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Chapter 1

Introduction



1.1 A brief history of organic light emitting diodes (OLEDSs)

The possibility of practical utilization of organic electroluminescence (EL) was
not taken into consideration until J. Dresner reported a double injection EL device
based on anthracene single crystals." However, other early attempts mainly based on
single crystal showed that it required a quite high driven voltage of over 100 V,

suggesting that organic EL was far from practical application.?™

By taking disadvantage of the single crystal based OLEDs, thin-film OLEDs
fabricated by vacuum deposition were extensively studied aimed for mainly low
driving voltage in 1980°.2°% |n 1983, R. H. Partridge et al. reported the first
double-layered thin—film OLEDs consisting of a poly(N-vinyl carbazole) (PVCz)
emitting layer.?®* In 1986, further, S. Hayashi et al. dramatically decreased the
threshold voltage of an EL device down to 4 V by using electropolymerized
polythiophene as a hole injection layer (HIL) and a vacuum deposited perylene film
as an emitting material layer (EML).?® In particular, the current prototype structure of
OLEDs was established in 1987, when C. W. Tang et al. reported a novel thin-film
double-layered structure.?® In this device, a fluorescent metal chelate complex,
tris(8-hydroxyquinoline) aluminum (AlQ3), was used as a light emitting and
electron-transport layer, while a diamine layer was used as a hole-transport layer
(HTL). At that time, this diode realized rather high external quantum efficiency
(EQE) of 1% and high luminesce of over 1000 cd/m? at a driving voltage below 10 V.
To facilitate charge injection and transfer into the emissive region, a fundamental
three-layer structure consisting of a HTL, an EML and an electron-transport layer
(ETL) was well established by C. Adachi et al. in 1988, which becomes the most
generally used OLED structure so far.®’ In 1990, in a similar manner, J. H.
Burroughes et al. utilized conjugated polymers as an active material in OLEDs,

demonstrating OLED fabrication based on wet-processing.”®

In these first generation OLEDs, only a small fraction (25%) of electrically



generated excitons induced light emission due to the limitation of the spin statistics in
fluorescent dyes. On the other hand, to harvest both singlet and triplet excitons, S. R.
Forrest and M. E. Thompson et al. employed room-temperature phosphorescent dyes
into an active layer.?® Novel metal atoms in phosphors caused strong spin-orbital
coupling, facilitating the radiative decay from triplet into ground states. After
comprehensive optimization of materials and device structures, nearly 100% internal

quantum efficiency (IQE) was realized in 2000.*

These pioneer studies demonstrated high potential of OLEDs as an alternative of
display and lighting technology. After that, a considerable amount of effort has been

devoted to improve the efficiency and stability of OLEDs.

1.2 Work mechanism and structure of OLEDs

The current standard OLEDs consist of multiple organic and metallic layers on a
transparent substrate. Small molecular organic and metallic layers are usually
deposited by thermal evaporation, while polymer layers are prepared by solution
processes such as spin-coating and inkjet printing techniques. Chemical stability,
especially the resistance to oxidation under the process of device fabrication and
operation under electrical excitation, is requisite for all organic layers and a wide

variety of molecular structures have been examined.

A typical OLED structure contains single- or multiple-organic layers
sandwiched between an anode and a cathode, in which at least one electrode should
be transparent for light out-coupling (Fig. 1-1). In the case of single layer OLEDs,? an
organic layer serves as both light emitting source and charge transfer layer, and
requires high photoluminescence quantum yield (PLQY) and bipolar charge-transport
property. However, most EL materials are unipolar, i.e., only hole transport or
electron transport. In order to prevent the emission quenching near the cathode, an
opposing unipolar conductive layer is inserted so that the electron-hole recombination
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26 More recent

zone can be confined near the interface of two organic layers.
developments in OLED structures improved the device efficiency and stability by
reducing carrier injection barrier at the interfaces of electrode/organic layers. In some
devices, independent hole and electron injection layers (HIL and EIL) are applied to
aid charge injection at electrodes and achieve the desired performance. In particular,
higher injection current can be made by using a p-i-n structure with p-doping in the
HIL and n-doping in the EIL. In 1998, K. Leo’s group proposed a structure using
vanadyl phthalocyanine (VOPc) doped with 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano
quinodimethane (F4-TCNQ) as a HTL to decrease driving voltage.** In 2004, they
finally developed a device with p-i-n structure, where N,N,N’,N’-tetrakis(4-
methoxyphenyl)-benzidine (MeO-TPD) doped with F4-TCNQ was used as a
p-doped hole injection and transport layer, 4,7-diphenyl-1,10-phenanthroline (Bphen)
and cesium were coevaporated as a n-doped electron transport layer, and an intrinsic
EML was sandwiched between these two doped layers.* Such a pin OLED achieved a

maximum power efficiency of 53 Im/W and a power efficiency of 45 Im/W at a

luminance of 1000 cd/m?.
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Figure 1-1. Evolution of OLED structures.®® (EML: emitting material layer; HTL: hole
transport layer; ETL: electron transport layer; EIL: electron injection layer; HIL: hole
injection layer.)



Simultaneously, carrier injection electrodes were also developed. Currently, the
most useful anode is indium-tin-oxide (ITO) which has appropriate work function
(-5.0 eV) favorable for hole injection and low-work-function metals such as Al:Li,

Mg:Ag alloys* and an Al/LiF multilayer are widely used as cathode.

1.3 Emitting materials in OLEDs — Small molecule fluorophors and phosphors

The efficiency of an OLED can be characterized by its quantum efficiency
(photon/electron). The values of external quantum efficiency (7ex) and internal
quantum efficiency (#in) are two important factors to clarify OLED performance. The
next 1S defined as the ratio of the number of photons emitted from the device to the

number of injected electrons and is given by:

Next=Pr } ¥ Tout=Tint Tout

where @k is the intrinsic PL efficiency; y is exciton branching ratio; yis the charge
balance factor, which can be assumed to be unity in the case of well-balanced carrier
injection and transport; 7y IS the light out-coupling efficiency estimated to be 0.2-0.3.
Fluorophors and phosphors are the two dominant categories of small molecular light
emitting materials for OLEDs. Fluorescent materials represented by AlQ3 are the first
generation of OLED light emitting materials, which show radiative decay from the
lowest singlet excited state (S;) to the ground state (Sy), i.e., fluorescence. They are
usually low cost and have high reliability. However, poor singlet generation fraction

(25%) limits the #ex to be approximately 5% for fluorescent OLED:s.

Phosphorescence is defined as a radiative transition from the lowest triplet
excited state (T;) to So. Since this process is usually forbidden by spin multiplicity
selection rules, it can happen only in polymers where the interchain bond-charge
35, 36

correlation has a strong influence on singlet and triplet excitons generation ratio

or organometallic compounds containing heavy atoms where the excited states are not



purely a singlet or triplet state due to enhanced spin-orbit coupling *"*°.

While spin-forbidden phosphorescence has a much smaller rate constant (10°-10°
s than that of fluorescence (10°10° s'), OLEDs applying room temperature
phosphorescent materials such as iridium(2-phenylpyridine)s (Ir(ppy)s) have
achieved 100% internal efficiency,*® which can be attributed to all harvesting of triplet
excitons. However, phosphorescence OLEDs have some serious issues to be
improved. With an increase of current density, a significant efficiency roll-off can be
observed, caused by an increase of nonradiative decay and triplet-triplet annihilation
(TTA) during long lifetime of the triplet excitons. Furthermore, the use of rare metals

also increases the cost in commercial application.

Some classical fluorescent and phosphorescent small molecules utilized in
OLEDs are showed in Fig. 1-2. Among them, 4-dicyanm-ethylene-2-
methyl-6-(p-dimethylaminostyryl)-4H-pyran (DCM),** (4-(dicyanomethylene)-2-tert-
butyl-6-(1,1",7,7 -tetramethyljulolidin-4-yl-vinyl)-4H-pyran) (DCJTB),* 5,6,11,12-
tetraphenylnaphthacene (rubrene),** and tetraphenyldibenzoperiflanthene (DBP)*
emit red fluorescence, AlQs? N,N-Dimethyl quinacridone (DMQA)*
10-(2-benzothiazolyl)-1,1,7,7-tetramethyl-2,3,6,7-tetrahydro-1H,5H,11H-benzo[l]
pyrano[6,7,8-i,jJquinolizin-11-one (C545T),** coumarin 6 (Co-6)," and 9,10-bis
[phenyl(m-tolyl)-amino]anthracene  (TPA)* emit green fluorescence, while
perylene,*’ 4,4"-bis(2,2’-diphenyl-ethene-1-yl)-diphenyl (BPVBI),"** and 4-(di-p-
tolylamino)-4'-[(di-p-tolylamino)styryl]stilbene (DPAVB)> emit red fluorescence.
Platinum-octaethyl-porphyrin (PtOEP) is the first phosphorescent emitter employed
in OLEDs.** However, iridium (111) complexes are currently the most widely used
phosphors. The red, green and blue phosphorescent OLEDs based on tris(1-phenyl
isoquinolinolato-C2,N)iridium(l1)  (Ir(piq)s), fac-tris(2-phenylpyridine) iridium
((ppy)2lr(acac)) and bis[(4,6-difluorophenyl) pyridinato-N,C2](picolinato) iridium
(FIrpic) have achieved EQEs of 10.3%, 19% and 22%, respectively.39°>%3
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Figure 1-2. Chemical structures of small molecular light emitting materials utilized in OLEDs.

1.4 Light emitting materials in OLEDs —Polymer and Dendrimer

One of the key disadvantages of small molecular OLEDs is the cost for device
fabrication, because they require rather expensive vacuum deposition system with
high vacuum level. On the other hand, unlike small molecules, polymer films can be
fabricated from solution processes such as spin-coating or ink-jet printing methods. In
1990, R. Friend et al. demonstrated the first efficient polymer OLED based on
poly(p-phenylene vinylene) (PPV, Fig. 1-3).2% After that, they further extended the
PPV system by using different 2,5-substituent groups to control the state of order and
get poly(2,5-dimethoxy-p-phenylene vinylene) (PDMeOPV). The introduction of

methoxy substituents allows regular arrangement to form a three-dimensional



structure.*? In 1992, G. Gustafsson et al. fabricated the first flexible PLEDs by using
poly(2-methoxy-5-(2’-ethyl)-hexoxy-1,4-phenylene  vinylene)  (MEH-PPV).”
Besides PPV backbone, thiophene-based conjugated polymers also attracted
extensively interests for soluble and processable merits. The first synthesis of coupled

poly(3-alkylthiophene) (P3AT) was reported by R. D. McCullough in 1992.* %

CH,CH(CHs)4Hy
PPV
( ( > \ l \ MEH-PPV
n
H;C n
CH;
CoHont1
\ PDMeOPV
HC n S n

Figure 1-3. Chemical structures of selected conjugated polymer EL materials: PPV, PDMeOPV,
MEH-PPV, P3AT.

In polymers, | note that the maximum quantum efficiencies of EL and
photoluminescence (PL) can theoretically approach unity when the electron-hole
binding energy is sufficiently weak.*® Z. Shuai et al. provided a theoretical model of
singlet state formation ratio in polymers, suggesting that singlet exciton formation is

h36, 46-48

proportion to their = -conjugated lengt and this has been well confirmed by

some experiments.*>*

Besides small molecules and polymers, dendrimers have also attracted
considerable attraction for their merits, such as ordered, covalent three-dimensional
structures, resulting in spatial controllability of active components.>>®® EL from a
single-component emitting layer of dendritic macromolecules was reported by P. W.
Wang et al. in 1996.%° Light emitting dendrimers can be categorized into two

59, 66

categories: fully conjugated ones®” and chromophores with dendron
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non-conjugated substitutions.®> ®"% The light emitting characteristics and processing
properties of dendrimers can be controlled by chromophores and surface substitutions
independently. In high generation dendrimers, the interaction between neighbor
molecules is strongly influenced by surface groups. Consequently, the aggregation
induced quenching can be avoided. The optical energy gap near the surface and near

the core can also be adjusted respectively to accelerate the mobility of charges and

69, 70

excitons in it.

Figure 1-4. Conjugated dendrimers consisting of a distyrylbenzene core (short wavelength
emission), stilbene dendrons (charge transport), and tert-butyl surface groups (good process
ability).”’

Figure 1-5. Samuel and co-workers synthesized the triphenylamine based dendrimers decorated
by three distyrylbenzene chromophores and demonstrated that the degree of the interaction of the
molecules is controlled by the generation.”

1.5 Novel approaches to improve device efficiency

While fluorescent materials possess merits of low cost and high stability, they

suffer from shortcoming of low EL efficiency limited by the spin statistics. Therefore,
9



significant progresses have been made in developing new materials and device
systems that can overcome the spin statistical limit of fluorescent materials.

To make triplet states in fluorescent materials available, two possible approaches

38,7293 and the other one is

are identified. One is triplet-triplet annihilation (TTA),
thermally activated delayed fluorescence (TADF).”® %1% |n the TTA process, the
confliction between two triplet excitons can produce a singlet exciton. Thus, the upper
Nint limit of OLEDs using TTA process can increase up to 63% (0.25+0.75%0.5).
Assuming that the optical outcoupling efficiency is 0.20, the maximum external
quantum efficiency (EQE) is estimated to be 13%. In 2009, the EQE of TTA devices
was reported to be 11%, which is very close to the theoretical limitation.”* On the
other hand, triplets can also be converted to singlets by reverse intersystem crossing
(RISC) under thermal activation when the energy difference between S; and T,

excited states (4Est) is small enough.% ™

TADF was observed by S. J. Boudi in 1930 and elucidated by C. A. Parker and C.
G. Hatchard in 1961."2 This phenomena was also observed in some kinds of

12113 and metal complexes.™* In 2009, A. Endo et al. in our group proposed

fullerene,
TADF based OLEDs for the first time using some Sn**-porphyrin complexes.
However, the efficiencies of these devices were still low (EQE=0.3%)."*> In a later
work, K. Goushi et al. used intermolecular charge transfer (CT) molecules, i.e.,
exciplex, to realize a small overlap between donor and acceptor wavefunctions.**®
However, the forbidden transition nature also resulted in a rather low fluorescent rate,
and consequently, relatively limited PL and EL efficiencies. To break this bottleneck,
our group considered intramolecular CT materials with intra molecular
donor-acceptor structures. In 2011, A. Endo et al. demonstrated an efficient TADF
based OLEDs containing 2-biphenyl-4,6-bis(12-phenylindolo[2,3-a]carbazole-11-yl)
-1,3,5-triazine (PIC-TRZ), in which a maximum EQE of 5.3% was obtained with a

relatively low PLQY of 39%. *® In the same year, T. Nakagawa et al. proposed a

TADF molecule based on spirobifluorene derivatives, i.e., 2 ,7" -bis(di-p-tolyl
10



amino)-9,9’ - spirobifluorene-2,7-dicarbonitrile (Spiro-CN). % In this device, TADF
components contributed over half of the EQE. After that, comprehensive surveys of
TADF materials with high efficiency were conducted. H. Tanaka et al. reported a
green TADF emitter, phenoxazine-triphenyltriazine (PXZ-TRZ), with a maximum
EQE of 12.5%.'% In 2012, the green TADF device with an emission peak at 520 nm
finally reached an EQE (19.5%) that is comparable to the best phosphorescent OLEDs
by using a carbazolyl dicyanobenzene emitter (1,2,3,5-tetrakis(carbazol-9-yl)-4,6-
dicyanobenzene, 4CzIPN).!* Efficient blue and orange TADF materials were also
100, 103

successfully synthesized, with maximum EQE of 10% and 17.5%, respectively.

The molecular structures are shown in Fig. 1-6.

I procoes T

HAP-3TPA

Figure 1-6. Chemical structures of some TADF molecules utilized in OLEDs.

1.6 Mechanism of thermally activated delayed fluorescence (TADF)

After excitation by photons, radiative and nonradiative deactivation processes
take place in a molecule. Nonradiative internal conversion (IC) between two states of

equal spin multiplicity, S, and S;, or T, and Ty, is very fast among the excited states.

11



At the same time, the transitions between two states with different multiplicities
(intersystem conversion, ISC) also compete with these photophysical relaxation
processes. A radiative transition from the lowest singlet excited state to the ground
state is fluorescence. To be more precise, it should be called prompt fluorescence (PF).
For common closed-shell molecules, the states involved in the fluorescence process
are Sp (ground singlet state) and usually S; (first excited singlet). In addition,
fluorescence also occurs via the triplet manifold: electrons excited to S; and decay to
T1 through an intersystem crossing. After vibrational thermalization, a reverse
intersystem crossing back to S; occurs, resulted in delayed fluorescence (DF). Here,
interconversion between the singlet and triplet excited states would repeat multiple
times before the excitons get final decay from singlet or triplet excited states."* A

simple scheme of this process is shown in Fig. 1-7.
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Figure 1-7. Scheme of TADF process.

Referring to the prompt fluorescence, this second type of fluorescence is named
thermally activated delayed fluorescence (TADF). Two conditions should be met for
significant TADF to occur: (i) reasonably high probability of S; to T; intersystem

crossing (kisc >>ke+k>s), and (ii) reasonably high probability of subsequent T; to S;
12



reverse intersystem crossing (krisc >>kp+k').**" In most cases, it is also observed that
kisc >>krisc and k' >>kp. The model for these processes can be simply illustrated by

a three-state system.

IS
1(— Tl

C
RISC
exc

Figure 1-8. Kinetic scheme for TADF

Here, lex Stands for excitation intensity, ke and ke denote radiative rate constants
of fluorescence and phosphorescence, respectively, k° and k' are the nonradiative
rate constants for deactivation to the ground state, kisc and kgisc are the intersystem
crossing (ISC) and reverse intersystem crossing (RISC) rate constant, respectively.

The RISC rate constant (krisc) is given by equation (1).*'8

E
X kvexp(—,quT)

Krisc = ——¢,— 1
RISC Zuexp(—k%) 1)

where ky is the RISC rate constant of the vth vibrational level of Ty (v is an integer
which represents the vibrational quantum numbers) and E, is the respective
vibrational energy. Assuming that k, is a step function and 4Esr is the S;—T; energy
splitting, and the energy difference between consecutive vibronic levels is much
smaller than kgT, and the density of states is approximately constant, equation (1)

becomes,

@)

Different assumptions on k, and on the density of vibrational states lead to a weak
13



temperature dependence of the pre-exponential factor. Owing to the relative energies
of S; and Ty, the triplet-to-singlet RISC rate constant is always an activated process

that is strongly temperature dependent.™** %1%

1.7. Aim of this research

Inexpensive TADF aromatic compounds have emerged as attractive alternatives
to phosphorescent complexes for OLED applications. The most critical design
strategy of TADF molecules is to reach a small AEst. According to the previous study
of our group, well separation of the highest occupied and lowest unoccupied
molecular orbitals (HOMO and LUMO) is favorable to realizing TADF in organic
aromatic compounds.’® 1% 1% Emitters characterized by pretwisted intramolecular
charge transfer (ICT) meet with this requirement because the large twist angle
between donor and acceptor moieties limits their electronic interaction and minimizes
the overlap of the orbitals involved in the transitions. On the basis of this design
strategy, a series of green TADF emitters that can exhibit near-unity internal quantum

efficiency (IQE) in devices were recently developed by our group.'®

One objective of this thesis is to develop novel pretwisted ICT type TADF
emitters for full-color display, especially the high performance blue TADF emitters.
We know that the emission color of donor-acceptor (D-A) structured molecules can be
tunable by adjusting redox potential of the donor and acceptor moieties. In this thesis,
novel pretwisted ICT molecules with various acceptor and donor moieties were
synthesized and characterized. Another objective of this thesis is to solve the
efficiency roll-off problem found in most blue TADF OLEDSs, which is primarily
caused by the relatively large AEst and the long excited-state lifetime of the
emitters.’® 1% In this thesis, a three-excited-state model involving an emissive 'CT
state, spin forbidden *CT and locally excited triplet (°LE) states was proposed to

describe the low lying excited states of the investigated molecules. | demonstrate that

14



the energy relationships of these three excited states can be well controlled through a
deep understanding of the structure—property relationships in TADF emitters, and

efficient and short-lifetime blue TADF emitters can be finally achieved in this study.
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Chapter 2

Color tunable thermally activated
delayed fluorescence from bipolar
molecules with 5-phenyl-5,10-
dihydrophenazine as donor
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2.1 Introduction

Currently, the design strategy of TADF molecules is based on the effective
separation of the spatial distribution of the HOMO and LUMO. Until now, a various
kinds of TADF molecules having charge-transfer (CT) characteristics based on a
donor-acceptor structure were developed.”® In particular, a phenoxazine-
triphenyltriazine derivative (PXZ-TRZ) showed excellent OLED performance,
demonstrating a maximum EQE of 12% with the emission peak at 529 nm.* A large
dihedral angle between the donor and acceptor planes induced by steric repulsion
suppressed the nonradiative decay process and facilitated the upconversion from
triplet to singlet-excited states. In the optimization of the molecular structures, when
we used 5-phenyl-5,10-dihydrophenazine (PPZ) as a donor instead of PXZ, |
observed a significant decrease of EQE, resulted in only 1% with the large redshift of
the emission peak into 600 nm. However, it is rather hard to conclude that PPZ is not
a useful donor unit for the construction of efficient TADF emitters. An elucidation of
this low efficiency will help me understand the key factors affecting the
photoluminescence (PL) quantum yield (PLQY) of CT molecules and pave the way
for TADF molecular design. A series of D-A type molecules with PPZ as a donor are
designed and synthesized in this study. Their decay constants derived from lifetimes

and PLQY's are discussed with their structures.

2.2 Molecular structure and calculated results

The molecules used in this work are shown in Fig. 2-1. All D-A-type molecules
of PPZ-TRZ, PPZ-DPO, PPZ-3TPT and PPZ-4TPT have a PPZ donor unit, while
the different acceptor units of 1,3,5-triazine (TRZ), 2,5-diphenyl-1,3,4-oxadiazole
(DPO) and 3,4,5-triphenyl-1,2,4-triazole (TPT) were used. These PPZ derivatives

were synthesized following the procedure described below.
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Figure 2-1. Chemical structures of PPZ-TRZ, PPZ-DPO, PPZ-3TPT and PPZ-4TPT.

Table 2-1. Gaussian calculation results of PPZ-TRZ, PPZ-DPO, PPZ-3TPT and PPZ-4TPT.

HOMO LUMO S; (eV) T, (eV) AEst (eV)

- ,-zf( M 1.6716  1.6667  0.0049

PPZ-TRZ

PPZ-DPO 19128  1.9025 0.0103
PPZ-3TPT 2.3443  2.3321 0.0122
PPZ-4ATPT 2.5436  2.4805 0.0631

We used density functional theory (DFT) with the most popular functional,
B3LYP, to simulate the ground-state geometries of these four compounds.'® B3LYP
applies Becke’s three-parameter exchange functional (B3) in combination with Lee,
Yang, and Parr’s correlation functional (LYP) and Pople’s 6-31G(d,p) basis set. The

ten lowest singlet and triplet excited states were calculated by the time-dependent
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density functional theory (TD-DFT) method at their optimized ground-state
geometries using the same functional and basis set. These calculations were
performed using Gaussian 09 package.™* It has been employed successfully to
determine the energetics and electron spin resonance (ESR) parameters for the neutral

base radicals to a high degree of accuracy. The results are shown in Table 2-1.

Based on the quantum calculation results, | estimate that the dihedral angles
between the donor and acceptor planes are almost vertical, leading to significant
separation of their HOMOs and LUMOs as well as small singlet/triplet splitting of the
involved transitions (Table 2-1). The distributions of the HOMOs are localized on
PPZ units, while the LUMOs are localized on the acceptor units of TRZ, DPO and
TPT. The 4Est of all four PPZ compounds are estimated to be less than 0.1 eV. As
shown in Table 2-1, the transition energies of S; are increased in the order of
PPZ-TRZ, PPZ-DPO, PPZ-3TPT and PPZ-ATPT, indicating a blue-shift of the

emission band with the same order.

2.3 Photophysical characteristics

The low-lying energy levels and photophysical properties of PPZ-TRZ,
PPZ-DPO, PPZ-3TPT and PPZ-ATPT were investigated in toluene. Toluene is low
polar aromatic solvent that provides similar environment for emitters as in an organic
semiconductor film. As shown in Fig. 2-2, two absorption peaks can be observed in
the solutions of PPZ-TRZ, PPZ-DPO and PPZ-3TRZ in which the lower ones can
be ascribed to CT absorption while the higher ones are induced by local electron
transition. The electron-withdrawing ability of the acceptors of TRZ, DPO, 3TPT
and 4TPT decreases in this order. As a result, the CT absorption peaks of these
compounds showed a blue shift subsequently. Conversely, the energy of the *n—n*

transition centered on the PPZ moiety is almost constant. For PPZ-4TPT, the CT
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transfer energy is nearly the same as the locally excited (LE) state energy. As shown
in Fig. 2-2, in toluene at room temperature, all compounds showed a broad and
unstructured PL spectrum that can be ascribed to a CT transition. In toluene at 77K,
the phosphorescent spectra (measured after 10 ms delay) of PPZ-DPO, PPZ-3TRZ
and PPZ-4TRZ show well defined vibronic structures, indicating that their lowest
triplet states are LE states. On the contrary, the broad and structureless

phosphorescent band indicates a CT characteristic of the T, state of PPZ-TRZ.
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Figure 2-2. Absorption spectra of the TADF emitters in toluene at RT (blue line) and their
fluorescence (black line) and phosphorescence (red line) spectra in toluene at RT and 77K,
respectively.

The zero-zero energy of CT transitions were derived from the onsets of the
emission bands, while that of the LE states were determined from the highest energy
peaks of the spectra with vibronic structures. The AEst of PPZ-DPO, PPZ-3TPT and
PPZ-ATPT in toluene at RT are calculated to be 0.05, 0.26 and 0.41 eV, respectively.
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Although we cannot obtain the 4Est of PPZ-TRZ by this way due to the redshift of
the CT band in toluene glass at 77 K, a small 4Est can be expected in PPZ-TRZ
because of the small energy difference between 'CT and *CT as predicted by TD-DFT.
The experimental energy levels of 'CT and 3LE states combined with the calculated

energy levels of *CT states for these four compounds are summarized in Fig. 2-3.
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Figure 2-3. The excited state energies of 'CT, °CT and LE states. The 0-0" energies of 'CT state
are determined from the fluorescence spectra in toluene at RT, while that of the 3LE state localized
over the PPZ moieties is determined from the phosphorescence spectra in toluene at 77 K (Fig.
2-2). The energy differences between 'CT and *CT states are derived from the computational
prediction (Table 2-1).

In oxygen-free toluene at RT, the PLQY of 0.12 for PPZ-DPO are relatively
higher than that of 0.01 for PPZ-TRZ, probably owing to the energy gap law.
Although the emission energies of PPZ-3TPT and PPZ-4TPT are even higher than
that of PPZ-DPO, their low-lying LE states prevent efficient repopulation of the
emissive 'CT state. Instead, the energy from °LE states dissipates by non-radiative
processes, leading to a low PLQY of 0.07 for PPZ-3TPT and 0.04 for PPZ-4TPT in
toluene. In oxygen-free toluene at RT, the delayed components can be clearly

observed from PPZ-DPO and PPZ-3TPT, while the long-lived excited states in
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PPZ-4TPT and PPZ-TRZ are completely quenched by nonradiative decay in the

fluid solution.

The photophysical properties of these molecules were also investigated in 10
wt%-doped mCP films. Fig. 2-4 shows the PL spectra of these doped films.
Comparing with their emission spectra in toluene, we observed different degrees of
blue shift for these compounds in mCP doped films. This can be explained by larger

excited-state relaxation in fluid solutions.

——PPZ-TRZ
PPZ-DPO
PPZ-3TPT

——PPZ-4TPT

Intensity (a.u.)

v v T v v
400 500 600 700 800

Wavelength (nm)

Figure 2-4. PL spectra of PPZ-TRZ, PPZ-DPO, PPZ-3TPT and PPZ-4TPT doped into mCP
films (10 wt%).

The small 4Est of PPZ-TRZ and PPZ-DPO ensures a short TADF lifetime
(zrape) Of 0.14 ps and 3.6 ps for their doped films at room temperature (RT) along
with a fluorescence lifetime (z) of ns order (Fig. 2-5). Although 4Est values are large
for PPZ-3TPT and PPZ-4TPT in the doped films, TADF emission can also be

observed with zrapr Of 1.4 ms and 8.8 ms, respectively (Fig. 2-5).
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Figure 2-5. Streak image of the mCP films doped with 10 wt% of (a) PPZ-TRZ, (b) PPZ-DPO,
(c) PPZ-3TPT and (d) PPZ-4TPT. The emission decays of the TADF components were fitted
with a single exponential for PPZ-TRZ while two exponentials for other three compounds.

The photophysical data of the compounds in toluene and mCP films at RT is

summarized in Table 2-1. We can find that the fluorescence rate (kg) of each

compound in solution and a doped film is comparable. However, the non-radiative

rates (kic)! in solid films are much lower than those in solution because a rigid matrix

suppresses collision-induced intramolecular radiationless transitions and bimolecular

processes. As a result, the PLQY values of PPZ-TRZ, PPZ-DPO, PPZ-3TPT and

PPZ-ATPT were dramatically increased, resulted in 0.12, 0.45, 0.42 and 0.12,

respectively, in the mCP films at room temperature.

! ki is internal conversion between S; and S, states and is given by the formula @= kg /( kg +kic).
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Table 2-2. Photophysical data of PPZ derivatives in toluene and mCP films at room temperature.

Parameter PPZ-TRZ PPZ-DPO PPZ-3TPT PPZ-ATPT

in toluene (0.1 mM)

Amaxem (NM) 650 577 528 495

b 0.01 0.08 0.04 0.04
Dravk - 0.04 0.03 -

2 (ns) 2.2 9.0 3.9 3.6
Zrapr (1s) - 0.52 33 -
ke (x107 s 0.5 0.9 1.0 0.8
kic? (x107 5% 50 6.6 - -

in MCP film (10 wt%)

Amaxcem (NM) 590 550 520 474
> 0.11 0.12 0.06 0.04
Dravk 0.01 0.33 0.36 0.08
1 (nS) 7.2 7.0 3.5 2.8
trapr.av (1S) 0.14 3.6 1.4x10° 8.8x10°
ke (x107 s 15 1.7 1.7 1.4
kic (x10" s 11 2.8 - -

2.4 Device performance

OLED devices are fabricated to investigate the EL properties of these
compounds. Fig. 2-6 displays the device configuration and chemical structures of
molecules used in this experiment. A structure of ITO/a-NPD (40 nm)/TADF:CBP (6
wt%, 30 nm)/TPBI(60 nm)/LiF (0.5 nm)/Al (100 nm) is employed for PPZ-TRZ,
PPZ-DPO and PPZ-3TPT. For PPZ-4TPT, a more complex device structure of
ITO/a-NPD (30 nm)/TCTA (20 nm)/CzSi (10 nm)/PPZ-4TRZ:DPEPO (10 wt%, 20

% In the case of PPZ-3TPT and PPZ-4TPT, ki cann’t be calculated using @= ke /( ke +kic) for their

relatively large AEsr.
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nm)/DPEPO (10 nm)/TPBI (30 nm)/LiF (0.5 nm)/Al (100 nm) is employed to get

efficient carriers injection and transport.

; ] a0 Q000
LiF 0.5nm LiF 0.5nm .(J\?/L‘n » &) @
TPBI 30nm @ , @ N
TPBI 60nm ? @ Q
=T BLs
TCTA 20nm O
Lol a-NPD 30nm Q » Q
b Goog %P
Devicel Devicell

Figure 2-6. Device configuration and chemical structures of molecules utilized in this experiment;
PPZ-TRZ, PPZ-DPO and PPZ-3TPT were tested in device |, PPZ-4TPT was tested in device
.

Fig. 2-7 demonstrates external quantum efficiency-current density characteristics
(@), luminance-voltage characteristics (b), current density-voltage characteristics (c)
and EL spectra (d) of the devices based on PPZ-TRZ, PPZ-DPO, PPZ-3TPT and
PPZ-4TPT. Among these devices, PPZ-DPO and PPZ-3TPT based OLEDs showed
the highest EQE because of their relatively high PLQY. However, a PPZ-3TPT based
OLED showed significant roll-off at high current density. The well-known efficiency
roll-off behavior in phosphorescence based OLEDs (PHOLEDs) is primarily
attributed to the quenching mechanisms of triplet-triplet annihilation (TTA)* and
triplet-polaron annihilation (TPA)*® which can generally be described by the
following schemes,

T1+T1 — S1+Sp  (Quest-guest TTA)
Ti+T; — T1+Se (guest-guest TTA)
Ti+e — So+ e (TPA)
Ti+h — Sp+h (TPA)
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where T1, S1, So, € and h denote triplet exciton, singlet exciton, ground state, electron
and hole polarons, respectively. Studies on these two mechanisms in PHOLEDs have
been extensively reported, while different dominant mechanisms were also derived by
different groups based on different devices.***" As singlet exciton and triplet exciton
coexist in TADF based OLEDs, K. Masui et al. recently proposed that the singlet—

triplet annihilation (STA), i.e.,
Ti+S; — T1+Sy (guest-guest STA)

also dominate the efficiency roll-off, in addition to TTA and TPA processes.'®
Although it is difficult to quantitatively differentiate these three triplet quenching
factors in TADF based OLEDs, the extra-long TADF lifetime of PPZ-3TPT should
be responsible for the rapid EQE roll-off of its device. Similar EL characteristics were
also observed in PPZ-ATPT, whose lifetime in a doped film is even longer than that
of PPZ-3TPT. For PPZ-TRZ and PPZ-DPO based OLEDs, the roll-off is
suppressed because of the shorter TADF lifetimes. However, PPZ-TRZ device
showed a rather low EQE due to its large nonradiative decay rate governed by the

energy gap law.
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Figure 2-7. EQE versus current density (a), luminance versus voltage (b), current density versus
voltage (c) and EL spectra (d) of PPZ-DPO, PPZ-3TPT, PPZ-ATPT and PPZ-TRZ.

2.5 Conclusion

In this chapter, we demonstrated a series of D-A type TADF molecules that have
the same donor of PPZ with different acceptor unities. By adjusting the electron
withdrawing abilities of the acceptor units, the emission peaks of TADF molecules
can be tuned from 600 nm to 496 nm. We found that the blue shift of the emission
peak energy decreases the nonradiative decay rate from a S; state, leading to higher
PLQY. Yellow emitting PPZ-DPO demonstrated a relatively high PLQY of 0.45 in a
10 wt%-doped mCP film and a high maximum EQE of 9% in an OLED. Further
enhancement of the CT-state energy will enlarge the energy difference between the
lowest singlet 'CT state and triplet *z-n* excited-state which is localized on a PPZ

unit, respectively. The inefficient energy upconversion from the T; to S; states in the
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green and sky-blue emitting PPZ derivatives, PPZ-3TRZ and PPZ-4TRZ, resulted
in relatively low PLQYSs as well as very long TADF lifetimes. For the OLEDs based
on PPZ-3TRZ and PPZ-4TRZ, the extra-long lifetimes of these TADF emitters
induced serious efficiency roll-off at high current density. The systematic studies in
this chapter revealed that bipolar compounds with large twisting angle could emit
efficient and short-lifetime of TADF only when the emission peak energy is high

enough and the 3LE state is close to or higher than the 3CT state.

2.6 Experimental section

Quantum chemical calculations

All calculations were performed using the Gaussian 09 program package. The
geometries in the ground state were optimized via DFT calculations at the
B3LYP/6-31G* level. Vertical absorption energies (Ew) were calculated based on
TD-DFT with the B3LYP function using 6-31G* basis sets. The calculated Ew(S:)
corresponding to LE or CT transitions were distinguished by orbital transition

analyses.
Synthesis

Reagents and anhydrous solvents were purchased from commercial sources and
used as received. The starting materials 1,4-dichloro-1,4-bisphenyl- 2,3-diaza-1,3-
butadiene,*® 5-phenyl-5,10-dihydrophenazine,”® 2-(4-bromo-phenyl)- 5-phenyl-1,3,4
-oxadiazole,”*  3-(4-bromophenyl)-4.5-diphenyl-1,2,4-triazole’* and 9,9-dimethyl-
9,10-dihydroacridine?® were prepared following literature procedures. *H nuclear
magnetic resonance (NMR) and **C NMR spectra were recorded in DMSO-dg with a
Bruker Avance 500 spectrometer (Germany) operating at 500 MHz for *H NMR and
125 MHz for *C NMR. Chemical shifts (d) are given in parts per million (ppm)
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relative to tetramethylsilane (TMS; 6 = 0) as the internal reference. *H NMR spectra
data are reported as chemical shift, relative integral, multiplicity (s = singlet, d =
doublet, t = triplet, m = multiplet), coupling constant (J in Hz) and assignment. Mass
spectra were measured in positive ion atmospheric pressure chemical ionization
(APCI) mode on a Waters 3100 mass detector. Elemental analyses (C, H, N) were

carried out with a Yanaco MT-5 CHN corder.

4-(4-bromophenyl)-3,5-diphenyl-1,2,4-triazole:1,4-Dichloro-1,4-bisphenyl-2,3-diaz
a-1,3-butadiene (4.5 g, 16 mmol), 4-bromoaniline (2.0 g, 16 mmol) and
N,N-dimethylaniline (30 mL) were added into a 100-mL three-necked flask. After the
mixture was stirred for 5 h at 135°C under nitrogen atmosphere, it was poured into
1M hydrochloric acid solution (100 mL) and stirred for another 0.5 h. The precipitate
was collected by filtration and then dissolved in toluene. The organic layer was
washed with saturated sodium carbonate solution and then dried over anhydrous
magnesium sulfate. After evaporation of the solvent, the crude product was
recrystallized from ethanol and hexane to obtain a white powder (2.3 g, 38%). *H
NMR (DMSO-ds, 500 MHz): & [ppm] 7.67 (d, J = 8.5 Hz, 2H), 7.43-7.38 (m, 12H).
B3C NMR (DMSO-ds, 125 MHz): & [ppm] 154.2, 134.2, 132.7, 130.5, 129.7, 128.6,
128.5, 126.8, 122.9. APCI-MS m/z: 376 [M+1]". Anal. calcd for CyH14BrNs: C,
63.84; H, 3.75; N, 11.17. Found: C, 63.97; H, 3.71; N, 11.19.

2-[4-(5-phenyl-5,10-dihydrophenazine)phenyl]-5-phenyl-1,3,4-oxadiazole ~ (PPZ
-DPO) : A toluene solution of freshly prepared 5-phenyl-5,10-dihydrophenazine (10
mL, ca. 6 mmol) and tri(tert-butyl)phosphine toluene (0.63 mL, 2 mol/L) was added
to a 100-mL three-necked flask containing 2-(4-bromophenyl)-5-phenyl-
1,3,4-oxadiazole (1.50 g, 5 mmol), palladium acetate (0.056 g, 0.25 mmol), potassium
carbonate (1.84 g, 13.3 mmol), and toluene (10 mL) under nitrogen protection. The
mixture was stirred for 10 h at 80°C under nitrogen atmosphere. Water (10 mL) and

chloroform (100 mL) were then added under stirring. The organic layer was separated
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and dried with anhydrous magnesium sulfate. After filtration and evaporation of
solvent, the residue was purified by column chromatography on silica gel (toluene:
ethyl acetate = 4:1), giving the desired compound as a yellow powder (1.95 g, 82%).
'H NMR (DMSO-ds, 500 MHz): § [ppm] 8.42 (d, J = 8.5 Hz, 2H), 8.18 (d, J = 8.0 Hz,
2H), 7.72-7.66 (m, 7H), 7.55 (t, J = 7.5 Hz, 1H), 7.43 (d, J = 8.5 Hz, 2H), 6.36-6.32
(m, 4H), 5.69 (d, J = 9.0 Hz, 2H), 5.58 (d, J = 9.0 Hz, 2H). *C NMR (DMSO-ds, 125
MHz): o [ppm] 164.2, 163.6, 143.4, 139.4, 136.3, 135.2, 132.1, 131.6, 131.5, 130.8,
130.0, 129.5, 128.5, 126.7, 123.3, 122.9, 121.5, 121.0, 113.0, 112.5. APCI-MS m/z:
478 [M+1]". Anal. calcd for C3,H2,N40: C, 80.32; H, 4.63; N, 11.71. Found: C, 80.45;
H, 4.59; N, 11.63.

3-[4-(5-phenyl-5,10-dihydrophenazine)phenyl]-4,5-diphenyl-1,2,4-triazole (PPZ
-3TPT): A procedure similar to that used for PPZ-DPO was followed, but with
3-(4-bromophenyl)-4.5-diphenyl-1,2,4-triazole (1.88 g, 5 mmol) instead of 3-(4-
bromophenyl)-5-phenyl-1,2,4-oxadiazole. After evaporation of the solvent, the crude
product was subjected to column chromatography on silica gel (toluene: ethyl acetate
= 2:1), giving the desired compound as a yellow powder with a yield of 64%. H
NMR (DMSO-dg, 500 MHz): & [ppm] 7.70-7.67 (m, 4H), 7.55-7.48 (m, 6H), 7.43—
7.38 (m, 9H), 6.30-6.27 (m, 4H), 5.52-5.47 (m, 4H). *C NMR (DMSO-ds, 125
MHz): J [ppm] 154.4, 153.7, 141.0, 139.4, 136.1, 135.4, 134.8, 131.5, 130.8, 129.9,
129.7, 128.5, 128.3, 126.9, 121.2, 120.9, 112.4, 112.3. APCI-MS m/z: 554 [M+1]".
Anal. calcd for C3gHy7Ns: C, 82.44; H, 4.92; N, 12.65. Found: C, 82.35; H, 4.92; N,
12.57.

4-[4-(5-Phenyl-5,10-dihydrophenazine)phenyl]-3,5-diphenyl-1,2,4-triazole (PPZ
-4TPT): A procedure similar to that used for PPZ-DPO was followed but with
4-(4-bromophenyl)-3,5-diphenyl-1,2,4-triazole (1.88 g, 5 mmol) instead of 3-(4-
bromophenyl)-5-phenyl-1,2,4-oxadiazole. After evaporation of the solvent, the crude

product was subjected to column chromatography on silica gel (toluene: ethyl acetate
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= 2:1), giving the desired compound as a yellow powder with a yield of 54%. 'H
NMR (DMSO-dg, 500 MHz): & [ppm] 7.72-7.68 (m, 4H), 7.55-7.52 (m, 3H), 7.50—
7.40 (m, 12H), 6.37-6.30 (m, 4H), 5.53 (d, J = 7.5 Hz, 2H), 5.47 (d, J = 7.5 Hz, 2H).
3C NMR (DMSO-dg, 125 MHz): & [ppm] 154.2, 140.7, 139.4, 136.0, 135.4, 134.6,
132.5, 131.9, 131.6, 130.7, 129.8, 128.6, 128.5, 128.4, 126.9, 121.3, 120.9, 112.3,
112.1. APCI-MS m/z: 555 [M+1]". Anal. calcd for CsgH;Ns: C, 82.44; H, 4.92; N,
12.65. Found: C, 82.53; H, 4.83; N, 12.58.

Kol O, PADACE, 1B

Figure 2-8. Synthesizing scheme of PPZ-DPO, PPZ-3TPT and PPZ-4TPT.

Photoluminescence measurements:

Solutions of the samples (0.1 mM) for luminescence studies were degassed
with nitrogen for several minutes before use. Thin-film samples (~100 nm) for
luminescence and photoelectron spectroscopy studies were deposited on quartz glass
substrates by vacuum evaporation (pressure, <4 X 1024 Pa; rate, ~0.2 nm s™).
UV-vis absorption spectra of the compounds in toluene were measured on a Perkin—
Elmer Lambda 950-PKA UV-vis spectrophotometer in the range of 280-600 nm.
Photoluminescence spectra were recorded on a Jasco FP-6500 spectrofluorometer

equipped with a liquid nitrogen attachment at room temperature and 77 K. Absolute
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PLQYs were obtained using a Quantaurus-QY measurement system (C11347-11,
Hamamatsu Photonics) and all samples were excited at 380 nm. The PLQY's of the
film samples were measured under nitrogen flow. The transient photoluminescence
decay characteristics of solution samples were recorded using a Quantaurus-Tau
fluorescence lifetime measurement system (C11367-03, Hamamatsu Photonics). The
fast decay component was recorded in TCC900 mode in conjunction with LED
excitation, while the slow decay component was recorded in M9003-01 mode with
excitation by a 340 nm flash lamp. The emission decay of both the fast and slow
components was well fitted by a single exponential. Two-dimensional transient decay
(streak) images of the transient photoluminescence of the film samples were
investigated under vacuum conditions using a streak camera (C4334, Hamamatsu
Photonics) equipped with a Nd:YAG pulsed laser (A=266 nm, pulse width = 10 ns,
repetition rate =10 Hz) as the excitation source. For TADF emitter-doped mCP films,
the emission decay of the fast components was best fitted by a single exponential,
while that of the slow component was best fitted with two exponentials. The average
lifetime (tay) can be calculated using ta==Aiti/Aiti, where A is the pre-exponential
for lifetime 1. The HOMO energy levels of the compounds in the films were
determined by atmospheric ultraviolet photoelectron spectroscopy using a

photoelectron emission spectrometer (Riken Keiki AC-3).

Device Fabrication and Measurements:

After the precleaned 1TO-coated glass substrates were treated with ozone for 15
min, the organic layers were deposited consecutively on the substrates in an inert
chamber under a pressure of <4 X 10 Pa. Next, the cathode was fabricated by
thermal evaporation of a LiF layer (1.0 nm), followed by an Al layer (100 nm). The
deposition rates of the organic and Al layers were 0.1-0.2 nm s, while that of the LiF
layer was 0.01 nm s™. The intersection of the ITO and metal electrodes gave an active
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device area of 4 mm? The current density J, voltage V and luminance L
characteristics of the OLEDs were measured in ambient air with a semiconductor
parameter analyser (E5273A, Agilent) and optical power meter (1930C, Newport).
Electroluminescence spectra were recorded using a multichannel spectrometer

(PMA12, Hamamatsu Photonics).
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Chapter 3

Monomeric and dimeric
carbazolylcyanobenzenes as thermally
activated delayed fluorescence
emitters: Effect of substitution
position on photoluminescent and
electroluminescent properties

43



3.1 Introduction

From the discussion in Chapter 2, we concluded that both a small overlap
between HOMO and LUMO and a higher 3LE than CT levels are crucial issues for
realizing efficient TADF emitters. Based on this conclusion, we carefully designed a
new series of D-A type TADF molecules using carbazole as a donor and cyano
substituted benzene as an acceptor. Carbazole and cyano-benzene units have rather
short m-conjugation length that is appropriate for the construction of blue TADF
emitters. In this chapter, I will show four efficient blue and blue-green TADF emitters
based on monomeric or dimeric carbazolylcyanobenzenes derivatives. In comparison
with  3,5-dicyano  substituted  derivatives, 9,9'-bis(3,5-dicyano-phenyl)-3,3'-
bicarbazolyl (3-bis-5-CzIPN) and 9-(3,5-dicyanolphenyl)-carbazolyl (5-CzIPN), the
2,6-dicyano substituted derivatives, 9,9'-bis(2,6-dicyano-phenyl)-3,3'-bicarbazolyl
(3-bis-2-CzIPN) and 9-(2,6-dicyanolphenyl)-carbazolyl (2-CzIPN), provided larger
dihedral angles, smaller 4Est and shorter TADF transient lifetimes. An OLED based
on 3-bis-2-CzIPN gave an EQE of 10% with reduced efficiency roll-off
characteristics. Besides the spatial distributions of HOMO and LUMO, the three
excited-states model was also used to explain the difference of TADF lifetime and

device efficiency roll-off characteristics in these carbazolyl cyanobenzenes.

3.2 Molecular structure and calculation results

The chemical structures of 5-CzIPN, 2-CzIPN, 3-bis-5-CzIPN and
3-bis-2-CzIPN are shown in Fig. 3-1. The synthesis of these monomeric and dimeric
carbazolylcyanobenzenes derivatives was accomplished by the procedures described

in the experimental section.
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Figure 3-1. Chemical structures of 5-CzIPN, 2-CzIPN, 3-bis-5-CzIPN and 3-bis-2-CzIPN.

A small overlap between occupied and unoccupied molecular orbitals involved in
the radiative transition is necessary to achieve a small 4Est, although charge-transfer
(CT) compounds may not provide CT characteristic of their T; states in some cases.”
In comparison with a typical TADF emitter of carbazolyl dicyanobenzene (CDCB)
derivatives such as 2,4,5,6-tetrakis(carbazol-9-yl)-1,3- dicyanobenzene (4CzIPN),?
the previously reported phenylcarbazole and triphenylamine based blue and red TADF
emitters have relatively small dihedral angles between their donor and acceptor
moieties, leading to a less efficient separation of their HOMO and LUMO.**° To
better understand the influence of the twisting angle in D-A compounds on the nature
of the electronic excited states, the ground-state geometries of 5-CzIPN, 2-CzIPN,
3-bis-5-CzIPN and 3-bis-2-CzIPN were optimized using density functional theory
(DFT) at the B3LYP/6-31G* level.

As shown in Table 3-1, spatial distribution of the HOMO is mainly over the
carbazole moieties, while that of the LUMO is completely localized over the
dicyanobenzene moieties, indicating a CT characteristic of these compounds. The
calculated results demonstrate that the substitution position influences on the twisting
angle between the carbazole and dicyanobenzene planes. For the 2,6-dicyano
substituted derivatives, 3-bis-2-CzIPN and 2-CzIPN, the twisting angles are around
69°, while those of 3,5-dicyano substituted derivatives, 3-bis-5-CzIPN and 5-CzIPN,
are around 50°.% ? Increasing the twisting angle between the donor and acceptor
subunits minimizes the overlap of the HOMO and LUMO. As a result,

time-dependent density functional theory (TD-DFT/B3LYP/6-31G*) calculation on
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the basis of the ground state structures indicated relatively small 4Est of 0.10 eV for
2-CzIPN and 0.10 eV for 3-bis-2-CzIPN, as compared to that of 0.20 eV for
5-CzIPN and 0.20 eV for 3-bis-5-CzIPN.

Table 3-1. Calculation results of 5-CzIPN, 2-CzIPN, 3-bis-5-CzIPN and 3-bis-2-CzIPN.

HOMO LUMO SieV) Ti(eV) AEsr(eV)

5-CzIPN @i v:& 2.97 2.78 0.19
‘ % e
] 3 &2
2-CzIPN ;@l ‘:‘::B 2.83 2.76 0.07

3-bis-5-CzIPN _, 3“&%’ *7;;;;;;;, . 2.79 2.66 0.13
‘; ’ 2 3 ) ““:“:
YT Sess

Fis2-CzIPN .‘&Q! 5%+ S 2,57 0.03

3.3 Photophysical characteristics

The absorption and fluorescence spectra at 300 K and the phosphorescence
spectra at 77 K of 5-CzIPN, 2-CzIPN, 3-bis-5-CzIPN and 3-bis-2-CzIPN in toluene
at a concentration of 10° mol/L are shown in Fig. 3-2. The large stokes shift and
broad structureless fluorescence bands with the full width at half maximum (FWHM)
over 70 nm clearly imply CT character of their S; to Sy transitions. The emission
peaks of 3-bis-5-CzIPN and 3-bis-2-CzIPN locate at 470 nm and 488 nm which are
red-shifted by 35 nm and 45 nm with respect to their corresponding monomers,
2-CzIPN and 5-CzIPN, respectively. The redshift of the emission peaks can be

explained by the extension of n-conjugation through the carbazole-carbazole bonding.
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It makes not only the HOMO energy levels shallower (see Table

optical energy-gap (Eg) narrower.
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Figure 3-2. Absorption and emission spectra of 5-CzIPN, 2-CzIPN, 3-bis-5-CzIPN and
3-bis-2-CzIPN in toluene at 300 RT and their phosphorescence spectrum at 77 K with 10 ms

delay.

Table 3-2. Excited-state energy and molecular orbital data for carbazolylcyanobenzenes in

oxygen-free toluene at RT (unit of all the data is eV).

Parameter 5-CzIPN 2-CzIPN 3-bis-5-CzIPN 3-bis-2-CzIPN
Eve(Sy)? 2.85 2.80 2.64 2.54
Eo-0(S1) 3.18 3.16 3.00 2.83
Eo-o(T1) 3.00 3.03 2.84 2.77
AEgt 0.18 0.13 0.16 0.06
ES 3.26 3.22 3.04 3.05
HOMO® 6.28 6.22 6.08 6.05
LUMO® 3.02 3.00 3.04 3.00

®Eve(Sy) is the vertical emission energy estimated from the peak of the emission band. bEg is the
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optical band-gap determined from the absorption edge. ‘HOMO energy level was recorded in a
neat film by AC-3. “LUMO energy level was obtained from the HOMO value minus E,.

We can derive the 4Est from the room temperature fluorescence spectra and the
low temperature phosphorescence spectra by the same method described in Chapter 2.
As noted above, the S; states of all these four compounds in toluene are CT states
whose zero-zero energies (Eo.o) can be estimated from the onset of their emission
bands (Table 3-2). On the other hand, from the characteristic phosphorescence
spectrum showing clear vibration mode, we conclude that the T, state of 2-CzIPN is a
LE state, whose Eq.o is determined from the highest energy peak of its emission band.
On the basis of the Eq.o values of S; and T; states, the AEst of 2-CzIPN in toluene at
RT was calculated to be 0.13 eV (Table 3-2). In contrast, the T, states of 5-CzIPN,
3-bis-5-CzIPN and 3-bis-2-CzIPN are based on CT and LE mixed states, in which
the CT characteristic is dominant. ® Their 4Esr in toluene at RT are calculated to be
0.18, 0.16 and 0.06 eV, respectively (Table 3-2). The difference in 4Est between the
3,5-dicyano substituted and the 2,6-dicyano substituted derivatives is in accordance
with the TD-DFT predictions (Table 3-1) and can explain their different TADF rate

constants as will be discussed below.

R Toluene
F 5-CzIPN
2-CzIPN

— 3-bis-5-CzIPN
3 — 3-bis-2-CzIPN

Intensity (a.u.)

‘ w.h‘ﬂ *|nr| TR P

. bl & alhwd o oy
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Time (ps)
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Figure 3-3. Transient decay spectra of 5-CzIPN, 2-CzIPN, 3-bis-5-CzIPN and 3-bis-2-CzIPN in
degassed toluene at RT.

Table 3-3. Photophysical data for carbazolylcyanobenzenes in oxygen-free toluene at RT.

Parameter 5-CzIPN 2-CzIPN 3-bis-5-CzIPN  3-bis-2-CzIPN

O 0.10 0.07 0.26 0.24
Praor 0.02 0.15 0.32 0.48
7= (ns) 24 14 24 28

raoF (U1S) 28 9.4 145 9.2
ke (x10" s 0.42 0.50 1.08 0.86
kraoe (x10%s™) 0.07 1.6 0.17 5.2
AEst (V) 0.18 0.13 0.16 0.06

The transient PL characteristics of 5-CzIPN, 2-CzIPN, 3-bis-5-CzIPN and
3-bis-2-CzIPN in oxygen-free toluene at RT are shown in Fig. 3-3. All compounds
show two-component decays. A fast decay with a lifetime (z) at nanosecond order can
be assigned to normal fluorescence, while a slow component with a much longer
lifetime of micro second corresponds to the TADF decay, which cannot be observed in
air-saturated solutions. Their individual excited-state lifetimes of fluorescence and
TADF are summarized in Table 3-3. In oxygen-free toluene at RT,”® the
photoluminescence quantum yields (PLQY: @) of 5-CzIPN, 2-CzIPN, 3-bis-5-CzIPN
and 3-bis-2-CzIPN are estimated to be 0.12, 0.22, 0.50 and 0.72, respectively. By
comparing the integral of each emission component in the transient decay spectra, the
individual PLQY values of fluorescence (@) and TADF (@rapr) can be distinguished
from the total PLQY (Table 3-3). Then, the rate constants of fluorescence (kg) and
TADF (ktapr) can be calculated using equations (1) and (2).

ke= @&l (1)
ktapr = @raor/ ttapr - (2)
As listed in Table 3-3, the rate constants of the fluorescence were almost

independent of the substitution position, while the rate constants of the TADF were
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considerably different. As revealed by D. R. McMillin et al., the relationships among
the observed rate of delayed emission (Kqs), ke and AEst can be expressed as a
Boltzmann average.

Kobs = (keK+kp)/(1+K) 3)

K = 1/3exp(-4Est/RT) 4)
Here, kp, R, T, and 1/3 denote the rate constant of phosphorescence, ideal gas constant,
absolute temperature, and the ratio of the degeneracies of S; to T, states, respectively.
For aromatic compounds, ke and ke are generally 10°~10° s* and 102~1 s*,
respectively. Therefore, kpct << keK is expected at RT when AEst is smaller than 0.3
eV (K > 3.0x10°®). Moreover, if 4Esr is larger than 0.05 eV (i.e., K < 0.05 at 300 K),
equation (4) can be simplified to:

Kobs = Ktapr = keK  (5)

Accordingly, krape is approximately proportional to kg while it is inversely
proportional to exp(4Est) at RT. To test the reliability of equation (5), I calculated the
AEgst of all these compounds from it using the kg and kyapr data in Table 3-3, and
found these calculated values are consistent with the experimental results (Table 3-2)
determined from the fluorescence and phosphorescence spectra.

For OLED application, it is crucial to find a suitable host material that
maximizes harvesting of triplet excitons for EL. The PLQYs of 3-bis-5-CzIPN and
3-bis-2-CzIPN in 10 wt%-doped 1,3-bis(carbazol-9-yl)benzene (mCP, T, = 2.9 eV)
films were estimated to be 0.29 and 0.48, respectively. However, by using
bis(2-(diphenylphosphino)phenyl)ether oxide (DPEPO, T; = 3.3 eV) as a host, the
PLQYs of 3-bis-5-CzIPN and 3-bis-2-CzIPN were dramatically improved to be 0.58
and 0.72, respectively. Therefore, a high triplet energy host of DPEPO was used for
both PL and EL measurements in this study. The PLQYs of 5-CzIPN and 2-CzIPN

were estimated to be 0.41 and 0.22, respectively, in the doped DPEPO films.
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Figure 3-4. PL spectra (a) and their transient decay spectra (b,c) of 5-CzIPN, 2-CzIPN,
3-bis-5-CzIPN and 3-bis-2-CzIPN doped into a DPEPO host with a concentration of 10 wt%.
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Fig. 3-4 shows the PL spectra (a) and transient decay curves (b and c) of these
emitters in 10 wt%-doped films using DPEPO as a host. The emission spectra of
these compounds in a DPEPO film are almost identical to those in the toluene
solution. The slow components with the transient lifetime on the order of
microseconds can be ascribed to TADF. Their emission decays are fitted with single to
three exponentials as shown in Fig. 3-4. The average lifetime (z,) of
multi-exponentials is calculated using =, = X Aig X Aig, where A; is the
pre-exponential for lifetime 7. Accordingly, the zy,7apr Of 5-CzIPN, 2-CzIPN,
3-bis-5-CzIPN and 3-bis-2-CzIPN in doped films are calculated to be 52, 155, 137
and 9.3 ps, respectively. In the doped DPEPO films, the TADF lifetimes of 5-CzIPN,
3-bis-5-CzIPN and 3-bis-2-CzIPN are comparable with the corresponding values in
toluene (Table 3-3). However, for 2-CzIPN, its TADF lifetime in the doped film is

clearly longer than that in toluene, probably because of the change of its 4Est in the

solid matrix.
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Figure 3-5. Streak images (transient PL) of 5-CzIPN (a), 2-CzIPN (b), 3-bis-5-CzIPN (c) and
3-bis-2-CzIPN (d) doped into a DPEPO host with a concentration of 10 wt% at 5 K.
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Fig. 3-5 shows the streak images of 5-CzIPN, 2-CzIPN, 3-bis-5-CzIPN and
3-bis-2-CzIPN doped into a DPEPO host measured at 5 K. The 4Est determined from
the difference between the fluorescence and phosphorescence onset are 0.18, 0.18,
0.14 and 0.06 eV for 5-CzIPN, 2-CzIPN, 3-bis-5-CzIPN and 3-bis-2-CzIPN,
respectively, in the doped DPEPO films. In comparison with the AEst values
determined in toluene (Table 3-2), that of 2-CzIPN in the doped film enlarges
significantly, which explains the increase of the TADF lifetime in the film. It is found
that the emission band of 2-CzIPN in the doped film (Fig. 3-4a) is slightly blue
shifted compared with that observed in toluene (Fig. 3-2) because the rigid matrix
inhibits the considerable conformational relaxation in the charge transfer excited state
and reduces the Stokes shift, leading to an increase of the S; energy (0.05 eV). In
contrast, the Eq.q of the T, state of 2-CzIPN is insensitive to the environment because
of its 3LE nature as mentioned above. As a result, the 2,6-dicyano substituted
derivative 2-CzIPN has a relatively large A4Est in the doped film, in spite of the
sufficiently separated orbitals involved in the emissive transition and a small *CT-*CT

splitting.

3.4 OLED performance

As shown in Fig. 3-6, using 10 wt% carbazolylcyanobenzenes doped DPEPO
films as emitting layers (EMLs), four multilayer OLEDs were fabricated with a
configuration of ITO/a-NPD (30 nm)/mCP (10 nm)/emitter in DPEPO (10 wt%, 15
nm)/TPBI (60 nm)/LiF (0.8 nm)/Al (100 nm), where a-NPD, and TPBI represent
N,N'-diphenyl-N,N'-bis(1-naphthyl)-1,10-biphenyl-4,4’-diamine, and 1,3,5-tris(N-
phenylbenzimidazol-2-yl)benzene. Here, a thin layer of mCP was inserted between a
hole injection layer (a-NPD) and an emitting layer to reduce the energy barriers and
help hole injection from the anode. A thin layer of DPEPO between the ETL of TPBI

and the EML was employed to provide efficient exciton blocking.
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Figure 3-6. Device configuration and molecular structures utilized in this experiment.

Fig. 3-7 demonstrates EQE-current density characteristics, luminance-voltage
characteristics, current density-voltage characteristics, and EL spectra of the devices
based on 5-CzIPN, 2-CzIPN, 3-bis-5-CzIPN and 3-bis-2-CzIPN as an emitter. The
EL spectra of these OLEDs coincided with their PL spectra in the DPEPO films.
Among these devices, 3-bis-5-CzIPN and 3-bis-2-CzIPN based OLEDs show the
highest external quantum efficiency (EQE) because of their relatively high PLQY of
0.58 and 0.72 in the doped DPEPO films. At a low current density of 0.05 mA/cm?,
the EQEs of the 3-bis-5-CzIPN and 3-bis-2-CzIPN based devices were as high as
9.2% and 9.6%, respectively, which are significantly higher than the theoretical
limitation (5%) for fluorescent OLEDs. For TADF based OLEDs, the theoretical
maximum of EQE can be estimated using the formula as follows,°

EQE = 7int X 0w (6)
Nint = P X xs+ Drapr X s+ Drapk X 1 (7)

where 7in 1S the theoretical maximal internal quantum efficiency, 7ou is the light
out-coupling efficiency (0.2-0.3), ys and yr are the branching ratios of singlet (0.25)
and triplet (0.75) exciton formations, respectively. On the basis of the ®p/@apr
values of 0.26/0.32 for 3-bis-5-CzIPN and 0.24/0.48 for 3-bis-2-CzIPN obtained
from the transient spectra of the doped films (Fig. 3-4), the theoretical maximal EQE
of 3-bis-5-CzIPN and 3-bis-2-CzIPN based OLEDs are estimated to be 8-12% and
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10-15%, respectively, which is in good consistent with the experimental values.
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Figure 3-7. EQE versus current density (a), luminance versus voltage (b), current density versus
voltage (c), and EL spectra (d) of 5-CzIPN, 2-CzIPN, 3-bis-5-CzIPN and 3-bis-2-CzIPN based
OLEDs.

Although a 3-bis-5-CzIPN based OLED exhibited a high EQE at low current
density, its EQE decreased dramatically with an increase in current density and was
only 1.4% at 100 mA/cm?. The rapid efficiency roll-off in a 3-bis-5-CzIPN based
OLED can be ascribed to the low TADF decay rate of the dopant which leads to
critical triplet-triplet, triplet-polaron and singlet—triplet annihilations at high current
density as discussed in Chapter 2. Because 3-bis-2-CzIPN has a shorter TADF
lifetime of a few microseconds, its device exhibited a reduced efficiency roll-off and
maintained an EQE of 4.3% at 100 mA/cm?. Since 5-CzIPN and 2-CzIPN also show
low TADF decay rates in doped DPEPO films, the EQE roll-off of their devices at
high current density were also significant.
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3.5 Conclusion

In  summary, | synthesized four new monomeric and dimeric
carbazolylcyanobenzenes derivatives and observed the TADF phenomenon from all
derivatives. By changing the substitution position of the cyano groups on the phenyl
rings, the twisting angle between the donor and acceptor moieties could be adjusted.
Ortho-substitution was found to lead to a larger twisting angle and a more efficient
separation of the HOMO and LUMO. For the two dimeric carbazolylcyanobenzenes
whose 3LE states are higher than their *CT state, 2,6-dicyano substituted derivative
(3-bis-2-CzIPN) resulted in a smaller AEst, a faster TADF decay rate, and reduced
EL efficiency roll-off characteristics at high current density as compared with that of

the analogous of the 3,5-dicyano substituted derivative, 3-bis-5-CzIPN.
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3.6 Experimental section

Synthesis

9-(3,5-dicyanolphenyl)-carbazolyl (5-CzIPN): A mixture of carbazole (3 g, 20.55
mmol), 5-chloroisophthalnitrile (4.13 g, 24.66 mmol) and K,CO3 (5.68 g, 41.1 mmol)
suspended in 82 mL dry DMF was stirred and heated at 70 °C overnight. The cooled
mixture was partitioned between chloroform and water. The organic layer was
separated, and the aqueous layer was extracted with chloroform. The combined
organic layers were dried over MgSQO,, and concentrated in vacuum. Purification of
the residue by column chromatography (silica, chloroform/ethyl acetate = 1:1)
afforded 3.20 g of 5CzIPN, with a yield of 49.7%. *H NMR (500 MHz, CDCls, TMS)
§ = 7.369-7.402 (m, J=16.5 Hz, 4H), 7.467-7.500 (m, J=16.5 Hz, 2H), 7.992 (s, 1H),
8.147-8.166 (m, J=9.5 Hz, 4H). TOF-Mass [M+] calcd.: 293.32; found, 293.10.
9-(2,6-dicyanolphenyl)-carbazolyl  (2-CzIPN): The ortho lithiation  of
1,3-dicyanobenzene (5 g, 39.0 mmol) using lithium diisopropylaminde (LDA, 5 Q)
was completed in 30 mins at -96 “C in dry THF (450 ml). In sequence, the product
was added CCI3CCl; (14.75 ¢, 623 mmol) as electrophiles to get
2-chloroisophthalnitrile before warm up to room temperature. The cooled mixture was
partitioned between dichloromethane and water. The organic layer was separated, and
the aqueous layer was extracted with dichloromethane. The combined organic layers
were dried over MgSO,, and concentrated in vacuum. Purification of the residue by
column chromatography (silica, chloroform/hexane = 3:1) afforded 5.36 g of 2CzIPN,
with a yield of 42.3%.° 'H NMR (500 MHz, CDCls, TMS) & = 7.069-7.085 (d, J=8
Hz, 2H), 7.361-7.392 (m, J=155 Hz, 2H), 7.440-7.473 (m, J=21Hz, 1H),
8.134-8.169 (m, J= 12.5 Hz, 4H). TOF-Mass [M+] calcd.: 293.32; found, 293.15.
9,9'-bis(3,5-dicyano-phenyl)-3,3'-bicarbazolyl (3-bis-5-CzIPN): A mixture of 3,
3’-dicarbazyl*! (3 g, 9 mmol), 5-chloroisophthalnitrile (2.93 g, 18 mmol) and K,COs

(4.98 g, 36 mmol) suspended in 78 mL dry DMF was stirred and heated at 70 °C
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overnight. The cooled mixture was partitioned between chloroform and water. The
organic layer was separated, and the aqueous layer was extracted with chloroform.
The combined organic layers were dried over MgSO,, and concentrated in vacuum.
Purification of the residue by column chromatography (silica, chloroform/ethyl
acetate = 10:1) afforded 2.30 g of 3-bis-5-CzIPN, with a yield of 53.1%. '"H NMR
(500 MHz, CDCl3, TMS) & = 7.416-7.467 (m, 4H), 7.506-7.544 (m, 4H), 7.282 (dd,
J=10.5 Hz, 2H), 8.021 (s, 2H), 8.217 (s, 4H) 8.256 (d, J=8 Hz, 2H), 8.450 (s, 2H). **C
NMR (125 MHz, DMSO, TMS) 6 = 140.01, 138.85, 138.68, 135.02, 134.82, 133.97,
126.77, 125.74, 123.98, 123.41, 121.11, 120.86, 118.62, 116.68, 114.82, 110.30,
109.96. TOF-Mass [M+] calcd.: 586.64; found, 584.04.
9,9'-bis(2,6-dicyano-phenyl)-3,3'-bicarbazolyl (3-bis-2-CzIPN): A mixture of 3,
3’-dicarbazyl (3 mmol, 1 g), 2-chloroisophthalonitrile (6 mmol, 1.8 g) and K,COs
(1.66 g, 12 mmol) was stirred in 24 mL dry DMF and heated at 150 °C overnight. The
cooled mixture was washed with CHCI; and MeOH. The obtained product was
concentrated in vacuum. Purification of the residue by column chromatography (silica,
acetone/ethyl acetate/hexane = 1:5:5) afforded 1.20 g of 3-bis-2-CzIPN, with a yield
of 68.5%. *H NMR (500 MHz, CDClz, TMS) § =7.115 (d, J=4.5 Hz, 2H), 7.195 (d,
J=8.5 Hz, 2H), 7.416 (t, J=7.5 Hz, 2H), 7.491 (t, J=7.5 Hz, 2H), 7.783-7.831 (m, 4H),
8.183 (d, J=4 Hz, 4H), 8.255 (d, J=7.5 Hz, 2H), 8.455 (s, 2H). *C NMR (125 MHz,
CDCI3, TMS) 6 =143.23, 140.62, 139.43, 138.36, 135.90, 129.49, 126.73, 126.58,
12499, 124.56, 121.87, 121.12, 119.90, 115.75, 114.19, 109.69, 109.58. TOF-Mass
[M+] calcd.: 586.64; found, 586.47.
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Figure 3-8. Synthesis of 5-CzIPN, 2-CzIPN, 3-bis-5-CzIPN and 3-bis-2-CzIPN.
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Chapter 4

High efficiency blue thermally activated
delayed fluorescence emitter with rapid
delayed fluorescence rate and reduced
electroluminescence efficiency roll-off
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4.1 Introduction

The three primary colors, red, green and blue, are necessary to achieve full color
OLED display. After the report of highly efficient OLEDs in the late 80°, blue, green
and red emitting materials of different categories have been abundantly developed by
many researchers.”® Now, OLEDs having high luminance, power conversion
efficiency and stability of green and red EL have achieved the requirements for
commercialization by employing phosphorescent dopants.® However, efficient and
stable deep-blue OLEDs are still problematic because of the following reasons. (1)
The blue phosphorescent emitters are still largely limited to sky-blue emissions such
as Firpic and its analogues.® Pure blue phosphorescent emitters are always
inefficient and unstable because the unstable and nonluminescent excited d—d states in
d® and d® transition metal complexes become more thermally populated when the
energies of their emissive excited states is enhanced.® *° (2) Blue fluorescent OLEDs
are relatively stable compared with blue phosphorescent OLEDs. However, deep blue
fluorescent OLEDs generally have an EQE of less than 5% because only the singlet
excitons (25%) can emit light as far as we use conventional fluorescent emitters.™ (3)
An alternative approach for efficient blue OLEDs is to increase singlet exciton
generation in fluorescent OLEDs through triplet-triplet annihilation (TTA) and
charge-transfer induced spin transition.? In 2012, Y. G. Ma group demonstrated a
maximum EQE of >5.0% in a deep blue OLED using a charge-transfer
triphenylamine/imidazol derivative as an emitter.”® The intercrossed excited-state
character of the emitter is thought to be beneficial for the improved EQE. In 2013, J.
Kido et al. reported a deep blue OLED based on an anthracene derivative. The
maximum EQE as high as 12% was ascribed to the increased singlet excitons
resulting from a TTA process.** However, the singlet generation fraction in both kinds
of OLEDs cannot be higher than 63% (0.25+0.75%0.5) according to the theoretical

analysis,™ and the reliability of these blue OLEDs has not been reported.
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In 2009, our group proposed the TADF process as an alternative scheme of
traditional noble-metal-based organometallic phosphors.'®?! In 2012, Q. Zhang et al.
proposed a design principle for blue TADF emitters. Blue TADF only occurs in a
donor-acceptor bipolar system where the donor and acceptor centered *m-n* state is
close to or higher than the *CT state.’® Basing on this concept, a series of sulfone
derivatives were applied to OLEDs and demonstrated deep blue EL with an EQE of
10% at low current density. Since the short lifetime of blue PHOLEDs has not been
overcome while a wide variety of molecular backbones were considered, it is most
crucial to improve the lifetime by developing TADF based blue OLEDs. In this
chapter, I demonstrate an efficient blue TADF based OLED that is as efficient as the
best blue PHOLEDs. The structure—property relationships in blue TADF emitters are

studied in detail.

4.2 Molecular structures and calculation results

As discussed in Chapters 2 and 3, a small AEst is necessary for efficient reverse
intersystem crossing from Ty to S; in TADF emitters. To achieve a small AEst, the
exchange integral between the wave functions involved in the lowest-energy
transition should be small. Although =-n* charge-transfer (CT) transitions meet with
this requirement, a locally excited *n-n* state (°LE) is the lowest triplet state in most
aromatic CT compounds.?* % Therefore, another design principle for efficient TADF
materials is that any 3LE state should be close or higher than the *CT state.*® | focused
on the combination of the above two principles and obtained a blue TADF compound
with high PLQY and short TADF lifetime. The molecules investigated in this work

are shown in Fig. 4-1.
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Figure 4-1. Molecular structures of DTC-DPS, DMCZ-DPS and DMAC-DPS.

According to the Q. Zhang’s report, the EQE roll-off of bis[4-(3,6-di-tert-
butylcarbazole)phenyl]sulfone (DTC-DPS)-based OLED is significant at high current
density.’® It was caused by the relatively large 4Esr and the long excited-state lifetime
of DTC-DPS. For DTC-DPS, a *z-n* state localized at the carbazole unit was found
to be the T, state of the whole molecule. The energy difference between 'CT and *CT
states is also relatively large in DTC-DPS because of the insufficient separation of its
HOMO and LUMO.? Obviously, increasing the dihedral angle between donor and
acceptor planes can reduce the exchange energy between the singlet and triplet CT
states as demonstrated in Chapter 2. On the other hand, adjusting the relative energy
levels of >CT and >LE states can further decrease the AEst value as demonstrated in

Chapter 3. These molecular design concepts are shown in Fig. 4-2.
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Figure 4-2. Energy diagrams and design concepts of DMCZ-DPS and DMAC-DPS.
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The ground-state geometries of bis[4-(1,4-dimethyl-carbazole)phenyl]sulfone
(DMCZ-DPS) and bis[4-(9,9-dimethyl-9,10-dihydroacridine)phenyl]sulfone (DMAC
-DPS) were optimized using density functional theory (DFT) at the B3LYP/6-31G*
level, and compared with that of DTC-DPS (Fig. 4-2). By changing donor units from
3,6-di-tertbutylcarbazole (DTC) to 1,4-dimethyl-9H-carbazole (DMCZ), the dihedral
angles between donor and acceptor planes were significantly increased due to the
increase of the steric hindrance induced by the methyl groups. According to the
calculation result, the dihedral angle between the donor and acceptor units in
DMCZ-DPS and DMAC-DPS are 65 °and 89°, respectively, which are much larger
than that of 50° in DTC-DPS. As a result, HOMO and LUMO distributions are
efficiently separated in both DMCZ-DPS and DMAC-DPS. The singlet-triplet
splitting of the HOMO—LUMO (CT) transition was calculated to be 0.01 eV for both
DMCZ-DPS and DMAC-DPS, which is much smaller than that of 0.34 eV for
DTC-DPS, although it is insufficient to ensure that a *CT state is the T; only by a
simulation based on TD-DFT/B3LYP/6-31G*.

HOMO LUMO

DTC-DPS

K
DMCZ-DPS wﬁ ' T b <ﬁ
L e ) r(( )OGS

.
DMAC-DPS %fig ié (( (;Ag[
" '\; . N 34 o

Figure 4-3. HOMO and LUMO distributions of DTC-DPS, DMCZ-DPS and DMAC-DPS
calculated at the B3LYP/6-31G(d) level.
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4.3 Photophysical characteristics

The low-lying energy levels and photophysical properties of DTC-DPS,
DMCZ-DPS and DMAC-DPS were investigated in toluene. Fig. 4-4 demonstrates
the absorption, fluorescence and phosphorescence spectra of the three compounds.
The lowest-energy absorption peak appears at 350-370 nm can be assigned to the
intramolecular charge transfer (ICT) transition because of the dipolar nature of these
compounds. The low intensity of the CT band in the absorption spectrum of
DMAC-DPS is consistent with the overlap-forbidden nature of the CT transition in
DMAC-DPS, leading to a small transition dipole moment and low oscillator strength.
At RT, all three compounds exhibit broad and structureless emission bands with a
maximum at 402-460 nm, which can be ascribed to the ICT transition. At 77 K, the
phosphorescence spectrum of DMAC-DPS is also broad and structureless, indicating
a CT character of its T, state. In contrast, the phosphoresce spectra of DTC-DPS and
DMCZ-DPS demonstrate a well resolved structure, indicating that the T, states of
these two compounds are *z-x states localized on the carbazole subunits. The shortest
peak wavelength of the well resolved phosphoresce spectra was used to determine the
*n-n* level and the onset of the CT spectra were used to determine the *CT and *CT
levels.'® #* % The singlet and triplet levels of DTC-DPS, DMCZ-DPS and
DMAC-DPS are therefore estimated to be 3.32/2.97 eV (4Est = 0.35 V), 3.32/2.97
eV (4Est=0.35¢eV) and 3.00 /2.97 eV (4Est = 0.03 eV), respectively.
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Figure 4-4. The absorption, fluorescence and phosphorescence spectra of DTC-DPS,
DMCZ-DPS and DMAC-DPS in toluene.
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Figure 4-5. The excited state energies of *CT, *CT and 3LE states of DTC-DPS, DMCZ-DPS,
DMAC-DPS and Flrpic. The 0-0" energy of 'CT state are determined from the fluorescence
spectrum in toluene at RT, while that of the °LE state is determined from the phosphorescence
spectra in toluene at 77 K (Fig. 4-4). The energy differences between *CT and *CT states are
derived from the computational prediction. The data of Flrpic is cited from previous work. %8

Photophysical data of DTC-DPS, DMCZ-DPS and DMAC-DPS in oxygen-free
toluene at RT are listed in Table 4-1. The transient PL decay of DMAC-DPS includes
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a prompt fluorescence component with a lifetime of 20 ns and a delayed TADF
component with a lifetime of 7.1 ps. Owing to the much smaller 4Est of DMAC-DPS,
this TADF lifetime is much shorter than that observed for DTC-DPS at the same
condition (270 ps).?*?* "2 However, we can hardly observe delayed component in
the decay spectra of DMCZ-DPS. In addition, the total PL quantum yield (@) of 0.26
for DMCZ-DPS in oxygen-free toluene is also much lower than that of 0.80 for
DMAC-DPS. Obviously, the low-lying LE states prevent efficient repopulation of
the emissive 'CT state for DMCZ-DPS. Instead, the energy from >LE state dissipates
by nonradiative processes. Similarly, the delayed component for DTC-DPS is very
weak in solution because of its large 4Est. The higher @ of DTC-DPS relative to
DMCZ-DPS would be due to its higher rate constants of fluorescence (kg), which is

proportional to @ through equation (1).%°
@r = kel (ketkic+kisc) (1)

Here kic and kisc are the rate constants of internal conversion and intersystem crossing,
respectively. Using the rate constant data in Table 4-1 and equation (5) derived in
Chapter 3, 4Est of DTC-DPS and DMCZ-DPS are calculated to be 0.35 eV and 0.08
eV, respectively, which is in good agreement with the corresponding values

determined from the fluorescence and phosphorescence spectra (Fig. 4-4).

Table 4-1. Photophysical data in oxygen-free toluene at RT.

Parameter DTC-DPS DMCZ-DPS DMAC-DPS
Amaxem (NM) 404 418 460

D 0.65 0.26 0.16
Praoe 0.04 - 0.64

7 (ns) 53 7.9 20
7rapF (US) 270 — 7.1

ke (s 1.2x10° 3.3x10’ 8.0x10°
Kraoe (57) 1.5x10? - 9.0x10*
AEst (eV) 0.35 - 0.08

68



The photophysical properties of DTC-DPS, DMCZ-DPS and DMAC-DPS doped
into DPEPO films at a concentration of 10 wt% was investigated by a streak camera
coupled to a monochromator and using a nitrogen laser (A=337 nm, pulse width of
~300 ps, repetition rate of 20 Hz) as the excitation source. The streak images are

shown in Fig. 4-6 and the photophysical data are summarized on Table 4-2.

Table 4-2. Photophysical data of DTC-DPS, DMCZ-DPS and DMAC-DPS in 10 wt%-doped
DPEPO films at RT.

Parameter DTC-DPS DMCZ-DPS DMAC-DPS
Amaxem (NM) 410 430 470

O 0.64 0.39 0.30
Drape 0.16 0.13 0.60

7 (ns) 7.6 25 20
rapr (1) 1330 98 5.9

ke (s™) 8.4x10’ 1.6x10’ 1.5x10’
kraor (5™ 1.23x10° 1.3x10° 1.0x10°
AEst (V) 0.35 0.22 0.10

In comparison with the emission bands in toluene, the corresponding ones in
DPEPO doped films are slightly red shifted. Because a rigid matrix suppresses
collision-induced intramolecular radiationless transitions and bimolecular processes,
the PLQY's of DTC-DPS, DMCZ-DPS and DMAC-DPS increase to 0.80, 0.52 and
0.90, respectively, in DPEPO films at RT. A clear delayed component is observed in
the streak image of DMAC-DPS doped into DPEPO (Fig. 4-6). Moreover, the TADF
component of DTC-DPS also increases in the doped film, because of the suppression
of the non-radiative processes from T; to Sy. Since DMAC-DPS has a high quantum
yield and large @rape/ @k ratio, kisc > kr >> k¢ is expected for it in the doped film.
Thus, kisc of DMAC-DPS was estimated to be 3.5x10’ s™ by using an equation (2)

simplified from equation (1):
Dr = kel (ketkisc) )

Although this rate is markedly lower than those of transition metal complexes
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Figure 4-6. Streak images (transient PL decays) of DTC-DPS (a), DMCZzZ-DPS (b) and
DMAC-DPS (c) doped into a DPEPO (10 wt%) film at room temperature.

The TADF decay of these compounds in doped films can be well fitted with

double exponentials (Fig. 4-6), and their average lifetimes are listed in Table 4-2. On
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the basis of the individual PLQY's of TADF (@rapr) and the average TADF lifetime
(zrapk), ktaor of DMAC-DPS in a solid film was calculated to be as large as 1.5x10’
s, which is not only significantly higher than those of DTC-DPS and DMCZ-DPS,
but also comparable with those of phosphorescent materials.? Therefore, the
relaxation of the roll-off characteristics at high current density will be expected in a
DMAC-DPS based OLED. As revealed by equation (5) in Chapter 3, a large kr and a
small 4Esr are two keys to realizing a large krape. 4Est of DMAC-DPS in doped film
is thus calculated from krapr and ke to be 0.10 eV, which is much smaller than that of

0.35 eV for DTC-DPS and 0.22 eV for DMCZ-DPS.

4.4 OLED performance

Since all these three compounds have high T; energies, a complicated device
configuration of ITO/a-NPD (30 nm)/TCTA (20 nm)/CzSi (10 nm)/Emitter in
DPEPO (10wt%, 15 nm)/TPBI (60 nm)/LiF (0.8 nm)/Al (100 nm) was utilized to
realize efficient exciton confinement. Here, a-NPD, TCTA, CzSi and TPBI are
N,N'-diphenyl-N,N’-bis(1-naphthyl)-1,10-biphenyl-4,4'-diamine,4,4',4"-tris(N-carbaz
olyl)-triphenylamine, 9-(4-tert-butylphenyl)-3,6-bis(triphenylsilyl)-9H- carbazole and
1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene, respectively (Fig. 4-7). As shown in
Fig. 4-8, all EL spectra coincided well with their PL spectra. The EQEs of DTC-DPS,
DMCZ-DPS and DMAC-DPS based OLEDs at 0.01 mA/cm? are 10%, 5.5% and
19.5%, respectively. The device containing DMAC-DPS having large krapr achieves
small efficiency roll-off characteristics. Conversely, the devices with long-lived TADF
emitters DTC-DPS and DMCZ-DPS exhibited considerable efficiency roll-off as
expected. For comparison, a well-known blue phosphorescent emitter of bis[(4,6-
difluorophenyl)pyridinato-N,C2](picolinato) iridium (Flrpic) was included in a
device with the same structure. This device exhibits sky-blue emission with

Commission Internationale de L’Eclairage (CIE) coordinates of (0.16, 0.34), in
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contrast to that of (0.16, 0.20) for the DMAC-DPS-based device. Although the

emission maxima of both devices are at 470 nm, the DMAC-DPS-based device

offered better color purity because of a deep blue component at 400—450 nm in its EL

spectrum (Fig. 4-8).
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Figure 4-7. Device structure of OLED and the chemical structures used in this study.
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Figure 4-8. EQE—current density characteristics (a), electroluminescence spectra (b), current
density—voltage characteristics (c) and luminance—voltage characteristics (d) of the above OLEDs.
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The maximum EQE of the Flrpic-based OLED is close to that of the
DMAC-DPS-based one, consistent with their similar PLQYs in a DPEPO host.?
However, the Firpic-based OLED showed relatively low efficiency at high current
density in our controlled experiment, along with higher turn-on and driving voltages
than the DMAC-DPS-based OLED (Fig. 4-8). Because the excited-state lifetime of
Firpic (~1 ps) is not longer than that of DMAC-DPS in doped films,?* the more
serious efficiency roll-off for the Flrpic-based OLED cannot be explained in the
terms of the triplet-triplet annihilation, and is tentatively assigned to the decrease of
charge balance at high current density,* taking into account the deeper HOMO level
of Flrpic that can’t reduce hole injection barrier to the EML (-6.1 eV for Firpic vs.

-5.9 eV for DMAC-DPS, see Fig. 4-9).
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Figure 4-9. Photoelectron yield spectra of neat films of DMAC-DPS and Flrpic.

Although the above EL properties of DMAC-DPS-based OLED are comparable
with those of the best deep blue PHOLEDs reported in recently,> 3* * its reliability is
not superior to that of PHOLEDs at this stage. The half-life of both Flrpic- and
DMAC-DPS-based devices is only 1 hour at an initial luminescence of 500 cd/m?.
However, blue phosphorescent emitters have been thoroughly studied over fifteen
years. In contrast, TADF based OLEDs are still primitive stage and | can expect to

realize long-living blue OLEDs based on the improved molecular structures of TADF
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molecules and device architecture.®®

4.5 Conclusion

In short, the PL and EL properties of three donor-acceptor type molecules with
the same acceptor unit of diphenylsulphone (DPS) but different donor units of
3,6-di-tertbutylcarbazole (DTC), 1,4-Dimethyl-9H-carbazole (DMCZ) and
9,9-dimethyl-9,10-dihydroacridine (DMAC) were investigated in detailed. In
comparison with DTC-DPS, the dihedral angles between the donor and acceptor units
in DMCZ-DPS and DMAC-DPS are large, leading to small singlet-triplet CT state
splitting. However, only DMAC-DPS can emit efficient and short-lifetime (a few
microseconds) TADF, because the *CT state is its lowest triplet state. For both
DTC-DPS and DMCZ-DPS, their T; states were found to be a *n-n* state localized at
the carbazole units. We demonstrate that a pure organic aromatic emitter,
DMAC-DPS, can achieve high EL performance that is comparable to today's best
blue PHOLEDSs, indicating that developing TADF materials can be a promising

approach to the realization of low-cost and high-performance blue OLEDs.
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In this thesis, | proposed a new scheme to obtain high efficiency blue OLEDs
employing thermal activated delayed fluorescence (TADF). The PL and EL
mechanism of TADF was introduced in Chapter 1. A small energy difference between
the lowest singlet and triplet excited-states (4Est) was considered to be an important
factor to reach TADF in pure organic aromatic compounds. CT compounds with
sufficiently separated HOMO and LUMO were found to be promising candidates for
the realization of TADF. However, a systemic study in this thesis reveals that the T
state of most CT compounds is a locally excited triplet state (°LE). Efficient TADF
can only be realized when the energy gap between 'CT and 3CT states is small enough
and the energy of any °LE state is higher than that of the *CT state. On the basis of
this concept, | achieved efficient blue TADF from a CT molecule with a large twist

angle and short conjugation length of both donor (D) and acceptor (A) units.

In Chapter 2, bluish green to red TADF emission was demonstrated from four
pretwisted intramolecular CT molecules that have the same donor of
5-phenyl-5,10-dihydrophenazine (PPZ) but different acceptor unities. These
compounds have small singlet-triplet CT state splitting but different energy
relationships between 3CT and 3LE states. The T, state of the red emitter PPZ-TRZ is
a °CT state, while that of other three emitter is a *n-n* state localized on a PPZ unit.
However, for the yellow emitting PPZ-DPO, its 3CT state was close to its 3LE state.
As a result, PPZ-TRZ and PPZ-DPO emitted short-lifetime TADF and their devices
showed reduced efficiency roll-off at high current density. In contrast, the large AEst
in green and bluish green emitting PPZ derivatives, PPZ-3TRZ and PPZ-4TRZ,
leads to inefficient energy up-conversion from their T, to S; states and very long
TADF lifetimes in the doped films. Their OLEDs also suffer serious efficiency

roll-off.

In Chapter 3, blue and bluish green TADF emissions were demonstrated from
four monomeric and dimeric carbazolylcyanobenzenes. By changing the substitution

position of the cyano groups on the phenyl rings, the twisting angle between the donor
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and acceptor moieties could be adjusted. Ortho-substitution was found to lead to a
larger twisting angle and a more efficient separation of the HOMO and LUMO. For
the two dimeric carbazolylcyanobenzenes whose 3LE states are higher than their *CT
state, 2,6-dicyano substituted derivative (3-bis-2-CzIPN) gave a smaller 4Esy, a fast
TADF decay rate, and reduced EL efficiency roll-off at high current density, as

compared with the analogous 3,5-dicyano substituted derivative (3-bis-5-CzIPN).

In Chapter 4, the PL and EL properties of three blue emitting TADF compounds
were investigated in detail. These three bipolar molecules have the same acceptor unit
of diphenylsulphone (DPS) but the different donor units of 3,6-di-tertbutylcarbazole
(BCZ), 1,4-dimethyl-9H-carbazole (DMCZ) and 9,9-dimethyl-9,10-dihydroacridine
(DMAC). In comparison with BCZ-DPS, the dihedral angles between the donor and
acceptor units in DMCZ-DPS and DMAC-DPS are larger, leading to small singlet—
triplet CT state splitting. However, only DMAC-DPS can emit efficient and
short-lifetime (a few microseconds) TADF because the *CT state is its lowest triplet
state. The device based on DMAC-DPS offers an EQE of 19.5% and reduced
efficiency roll-off characteristics at high luminance, which are comparable to that of
today's best blue phosphorescent OLEDs, confirming that TADF materials can realize

high- performance blue OLEDs.

Although efficient blue TADF based OLEDs have finally been demonstrated, it
should be pointed out that the color purity and lifetime of the devices need to be
further improved. The relatively broad PL band and large Stokes-shift for DMAC-
DPS are related with the relatively large configuration distortion in the excited state.
We believe increasing the rigidity of the acceptor moiety and preventing the D-A
rotation by the introduction of steric hindrance groups can enable the emitter higher
color purity without an increase of the band gap. To improve the reliability of blue
TADF based OLEDs, we should develop new emitters with better electrochemical and
excited sate stabilities. On the other hand, analogous to blue phosphorescent OLEDs,

the development of high triplet energy charge transfer materials with moderate energy
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gap and high charge mobility could be an approach to achieve stable blue TADF
OLED:s.

Future OLEDs should be not only more efficient and more long-lived, but also
more simple and cheaper. Encouraged by the fast growing efficiency of perovskite
based solar cells™ 2, a wide-ranging rethink of organic-inorganic hybrid OLEDs is also
necessary. | think replacing some charge injection and transport materials as well as
host materials by inorganic semiconductor compounds may be beneficial to the

stability of TADF based OLEDs.
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