AEst, dihedral angle between the of donor and acceptor, and
krisc of the benzophenone-based TADF luminophores 1-3 were investigated (Table 3-4). The
experimental AEst were determined from the energy difference between the high-energy onset
positions of the fluorescence (300 K) and phosphorescence (5 K) spectra. As shown in Fig. 3-
6a, compound 1, which has a small dihedral angle of 51°, exhibited a large AEst of 0.21 while

a small AEst of 0.03 eV was observed in compound 3, which has a large dihedral angle of 85°.
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Table 3-3. Rate constants and quantum efficiencies for decay processes in 1-5%

Compound kS kisc krisc Disc Prisc
(s (s (s 0, 0,

1 8.5 x10° 1.6 x 107 1.5 x 10° 95 53

2 1.8 x 10° 1.4 x 107 1.4 x10* 89 69

3 1.8 x 107 2.5 %107 1.0 x 10° 59 50

4 1.8 x 107 2.4 %107 8.3 x 10* 56 48

5 9.9 x 10° 2.8 x 107 1.8 x 10° 74 14

a) Measured with 6 wt%-doped films in a host matrix (host = DPEPO for 1 and 2; mCP for 3;

mCBP for §). Data for 4 were obtained from a neat film.

The AEst of molecules is related to the orbital overlap between HOMO and LUMO (see
chapter 1.3). Thus, a large dihedral angle between donor and acceptor of the benzophenone-
based TADF luminophores helps to reduce the overlap of HOMO and LUMO and achieve a
small AEsr.

Figure 3-6b depicts the correlation between AEst and krisc of the benzophenone-based TADF
luminophores 1-3. The Arisc is given by the following equations (more details can be found in

section 3.4.3):

kpka @1apF (3-1)

k =
RISC Kisc PF

From this equation, krisc can be seen to be strongly effected by @rapr, which is in turn related
to AEst. As such, compound 3 has a small AEst of 0.03 eV and a very fast krisc of 1.0 x 10°
s ! as compared to compound 1 with a krisc of 1.5 x 10° s™! and a large AEst of 0.21 (Fig. 3-
6b). These results for benzophenone-based TADF luminophores 1-3 are in good agreement

with the idea that a small AEsr is necessary for high up-conversion efficiency in TADF emitters.
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Figure 3-6. Correlation between AEst and a) dihedral angle between donor and acceptor

and b) krisc of the benzophenone-based TADF luminophores 1-3.
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Table 3-4. Dihedral angles between donor and acceptor, experimental AEst, and krisc of the

benzophenone-based TADF luminophores 1-5

dihedral angle between AEst krisc
Compound a) b) -1 4
donor and acceptor (°) (eV) (s ,x10)
1 51 0.21 0.15
2 61 0.14 1.4
3 85 0.03 10
4 82 0.10 8.3
5 79 0.06 18

a) Optimized molecular structures calculated by Gaussian 03 at the B3LYP/6-31G (d, p) level.
b) Estimated from PL spectra of 6 wt% emitter: host co-deposited films at 300 and 5K.

3.2.4 Fabrication and EL Properties of Full-Color Delayed Fluorescence OLEDs

As expected, the photophysical properties of the D-A-D-structured benzophenones, with high
@rapr values of ca. 36—73% in their doped films, are favorable for developing highly efficient
OLEDs. To evaluate the performance of 1-5 as emitters, multilayer OLED devices A—E were
fabricated with structures of ITO/ a-NPD (35 nm)/ mCP (5 nm)/ emitter:host (20 nm)/ DPEPO
(10 nm)/ TPBi (30 nm)/ LiF (0.8 nm)/ Al (80 nm) for 1 and 2 (i.e., devices A and B) and ITO/
a-NPD (40 nm)/ emitter:host (20 nm)/ TPBi (40 nm)/ LiF (0.8 nm)/ Al (80 nm) for 3-S5 (i.e.,
devices C—E). In these devices, a-NPD was used as an HTL and TPBi as an ETL. For devices
A and B, thin layers of mCP and DPEPO, which have sufficiently high Et, were inserted at the
EML/HTL and ETL interfaces, respectively, to confine T1 excitons in the EML and suppress
T1 exciton quenching in the devices with blue emitters. For the orange-red emitting device E,
compound 4 was used as a non-doped EML. An energy level diagram of the devices and the

chemical structures of the used materials are provided in Fig. 3-7.
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Figure 3-7. Energy level diagram showing the HOMO/LUMO levels of the materials used in

devices A—E and the chemical structures of the materials.

Table 3-5. TADF-OLED performance of devices A—F?

Device A B C D E F
Emitter 1 2 3 5 4 2/5
Host DPEPO DPEPO mCP mCBP none PPF/mCBP
AgL (nm) 446 484 539 548 586 489/548
Von (V) 43 4.4 3.2 3.6 2.8 5.0
Linax (cd m™2) 510 3900 86100 57120 50820 9800
e (cd A7) 9.3 25.5 359 20.1 11.1 16.4
Next (%0) 8.1 14.3 10.7 6.9 4.2 6.7

CIE (x,y) 0.16,0.14 0.17,0.27 0.37,0.58 0.49, 0.51 0.58,0.36 0.32,0.39

a) Abbreviations: AeL = EL emission maximum; Von = turn-on voltage at 1 c¢d m?2; Lmax =
maximum luminance; #c = maximum current efficiency; #ext = maximum external EL quantum
efficiency (at L > 1 cd m2); CIE = Commission Internationale de I'Eclairage color coordinates

measured at 10 mA cm 2
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Figure 3-8 presents J—V characteristics, 7ext—/ plots, and EL spectra of the fabricated devices.
The key characteristics are summarized in Table 3-5. All devices based on 1-5 exhibited EL
spectra similar to the corresponding PL spectra of their doped (or neat) films (Fig. 3-8b),
confirming that EL emission was generated solely from the emitters themselves through the
same radiative decay process. As illustrated in the Commission Internationale de I'Eclairage
(CIE) chromaticity diagram in Fig. 3-12, the EL emission color can be tuned from blue (0.16,
0.14; device A) to orange-red (0.58, 0.36; device E) using the TADF benzophenones 1-5.

The current efficiency (7¢) and power efficiency (7p) versus J plots for devices A—E are shown
in Fig. 3-9. The sky-blue emitting device B incorporating 2 achieved a high maximum #ext of
14.3% and #5c of 25.5 cd A™! at low J. With increasing J, #ext of device B and blue emitting
device A decrease more rapidly than those of other devices. This efficiency roll-off at high J is
mainly attributed to excess T1 excitons in the EML, which cause exciton quenching via TTA
and/or STA.!41%

The green emitting device C incorporating 3 also displayed notable EL efficiencies: maximum
Next = 10.7% and 5c = 35.9 cd A™! with a high maximum luminance (Lmax) of 86100 cd m 2. At
a high current density of 100 mA cm 2, the #7ext of device C was still as high as 5%, indicating
a reduced efficiency roll-off, presumably because of the relatively short TADF lifetime (12 ps)
for the doped film of 3. Although the performance of blue-emitting device A and yellow-
emitting device D was lower than that of device C, maximum #ext values of 8.1% and 6.9%
were obtained for devices A and D, respectively, which are much higher than the 5% theoretical
limit for the #next of OLEDs based on conventional fluorescence. The orange-red-emitting
device E exhibited a very low turn-on voltage of 2.8 V and better efficiency roll-off

characteristics at high current densities.
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Figure 3-8. a) Current density—voltage (J—V) curves and b) nex—/ plots (inset: normalized
EL spectra measured at 10 mA cm) of the OLEDs A—E containing the TADF emitters 1—
5.

b)

Current Density (mA cm?)

External Quantum Efficiency (%)

10°F
10“;
. :
. Device A
[ ol Device B
10°F VE & Device C
F A G g Device D
VWW v Device E
10'5"\:? ..O 5k . . ) . ) . . |
0 2 4 6 8 10 12
Voltage (V)
10’ R S . ““““M
AR Vv —v-v-¥vVVYY
L h._ M
10°F 1of P
e g Wt
_S 0.6 4 A \ifneviceE
-1 E )\
10 _E 0.4 [
Fo 02
[ 0.0 e
300 400 500 600 700 800
2 Wavelength (nm)
10 asaal i au s asaal aaaasl Aada
107 10" 10° 10° 10

Current Density (mA cm4)

65



=Y
S—

: a A A A AAA AAAAAMS A AAAAASAMAAMARS addass.

Current Efficiency (cd A™)
=

i e Device A
P Device B
10" | + Device C
Device D
v Device E
10_2 1 1 P | 1
10° 107 10" 10° 10° 10°

Current Density (mA cm _2)

b)

e Device A Device B
o A DeviceC Device D
g v DeviceE
= AAAAAAraa,

A A
: A A ' A A
>
= MAAL A 2
3 YYY VY vy v y Yy Vv v
£
Ll
o
®e0ee
LA Y )
% E """oooo..
o g
10? : ' ; :

20 40 60 80 100
Current Density (mA cm")

Figure 3-9. a) Current efficiency and b) power efficiency versus J plots for devices A—E.
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3.2.5 TADF-Based White OLEDs using Benzophenone Derivatives

Using a combination of these TADF benzophenones with emission wavelengths spanning the
whole visible region, the fabrication of TADF-based WOLEDs should be possible. There are
two approaches for generating white light from OLEDs: three-primary-color (RGB) and two-
color (blue/yellow) emitting systems.'®!? Because of the simpler device fabrication process,
we adopted a two-color-based device configuration (device F) with a structure of ITO/ a-NPD
(35 nm)/ 18 wt%-5: mCBP (4 nm)/ 6 wt%-2: 2,8-bis(diphenylphosphoryl)dibenzo[b,d]furan'®
(PPF, 14 nm)/ PPF (40 nm)/ LiF (0.8 nm)/ Al (80 nm). In the case of blue and yellow EML
combined multilayer WOLEDs, charge balance is very important because position of hole and
electron recombination zone determined color purity of white emission. The yellow emissive
molecules of 5 has lower Si and T state than blue emissive molecules of 2. And to prevent
energy down conversion from blue to yellow EML and decrease blue emission intensity,
recombination zone should be located on blue EML or interface of blue and yellow EML. As
shown in Fig. 3-10, very deep homo energy of PPF molecules was introduced as host of blue
EML and HBL for exction generation at interface of blue and yellow EML. And to reduce self-
absorption of blue emission from yellow EML, very thin layer (4 nm) was fabricated. As
expected, device F emitted white EL with CIE coordinates of (0.32, 0.39) at 10 mA cm 2, which
are close to those of pure white light CIE (0.33, 0.33), and achieved an #ext of as high as 6.7%
(Table 3-5). The resulting EL spectrum exhibited component peaks at 489 and 548 nm,
corresponding to emission from 2 and 5, respectively (Fig. 3-11). As shown in the inset of Fig.
3-11b, EL spectra of device F was slightly changed by current density. The emission intensity
of blue emission (4eL = 498 nm) decreased with increase of current density. It should be the
broadening of hole and electron recombination zone at higher current density lead to increase
direct exciton generation on yellow EML and yellow emission intensity is relatively increased
compare to blue emission. However, actual CIE coordinates of EL spectra of each current
density are slight changed (0.31, 0.38 at 1 mA cm 2, 0.32, 0.39 at 10 mA cm 2, and 0.33, 0.40
at 100 mA cm 2). From these result, we can confirmed the well optimized device structure of

2 and 5 based WOLEDs.
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Figure 3-10. Energy level diagram showing the HOMO/LUMO levels of the materials used in

devices F and the molecular structures of the materials.
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photographs of devices A—F.

3.3 Conclusion

In conclusion, efficient exciton harvesting through spin up-conversion from non-radiative Ti
to radiative Si states has been realized using butterfly-shaped benzophenone derivatives. Our
results demonstrate that the judicious molecular design of benzophenone based on D-A-D
frameworks is suitable for the production of organic luminophores exhibiting highly efficient
TADF emission covering the full color spectrum. OLEDs employing the benzophenone
derivatives as emitters achieved maximum #ext of up to 14.3%, which far exceed the theoretical
limit for conventional fluorescence OLEDs. These purely organic luminophores do not require
expensive precious metals, in contrast to phosphorescent emitters, and will therefore benefit
large-area applications. Continued exploration of similar materials offers a viable route for
producing efficient and stable full-color TADF luminophores for future display and lighting

applications.
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3.4 Experimental Section

3.4.1 General Methods

NMR spectra were recorded on an Avance III 500 spectrometer (Bruker). Chemical shifts of
'H and '*C NMR signals were quoted to tetramethylsilane (6= 0.00) and CDCI3 (6= 77.0) as
internal standards, respectively. Matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectra were collected on an Autoflex III spectrometer (Bruker Daltonics)
using dithranol as the matrix. Elemental analyses were carried out with an MT-5 CHN corder
(Yanaco). UV/vis absorption and PL spectra were measured with a UV-2550 spectrometer
(Shimadzu) and a Fluoromax-4 spectrophotometer (Horiba Scientific), respectively. The @pL
were measured using an integration sphere system coupled with a photonic multichannel
analyzer (Hamamatsu Photonics C9920-02, PMA-11). The luminescence intensities and
lifetimes of solutions and thin films were measured using a Quantaurus-Tau (Hamamatsu
Photonics) with an LED lamp (4 = 340 nm, frequency = 50 Hz) under N2, and a Streak camera
(Hamamatsu Photonics C4334) with an N2 gas laser (A = 337 nm, pulse width = 500 ps,
repetition rate = 20 Hz) under vacuum (< 4 x 10~ Pa). The HOMO energy levels (or ionization
energies) for thin films were determined using an AC-3 ultraviolet photoelectron spectrometer
(Riken-Keiki). The LUMO energy levels were estimated by subtracting the optical £ from the
measured HOMO energies; Eg values were determined from the onset position of the
absorption spectra of thin films. All quantum chemical calculations were performed using the
Gaussian 03 program package.!” Geometry optimization was carried out using the B3LYP
functional with the 6-31G(d,p) basis set. Low-lying excited singlet and triplet states were
computed using the optimized structures with time-dependent density functional theory (TD-

DFT) at the same level.

3.4.2 OLED device Fabrication and Measurement

ITO (110 nm thick)-coated glass substrates with a sheet resistance of <20 Q o' were cleansed
with detergent, deionized water, acetone, and isopropanol. They were then subjected to UV-
ozone treatment, before being loaded into a vacuum evaporation system. The organic layers

were thermally evaporated on the substrates under vacuum (< 3 x 10~* Pa) with an evaporation
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rate of < 0.3 nm s~ '. A cathode aluminum layer was then deposited through a shadow mask.
The layer thickness and deposition rate were monitored in situ during deposition by an
oscillating quartz thickness monitor. The current density—voltage—luminance characteristics of
the devices were measured using a semiconductor parameter analyzer (Agilent E5273A) and
an optical powermeter (Newport 1930-C). EL spectra were recorded using a multi-channel

analyzer (Ocean Optics SD2000).

3.4.3 Determination of Radiative Decay, ISC, and RISC Rate Constants

The transient processes of the TADF benzophenone luminophors 1-5 are shown
schematically in Fig. 3-1. In the presence of ISC and RISC between the Si and Ti states, the
rate constants of the prompt and delayed PL components (kp and k4, respectively) can be

expressed as follows:!?

1
ky, = P ki + ki + kisc (3-2)

_ 1 _ .7 _ kisc _
ko==kh+(1-mpes—)kuse  (3-3)

The rates k> and kisc are assumed to be much faster than the non-radiative decay rate constant
for T states (knr') and krisc, which is supported by the much longer decay time of the delayed
emission component compared to the prompt component in the transient PL data.

The values of @ and @rapr and the quantum efficiency of ISC (@sc) are given by the

following equations.

ki
P = R G-4)
Prapr = 2pe1(Prsc Prisc)” Pr (3-5)
k
Disc = sms (3-6)

S S
kr +knr+kISC

72



From Equ. 3-2 to 6, Equ. 3-1 can be obtained. Since the transient PL prompt component
exhibits almost negligible temperature dependence at 5-300 K, we can assume that kn> = 0 at
ambient temperature. Based on Equ. 3-1 to 6, k&5, kisc, and krisc of 1-5 in the doped films can

be estimated.

3.4.4 Materials and Syntheses of Benzophenone Derivatives

All regents and solvents were purchased from Sigma-Aldrich, Tokyo Chemical Industry (TCI),
or Wako Pure Chemical Industries and were used as received unless otherwise noted. The
synthetic routes to obtain Cz2BP (1), CC2BP (2), Px2BP (3), m-Px2BBP (4), and p-Px2BBP
(5) are outlined in Scheme 3-1. All reactions were performed under N2 atmospheres in dry
solvents. The final products were fully characterized by 'H and '*C NMR spectroscopy,

MALDI-TOF mass spectrometry, and elemental analysis, as described later.

Cz2BP (1

BrBr K2CO3, Pd(f—BU3P)2

toluene CCZBP
H

ol QNN@
O© Px2BP (3)©O
- . sWegenoNe

m*@*cl . Br @ m-Px2BBP (4)
©Br 6 W @E D (

Q 0]
AICl K>CO3, Pd(t-BusP), Q
Q . [e] toluene

p-Px2BBP (5)

Scheme 3-1. Synthesis of the benzophenone derivatives 1-5.
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4,4°-bis(9H-carbazol-9-yl)methanone (Cz2BP (1)). A mixture of 4,4’-dibromobenzophenone
(1.02 g, 3.0 mmol), 9H-carbazol (1.10 g, 6.6 mmol), potassium carbonate (1.04 g, 7.5 mmol),
and bis(tri-tert-butylphosphine)palladium(0) (Pd(z-BusP)2; 0.15 g, 0.3 mmol) in dry toluene
(50 mL) was stirred for 24 h at 120 °C. After cooling to room-temperature, the reaction mixture
was poured into water and extracted with toluene. The combined organic layers were washed
with water and dried over anhydrous MgSOa4. The resulting solution was filtered through a
Celite pad and then through an alumina pad to remove insoluble materials. The filtrate was
concentrated by evaporation. The crude product was purified by column chromatography on
silica gel (eluent: chloroform) and dried under vacuum to afford Cz2BP as a yellow powder
(yield = 1.38 g, 90%). This compound was further purified by temperature-gradient
sublimation under vacuum. '"H NMR (500 MHz, CDCl3): § 8.19-8.17 (m, 8H), 7.81 (d, J = 8.5
Hz, 4H), 7.57 (d, J = 8.5 Hz, 4H), 7.46 (td, J = 7.5 Hz, 1.0 Hz, 4H), 7.34 (td, /= 7.5 Hz, 1.0
Hz, 4H). *C{'H} NMR (125 MHz, CDCl3): 6 194.45, 141.92, 140.29, 135.85, 131.86, 126.46,
126.25, 123.91, 120.67, 120.51, 109.80. MS (MALDI-TOF): m/z 512.04 [M]"; caled 512.19.
Anal. calcd (%) for C37H24N20: C, 86.69; H, 4.72; N, 5.46; found: C, 86.61; H, 4.66; N, 5.43.

4,4°-bis{3-(9H-carbazol-9-yl)-9H-carbazol-9-yl}methanone (CC2BP (2)). Compound 2 was
synthesized similarly to 1, using 4,4’-dibromobenzophenone (1.02 g, 3.0 mmol), 9-(9H-
Carbazol-3-yl)-9H-carbazole!V (2.19 g, 6.6 mmol), and Pd(z-BusP)2 (0.15 g, 0.3 mmol). The
product was obtained as a pale yellow powder (yield = 2.21 g, 89%). This compound was
further purified by recycling preparative gel permeation chromatography before use. 'H NMR
(500 MHz, CDCI3): ¢ 8.35 (d, J = 2.0 Hz, 2H), 8.28 (d, J = 8.5 Hz, 4H), 8.22 (d, J = 8.0 Hz,
4H), 8.17 (d, J= 7.5 Hz, 2H), 7.93 (d, J = 8.5 Hz, 4H), 7.78 (d, J = 8.5 Hz, 2H), 7.66-7.63 (m,
4H), 7.56 (t, J = 8.0 Hz, 2H), 7.47-7.43 (m, 8H), 7.41 (t, J = 8.0 Hz, 2H), 7.35-7.32 (m, 4H).
BC{'H} NMR (125 MHz, CDCl3): § 194.32, 141.81, 141.66, 139.39, 136.17, 132.04, 130.67,
127.02, 126.61, 125.92, 125.81, 125.01, 123.48, 123.21, 121.15, 120.83, 120.35, 119.74,
119.69, 110.92, 110.15, 109.75. MS (MALDI-TOF): m/z 842.32 [M]"; calcd 842.30. Anal.
calcd (%) for Ce1H3sN4O: C, 86.91; H, 4.54; N, 6.65; found: C, 86.72; H, 4.40; N, 6.53.

4,4°-bis(10H-phenoxazin-10-yl)methanone (Px2BP (3)). Compound 3 was synthesized
similarly to 1, using 4,4’-dibromobenzophenone (1.02 g, 3.0 mmol), 10H-phenoxazine (1.20 g,
6.6 mmol), and Pd(+~-BusP)2 (0.15 g, 0.3 mmol). The product was obtained as a yellow powder
(yield = 1.42 g, 88%). This compound was further purified by temperature-gradient
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sublimation under vacuum. '"H NMR (500 MHz, CDCls): 6 8.10 (d, J = 8.5 Hz, 4H), 7.54 (d, J
= 8.5 Hz, 4H), 6.75-6.69 (m, 8H), 6.65 (td, J = 8.0 Hz, 2.0 Hz, 4H), 6.02 (dd, /= 8.0 Hz, 1.5
Hz, 4H). *C{!H} NMR (125 MHz, CDCl3): 6 194.56, 144.09, 143.47, 136.95, 133.70, 132.75,
130.95, 123.32, 121.96, 115.80, 113.41. MS (MALDI-TOF): m/z 544.12 [M]"; calcd 544.18.
Anal. calcd (%) for C37H24N20s3 : C, 81.60; H, 4.44; N, 5.14; found: C, 81.69; H, 4.41; N, 5.11.

1,3-bis(4-bromobenzoyl)benzene (6). To a stirred solution of isophthaloyl dichloride (2.60 g,
2.0 mmol) in bromobenzene (10 mL) was slowly added aluminum chloride (2.03 g, 1.0 mmol).
The mixture was stirred for 9 h at room-temperature and then heated for 2 h at 90 °C. After
cooling to room-temperature, the reaction mixture was poured into ice-cold methanol to form
a precipitate. The resulting precipitate was collected by filtration, recrystallized from
chloroform/methanol, and dried under vacuum to give 6 as a white solid (yield =3.97 g, 89%).
This compound was used in the next reaction without further purification. '"H NMR (500 MHz,
CDCl): ¢ 8.13 (s, 1H), 8.00 (dd, J = 7.5 Hz, 1.5 Hz, 2H), 7.70-7.64 (m, 9H). MS (MALDI-
TOF): m/z 443.76 [M+H]"; calcd 442.93.

1,3-bis{4-(10H-phenoxazine-10-yl)benzoyl!benzene (m-Px2BBP (4)). Compound 4 was
synthesized similarly to 1, using 6 (1.33 g, 3.0 mmol), 10H-phenoxazine (1.20 g, 6.6 mmol),
and Pd(z-BusP)2 (0.15 g, 0.3 mmol). The product was obtained as a yellow powder (yield =
1.40 g, 96%). This compound was further purified by temperature-gradient sublimation under
vacuum. '"H NMR (500 MHz, CDCls): 6 8.37 (s, 1H), 8.12-8.08 (m, 6H), 7.72 (t, J = 7.5 Hz,
1H), 7.53 (d, J = 8.5 Hz, 4H), 6.74-6.68 (m, 8H), 6.64-6.61 (m, 4H), 6.01 (dd, /=7.5 Hz, 1.5
Hz, 4H). BC{'H} NMR (125 MHz, CDCl:): 6 194.62, 144.09, 143.73, 137.72, 136.63, 133.72,
133.63, 132.84, 130.98, 130.92, 128.76, 123.33, 121.99, 115.80, 113.44. MS (MALDI-TOF):
m/z 649.45 [M+H]"; calcd 649.21. Anal. caled (%) for C44H2sN204 : C, 81.47; H, 4.35; N, 4.32;
found: C, 81.47; H, 4.27; N, 4.29.

1,4-bis(4-bromobenzoyl)benzene (7). This compound was prepared using a procedure similar
to that for synthesizing 6, except that terephthaloyl chloride (2.60 g, 2.0 mmol) was used
instead of isophthaloyl dichloride. The product was obtained as a white powder (yield = 3.33
g, 75%). This compound was used in the next reaction without further purification. 'H NMR
(500 MHz, CDCl3): 6 7.87 (s, 4H), 7.71 (d, J = 8.5 Hz, 4H), 7.67 (d, J = 8.5 Hz, 4H). MS
(MALDI-TOF): m/z 443.75 [M+H]"; calcd 442.93.
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1,4-bis{4-(10H-phenoxazine-10-yl)benzoyl}benzene (p-Px2BBP (5)). Compound 5 was

synthesized similarly to 1, using 7 (1.33 g, 3.0 mmol), 10H-phenoxazine (1.20 g, 6.6 mmol),

and Pd(#-BusP)2 (0.15 g, 0.3 mmol). The product was obtained as an orange powder (yield =

1.20 g, 84%). This compound was further purified by temperature-gradient sublimation under
vacuum. '"H NMR (500 MHz, CDCl3): 6 8.09 (d, J= 7.0 Hz, 4H), 8.01 (s, 4H), 7.54 (d, J= 8.5
Hz, 4H), 6.75-6.69 (m, 8H), 6.64 (td, J = 7.5 Hz, 1.5 Hz, 4H), 6.02 (dd, J = 7.5 Hz, 1.0 Hz,

4H).

BC{'H} NMR (125 MHz, CDCl3): § 194.79, 144.12, 140.53, 136.61, 133.64, 132.86,

130.98, 129.88,123.31, 122.02, 115.82, 113.42. MS (MALDI-TOF): m/z 649.54 [M+H]"; calcd
649.21. Anal. calcd (%) for C44H28N204 : C, 81.47; H, 4.35; N, 4.32; found: C, 81.45; H, 4.20;
N, 4.28.

3.5 References

[1]
2]
[3]
[4]
[5]

[6]
[7]

[8]
[9]

[10]

[11]

[12]

B. W. D'Andrade and S. R. Forrest, Adv. Mater., 2004, 16, 1585.

M. C. Gather, A. Kéhnen, and K. Meerholz, Adv. Mater., 2011, 23, 233.

K. T. Kamtekar, A. P. Monkman, and M. R. Bryce, Adv. Mater., 2010, 40, 572.

H. Sasabe and J. Kido, Chem. Mater., 2011, 23, 621.

M. W. Wolf, K. D. Legg, R. E. Brown, L. A. Singer, and J. H. Parks, J. Am. Chem.
Soc., 1975, 97, 4490.

Y.-P. Sun, D. F. Sears, and Jr., J. Saltiel, J. Am. Chem. Soc., 1989, 111, 706.

S. Aloise, C. Ruckebusch, L. Blanchet, J. Réhaut, G. Buntinx, and J.-P. Huvenne, J.
Phys. Chem. 4, 2008, 112, 224.

S. Hoshino and H. Suzuki, Appl. Phys. Lett., 1996, 69, 224.
K. Honda, Photochemical Processes in Organized Molecular Systems, 1991,
Elsevier.
A. Endo, K. Sato, K. Yoshimura, T Kai, A. Kawada, H. Miyazaki, and C. Adachi,
Appl. Phys. Lett., 2011, 98, 083302.
C. Han, Y. Zhao, H. Xu, J. Chen, Z. Deng, D. Ma, Q. Li, and P. Yan, Chem.-Eur. J., 2011,
17, 5800.
Y. Liu, S. Chen, J. W. Y. Lam, P. Lu, R. T. K. Kwok, F. Mahtab, H. S. Kwok, and
B. Z. Tang, Chem. Mater., 2011, 23, 2536.

76



[13]
[14]
[15]
[16]
[17]
[18]

[19]

K. Goushi, K. Yoshida, K. Sato, C. Adachi, Nat. Photon., 2012, 6, 253.

Y. Zhang and S. R. Forrest, Phys. Rev. Lett., 2012, 108, 267404.

C. Adachi, M. A. Baldo, and S. R. Forrest, J. Appl. Phys., 2000, 87, 8049.

M. C. Gather, A. Kohnen, and K. Meerholz, Adv. Mater., 2011, 23, 233.

S. Reineke, M. Thomschke, B. Lussem, and K. Leo, Rev. Mod. Phys., 2013, 85, 1245.
P. A. Vecchi, A. B. Padmaperuma, H. Qiao, L. S. Sapochak and P. E. Burrows, Org. Lett.,
2000, 8, 4211.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R.
Cheeseman, J. A. Montgomery, Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M.
Millam, S. S. Iyengar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani,
N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda,
J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X.
Li, J. E. Knox, H. P. Hratchian, J. B. Cross, C. Adamo, J. Jaramillo, R. Gomperts,
R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski,
P. Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J. Dannenberg, V. G.
Zakrzewski, S. Dapprich, A. D. Daniels, M. C. Strain, O. Farkas, D. K. Malick, A.
D. Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S.
Clifford, J. Cioslowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I.
Komaromi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A.
Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong,
C. Gonzalez, and J. A. Pople, Gaussian 03, Gaussian, Inc., Pittsburgh PA, 2003.

77



Chapter 4
X-Shaped Benzoylbenzophenone Derivatives with
Crossed Donors and Acceptors for Highly Efficient

Thermally Activated Delayed Fluorescence

78



Chapter 4
X-Shaped Benzoylbenzophenone Derivatives with
Crossed Donors and Acceptors for Highly Efficient

Thermally Activated Delayed Fluorescence

Abstract

TADF materials based on x-shaped benzoylbenzophenone derivatives with crossed donors
and acceptors, AcPmBPX and PxPmBPX, were designed and synthesized. OLEDs using these

materials as emitters exhibited high external EL quantum efficiencies of up to 11%.

4.1 Introduction

In Chapter 3, highly efficient full-color TADF emitters based on benzophenone derivatives
were reported. Among them, the yellow-emitting benzoylbenzophenone p-Px2BBP (Fig. 4-1a)
was found to exhibit low @rL (36%) and 7ext (< 7%) in films and OLEDs compared to the other
benzophenone derivatives.! In this chapter, the molecular design strategy is further developed
and refined to create highly emissive luminophors based on benzoylbenzophenone derivatives.

In emissive organic molecules, radiative and non-radiative decay are in competition with each
other, and non-radiative decay should be suppressed to achieve high luminescence efficiency.
Non-radiative decay largely originates from the transfer of excess energy into the vibration,
rotation, and translation of surrounding molecules resulting in heat generation. For instance,
the free movement of molecules in solution leads to efficient non-radiative decay while strong
radiative decay is observed in the thin-film state because of the restriction of intramolecular
movement by the aggregation of molecules. This mechanism is called AIE (see more detail in
section 1.3.2).2”# Thus, the restriction of intramolecular movement is a key to reducing non-

radiative decay in emissive molecules.
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In the case of the linear-shaped p-Px2BBP, free movement of phenyl rings can accelerate
non-radiative processes and decrease luminescence efficiency. In this chapter, an advanced
molecular design is introduced with crossed donors and acceptors in an x-shaped molecular
structure based on benzoylbenzophenone derivatives. The new molecules 1,4-bis(9,9-
dimethylacridan-10-yl-p-phenyl)-2,5-bis(p-tolyl-methanoyl)benzene (AcPmBPX, 1) and 1,4-
bis(9,9-phenoxazin-10-yl-p-phenyl)-2,5-bis(p-tolyl-methanoyl)benzene ~ (PxPmBPX, 2),
shown in Fig. 4-1b, were designed with the expectation of restrained intramolecular movement
caused by strong steric hindrance between the bulky donors of phenoxazine and
dimethylacridane and the acceptor of benzoylbenzophenone. Furthermore, a twisted molecular

structure could yield a small AEsr for effective up-conversion through TADF.Y

a)
Q a 0
Q\ A /0 ob dp
p-Px2BBP
b)

S Ng

g O o
O o
O Yo O Yo
1O 2 °

Figure 4-1. Molecular structures of the Ilinear-shaped a) and x-shaped b)

benzoylbenzophenone derivatives of p-Px2BBP and 1 and 2.
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4.2 Results and Discussion

4.2.1 Characterization of Geometric and Electronic Structures by TD-DFT Calculations

The geometric and electronic structures of 1 and 2 were ascertained by time-dependent density
functional theory (TD-DFT) calculations performed at the B3LYP/6-31G (d,p) level. As shown
in Fig. 4-2, the HOMOs of 1 and 2 are mainly distributed over the electron-donating
dimethylacridane and phenoxazine moieties, respectively, because of a large distortion between
the electron-donating moieties and neighboring phenylene rings. The LUMOs of 1 and 2 are
located on the central electron-accepting benzoylbenzophenone core. Such clear spatial
separation of the frontier orbitals resulted in a very small calculated AEst of 0.01 eV for 1 and

2, which can facilitate fast RISC from T to S states even at room-temperature.

LUMO

HOMO

Figure 4-2. Frontier-molecular-orbital distributions of 1 and 2.

4.2.2 PL Properties of Benzoylbenzophenone Derivatives

The UV/Vis absorption and PL spectra of 1 and 2 in toluene are depicted in Fig. 4-3.
Compounds 1 and 2 exhibit structureless sky-blue and green emission with ApL at 496 and 510
nm, respectively. In oxygen-free toluene solutions, @prL of ~20% were obtained for 1 and 2

whilst @pr decreased to less than 10% in the presence of triplet oxygen (*02) in aerated
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solutions. In contrast, films of 1 and 2 doped into mCBP as host exhibited high ®pL of 46%
and 57%, respectively, which suggests that non-radiative exciton quenching processes are

suppressed by the restriction of intramolecular rotation in the solid state (Table 4-1).9

1.0} \- ——1 1.0
3
3 08y 108 3
& s
0.6 ,-\ {0.6
g "°fha z
E i ]' ‘I'. c
2 04f '."'“‘* 10.4 £
< 02f ® {0.2 &
SR X .
0 0 1 . 1 ﬁ} '/’ 1 N 1 "Q"EJ . 00

300 400 500 600 700 800
Wavelength (nm)

Figure 4-3. Room-temperature absorption (closed symbols) and PL spectra (open symbols)

of 1 (black line) and 2 (red line) in toluene (inset: luminescence image of 1 and 2 in toluene).

Table 4-1. Photophysical properties of 1 and 2

Ic.

he M)y (m) @, (%) HOMO LUMO  E(/E,  AEg o

Compound a) a) b) a) b) <) d) ¢) f) ST
sol sol " /film~  sol /film (eV) (eV) (eV) (eV) eV)?

1 281 496 /492 20/ 46 -580 —2.90 2.79/2.74 0.05 0.01

2 282,318  510/530 10/ 57 -5.60 —2.80 2.70/2.72 0.02 0.01

a) Measured in oxygen-free toluene solution at room-temperature. b) Measured in 6-wt%-
doped films in a host matrix of mCBP. ¢) Determined by photoelectron yield spectroscopy in
thin films. d) Deduced from the HOMO and optical Eg. e) Singlet (Es) and triplet (ET) energies
estimated from onset wavelengths of the doped film emission spectra at 300 and 5 K,

respectively, f) AEst= Es—ET. g) Calculated by TD-DFT at the B3LYP/6-31G(d,p) level.
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We further analyzed the temperature dependence of the transient PL characteristics of 1 and
2 doped into films of mCBP using a streak camera. As shown in Fig. 4-4, codeposited films of
mCBP doped with 6 wt% of 1 and 2 exhibit fluorescence with nanosecond-scale prompt (zp =
20 and 30 ns) and microsecond-scale delayed (zda = 925 and 314 ps) components at 300 K,
respectively. Since the prompt and delayed emission spectra coincide with each other (Fig. 4-
5), the delayed PL component can be ascribed to delayed fluorescence. Moreover, ®pL
increased with increasing temperature in the range of 150-300 K because of an acceleration of
the RISC process at higher temperatures (Fig. 4-5). These results indicate that the delayed
component originates from TADF. Using the PL efficiency and lifetime data measured at 300
K, emitters 1 and 2 in the doped films are estimated to have &5 of 1.3 x 107 and 7.0 x 10%s7",
kisc of 3.7 x107 and 2.6 x 107 s, and krisc of 1.1 x 10 and 7.0 x 10° s”!, respectively (Table
4-2).)

Table 4-2. Rate constants and quantum efficiencies for decay processes in 1 and 29

Compound 15y 7d kS kisc krisc dr DTADF
p (ns) (ps) (s (s (s (%) (%)
1 200 925 13x10 37x10 11x10° 26 20
2 30 314 70x10° 26x10 7.0x10° 21 36

a) Measured in 6 wt%-doped films in a host matrix of mCBP.

83



10° , 300K %0 —
e I N N
200 K3 -

150 K"‘La" 0 H RS S R

PL Intensity (a. u.)

b)

PL Intensity (a. u.)

Time (us)

Figure 4-4. Temperature dependence of transient PL decay of 6 wt%-emitter: mCBP films
from 300 to 5 K for the emitters 1 a) and 2 b) (insets: the contribution of fluorescence and

TADF to the total @, ).
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Figure 4-5. Streak image and PL spectra of 6 wt%-emitter: mCBP films showing the
prompt (fluorescence, black) and delayed (TADF, red) components for the emitters 1 a)
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4.2.3 Decay Processes in Linear- and X-Shaped Benzoylbenzophenone Derivatives

To compare the decay processes of linear- and x-shaped benzoylbenzophenone derivatives,
the rate constants of radiative and non-radiative decay constants were calculated for p-Px2BBP
and 2 using the @pL and lifetimes of 6 wt%-emitter: mCBP codeposited films at 300 K (Fig. 4-
6, Table 4-3). The emitters p-Px2BBP and 2 exhibited nearly the same kp while their ka4 were
slightly different. For the non-radiated decay, k" can be calculated by”

krT;r = kd - (@kasc) (4-1)

Based on this equation, kn' of p-Px2BBP and 2 are calculated to 2.9 x 10° and 1.7 x 103 s/,
respectively. The much smaller kn" for 2 than for the linear-shaped p-Px2BBP can be attributed
to the crossed bulky donor and acceptor substituents of 2 better restricting intramolecular
vibrations and rotations, which strongly suppresses non-radiative exciton quenching processes
in T states. Even though krisc of p-Px2BBP (1.8 x 10° s™!) is faster than 2 (7.0 x 10 s7!), the
drisc of 2 (46%) is much higher than that of p-Px2BBP (14%) because of the slower kn'
relative to krisc for 2 reduces the loss of T states before they are up-converted to Si states
through TADF. These results confirm that the x-shaped molecular design is suitable for highly

efficient triplet excitons harvesting by reducing the non-radiative decay of Ti.

Table 4-3. Rate constants and quantum efficiencies for decay processes in p-Px2BBP and 2%

Compound kS ka k" disc Prisc AEgy
(s s (s (%0) (%) (eV)

p-Px2BBP 1.3x107  3.4x10° 29x10° 74 14 0.06
2 7.0x10°  32x10° 1.7x10° 79 46 0.02

a) Measured in 6 wt %-doped films with a host matrix of mCBP.
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4.2.4 Fabrication and EL Properties of OLEDs

Because of their high @prL in doped films, emitters 1 and 2 were expected to be useful for
fabricating highly efficient TADF-OLEDs. To test their performance as emitters in OLEDs,
multilayer OLEDs were fabricated with the following device configuration (Fig. 4-7): ITO/ a-
NPD (35 nm)/ mCP (10 nm)/ 6 wt%-1 or 2: mCBP (20 nm)/ PPF (10 nm)/ TPBi (30 nm)/ LiF
(0.8 nm)/ Al (80 nm). Here, a-NPD and TPBi serve as a HTL and ETL, respectively, and LiF
is used as an electron-injecting material. In addition, to confine T excitons to the EML and to
suppress quenching by the neighboring layers, mCP and PPF, which have high T: energies of
2.9 and 3.1 eV,¥ respectively, were inserted between the HLT/EML and EML/ETL interfaces,
respectively.

Figure 4-8 presents the current-density—voltage—luminance (J—FV—L) and 7ext characteristics
of OLED devices A and B based on TADF emitters 1 and 2, respectively. For devices A and B,
the AeL at J = 10 mA cm 2 were 504 and 541 nm, respectively, which are similar to their
corresponding ArL. The OLEDs based on 1 and 2 achieved high maximum #ext of 10.0% and
11.3%, respectively. Device B also exhibited a high #c of 35.3 cd A™! and a high Limax of 61040
cd m2 (Table 4-4).

In the case of device A, 7ext decreased at high current densities of over 100 mA cm 2 (3ext <
3%), indicating a rapid increase of roll-off attributed to the longer 7 in doped films for emitter
1 (ra = 925 ps) compared to 2 (za = 314 pus).” Even though strong roll-off was observed at high
current densities in device A, its maximum 7ext was 10.0%, which is still more than double the

5% theoretical limit of #ext for OLEDs based on conventional fluorescent emitter.

Table 4-4. EL performance of TADF-OLEDs based on 1 and 2 as emitter

. . j‘EL Von L max 7]0 n ext
Device Emitter Host ) 4 o

(nm) V) (cdm ") (cdA ) (%)

A 1 mCBP 504 5.2 43749 234 10.0

B 2 mCBP 541 3.2 61040 353 11.3
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4.3 Conclusion

In summary, the x-shaped molecules 1 and 2 with crossed donors and acceptors were designed
and synthesized. The large steric hindrance of the bulky benzoylbenzophenone core units leads
to strong distortion between acceptor and donor units, thereby realizing relatively small
experimentally-determined AEst of 0.06 and 0.02 eV, which promote efficient TADF emission.
The OLEDs based on 1 and 2 as emitters exhibited high #ext of up to 11% for green and yellow
emission. We believe that this molecular design strategy offers a way to develop light-emitting

materials with small AEst for high-performance TADF-OLED:s.

4.4 Experimental Section

4.1.1 General Methods

NMR spectra were recorded on an Avance IIT 500 spectrometer (Bruker). Chemical shifts of
"H NMR signals were quoted to tetramethylsilane (6 = 0.00) as an internal standards. Matrix-
assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectra were collected
on a Autoflex III spectrometer (Bruker Daltonics) using dithranol as the matrix. Elemental
analyses were carried out with a Yanaco MT-5 CHN corder. The UV/vis absorption and PL
spectra of organic films were measured with a UV-2550 (Shimadzu) and a FluoroMax-4
spectrofluorometer (Horiba Scientific), respectively. The @pr was measured using an absolute
PL quantum yield measurement system (Hamamatsu Photonics C9920-02, PMA-11).
Luminescence intensity and lifetime of organic films were measured with a Streak camera
(Hamamatsu Photonics C4334). The organic films were excited by N2 gas laser (4 = 337 nm,
pulse width = 500 ps, repetition rate 20 Hz) under a vacuum of < 4 x 107! Pa. Samples were
cooled down at 5 K with a cryostat (Iwatani Industrial Gases). The density-functional theory
(DFT) computations were performed on the Gaussian 03 program package,! using the B3LYP
functional with the 6-31G(d,p) basis set.!?
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4.1.2 OLED device fabrication and measurements

To measure EL of the Benzoylbenzophenone derivatives based OLEDs, a clean glass substrate
precoated with a 110-nm-thick ITO layer with a sheet resistance of < 20 Q o' was used. The
substrate was degreased with distilled water, a neutral detergent, acetone, isopropyl alcohol,
and cleaned in UV-o0zone chamber (Nippon Laser and Electrics lab. NLUV253) before it loaded
into an evaporation system. The organic layers were thermally evaporated on the substrates
under a vacuum of < 3 x 10™* Pa with an evaporation rate of < 0.3 nm s '. In all devices, a
cathode aluminum (Al) layer was deposited through a 1 mm-diameter opening in a shadow
mask. The current density and voltage (J—V) characteristics of OLEDs were measured using a
semiconductor parameter analyzer (Agilent E5S273A). The EL spectra were recorded by multi
channel analyzer (Ocean Optics SD2000) at current densities of 1, 10, and 100 mA cm 2. The
brightness of OLEDs was measured using an optical powermeter (Newport 1930C).

4.4.3 Materials and Syntheses of Benzoylbenzophenone Derivatives

All reagents and solvents were purchased from Sigma-Aldrich, Tokyo Chemical Industry
(TCI), or Wako Pure Chemical Industries and used as received unless otherwise noted. The
synthetic routes to obtain 1 and 2 are outlined in Scheme 4-1. All reactions were performed
under an N2 atmosphere in dry solvents. The final products were fully characterized by 'H

NMR spectroscopy, MALDI-TOF mass spectrometry, and elemental analysis, as indicated.

g

@
Cos  C'o T,
4 (o] O
Pd(PPhs)y, K5POy, @ © N O

1,4-dioxane O

1 (AcPmBPX)

Br,

1) SOCl,
HOOC COOH— -
2) toluene, AICI;

Br

Q 0 q

o N DB N

@ 5 Ot @ O o

Pd(PPhsy),, K;PO,, O ® N@
1,4-dioxane @0

2 (PxPmBPX)

Scheme 4-1. Synthetic routes for 1 and 2.
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1,4-Dibromo-2,5-bis(p-tolyl-methanoyl)benzene (3). A mixture of 2,5-diboromoterephtalic
acid (6.48 g, 0.02 mol) and thionyl chloride (4.1 mL) was refluxed for 3 h. The excess thionyl
chloride was removed under vacuum to give 2,5-dibromoterephtalic acid chloride as a yellow
crystalline solid. To a solution of 2,5-dibromoterephtalic acid chloride in toluene (40 mL),
aluminum trichloride (5.60 g, 0.04 mol) was added slowly at 0 °C. The mixture was allowed to
react for 1 h at that temperature. Then, the mixture was heated at 90 °C for 1 h, cooled down to
40 °C, and reacted overnight. Upon cooling to room-temperature, the reaction mixture was
poured into water to precipitate a white solid which was isolated by filtration. The crude
product was recrystallized from chloroform and methanol to give a white solid (yield =7.11 g,
75.3%). '"H NMR (500 MHz, CDCl3): § 7.75 (d, J = 8.0Hz, 4H), 7.58 (s, 2H), 7.32 (d, J= 8.0
Hz, 4H), 7.32 (d, J = 7.5 Hz, 4H), 2.46 (s, 6H). MS (MALDI): m/z 472.32 [M+H]"; calcd
472.17.

1,4-Bis(9,9-dimethylacridan-10-yl-p-phenyl)-2,5-bis(p-tolyl-methanoyl)benzene (AcPmBPX
(1)). Compounds 3 (0.94 g, 2.0 mmol) and 4 (1.81 g, 4.4 mmol) were dissolved in 1,4-dioxane
(40 mL) under N2 atmosphere. To the solution were added aqueous potassium phosphate (2 M,
10 mL) and tertrakis(triphenylphosphine)palladium(0) (0.14 g, 0.12 mmol). After the complete
addition, the mixture was refluxed for 48 h. The reaction mixture was then poured into water.
The product was extracted with dichloromethane. The combined organic layers were washed
with water and dried over anhydrous MgSOs4. After filtration and evaporation, the crude
material was purified by column chromatography on silica gel (eluent:
dichloromethane/hexane, 1:1 v/v) and dried under vacuum to give a white powder (yield = 1.27
g, 72.1%). This compound was further purified by temperature-gradient sublimation under
vacuum. 'H NMR (500 MHz, CDCls): 6 7.87 (s, 2H), 7.63 (t, J = 7.0 Hz, 8H), 7.43 (d, J= 7.0
Hz, 4H), 7.19-7.16 (m, 8H), 6.91-6.88 (m, 8H), 5.86 (d, J= 7.5 Hz, 4H), 2.41 (s, 6H), 1.65 (s,
12H). MS (MALDI): m/z 882.12 [M]"; caled 882.12. Anal. calcd (%) for Ce4Hs2N20:2: C, 87.24;
H, 5.95; N, 3.18; found: C, 87.19; H, 5.87; N, 3.24.

1,4-Bis(9,9-phenoxazin-10-yl-p-phenyl)-2,5-bis(p-tolyl-methanoyl)benzene (PxPmBPX (2)).
This compound was synthesized using a procedure similar to that employed for the synthesis
of 1 except that 5 was used instead of 4 (yield = 1.34 g, 80.7%). This compound was further
purified by temperature-gradient sublimation under vacuum. '"H NMR (500 MHz, CDCl3): 6
7.81 (s, 2H), 7.61-7.56 (m, 8H), 7.18 (d, J = 8.0 Hz, 4H), 7.14 (d, J = 8.0 Hz, 4H), 6.67-6.61
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(m, 8H), 6.53 (td, /= 8.0 Hz, 2.0 Hz, 4H), 5.53 (dd, J = 8.0 Hz, 1.0 Hz, 4H), 2.37 (s, 6H). MS
(MALDI): m/z 828.94 [M]"; calcd 828.95. Anal. caled (%) for CssHaoN204: C, 84.04; H, 4.86;
N, 3.38; found: C, 83.98; H, 4.96; N, 3.45.
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Chapter 5

Thermally Activated Delayed Fluorescence Polymers
for Efficient Solution-Processed Organic-Light
Emitting Diodes

Abstract

The first TADF polymer materials of pCCBP and pAcBP were designed for solution-
processable TADF-OLEDs. The benzophenone-based donor-acceptor frameworks of polymers
contributed to realize small AEst which enabled efficient exciton-harvesting through TADF.
Well optimized OLEDs employing the TADF polymers as emitters fabricated by spin coating

and achieved high 7ext up to 9.3% in green and yellow emissions.

5.1 Introduction

Generally, OLEDs are fabricated by thermally evaporating small molecules to form multi-
layered device structures that realize effective hole and electron injection, transporting, and
recombination. However, solution processes for fabricating OLEDs are of great interest
because of the potential for simplified processing and low-cost, large-area production.” The
performance of solution-processed OLEDs is strongly affected by the solubility of the
component molecules. Small-molecule materials having high efficiency and stability have been
used as emitters in solution-processed OLEDs,? but they generally suffer from poor solubility
and strong crystallization.?’ Polymers can more easily form uniform thin films having low
surface roughness because of their high solubility.” Although various polymers have been
extensively studied as emitting materials since the first report of polymer OLEDs based on
PPV,” achieving high quantum efficiency in TADF based OLEDs is generally difficult due to

the low triplet energy of polymer emitter and host materials.®”
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Recently, TADF has been exploited to achieve high-performance OLEDs based on small-
molecule emitters.'” Through TADF, both singlet and triplet excitons emit light by thermal up-
conversion of triplet to singlet and fluorescence from the singlet states, allowing nearly 100%
of excitons to contribute to emission.¥ By designing molecules with a small AEst, high
efficiency RISC of triplets to the singlet state, and efficient TADF emission have been achieved
in purely organic luminophores.”'® Thus, applying similar design strategies to create polymers
exhibiting TADF offers a possible path to solution processed OLEDs with high performance.
In this study, we design, synthesize, and characterize polymers that emit TADF for highly-
efficient, solution-processed OLEDs (Fig. 5-1). The polymer design is based on benzophenone,
which we recently used in butterfly-shaped luminescent molecules for full-color TADF-
OLEDs with the maximum #ex: of up to 14.3%,' and features a backbone consisting of electron
donor and acceptor units in D-A-D configurations. To control the emission color and realize
a small AEst in a polymer, electron—donating substituents of carbazole and dimethylacridane
are combined with the electron—withdrawing benzophenone core unit for polymers with green-

blue and yellow emission.

~ Q)\Q T
N N ™~

pCCBP (1) pAcBP (2)

Figure 5-1. Molecular structures of 1 and 2.
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5.2 Results and Discussion

5.2.1 Geometric and Electronic Structures Characterization of TADF Polymers by TD-
DFT Calculations

The electronic and geometrical structures of 1 and 2 were investigated using time-dependent
density functional theory (TD-DFT) calculations performed at the B3LYP/6-31G (d,p) level.
Previous studies have shown that AEst should decrease when the overlap of the HOMO and
LUMO wavefunctions of a molecule is reduced,'’” and small-molecule benzophenone
derivatives in our recent report exhibited relatively small AEst because of the large dihedral
angles between electron-donating and accepting units, leading to clear separation of HOMO
and LUMO distribution. As shown in Fig. 5-2, for polymers 1 and 2, the HOMO is primarily
localized on the electron-donating carbazole and dimethylacridane units, whereas the LUMO
is mainly localized on central electron-accepting benzophenone units, which result in a small
AEst. The AEst of 1 and 2 were calculated to be 0.16 and 0.003 eV, respectively, which is
favorable for RISC from Ti to S states. Thus, this polymer design is expected to demonstrate

efficient RISC.

LUMO
. -2.10eV
é‘ r
5 i 2196V
’ i AEgr=0.003 eV
HOMO ?
;-;5\;&. S
2 &, —4.50 eV
,.t‘ :zs
3%
2 2

Figure 5-2. Frontier-molecular-orbital distributions, energy levels, and 4Eq; of 1 and 2

characterized by TD-DFT calculations.
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5.2.2 PL Properties of TADF Polymers

Steady-state UV/Vis absorption and PL spectra of 1 and 2 in toluene solutions are depicted in
Fig. 5-3, and the photophysical properties are summarized in Table 5-1. The lowest-energy
absorption peaks of 1 and 2 appear at about 361 and 357 nm, respectively. The polymers exhibit
bright PL in solution with emission colors of sky-blue and yellow. The ApL is red-shifted by 81
nm from 1 (Ar. = 474 nm), with carbazole donor units, to 2 (AL = 555 nm), with
dimethylacridane units. The considerable red-shift of ArL depending on the electron-donating
substituent suggests that the strong electron-donating dimethylacridane stabilizes the HOMO,
resulting in a decreased Eg compared with that of polymer 1. Thus, fine tuning of the
luminescence properties can be achieved by simple chemical modification of the donor unit.
The HOMO energy levels of 1 and 2 in thin films were determined to be —5.64 and —5.41 eV,
respectively, by photoelectron yield spectroscopy, and the LUMO energy levels were estimated
by adding the Eg, determined from the onset of the absorption spectra of the thin films, to the
measured HOMO energies (Table 5-1).
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Figure 5-3. Normalized absorption (closed dot) and PL (open dot) spectra of 1 and 2 in

toluene solutions at room-temperature.
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Table 5-1. Photophysical properties of polymers 1 and 2

Polvmer Aabs (NM) ApL (nm) ®rr (%) HOMO LUMO  calc. AEst
y sol? sol? sol? (eV)? (eV)© (eV)?
1 307, 360 474 27.9 —5.64 -2.76 0.15
2 332,355 555 25.6 -5.41 -2.78 0.003

a) Measured in oxygen-free toluene solution at room-temperature. b) Determined by
photoelectron yield spectroscopy in thin films. ¢) Deduced from the HOMO and optical E;. d)
Calculated by TD-DFT at B3LYP/6-31G(d,p).

5.2.3 Solvatochromic Properties of TADF Polymers

To confirm the origin of the PL emissions of 1 and 2, solvatochromic properties of the
polymers were investigated using various solvent with increasing polarities and plot Lippert-
Mataga model (Fig. 5-4).'® Most of the conjugated polymer have extended m-conjugation
which leads to a decrease of Ti states and cause low triplet exciton harvesting efficiency.
Therefore, for effective TADF emission, reducing the m-conjugation length and isolating the
HOMO and LUMO of polymers are effective to realize a small AEst and efficient triplet
harvesting. If the molecules has isolated HOMO and LUMO, and the CT-based emission will
show a linear increase of Stoke’s shifts against Af observed in Lippert-Mataga model.

The Stoke’s shifts is given by following Lippert-Mataga equation (See section 1.3.1):

2 2 _
Vg —Vp = E(Me —ug) a 3Af + const.  (5-4)

As we can confirm in Equ. 5-4, Stoke’s shift depends on the absolute magnitude of the charge
transfer dipole moment (ue—ug) and polarity of the solvent. In the case of CT based emissive
molecules having D-A configuration, PL spectra tend to vary sensitive with surrounding polar
environments because of its large different dipole moment between ground and excited

states.!”!® This large transition dipole moment leads to strong relaxation of excited states and
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Stoke’s shift in polar solvent. Therefore, Stoke’s shift is increased linearly against Af in

Lippert-Mataga model.

The lowest-energy Aabs and ApL and Stoke’s shift (va — vr) of 1 and 2 in different solvents are

shown in Table 5-2 and the result plotted in Lippert-Mataga model (Fig. 5-4). For polymer 1

and 2, very large and a linear increase of Stoke’s shift versus Af' were observed. It should be

originated from strong CT based emission of the D-A combined molecular structure of polymer

1 and 2.

Table 5-2. Lowest-energy absorption and PL spectra and Stoke’s shift (va—vy) of 1 and 2 in

different solvents

Aabs (NM) Ap (nm) Va—vr(cm™)
Solvent AfY
1 2 1 2 1 2
cyclohexane  0.001 - 346 - 533 - 10140.00803
toluene 0.013 360 355 474 555 6680.73136 10150.99607

chloroform 0.149 369 359 551 598

THF? 0.210 359 355 523 600
DCM? 0.219 358 - 537 -
DMF? 0.275 357 360 557 608

8951.45068 11132.74518
8734.69431 11502.34742
9310.98696 -

10057.88312 11330.40936

a) Orientation polarizability. b) Tetrahydrofuran.

Dimethylformamide.
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Figure 5-4. Lippert-Mataga model of 1 (square dot) and 2 (circle dot) in differnt solvents.

5.2.4 TADF Properties of Polymers in Mixed Host Thin Films

The presence of TADF emission from these polymers was confirmed by analyzing the
temperature dependence of the transient PL characteristics of thin films using a streak camera.
To prevent concentration quenching and achieve high @rL, emitter molecules are often blended
with host molecules. The host molecules should have T levels higher than those of the emitters,
which were determined from the onset position of the PL spectra of the neat films at 5 K to be
2.69 and 2.50 eV for 1 and 2, respectively, to prevent back energy transfer of triplets to the
host. Furthermore, to improve charge balance and injection, broaden the recombination zone,
and decrease roll-off,'>*? a mixture of hole- and electron-transporting host molecules can be
used. Thus, electron- and hole-transporting hosts of tris(4-carbazoyl-9-ylphenyl)amine
(TCTA) and TAPC with high T1 energies of 2.78 and 2.87 eV, respectively, were employed to
fabricate mixed host thin films for the photophysical studies.?"
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The transient PL characteristics displayed in Fig. 5-5 and 5-6 for a 1 and 2 (10 wt%): TCTA
(65 wt%): TAPC (25 wt%) blend film deposited by spin-coating from chlorobenzene indicate
two-component emission decay, consisting of a nanosecond-scale prompt component (lifetime
7= 13 and 24 ns) and a microsecond-scale delayed component (za = 74 and 10 ps) at 300 K
(Fig. 5-5). Furthermore, the delayed emission intensity was found to decrease with decreasing
temperature from 300 to 5 K, which is expected for TADF since up-conversion from Ti to Si
states by thermal energy will be accelerated at higher temperatures. Since the delayed emission
has the same spectral profile as the prompt fluorescence and is temperature dependent, the
long-lived emission can be assigned to TADF. The @pL and PL decay rate constants of the
mixed host film with 10 wt% 1 and 2 are shown in Table 5-3. The @pL of mixed host films are

slightly decreased from 300 K to 100K, because of decreasing @rtapr in low temperature.

Table 5-3. Rate constants and quantum efficiencies of polymers 1 and 2%

krs kISC kRISC Dr / Tp DTADF / Td gDISC ng]SC AEST

Polymer s (s ) s (%nm)  (%/ps) %) (%) (eV)

1 56x10° 7.1x10" 3.1x10° 7.29/13  15.5/74 93 17 0.8

2 80x10° 3.4x10 13x10° 19.1/24  26.9/10 81 33 0.11

a) Measured with 10 wt% blend film in a host matrix (TCTA (65 wt%): TAPC (25 wt%).
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Figure 5-5. Temperature dependence of transient PL decay of 10 wt% 1 a) and 2 b): TAPC:
TCTA blend films from 300 to 5 K (inset: the contribution of fluorescence and TADF to
the total @pL).
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5.2.5 Fabrication and EL Properties of TADF Polymer OLEDs

The EL characteristics of 1 and 2 as emitters were evaluated in multi-layer OLEDs fabricated
by spin-coating and vacuum evaporation with device configurations (Fig. 5-7) of ITO/
PEDOT:PSS (40 nm)/ 10 wt % polymer: TCTA: TAPC (40 nm)/ 1,3,5-tri(m-pyrid-3-yl-
phenyl)benzene (TmPyPB, 50 nm)/ LiF (0.8 nm)/ Al (80 nm) with 1 as an emitter in device A
and 2 in device B. In these devices, PEDOT:PSS and TmPyPB serve as a HTL and an ETL,
respectively, and TmPyPB also acts as an exciton blocking layer to prevent quenching of

excitons at the metal electrode interface because of its high triplet state energy of 2.78 eV.??

-1.0 EML
HTL 1.8 1.8 ETL
~2.0 23 5.3
TAPC| |TCTA| |TAPC| |TCTA 2.0
-3.0 2.8 2.8
> : 01 402 TMPYPB| |iF/Al
: 43
ITO ‘PSS
-5.0— (40 nm)
' 5.0 54
-6.0— 5.7 S.7
Device A Device B
6.7

@ ©©\
o

TAPC TCTA

Figure 5-7. Energy level diagram showing the HOMO/LUMO levels and the molecular

structures of the materials used in devices A and B.
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Figure 5-8 presents current-density—voltage—luminance (J—V—L) characteristics, EL spectra,
and next—J plots of the fabricated devices. Devices based on 1 and 2 exhibited green-blue and
yellow EL, respectively, similar to the corresponding PL of their doped films, indicating that
EL was generated solely from the emitters themselves through the same radiative decay process.

The EL characteristics of device A and B are summarized in Table 5-4. The green-blue-
emitting device A containing 1 achieved a high maximum 7ext of 8.1 % with CIE coordinates
of (0.28, 0.43), 7 of 24.9 ¢d A™!, and 7p of 8.98 Im W™ at a low luminance. With increasing
luminance, the 7ext decreased, which is mainly attributed to excess Ti1 excitons in the EML
causing exciton quenching by T—T and/or S—T annihilation.

The yellow-emitting device B incorporating 2 exhibited the maximum #ext of 9.3 % with CIE
coordinates of (0.38, 0.57), nc of 31.8 cd A™!, and #p of 20.3 Im W™!. At a high luminance of
1000 cd m 2, the 77ext of device B was still as high as 8.0%, indicating a reduced efficiency roll-
off, presumably because of the short delayed lifetime (10 ps) for 2.

Table 5-4. TADF-OLED performance of the devices A and B

AEL Von Lmax Ne Np Hext CIE

Device - Emitter (mm) (V)  (dm?) (cdA) (ImW') (%) (x. )

A 1 500 6.0 5131 24.9 8.98 8.13 0.28,0.43

B 2 548 4.3 30816 31.8 20.3 9.29 0.38,0.57
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5.3 Conclusion

In this study, the first TADF polymers pCCBP and pAcBP were designed and synthesized
using benzophenone-based donor-acceptor frameworks. The TADF polymers exhibited
relatively small AEst of ~0.1 eV, which enabled efficient exciton-harvesting through spin up-
conversion from non-radiative T states to radiative Si states. OLEDs employing the TADF
polymers as emitters were fabricated by solution processes and exhibited green-blue and
yellow emission with maximum #ext of up to 9.3%, which far exceeds the theoretical limit for
conventional fluorescent OLEDs. We believe that these results offer a molecular design
strategy for continued exploration of efficient TADF polymer emitters and development of

solution-processed TADF-OLEDs.

5.4 Experimental Section

5.4.1 General Methods

NMR spectra were recorded on an Avance III 500 spectrometer (Bruker). Chemical shifts of
"H NMR signals were quoted to tetramethylsilane (6 = 0.00) as an internal standards. Matrix-
assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectra were collected
on a Autoflex III spectrometer (Bruker Daltonics) using dithranol as the matrix. Elemental
analyses were carried out with a Yanaco MT-5 CHN corder. UV/vis absorption and PL spectra
were measured with a UV-2550 spectrometer (Shimadzu) and a Fluoromax-4
spectrophotometer (Horiba Scientific), respectively. The @®p. were measured using an
integrating sphere coupled with a photonic multichannel analyzer (Hamamatsu Photonics
C9920-02, PMA-11). The luminescence intensities and lifetimes of thin films were measured
under vacuum (< 4 x 107! Pa) using a streak camera (Hamamatsu Photonics C4334) with an
N2 gas laser (4 = 337 nm, pulse width = 500 ps, repetition rate = 20 Hz) as excitation source.
Samples were cooled down at 5 K with a cryostat (Iwatani Industrial Gases). The HOMO
energy levels (or ionization energies) for thin films were determined using an AC-3 ultraviolet
photoelectron spectrometer (Riken-Keiki). All quantum chemical calculations were performed

using the Gaussian 03 program package.?? Geometry optimization was performed using the
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B3LYP functional with the 6-31G (d,p) basis set. Low-lying excited singlet and triplet states

were computed using the optimized structures with TD-DFT at the same level.

5.4.2 OLED device fabrication and Measurements

Glass substrates coated with a 110-nm-thicker layer of ITO with a sheet resistance of <20 Q
o' were cleansed with detergent, deionized water, acetone, and isopropanol and were then
subjected to UV-ozone treatment. A thin layer (~ 40 nm) of PEDOT: PSS (Clevios P VP Al
4083) was spin-coated onto the cleaned ITO substrates at 3000 rpm for 60 s and then baked at
130 °C for 30 min in air. The EML was deposited by spin-coating (1000 rpm for 30 s) from a
chlorobenzene solution containing 19—20 mg mL™! of the host and guest molecules after
passing through a 0.45 pum poly(tetrafluoroethylene) filter. The thickness of the active layers
was 35—40 nm, measured with a Dektak profilometer. The TmPyPB was thermally evaporated
on top of the active layer under high vacuum (< 3 x 10~ Pa) at an evaporation rate of < 1.0 nm
s 1. Finally, LiF (0.8 nm) and Al (80 nm) layers were thermally evaporated on top of the active
layer under high vacuum through a shadow mask defining the active device area of 0.04 cm?
(Fig. 5-10). The layer thicknesses and deposition rates were monitored in situ during deposition
by oscillating quartz thickness monitors. The J—F—L characteristics of the devices were
measured using a semiconductor parameter analyzer (Agilent E5273A) and an optical
powermeter (Newport 1930-C). EL spectra were recorded using a multi-channel analyzer

(Ocean Optics SD2000).

Glove box
polymerin chlorobenzene Al 80 nm
(14gmi-)
1000rpm, 30 s LiF 0.8 nm
3000 rpm, 60 s Baked 130°C, 30 min Vacuum
Baked 130°C, 30 min deposition
EML 40 nm EML 40 nm
UV/Ozone :
treat PEDOT:PSS ; PEDOT:PSS PEDOT:PSS
40 nm 40 nm 40 nm

ITO/Glass

iToiGiass (Torclass

Figure 5-10. Device fabrication process of polymer 1 and 2 containing OLEDs A and B.
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5.4.3 Materials and Syntheses of TADF polymers

All regents and solvents were purchased from Sigma-Aldrich, Tokyo Chemical Industry (TCI)
or Wako Pure Chemical Industries and were used as received unless otherwise noted. All
reactions were performed under N2 atmospheres in dry solvents. The final products were fully

characterized by 'H and '*C NMR spectroscopy, MALDI-TOF mass spectrometry and GPC,

as described below (Scheme 5-1, Table 5-5).

H o H
ooy s i 20
E—
Pd(+-Bu;P),, K,CO,
AICI;, CH,Cly, r.t. cas 4 THF, 0 °C cA3 o “:“cflz‘; C3
° o
B m Pd(PPh;)y, K,CO;, Aliquat 336
NN _NBS o " O N N Toluene, 85 °C
CA2 THF, r.t. CA1
0 ©
O Xk ;
—_—
n-BuLi, THF, -78 °C OBB
SRS
cB1

H H
R —
AICI; CH,Cly, 1.t THF 0°C Pd(#-BusP),, K,COs,

Toluene, 120 °C

m Pd(PPh;),, K,CO3, Aliquat 336
THF, r.t. Toluene 85°C

Cu, K,CO;3, 180 C THF, r.t. 83

3 L 3
G

Scheme 5-1. Synthetic route for 1 and 2.
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Table 5-5. Molecular weight and PDI of polymers 1 and 29

Polymer My PDI
1 8800 1.45
2 9200 1.24

a) Solvent: chloroform, reference: PS

3-Ethylhexanoyl-9H-carbazole (CA4).>¥ To a suspension of aluminum trichloride (7.99 g,
0.06 mol) in dry CH2Cl2 (200 mL) were added ethyl hexanoyl chloride (11.4 mL) and carbazole
(10.2 g, 0.06 mol) at 0 °C. The mixture was stirred for 18h at room-temperature, and then
poured onto cool water. The formed precipitate was collected by filtration, and washed with
water and methanol. The product was recrystallized from methanol/acetone and dried under
vacuum to give CA4 as white solid (yield = 15.4 g, 87.5%). 'H NMR (500 MHz, CDCl3): §
8.76 (s, 1H), 8.36 (s, 1H), 8.16 (d, J= 8.0Hz, 1H), 8.12 (dd, J = 8.5Hz, 1.5Hz, 1H), 7.48—7.46
(m, 3H), 7.33—7.31 (m, 1H), 3.54 (m, 1H), 1.91-1.81 (m, 2H), 1.68-1.54 (m, 2H), 1.35-1.25
(m, 4H), 0.94-0.91 (m, 3H), 0.87-0.84 (m, 3H). MS (MALDI): m/z 293.98 [M]"; calcd 293.40.

3-Ethylhexyl-9H-carbazole (CA3).* To a suspension of lithium aluminium hydride (3.01 g,
0.08 mol) and aluminum trichloride (5.33 g, 0.04 mol) in dry THF (200 mL) was added
dropwise in CA4 (11.7 g, 0.04 mol) at 0 °C. The mixture was reacted for 5h at room-
temperature, and then quenched by slow addition of ethyl acetate (50 mL) and aqueous
hydrochloric acid (ca. 5%, 5 mL). The resulting mixture was filtered through Celite pad to
remove in soluble precipitates. The resulting mixture was concentrated by evaporation. The
crude product was purified by silica gel chromatography (elunent: CHCI3), recrystallized from
methanol, and dried under vacuum to afford CA3 as a white solid (yield = 9.8 g, 89.3%). 'H
NMR (500 MHz, CDCl3): ¢ 8.06 (dd, J = 8.0Hz, 1.0Hz, 1H), 7.95 (s, 1H), 7.83 (s, 1H),
7.42—7.37 (m, 2H), 7.34 (d, J= 8.5Hz, 1H), 7.23—7.20 (m, 2H), 2.74-2.66 (m, 2H), 1.69—-1.63
(m, 1H), 1.38—1.25 (m, 8H), 0.92—0.87 (m, 6H). MS (MALDI): m/z 279.94 [M]"; calcd 279.42.

4,4 -bis(3-Ethylhexyl-9H-carbazole-9-yl)methanone ~(CA2).'Y A mixture of 4,4’-
dibromobenzophenone (1.71 g, 5.00 mmol), CA3 (3.07 g, 11.0 mmol), potassium carbonate
(2.76 g, 20.0 mmol), and bis(tri-tert-butylphosphine)palladium(0) (0.31 g, 0.60 mmol) in dry
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toluene (50 mL) was stirred for 24 h at 100 °C. After cooling to room-temperature, the reaction
mixture was poured into water and extracted with toluene. The combined organic layers were
washed with water, and dried over anhydrous MgSOa. The resulting solution was filtered
through a Celite pad and followed by an aluminium oxide pad to remove insoluble materials.
After the filtration, crude product was purified by column chromatography on silica gel (eluent:
chloroform) and dried under vacuum to give a pale yellow powder (yield = 3.09 g, 83.9%). 'H
NMR (500 MHz, DMSO): ¢ 8.31 (s, 2H), 8.27 (d, /= 8.0Hz, 2H), 8.17 (d, /= 9.0Hz, 3H), 8.61
(s, 2H), 7.91 (d, J = 8.5Hz, 3H), 7.59 (d, J = 8.5Hz, 2H), 7.52 (d, J = 8.5Hz, 2H), 7.47 (t, J =
8.5Hz, 2H), 7.34-7.29 (m, 4H), 2.71 (d, J = 7.0Hz, 4H), 1.69-1.66 (m, 2H), 1.35-1.26 (m,
16H), 0.91-0.84 (m, 12H). MS (MALDI): m/z 737.99 [M]"; calcd 737.02.

4,4°-bis(3-bromo-6-Ethylhexyl-9H-carbazole-9-yl)methanone (CA1). To a stirred solution of
3 (1.11 g, 1.50 mmol) in THF (50 mL) was added N-bromosuccinimide (0.53 g, 3.00 mmol)
slowly at 0 °C. The mixture was stirred for 20 h at room-temperature. The reaction mixture was
poured into water, and then extracted with ethyl acetate. The combined organic layers were
washed with water, and dried over anhydrous MgSOa. After the filtration and evaporation, the
crude product was recrystallized from CHCI3 and methanol. The product was dried under
vacuum to afford compound CA1 as a pale yellow solid (yield = 1.22 g, 91.2%). 'H NMR (500
MHz, CDCl3): J 8.25 (s, 2H), 8.16 (d, J = 8.5Hz, 4H), 7.86 (s, 2H), 7.76 (d, J = 8.5Hz, 4H),
7.51 (dd, J = 8.5Hz, 2.0Hz, 2H), 7.45 (d, J = 8.5Hz, 2H), 7.41 (d, J = 9.0Hz, 2H), 7.27 (dd, J
= 8.5Hz, 1.5Hz, 2H), 2.77-2.69 (m, 4H), 1.68—1.65 (m, 2H), 1.38—1.31 (m, 16H), 0.93—-0.88
(m, 12H). MS (MALDI): m/z 894.97 [M]"; calcd 894.84.

9-Phenyl-3,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole (CB1). To a
stirred solution of 3,6-dibromo-9-phenylcarbazole (4.01 g, 0.01 mol) in dry THF (100 mL) was
added dropwise n-butyllithium (1.6 M in hexane, 12.5 mL) at =78 °C, and mixture was allowed
to react for 1 h at that temperature. 2-Isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (6.1
mL) was then added, and the mixture was stirred overnight at room-temperature. The reaction
mixture was poured in to water and extracted with ethyl acetate. The combined organic layer
were washed with water, and dried over MgSOa. After the filtration and evaporation, the
product was purified by silica gel column chromatography (eluent: hexane/ethyl acetate = 3:1,
v/v), and dried under vacuum to afford CB1 as a white solid (yield = 4.39 g, 88.7%). 'H NMR
(500 MHz, CDCl3): ¢ 8.71 (s, 2H), 7.84 (dd, J = 8.0Hz, 1.0Hz, 2H), 7.72 (t, J = 8.0Hz, 2H),
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7.54 (dd, J=8.5Hz, 1.0Hz, 2H), 7.49 (t, J=7.5Hz, 1H), 7.36 (d, J= 8.0Hz, 2H), 1.39 (s, 24H).
MS (MALDI): m/z 495.81 [M]"; calcd 495.23.

pCCBP (1).2> A mixture of CA1 (0.89 g, 1.00 mmol), CB1 (0.50 g, 1.00 mmol), dry toluene
(50 mL), aqueous potassium carbonate (2 M, 7 mL), Aliquat® 336 (0.1 mL),
tertrakis(triphenylphosphine)palladium(0) (0.07 g, 0.06 mmol) was refluxed for 72 h, 9-
Phenyl-9H-carbazol-3-ylboronic acid (0.03 g, 0.10 mmol, commercially available) was added
to cap the bromo end groups. After refluxing for another 24 h, the reaction mixture was poured
in to water and extracted with CH2Cl>. The combined organic layer were washed with water,
and dried over MgSOa. After the filtration and evaporation, the product was recrystallized from
CHCls/methanol and dried under vacuum to give 1 green solid (1.1 g). This compound was
further purified by gel permeation chromatography. 'H NMR (500 MHz, CDCls): 6 8.57 (br,
2H), 8.48 (br, 2H), 8.17 (br, 4H), 8.02 (br, 2H), 7.81 (br, 8H), 7.66 (br, 6H), 7.50 (br, 7H), 2.74
(br, 4H), 1.68 (br, 2H), 1.31-1.28 (m, 16H), 0.91-0.87 (m, 12H). *C{'H} NMR (125 MHz,
CDCl3): 6 194.94, 146.03, 141.20, 139.71, 139.53, 138.27, 136.42, 134.56, 134.29, 133.66,
132.61, 132.10, 131.45, 131.20, 130.92, 130.67, 130.39, 130.13, 128.69, 128.42, 128.33,
127.09, 126.56, 126.13, 124.76, 124.64, 123.85, 123.78, 114.99, 114.45, 41.13, 39.50, 36.30,
36.16,32.27,31.84,31.44,31.12,31.05, 30.91, 28.84, 25.43,23.09, 14.16, 10.84, 10.81. Anal.
calcd (%) for Br-(C71HesN30)s-(Cs3Hs4N20)-Br: C, 84.84; H, 6.61; N, 4.12; found: C, 85.13;
H, 6.72; N, 3.99.

3-Ethylhexanoyl-9,10-dihydro-9,9-dimethylacridine (AA4). AA4 was synthesized similarly
to CA4, using 9,10-dihydro-9,9-dimethyl acridine (10.5 g, 0.05 mol), aluminum trichloride
(6.67 g, 0.05 mol), and ethyl hexanoyl chloride (9.5 mL). The product was obtained as a pale
yellow powder (yield = 10.9 g, 65.1%). 'TH NMR (500 MHz, CDCl3): § 8.09 (s, 1H), 7.76 (dd,
J=28.5Hz, 2.0Hz, 1H), 7.40 (d, J=7.5Hz, 1H), 7.13 (t,J=7.5Hz, 1H), 6.98 (t, J = 8.0Hz, 1H),
6.73—6.69 (m, 2H), 6.46 (s, 1H), 3.33—3.28 (m, 1H), 1.81-1.74 (m, 2H), 1.63 (s, 6H), 1.58—1.46
(m, 2H), 1.32-1.21 (m, 4H), 0.89-0.84 (m, 6H). MS (MALDI): m/z 336.15 [M]"; calcd 335.48.

3-Ethylhexyl-9,10-dihydro-9,9-dimethylacridine (AA3). AA3 was synthesized similarly to
CA3, using AA4 (10.1 g, 0.03 mol), lithium aluminium hydride (2.26 g, 0.06 mol), and

aluminum trichloride (4.00 g, 0.03 mol). The product was obtained as pale yellow solid (yield
= 7.27 g, 75.4%). '"H NMR (500 MHz, CDCl3): 6 7.45 (d, J = 6.5Hz, 1H), 7.38 (s, 1H),
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7.13=7.04 (m, 2H), 6.80 (d, J = 7.0Hz, 1H), 6.69 (d, J = 7.5Hz, 1H), 6.60 (d, J = 7.5Hz, 1H),
6.10 (s, 1H),3.16—3.11 (m, 2H), 1.64 (s, 6H), 1.52—1.51 (m, 1H), 1.31-1.26 (m, 8H), 0.89—-0.84
(m, 6H). MS (MALDI): m/z 322.05 [M]"; caled 321.50.

4,4°-bis(3-Ethylhexyl-9,10-dihydro-9,9-dimethylacridine-10-yl)methanone (AA2). AA2 was
synthesized similarly to CA2, using 4,4’-dibromobenzophenone (1.71 g, 5.00 mmol), AA3
(3.54 g, 11.0 mmol), potassium carbonate (2.76 g, 20.0 mmol), and bis(tri-tert-
butylphosphine)palladium(0) (0.31 g, 0.60 mmol). The product was obtained as a yellow
powder (yield = 3.50 g, 85.2%). '"H NMR (500 MHz, CDCI3): § 8.14 (dd, J = 6.5Hz, 1.5Hz,
4H), 7.53 (d, J=8.0Hz, 4H), 7.48 (dd, J= 6.5Hz, 1.5Hz, 2H), 7.23 (s, 2H), 7.02 (td, /= 7.0Hz,
1.5Hz, 2H), 6.96 (td, J = 7.5Hz, 1.5Hz, 2H), 6.79 (dd, J = 7.5Hz, 2.0Hz, 2H), 6.39 (dd, J =
8.0Hz, 1.5Hz, 2H), 6.30 (d, J = 7.5Hz, 2H), 2.49 (d, J = 7.0Hz, 4H), 1.69 (s, 12H), 1.53—1.51
(m, 2H), 1.32-1.26 (m, 16H), 0.89-0.86 (m, 12H). MS (MALDI): m/z 822.07 [M]"; calcd
821.18.

4,4°-bis(3-bromo-6-Ethylhexyl-9, 10-dihydro-9,9-dimethylacridine-10-yl)methanone (AAl).
AA1l was synthesized similarly to CAl, using AA2 (1.23 g, 1.50 mmol) and N-
bromosuccinimide (0.53 g, 3.00 mmol). The product was obtained as a yellow powder (yield
=1.31 g, 89.5%). 'H NMR (500 MHz, CDCls): 6 8.15 (d, J = 8.5Hz, 4H), 7.55 (s, 2H), 7.51 (d,
J=8.5Hz, 4H), 7.21 (s, 2H), 7.09 (dd, J = 9.0Hz, 2H), 6.80 (dd, J = 8.5Hz, 2.0Hz, 2H), 6.26
(d, J=8.5Hz, 2H), 6.23 (d, J = 9.0Hz, 2H), 2.49 (d, J = 7.0Hz, 4H), 1.67 (s, 12H), 1.53—1.51
(m, 2H), 1.30—1.25 (m, 16H), 0.88—0.85 (m, 12H). MS (MALDI): m/z 979.98 [M+H]"; calcd
978.98.

10-phenyl-9,9-dimethyl-9, 10-dihydroacridine (ABS). A mixture of 9,10-dihydro-9,9-
dimethyl acridine (2.09 g, 0.01 mol), iodobenzene (3.6 mL, 0.03 mol), potassium carbonate
(1.38 g, 0.01 mol), and copper (0.08 g, 1.20 mmol) was refluxed for 48 h. After cooling to
room-temperature, the reaction mixture was poured into water and extracted with
dichloromethane. The combined organic layers were washed with water, and dried over
anhydrous MgSO4. The resulting solution was filtered through a Celite pad and followed by an
aluminium oxide pad to remove insoluble materials. After the filtration, crude product was
purified by column chromatography on silica gel (eluent: chloroform/hexane) and dried under

vacuum to give a white powder (yield = 2.55 g, 89.4%). 'H NMR (500 MHz, CDCl3): 6 7.62
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(td, J = 7.5Hz, 2H), 7.51 (t, J = 7.5Hz, 1H), 7.45 (dd, J = 7.5Hz, 1.5Hz, 2H), 7.33 (dd, J =
8.5Hz, 1.0Hz, 2H), 6.98—6.90 (m, 4H), 6.26 (dd, J = 8.0Hz, 1.0Hz, 2H), 1.69 (s, 6H). MS
(MALDI): m/z 285.89 [M]"; calcd 285.39.

3, 7-dibromo-10-phenyl-9,9-dimethyl-9, 1 0-dihydroacridine (AB3). AB3 was synthesized
similarly to CA1, using ABS (1.43 g, 5.00 mmol) and N-bromosuccinimide (1.78 g, 10.0 mmol).
The product was obtained as a white powder (yield = 1.97 g, 88.9%). '"H NMR (500 MHz,
CDCh): 6 7.63 (t, J = 7.5Hz, 2H), 7.53 (t, J = 9.0Hz, 1H), 7.50 (s, 2H), 7.28 (dd, J = 8.5Hz,
1.0Hz, 2H), 7.05 (dd, J = 8.5Hz, 2.0Hz, 2H), 6.12 (d, J = 8.5Hz, 2H), 1.64 (s, 6H). MS
(MALDI): m/z 443.02 [M]"; calcd 443.17.

10-Phenyl-3,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dimethyl-9, 1 0-
dihydroacridine (AB1). AB1 was synthesized similarly to CB1, using AB3 (1.77 g, 4.00 mmol),
n-butyllithium (1.60 M in hexane, 5.5 mL), and 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (2.5 mL). The product was obtained as white powder (yield = 1.89 g, 87.9%).
'H NMR (500 MHz, CDCl3): 6 7.89 (s, 2H), 7.62 (t, J = 7.5Hz, 2H), 7.52 (t, J = 7.5Hz, 1H),
7.40 (dd, J=8.0Hz, 1.5Hz, 2H), 7.28 (dd, J = 8.5Hz, 1.5Hz, 2H), 6.21 (d, J = 8.0Hz, 2H), 1.75
(s, 6H), 1.32 (s, 24H). MS (MALDI): m/z 537.41 [M]"; calcd 537.30.

3-bromo-10-phenyl-9,9-dimethyl-9, 10-dihydroacridine (AB4). AB4 was synthesized
similarly to CA1, using AB5 (0.57 g, 2.00 mmol) and N-bromosuccinimide (0.36 g, 2.00 mmol).
The product was obtained as a white powder (yield = 0.62 g, 84.5%). '"H NMR (500 MHz,
CDCl): 6 7.63 (t, J = 7.5Hz, 2H), 7.53-7.50 (m, 2H), 7.44 (dd, J = 8.5Hz, 1.0Hz, 1H), 7.30
(dd, J=8.5Hz, 1.0Hz, 2H), 7.03 (dd, J = 9.0Hz, 2.0Hz, 1H), 6.99—-6.92 (m, 2H), 6.25 (dd, J =
8.0Hz, 1.5Hz, 1H), 6.13 (d, J=9.0Hz, 1H), 1.67 (s, 6H). MS (MALDI): m/z 364.99 [M]"; calcd
364.28.

10-Phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dimethyl-9, 1 -
dihydroacridine (AB2). AB2 was synthesized similarly to CB1, using AB4 (0.55 g, 1.5 mmol),
n-butyllithium (1.60 M in hexane, 0.9 mL), and 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (0.4 mL). The product was obtained as white powder (yield = 0.55 g, 89.4%).
'H NMR (500 MHz, CDCl3): 6 7.88 (s, 1H), 7.62 (t, J = 7.5Hz, 2H), 7.51 (t, J = 7.5Hz, 1H),
7.46 (dd, J = 7.5Hz, 2.0Hz, 2H), 7.41 (dd, J = 8.0Hz, 1.5Hz, 1H), 7.31 (dd, J = 8.0Hz, 1.0Hz,
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2H), 6.98-6.90 (m, 2H), 6.23 (dd, J = 8.5Hz, 1.5Hz, 2H), 1.72 (s, 6H), 1.32 (s, 12H). MS
(MALDI): m/z 412.25 [M]"; caled 411.34.

pAcBP (2). 2 was synthesized similarly to 1, using AA1 (0.98 g, 1.00 mmol), AB1 (0.54 g,
1.00 mmol), dry toluene (50 mL), aqueous potassium carbonate (2 M, 7 mL), Aliquat® 336 (0.1
mL), tertrakis(triphenylphosphine)palladium(0) (0.07 g, 0.06 mmol), and AB2 (0.04 g, 0.10
mmol). The product was obtained as yellow powder (1.2 g). This compound was further
purified by gel permeation chromatography. 'H NMR (500 MHz, CDCls): J 8.58 (br, 2H), 8.48
(br, 2H), 8.17 (br, 4H), 8.02 (br, 2H), 7.81 (br, 8H), 7.65 (br, 6H), 7.50 (br, 7H), 2.74 (br, 4H),
1.68 (br, 2H), 1.32 (br, 16H), 0.87 (m, 12H), *C{'H} NMR (125 MHz, CDCl3): § 142.21,
140.57, 139.50, 139.11, 134.90, 134.49, 134.27, 132.16, 131.89, 129.99, 128.79, 128.54,
127.85, 127.33, 127.00, 126.40, 126.09, 125.97, 125.90, 124.61, 124.24, 124.15, 120.75,
118.97, 110.20, 110.07, 109.52, 41.69, 40.22, 32.39, 30.91, 28.93, 25.46, 23.10, 14.18, 10.88,
1.02. Anal. calcd (%) for Br-(CgoHs3N30)s-(CsoHesN20)-Br: C, 85.25; H, 7.49; N, 3.69; found:
C, 85.24; H, 7.60; N, 3.51.
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Chapter 6
Highly Effective Blue Organic Light-Emitting
Diodes based on Heteroatom-Bridged Thermally

Activated Delayed Fluorescence molecules

Abstract

Heteroatom-bridged TADF molecules having a small AEst and short 7 are designed for
effective TADF emission. OLEDs using heteroatom-bridged TADF molecules as emitters
generate deep blue and sky-blue emission, and achieving extremely high #ext of 20.3% with

efficient roll-off in high current density.

6.1 Introduction

For extensive commercial application of OLEDs on display and solid-state lighting source,
realization of highly effective and stable deep-blue OLEDs is the most important key. However,
deep-blue OLEDs suffer from color impurity, low efficiency, and short device lifetime. For
instance, Cu and Ir complex based phosphorescence OLEDs are most widely studied for blue
emission.” However, pure deep blue emission with high 7ex: is still difficult to solve because a
decrease of the emission quantum yield in wide £z molecules and strong roll-off in high current
density originated from long 7.

In the previous chapter 3, we reported highly effective deep-blue emissive TADF-OLEDs
based on benzophenone derivative of Cz2BP (CIE coordinates of x: 0.16, y: 0.14).2 However,
the large AEst of Cz2BP led to long 7 and strong roll-off at high current density. Also @pL of
Cz2BP was not enough high (55%) and should be improved for higher #ext.

Our group previously reported highly effective fluorescence OLEDs with a series of

heteroatom-annulated  dithieno[3,2,-b:2,’3,3’-d]metalloles.”’ ~ Extended  m-conjugation
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molecular structure contributes to highly effective fluorescence emission and an effective o*-
n* hyperconjugation between the o* orbital of the heteroatom and n* orbital of the core units
control the LUMO energy levels depending on the different kinds of bridged heteroatoms.*>
Further, horizontally orientated planar heteroatom-annulated dithieno[3,2,-b:2,’3,3’-
d]metalloles improved 7ot and exceeded the theoretical limitation #ext of conventional
fluorescent OLEDs.®

In this study, we designed heteroatom-bridged TADF molecules based on D-A configuration
using dimethylacridane donor and heteroatom-bridged acceptor (Fig. 6-1). To control the Eq
and tune emissive color, germanium (AXGe, 1), silicon (AXSI, 2), phosphours (AXPO, 3),
and sulfur (AXSO, 4) atoms are incorporated as the bridged center. Here, planar donor and
acceptor units are directly connected to offer the highly distorted molecular structure, realizing
a small AEst for effective TADF emission.” We expect proper D-A combination of designed
molecules afford a wide Eg for deep-blue emission and a small AEst, providing improvement

of efficient roll-off by reducing 7.

%@Gm #zf'@ @n 0 Q0D

AXGe (1) AXSi (2) AXPO (3) O AXSO (4)

Figure 6-1. Molecular structures of heteroatom-bridged molecules 1—4.

6.2 Results and Discussion

6.2.1 Characterization of Geometric and Electronic Structures of Heteroatom-Bridged

Molecules using TD-DFT Calculations

To confirmed the geometric and electronic structures of 1—4, quantum chemical calculation
was performed using TD-DFT/B3LYP/6-31(d,p) method. As described in Fig. 6-2, all of the
molecules exhibited clear separation of their HOMO and LUMO. The LUMO of 1-4 are

mainly located on electron-accepting moieties while the HOMO on electron-donating
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dimethylacridane moieties. The directly connected planar acceptor and donor units have strong
steric hindrance which contributes to large distortion and clear separation between HOMO and
LUMO. This complete separation of the frontier orbitals lead to small AEst of 0.02—0.16 eV.
Furthermore, depending on bridged heteroatom elements, Eg between HOMO and LUMO are
changed. Interestingly, the HOMO energy levels of 1-4 were slightly changed while large
variation of LUMO energy levels was observed. It should be noted that the different electronic
characteristics of the bridged heteroatoms stabilize the LUMO energy levels. Most electron-
sufficient germanium-bridged acceptor of 1 among 1—4 exhibited the highest LUMO energy
level whilst the low-lying LUMO energy level was observed in most electron-deficient sulfur-

bridged 4.

~0.78 eV
s ~0.90 eV
LUMO 4
: 4.05eV i 3.93eV
! AEg;=0.16eV i AEg,=0.08eV
HOMO : : §
—4.83 eV : —4.83 eV
2
x -1.24 eV “
LUMO  © '. T ~ . _152 eV
. Boee B0V 3
X : ‘E‘* :
= i 3.73eV . i 359 eV
t | AEgr=002eV { AEg;=0.10eV
HOMO ":.5. & @#“ £
a —4.97 eV ¥ in
5 i 5.11 eV

Figure 6-2. Frontier-molecular-orbital distributions, energy levels, and energy gap (AE¢;)

of 1—4 characterized by TD-DFT calculations.
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6.2.2 Photophysical Properties of Heteroatom-Bridged Molecules

Photophysical properties of 1—4 are evaluated in solution. Fig. 6-3 depicts the photograph and
absorption and PL spectra of 1-4 measured in oxygen free toluene solution. The lowest-energy
absorption of 3 and 4 observed at about 350 nm can be originated to the CT absorption. By
changing the bridged-heteroatom elements of 1—4, the emission spectra varies from near UV
to sky-blue (Fig. 6-3b). @rL of 10~50% were obtained for 1—4 in oxygen free toluene. In the
case of 1 and 2, @pL is independent with the presence of triplet oxygen (°02) in aerated solutions

(7.8 and 9.3%) whilst @pL of 1 and 2 significantly decreased (20 and 21%, Table 6-1).

a)
b
) ——1 10
s N
. ——3 e
- 4408 5
S @
§ 106 >
c e
2 04 2
o V% €
m —
0 .|
< Jo2 &
. ‘3\“.‘.3‘.—-4 { 0.0
300 400 500 600

Wavelegnth (nm)

Figure 6-3. a) Images of 1-4 in toluene under UV irradiation (365 nm). b) Normalized

absorbance (close dot) and PL (open dot) spectra of 1—4 in toluene at room-temperature.
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Table 6-1. Photophysical properties of benzophenone-based TADF luminophores 1—4

j«abs (nm) j«PL (nm) @PL (%)b) HOMO LUMO AEST calc. AEST

Compound sol¥ sol¥ sol¥ (eV)? eV)? (eV)? (eV)?
1 290 385 9.8 —5.82 —1.89 0.03 0.16
2 289 395 13 =5.72 —1.98 0.02 0.08
3 284,356 432 37 —5.83 —2.64 0.04 0.02
4 282, 349 450 47 =5.74 -2.61 0.06 0.10

a) Measured in oxygen-free toluene solution at room-temperature. b) Absolute @pL evaluated
using an integrating sphere. ¢) Determined by photoelectron yield spectroscopy in thin films.
d) Deduced from the HOMO and optical Es. e) AEst = Es—ET, Singlet (Es) and triplet (ET)
energies estimated from onset wavelengths of the neat film emission spectra at 300 and 5 K in

the neat films, respectively, f) Calculated by TD-DFT at B3LYP/6-31G (d,p).

Furthermore, LUMO and HOMO energy levels and experimental AEst determined using the
neat films of 1—4 (Table 6-1). Eg of 1-4 were determined by the onset of the absorption spectra
of thin films and the LUMO energy levels were calculated by adding the Eg to measured
HOMO energies using photoelectron yield spectroscopy. AEst was decided from the energy
difference between S1 and T1 which estimated from onset wavelengths of the neat film emission
spectra at 300 and 5 K, respectively, in the neat films. All of molecules exhibited a small AEst
~ 0.1 eV. To verify the TADF properties in 1-4, temperature dependence of transient PL
intensity and lifetime of neat films were analyzed in the temperature range of 300—5 K using a
streak camera. As shown in Fig. 6-4, 3 and 4 exhibit very strong delayed fluorescence and an
increase of the delayed PL intensity at high temperature while no delayed fluorescence was

observed in 1 and 2.
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Figure 6-4. Temperature dependence of transient PL decay of 1—4 in their neat films.

6.2.3 TADF Properties of Heteroatom based TADF Molecules

From this results, we confirmed the TADF emission of 3 and 4 and apply them to host-guest

system for obtaining high efficiency. Because of its high T1 energy level of 3 (3.08 eV) and 4

(2.97 eV), DPEPO (Ti

= 3.1 eV) was used as a host materials to prevent triplet quenching in

host triplet states. PL spectra, luminescence life time and quantum efficiencies in 6 wt%-

3 and 4: DPEPO co-deposited films are shown in Table 6-2 and Fig. 6-5. The 3 and 4 exhibited

deep-blue (434 nm) and sky-blue (457 nm) emissions with very high @pL of 62 and 98% and

fluorescence with nanosecond-scale prompt component (62 and 65 ns) and microsecond-scale

delayed (19 and 12 ps) component at 300 K. An increase of @pL increasing with increasing

measurement temperature and the same PL spectra of the prompt and delayed components at

300 K confirmed the emissions of 3 and 4 originated from the TADF process (Fig. 6-6).
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Table 6-2. PL spectra, luminescence lifetime, and quantum efficiencies of 3 and 4

Tp Td APL drL DF DTADF
Compound (ns) (us) (nm) (%) %) (%)
3 319/62 7.69/19.39 4449/434 34%/62D) 26 20
4 849/65 10.29/12.4 4659/458D 629/98) 30 68

a) Measured in 3 and 4 neat films. b) Measured in 6 wt%-3 and 4: DPEPO co-deposited films.
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Figure 6-5. Temperature dependence of transient PL decay of 6 wt%-3 a) and 4 b): DPEPO

co-deposited films (inset: fractional contribution of fluorescence and TADF to total @, ).
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Figure 6-6. Streak image and corresponding time-dependent emission spectra of 6 wt%-3
a) and 4 b): DPEPO co-deposited films recorded at 300 K. Prompt fluorescence (black)
and TADF (red) components are shown. Each dot in the streak image represents a PL

photon count.
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To investigated details of the PL decay process in co-deposited films of 3 and 4, decay rate
constants and efficiency of each processes were calculated and the results are listed in Table 6-
3 and Fig. 6-7.9 k5, kisc, and ®isc of 3 and 4 (3.5 x 10%and 4.7 x 10°s7!, 1.7 x 107 and 1.1 x
107 s7!, and of 78 and 70%) were almost same with that of the previously reported TADF
molecules of Cz2BP and CC2BP in this thesis (&> and kisc: 103~10° s™!). In contrast, knr' of 3
and 4 (2.5 x 10* and 1.7 x 103 s™!) were much smaller than that of previously reported TADF
molecules (~10° s). This can be ascribed to that the restriction of intramolecular movement
by strong steric hindrance between directly connected donor and acceptor preventing the non-
radiative decay processes and decrease (See section 4.2.3). Also, substantially larger krisc and
higher ®@risc were observed in 3 and 4 (1.2 x 10 and 2.6 x 10° s™! and of 83 and 99%) compared
to that of reported TADF molecules (~10° s™! and 50~80%) because almost vertically connected
donor and acceptor (88 and 90°) contributes to a small energy gap and strong spin orbital
coupling (SOC) between Si and T1.” The first-order mixing coefficient between Si and T (1)

and AEst have reciprocal proportion given by the following equation:!?

joc 20 (6-1)

ST

where Hso is spin—orbit interaction. Therefore, the small AEst increases 4 and conversion
efficiency between Si and Ti. These results indicate that our molecular design based on

heteroatom-bridged molecules successfully harvest excitons for effective TADF emission.

Table 6-3. Rate constants and quantum efficiencies for decay processes in 3 and 4

kS kisc krisc k" Disc Drisc Dx D1ADF
Compound s ) ) s (%) (%) (%) (%)
6 7 5 4
3 3.5x10 1.7 x 10 1.2 x10 2.5x10 83 83 26 20
6 7 5 3
4 4.7 x 10 1.1 x 10 2.6 x10 1.7 x 10 70 99 30 68

a) Measured in 6 wt%-3 and 4: DPEPO co-deposited films.
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deposited films at room-temperature.
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6.2.4 Fabrication and EL Properties of OLEDs

Because of the pure blue emission with high @pr of 3 and 4 in the doped films, TADF-OLEDs
based on 3 and 4 as an emitter can be possible candidate for expected to realize high efficiency
and color purity. The multilayer OLEDs were fabricated with the following device
configuration (Fig. 6-7): ITO/ TAPC (35 nm)/ mCBP (5 nm)/ 6 wt%-3 or 4: DPEPO (20 nm)/
DPEPO (10 nm)/ bis-1,2-(3,5-di-3-pyridyl-phenyl)benzene (B3PyPB!", 40 nm)/ LiF (0.8 nm)/
Al (80 nm).

Figure 3-8 presents J—V—L characteristics, #ext—J, and EL spectra of device A and B based
on emitter 3 and 4. The key characteristics are summarized in Table 6-3. The device A
achieved high maximum 7ext of 11.9% and Lmax of 1200 cd m™? with deep-blue emission (AL
= 445 nm). 5c of 15.2 cd A™! and 7, of 7.86 Im W~! were observed (Fig 6-9). CIE coordinate
of device A was 0.15 and 0.14, corresponding pure blue region (Fig. 6-10).

The device B exhibited extremely high #ext of 20.5% which attained the limitation of the
theoretical maximum #ext of TADF-OLEDs. This high #ext can be achieved by nearly 100% of
@rr and yst of 4. Also high Lmax, 77c, and #7p of 1200 cd m ™2, 15.2 cd A™!, and 7.86 Im W' were
observed in device B (Fig. 6-9). Furthermore, efficient roll-off and high Jso% of 12.6 mA cm™
were observed. It is probable that the short 7 of 4 contributes to suppress TTA/STA at high
current density. CIE coordinate of device B was 0.16 and 0.27 (Fig. 6-10).

Table 6-3. TADF-OLED performance of devices A and B

A EL Von Lmax ;70 ;713 Wext CIE

EMIET ) (V) @dm D) @dA) mwW ) @)

Device A 3 445 6.0 1200 15.2 7.86 11.9 0.15,0.14

Device B 4 486 5.1 7771 37.9 20.1 20.5 0.16,0.27

133



_10_

oo 2.0 20 ' 20 2.0
' 24 ||opepo ||| DPEPO 2.6
]
-3.0 TAPC ||mCBP ! DPEPO B3PyPB
> (35 nm) ([(5 nm) E (10 nm) (40 nm)
— _4.0— ]
w : LiF/Al
ol ITO | 4.3
' 5.0 "
53 ;
~6.0— 60 ' 60 6.0
6.2 !
o , 6.7

Device A 1 Device B

o ¢ :
N N OO N
oo g

TAPC
E;=27eV

L

DPEPO B3PyPB
E;=3.1eV E;=27¢eV

Figure 6-7. Energy level diagram showing the HOMO/LUMO levels of the materials used

in devices A and B and the chemical structures of the materials.
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Figure 6-9. a) Current efficiency and b) power efficiency versus J plots for devices A and

B.
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Figure 6-10. EL emission color coordinates in the CIE 1931 chromaticity diagram and

photographs of devices A and B.

6.3 Conclusion

In summary, we developed eftective blue OLEDs using newly designed heteroatom-bridged
TADF molecules. The phosphours and sulfur bridged molecules of AXPO and AXSO
exhibited relatively small AEst of ~0.06 eV and effective TADF emission with short 7 of ~20
us. The OLEDs employing AXPO and AXSO as emitters achieved pure deep-blue emission
(CIE coordinates of x: 0.15, y: 0.14), 20.5% of #ext, corresponding to the limitation of the
theoretical maximum #ext of TADF based OLEDs.
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6.4 Experimental Section

6.4.1 General Methods

NMR spectra were recorded on an Avance III 500 spectrometer (Bruker). Chemical shifts of
'H and *C NMR signals were quoted to tetramethylsilane (5= 0.00) and CDCl3 (5= 77.0) as
internal standards, respectively. Matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectra were collected on an Autoflex III spectrometer (Bruker Daltonics)
using dithranol as the matrix. Elemental analyses were carried out with an MT-5 CHN corder
(Yanaco). UV/vis absorption and PL spectra were measured with a UV-2550 spectrometer
(Shimadzu) and a Fluoromax-4 spectrophotometer (Horiba Scientific), respectively. The @pL
were measured using an integration sphere system coupled with a photonic multichannel
analyzer (Hamamatsu Photonics C9920-02, PMA-11). The luminescence intensities and
lifetimes of solutions and thin films were measured using a Quantaurus-Tau (Hamamatsu
Photonics) with an LED lamp (4 = 340 nm, frequency = 50 Hz) under N2, and a Streak camera
(Hamamatsu Photonics C4334) with an N2 gas laser (A = 337 nm, pulse width = 500 ps,
repetition rate = 20 Hz) under vacuum (< 4 x 10~ Pa). The HOMO energy levels (or ionization
energies) for thin films were determined using an AC-3 ultraviolet photoelectron spectrometer
(Riken-Keiki). The LUMO energy levels were estimated by subtracting the optical energy gap
(Eg) from the measured HOMO energies; E values were determined from the onset position
of the absorption spectra of thin films. All quantum chemical calculations were performed
using the Gaussian 03 program package.'? Geometry optimization was carried out using the
B3LYP functional with the 6-31G(d,p) basis set. Low-lying excited singlet and triplet states
were computed using the optimized structures with time-dependent density functional theory

(TD-DFT) at the same level.

6.4.2 OLED device fabrication and Measurements

To measure EL of the OLEDs using heteroatom-bridged molecules derivatives as emitter, a
clean glass substrate precoated with a 110-nm-thick ITO layer with a sheet resistance of < 20
Q o ! was used. The substrate was degreased with distilled water, a neutral detergent, acetone,

isopropyl alcohol, and cleaned in UV-ozone chamber (Nippon Laser and Electrics lab.
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NLUV253) before it loaded into an evaporation system. The organic layers were thermally
evaporated on the substrates under a vacuum of < 3 x 10~* Pa with an evaporation rate of < 0.3
nm s”'. In all devices, a cathode aluminum (Al) layer was deposited through a 1 mm-diameter
opening in a shadow mask. The current density and voltage (J—V) characteristics of OLEDs
were measured using a semiconductor parameter analyzer (Agilent E5273A). The EL spectra
were recorded by multi channel analyzer (Ocean Optics SD2000) at current densities of 1, 10,
and 100 mA c¢cm 2. The brightness of OLEDs was measured using an optical powermeter

(Newport 1930C).

6.4.3 Materials and Syntheses of Heteroatom-Bridged Molecules

All reagents and solvents were purchased from Sigma-Aldrich, Tokyo Chemical Industry
(TCI), or Wako Pure Chemical Industries and used as received unless otherwise noted. The
synthetic routes to obtain 1—4 are outlined in Scheme 6-1. All reactions were performed under
an N2 atmosphere in dry solvents. The final products were fully characterized by 'H and '*C

NMR spectroscopy, MALDI-TOF mass spectrometry, and elemental analysis, as indicated.

1) n-BuLi

Ge
7) PhyGeCl, @ @

AXGe (1)

1) n-BuLi

Sl
7) Ph,SiCl, @ J@

" . Br Br O AXSi (2)
o G %@ < @db g
amac (L L0

5 3) H,0,

l)nBuLl

Scheme 6-1. Synthetic routes for 1-4.
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10-(4-bromo-3-fluorophenyl)-9,9-dimethyl-9, 1 0-dihydroacridine (6). A mixture of 1-bromo-
2-fluoro-4-iodobenzene (24.1 g, 80 mmol), 9,9-dimethyl-9,10-dihydroacridine (16.7 g, 80 mol),
sodium fert-butoxide (11.5 g, 120 mmol), copper(I) iodide (0.3 g, 1.6 mmol), and trans-1,2-
diaminocyclohexane (0.96 ml, 8.0 mmol) in dry 1,4-dioxane (80 mL) was refluxed for 24 h.
The reaction mixture was poured in to water and extracted with toluene. The combined organic
layer were washed with water, and dried over MgSOa. After the filtration and evaporation, the
product was purified by silica gel column chromatography (eluent: hexane/toluene = 1.5:1, v/v),
and recrystallized from hexane and dried under vacuum to afford 6 as a white solid (yield =
22.0 g, 72.0%). "H NMR (500 MHz, CDCl3): § 7.81 (t, J = 8.5Hz, 1H), 7.46 (dd, J = 7.5Hz,
1.5Hz, 2H), 7.16 (dd, J = 7.5Hz, 1.0Hz, 1H), 7.06 (dd, J = 8.5Hz, 1.5Hz, 1H), 7.02—6.94 (m,
4H), 6.27 (dd, J = 8.0Hz, 1.5Hz, 2H), 1.67 (s, 6H). MS (MALDI): m/z 382.28 [M]"; calcd
382.48.

10-(4-bromo-3-fluorophenyl)-9,9-dimethyl-9, 1 0-dihydroacridine (5). A mixture of compound
6 (7.6 g, 20 mmol), 2-bromophenol (8.4 ml, 80 mmol), potassium carbonate (11.1 g, 80 mmol)
in triglyme (10 mL) was stirred for 72 h at 190 °C. After cooling to room temperature, the
reaction mixture was poured into water and extracted with toluene. The combined organic
layers were washed with water, and dried over anhydrous MgSOa4. The resulting solution was
filtered through a Celite pad. The filtrate was concentrated by evaporation and the product was
purified by silica gel column chromatography (eluent: hexane/CH2Cl> = 1.5:1, v/v), and
recrystallized from methanol/CH2Clz and dried under vacuum to afford 5 as a white solid (yield
=8.69 g, 81.2%). 'H NMR (500 MHz, CDCI3): 6 7.89 (d, J = 8.5Hz, 1H), 7.59 (dd, J = 8.0Hz,
1.5Hz, 1H), 7.42 (dd, J = 7.5Hz, 1.5Hz, 2H), 7.28 (td, J = 8.0Hz, 1.5Hz, 1H), 7.04-6.97 (m,
5H), 6.92 (td, J = 7.5Hz, 1.0Hz, 2H), 6.70 (s, 1H), 6.27 (dd, J = 8.0Hz, 1.0Hz, 2H), 1.63 (s,
6H). MS (MALDI): m/z 535.28 [M]"; calcd 535.51.

AXGe (1). To a stirred solution of compound 5 (1.64 g, 3.0 mmol) in dry THF (50 mL) was
added dropwise n-butyllithium (3.8 mL, 6.0 mmol) at —78 °C and mixture was allowed to react
for 1 h at that temperature. Diphenylgermanium dichloride (0.8 ml, 3.3 mmol) was then added,
and the mixture was stirred overnight at room temperature. The reaction mixture was poured
into water and extracted with CH2Cl2. The combined organic layers were washed with water,
and dried over anhydrous MgSOs4. The resulting solution was filtered through a Celite pad. The

filtrate was concentrated by evaporation and the product was purified by silica gel column
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chromatography (eluent: hexane/CH2Cl2 = 3:1, v/v), and recrystallized from hexane/EtOAc
and dried under vacuum to afford 1 as a white solid (yield = 0.98 g, 54.1%). '"H NMR (500
MHz, CDCl): 6 7.77 (d, J = 7.5Hz, 1H), 7.61 (dd, J = 7.0Hz, 1.5Hz, 4H), 7.55 (dd, J = 7.5Hz,
1.5Hz, 1H), 7.46—7.41 (m, 9H), 7.28 (s, 1H), 7.25 (td, J = 8.0Hz, 1.0Hz, 1H), 7.16 (td, J =
7.0Hz, 1.0Hz, 1H), 7.11 (dd, J = 7.5Hz, 2.0Hz, 1H), 6.99 (td, J = 7.0Hz, 1.0Hz, 2H), 6.92 (td,
J=17.0Hz, 1.0Hz, 2H), 6.38 (dd, J= 8.0Hz, 1.0Hz, 2H), 1.69 (s, 6H). 3C{'H} NMR (125 MHz,
CDCl): 0 161.35, 159.38, 143.81, 140.64, 137.07, 135.03, 134.93, 131.26, 130.09, 129.68,
128.59, 126.39, 125.75, 125.16, 123.47,121.35, 120.67, 118.88, 118.74, 118.13, 114.24, 35.98,
31.21. MS (MALDI): m/z 602.31 [M]"; calcd 602.45 Anal. calcd (%) for C3oH31N: C, 77.77,
H, 5.19; N, 2.33; found: C, 77.68; H, 5.32; N, 2.35.

AXSi (2). Compound 2 was synthesized similarly to 1, using compound 5 (1.64 g, 3.0 mmol),
n-butyllithium (3.8 mL, 6.0 mmol), and dichlorodiphenylsilane (0.63 ml, 3.3 mmol). The
product was obtained as white solid (yield = 0.96 g, 57.2%). '"H NMR (500 MHz, CDCls): ¢
7.82 (d, J = 7.5Hz, 1H), 7.75 (dd, J = 7.5Hz, 1.0Hz, 4H), 7.61 (dd, J = 7.0Hz, 1.5Hz, 1H),
7.49—7.40 (m, 9H), 7.28 (s, 1H), 7.25 (t, /= 8.5Hz, 1H), 7.17 (td, /= 7.0Hz, 1.0Hz, 1H), 7.11
(dd, J = 8.0Hz, 1.5Hz, 1H), 6.99 (td, J = 8.0Hz, 1.5Hz, 2H), 6.38 (dd, J = 7.0Hz, 1.0Hz, 2H),
6.94 (td, J = 7.5Hz, 1.5Hz, 2H), 1.69 (s, 6H). *C{'H} NMR (125 MHz, CDCl3): 6 162.16,
160.20, 144.37, 140.59, 137.59, 135.96, 135.45, 133.69, 131.85, 130.16, 130.14, 128.18,
126.39, 125.39, 125.15, 123.14, 120.89, 120.72, 118.31, 116.29, 115.70, 114.27, 36.00, 31.15.
MS (MALDI): m/z 557.77 [M]"; calcd 557.82. Anal. caled (%) for C3oH31N: C, 83.98; H, 5.60;
N, 2.51; found: C, 83.51; H, 5.59; N, 2.45.

AXPO (3). To a stirred solution of compound 5 (1.64 g, 3.0 mmol) in dry THF (50 mL) was
added dropwise n-butyllithium (3.8 mL, 6.0 mmol) at —78 °C and mixture was allowed to react
for 1 h at that temperature. Dichlorophenylphosphine (0.4 ml, 3.3 mmol) was then added, and
the mixture was stirred overnight at room temperature. To this solution was added dropwise
0.1 ml of hydrogen peroxide (ca. 30%) and stirred over 6 h at room temperature. The reaction
mixture was poured into water and extracted with CH2Clz. The combined organic layers were
washed with water, and dried over anhydrous MgSO4. The resulting solution was filtered
through a Celite pad. The filtrate was concentrated by evaporation and the product was purified
by silica gel column chromatography (eluent: hexane/CH2Cl2 = 3:1, v/v), and recrystallized
from hexane/EtOAc and dried under vacuum to afford 3 as a white solid (yield =0.64 g, 42.5%).
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'H NMR (500 MHz, DMSO): 6 7.94—7.89 (m, 1H), 7.76 (td, J= 7.0Hz, 1.5Hz, 1H), 7.72—7.49
(m, 10H), 7.39 (t, J = 7.5Hz, 1H), 7.33 (d, J = 8.0Hz, 1H), 7.04 (td, J = 7.5Hz, 1.5Hz, 2H),
6.98 (td, J = 7.5Hz, 1.5Hz, 2H), 6.40 (dd, J = 8.0Hz, 1.0Hz, 2H), 1.62 (s, 6H). *C{'H} NMR
(125 MHz, CDCls): 0 157.59, 157.57, 155.72, 155.70, 146.86, 140.22, 134.09, 134.04, 133.79,
133.75, 132.06, 132.03, 131.84, 131.76, 131.45, 131.41, 131.28, 128.75, 128.65, 126.45,
126.06, 124.49,124.41,121.47,119.89, 119.84, 118.42, 118.37,118.37, 115.77, 115.33, 114.90,
114.51, 36.16, 30.89. MS (MALDI): m/z 499.55 [M+H]"; calcd 501.20. Anal. calcd (%) for
C33HasN: C, 79.34; H, 5.25; N, 2.80; found: C, 79.12; H, 5.22; N, 2.76.

AXSO (4). Compound 4 was synthesized similarly to 3, using compound 5 (1.64 g, 3.0 mmol),
n-butyllithium (3.8 mL, 6.0 mmol), and bis(phenylsulfonyl)sulfide (0.99 g, 3.2 mmol), and 0.1
ml of hydrogen peroxide (ca. 30%). The product was obtained as white solid (yield = 0.54 g,
40.7%). '"H NMR (500 MHz, CDCls): 6 8.24 (dd, J = 7.5Hz, 1.5Hz, 1H), 8.11 (dd, J = 8.0Hz,
1.5Hz, 1H), 7.67 (td, J = 7.5Hz, 1.5Hz, 1H), 7.50—7.38 (m, 6H), 7.09—7.02 (m, 4H), 6.49 (dd,
J = 8.0Hz, 1.5Hz, 2H), 1.67 (s, 6H). *C{'H} NMR (125 MHz, CDCl3): § 153.51, 151.53,
147.63, 140.05, 134.28, 132.77, 126.54, 125.88, 125.40, 125.28, 125.15, 123.48, 123.16,
122.24,118.96,118.51,115.98,36.41, 30.55. MS (MALDI): m/z 439.53 [M+H]"; calcd 439.99
Anal. calcd (%) for C27H21N: C, 73.78; H, 4.82; N, 3.19; found: C, 73.44; H, 4.85; N, 3.16.
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Chapter 7

Conclusions and Perspective

In this study, we developed highly efficient TADF materials and these materials were applied
to OLEDs. Well-desigend TADF molecules exbihited a small AEst between Si1 and Ti and
OLEDs using TADF molecules as an emitter exhibited high #ext which exceeded conventional
fluorescence OLEDs. Various photophysical characterisitics of TADF molecules were

investigated under photo- and electrical-excitaions.

Chapter 2: A new design concept to control AEst by tunning the donor and acceptor units in
carbazole-triazine combined TADF material CC2TA has been developed. Host dependent
TADF properties are investigated for maximizing TADF emission. The optimized TADF
device based on CC2TA achieved relatively high #ext of 11.2%. The newly designed molecular

structure provide a guideline for strong delayed fluorescence.

Chapter 3: Benzophenone based butterfly-shaped materials are designed for efficient full-
color delayed fluorescence emission. The benzophenone based on D-A-D frameworks is
suitable for the production of organic luminophores exhibiting highly efficient TADF emission
covering the full color spectrum. OLEDs employing the benzophenone derivatives as emitters
generated EL spectra ranging from blue to orange-red and achieved maximum #ext of up to
14.3%. Moreover, high color purity WOLED:s is fabricated to combination of yellow and sky-

blue emissive benzophenone derivatives.

Chapter 4: Donor-acceptor crossed x-shaped TADF materials were designed using benzoyl
benzophenone derivatives. The bulky phenyl rings of benzoyl benzophenone unit led to strong
steric hindrance between donor and acceptor units which contribute to realize a small AEst for
efficient TADF emission. Decay processes in linear- and x-shaped benzoylbenzophenone were
investigated and the non-radiative decay processes of linear- and x-shaped-molecules are

investigated and determined the relation between molecular structure and @pL. OLEDs based
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on x-shaped benzophenone derivatives as emitters exhibited high #ext of up to 11% for green

and yellow emissions.

Chapter 5: First TADF polymer materials were designed for solution-processable TADF-
OLEDs. The benzophenone-based donor-acceptor frameworks of polymers having isolated
HOMO and LUMO contributed to realize a small AEst which enabled efficient exciton-
harvesting through TADF. Solvatochromic properties of polymers in polar solvent was
examined and the strong CT emission were confirmed. Well optimized OLEDs employing the
TADF polymers as emitters were fabricated by solution process and achieved high efficiency

in green and yellow emissions.

Chapter 6: Heteroatom-bridged TADF molecules having a small AEst and short 7 were
designed for effective TADF emission. The isolated m-conjugation of the molecular structure
provide a very high T: energy level and the vertically connected donor-acceptor structure
contributed to a small AEst and short 7. Phosphor and sulfur bridged molecules of AXPO and
AXSO exhibited deep-blue and sky-blue emission with high @pL and strong TADF
characteristics. OLEDs employing AXPO and AXSO as emitters achieved pure deep-blue
emission (CIE coordinates of x: 0.15, y: 0.14) and #ext = 20.5%.

A wide variety of TADF materials are newly explored and designed through this thesis. The
author confirmed a wide variety of emission colors and sufficiently high #ext ~ 20%. However,
for commercial applications, further molecular design should be considered from the aspect of

stability of radical cation and anion of TADF molecules.
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