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Chapter 1: Introduction

1.1. Background and motivation
1.1.1. Near-infrared application

Near-infrared (NIR) wavelength region (700 ~ 2000 nm) has many advantages such as high
transmissivity and non-invasiveness for organisms, suppressed light scattering in air, and low optical
loss in silicon-based optical fibers. This has led to the development of inorganic light-emitting diodes
(LEDs), inorganic laser diodes (LDs), and inorganic photodetectors (PDs), as well as to the
development of new applications such as bio-optical sensing and imaging, optical distance
measurement (e.g., LiDAR), and optical communications. In particular, the development of NIR
applications in the medical field has been remarkable recently. In fact, pulseplethysmography (PPG)
[1] and blood oxygen saturation measurement (pulse oximetry) [2], which use NIR probe light, have
become indispensable medical technologies for health care management and diagnosis. Moreover,
NIR light is used not only for bio-sensing but also for bio-therapy (e.g., photoimmunotherapy [3] and
photothermal therapy [4]). Besides, NIR-LDs and NIR-LEDs are frequently used in security
authentication such as iris, fingerprint, vein, and face recognition. Therefore, the development of an
efficient NIR light source with additional value such as non-toxicity and flexibility will further expand

the potential application and accelerate the commercial exploitation of NIR light source technology.

1.1.2 Organic light-emitting diodes

One promising candidate that potentially accelerate the development of NIR technology is
organic LEDs (OLEDs) [5], which utilize both unique features of organic semiconducting materials,
i.e., luminescent and semiconducting properties. In fact, OLEDs have been attracting significant
attention in recent years due to their excellent features as a light source such as ultra-flexibility, light-
weight, the possibility of a low-cost fabricating process and the high uniformity of
electroluminescence (EL). Therefore, OLEDs are expected to be complementarily used for various

applications that are difficult with inorganic LEDs. In fact, OLEDs have been commercialized as a
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display for large area TVs and smartphones, and its industrial market continues to expand year by

year.

Figure 1-1 shows the schematic illustration of a

conventional OLED structure consisted of several cathode / H
HTL _
organic semiconductor layers with a total thickness of EML |
ETL L
about 100 nm, including hole transporting layer (HTL), anode \7/’/\
oLep  Eh

emitting layer (EML) and electron transporting layer
Fig. 1-1. Typical device structure of

(ETL), a transparent anode such as indium-tin-oxide reported OLEDs

(ITO), and a reflective cathode with a low work function and high reflectivity at visible wavelength
such as aluminum (Al). When applied external electrical field to the OLEDs, at first, holes are injected
from the anode to the highest occupied molecular orbital (HOMO) of the hole transporting material,
while electrons are injected from the cathode to the lowest unoccupied molecular orbital (LUMO) of
the electron transporting materials simultaneously. As a result, radical cations and radical anions are
formed in the hole and electron transporting layers, respectively. The injected charges (holes and
electrons) are then transported along with the applied electric field and recombine on an emitter
molecule, resulting in a high energy hole-electron pair called “exciton”. The excitons can release the
excited state energy as EL when the exciton backs to its” ground state (So). OLEDs, therefore, are
self-emitting devices, and the radiative molecules themselves determine their EL spectra. Thus, it is
possible to develop OLEDs that display EL in not only visible wavelength regions but also in the UV
and NIR wavelength regions by designing and utilizing appropriate molecules. In particular, OLEDs

that emit efficient NIR-EL has been expected to open up new possibilities for not only display

applications but also sensing light sources.

1.1.3. Exciton production efficiency

To improve the overall EL efficiency of OLEDs, significant efforts have been made from various

perspectives such as material design and device architecture. Here, the overall external EL quantum
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efficiency (neor) of OLEDs is expressed as a product of four factors: (1) charge balance of injected
holes and electrons (y), (2) PL quantum yield of the emitter (ppz), (3) radiative exciton production

efficiency (7,), and (4) light outcoupling efficiency (#ou), as shown in Eq. 1-1.
Nege =V XNy X Ppr X Nout (Eq. 1-1)

From the perspective of material design, a great number of researchers have been working
especially for achieving the ideal 7, in OLEDs, where the lowest excited spin-singlet state (S;) and
the lowest excited spin-triplet state (T1) are directly generated at a ratio of 1:3 based on the spin
statistic rule [6]. Therefore, when using a fluorescent material as the emitter in OLEDs, only a spin-
allowed fluorescent transition from S; to So can be harvested as EL. Therefore, the theoretical
maximum of radiative exciton production efficiency (#,) is limited to only 25% [5]. Thus, the material
that possesses triplet harvesting ability is essential for achieving ideal #, in OLEDs, though a

phosphorescent transition from pure T to So is essentially spin-forbidden.

For some organic materials, however, an efficient intersystem crossing (ISC) from S; to Ty [7]
and successive intense room-temperature phosphorescence, i.e., the radiative transition from T to So
[8], has been experimentally observed. Based on perturbation theory, it can be understood that the
wavefunction for the triplet of the materials is not a purely zero-order wavefunction but instead a
mixture of the singlet nature by perturbation such as spin-orbit coupling (SOC). In other words, the
spin-state of organic molecules that we observe and think of as a triplet (or singlet) excited state is
slightly mixed with the information of the singlet (or triplet) states. Here, up to the first-order
perturbation for the sake of simplicity, the wavefunction of real triplet state (1) is expressed as the
linear combination of the wavefunction of pure singlet (1)) and pure triplet (y)7) states, as shown in

Eq. 1-2.
Yr = Pr + g (Eq. 1-2)

where the first-order mixing coefficient (1) is expressed as Eq. 1-3.

H
A~ —20C Eq. 1-3
AEsy (Eq. 1-3)
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Here, AEsr is the energy splitting between the excited singlet and triplet states, and Hsoc is the spin-
orbit coupling (SOC) element value, which consists of spin-orbit coupling constant (<soc), spin (S)

and orbital (L) angular momentum of electron, as described in Eq. 1-4.
Hsoc = $soc S L (Eq. 1-4)

Based on Eq. 1-4, the reported large ISC rate constant (kisc) of ~10'! s7! in the purely organic
compound, benzophenone [9], is explained by El-Sayed rule [9]. In benzophenone, ISC from '(n,n")
to 3(m,n") involves the electron transition on the oxygen atom, which induces the magnetic momentum
of L (ur). Here, the generated y can interact with the magnetic momentum of S (us) originating from

the spin-flip, leading to a large Hsoc value for the efficient ISC.

According to Eq. 1-4, the utilization of heavy atoms
effectively achieves strong singlet-triplet spin-mixing
and eventual room temperature phosphorescence, since
&soc 1s proportional to the fourth power of the nuclear
charge (Z). In fact, the phosphorescence rate constant

(kphos) of 2-bromonapththalene is more than two orders

of magnitude larger than that of unsubstituted

Phosphorescence

naphthalene [8]. Using this strategy, various efficient
Fig. 1-3. Emission mechanism of room

room-temperature-phosphorescent (RTP) materials have temperature phosphorescence

been intensely developed in the research of OLEDs using heavy atoms such as iridium (Ir, Z = 77)
[10,11] and platinum (Pt, Z = 78) [12,13] (Figure 1-3). In RTP materials, the spin selection rule in
the ISC process between S; and T, states and the phosphorescent process between T; and So are
relaxed, leading to ultimately high @pzpnos) 0f ~100% [14]. Indeed, high 7£oe reaching the theoretical
upper limit has been already achieved in phosphorescent OLEDs as early as the 2000s [10,11].

However, as efficient RTP materials generally contain expensive, rare, and toxic metals, it is desirable

to develop purely organic alternatives with no environmental or bio-toxicity.
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Based on Eq. 1-3, another possible approach for enhanced singlet-triplet spin-mixing is the
reduction of AEsr. Here, AEsr is expressed as the exchange integral between wavefunction of the
highest occupied molecular orbital (wromo) and the lowest unoccupied molecular orbital (wrumo), as

shown in Eq. 1-5.

AEsr = 2 [ Yuomo (DY¥Lumo(2) élpHOMO ) Yrymo(1)dr 7, (Eq. 1-5)

where 72 is the distance between the electrons 1 and

HOMO and LUMO is required for small AEsr. If a S T
1 < 1 9

strong mixing of S; and T states can be achieved by
Flu TADF RISC W} _»

2, indicating that the spatial separation between :

lowering the AEsr, both forward ISC and reverse ISC S Y
NN
(RISC) become spin-allowed transitions. In such a < Y Y
0 .
case, triplet excitons are harvested as delayed Thermally activated

_ delayed fluorescence (TADF)
fluorescence from S; during ISC/RISC cycles

because the phosphorescence channel is still shut-off, Flg. 1-4. Emisslon mechanism of TADK

which are called thermally activated delayed fluorescence (TADF) (Figure 1-4). TADF behaviors
have first found in Eosin Y [15] (therefore, also called E-type delayed fluorescence), and the current
big wave for TADF interest was prompted by its exploitation for improving #, in OLEDs [16,17,18].

TADF materials have been rapidly developed because they show significant triplet harvesting ability

without using rare, noble, and toxic metals.

In general, the design of TADF materials involves introducing structural twisting between the
electron-donating (D) and electron-accepting (A) moieties to obtain the effective spatial separation
between the HOMO and LUMO to reduce the AEsr, resulting in efficient RISC [17]. Based on this
molecular design concept, a lot of D-A type TADF materials exhibiting an intramolecular charge-
transfer (CT) transition have been developed using a wide variety of 7 - conjugated aromatics
[18,19,20,21,22], and recent design strategy of TADF materials has been further expanded into n-n"

type [23], excited-state intramolecular proton transfer (ESIPT) type [24], multi-resonance type
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[25,26]. As aresult, high n£or reaching the theoretical upper limit has been already achieved in TADF-

OLED:s in blue to the deep-red region [18-22,25,26].

1.1.3 Current status and challenges in NIR-OLEDs

As well as visible OLEDs, recent NIR-OLEDs have made great progress in terms of #zox. Figure
1-5 and Table 1-1 show 5gor against peak EL wavelength of representative NIR-OLEDs and the
chemical structures of NIR fluorescent, phosphorescent, and TADF materials reported so far [27,28].
Here in NIR-OLEDs, the development of Pt-complexes has been remarkable, and in fact, significantly
high n£oe of 24% (EL peak at 740 nm) and 3.8% (EL peak at 900 nm) have already been achieved in

Pt-complex based phosphorescent OLEDs [29,30].

However, neor of rare-metal-free NIR-TADF-OLEDs has been behind from that of NIR-
phoshorecent-OLEDs, though various D-A type structures employing pyrazinophenanthrene [31],
pyrazinoacenaphthene [32], quinoxaline [33], benzothiadiazole [34], and boron-curcuminoid [35] are
developed for achieving TADF property. Moreover, the reverse intersystem crossing rate constant
(krisc) values of the reported NIR-TADF materials are still on the order of ~10* s! [32], leading to
the significant negr roll-off in high current operation, which is caused by the accumulation of triplet
excitons [36,37,38,39]. In addition, although the operational device stability is strongly required for
practical use, only a handful of reports have mentioned the operational device stability of NIR-TADF-
OLEDs [40]. Here, the triplet management is also essential for improved device stability, since device
degradation can be induced by bond dissociation from higher lying triplet excited states [41]. Thus,
it is highly desirable to develop highly efficient NIR-TADF materials with large kzssc for achieving
n, of ~100% even at high current region with high operational durability. Besides, if narrow band-
gap fluorescent materials are used as terminal emitters, i.e., TADF-assisted fluorescence (TAF)
system [42], an increase of driving voltage and the deteriorated charge balance induced by charge
trapping on narrow-gap emitting molecules are serious problem. Therefore, it is also desirable to

explore the possibility of TADF materials not only as the triplet sensitizer but also as a bipolar host.
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Fig. 1-5. Summary of External EL quantum efficiency against EL peak wavelength for reported NIR-
OLEDs with the chemical structures of representative NIR emitters. The numbers beside the plots
correspond to the numbers below the compounds [27,28].
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Table 1-1. EL properties of state-of-the-art NIR-OLEDs

OLED type Compound name Elinrr)ﬁ]ak nE‘E(;[;]max
NSeD 700 21
748 1.2
TQ 752 11
Fluorescence 823 0.3
BTT* 840 1.2
838 0.6
DCPA
916 0.1
708 13.7
Ir(DBPz) 728 5.4
788 1.0
Pt(fprpz). 740 24
Phosphorescence
Pt(tptnp) 896 3.8
890 2.3
Pt(2-pyridylpyrimidine), 900 1.9
930 2.1
TPA-DCPP 710 21
TPACNBz 712 6.6
YD24 721 9.7
700 9.4
TPA-QCN
728 3.9
TADF POZz-DBPHZ 741 5
700 141
TPAAP
765 5.1
APDC-DTPA 77 22
CAT1 904 0.019
TPAAZ 1010 0.003
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Here, in addition to the TADF materials, the E(5) e
development of novel exciton-sensitizing materials is S, g
even more preferable for achieving 7, of more than

100% to realize high power NIR light source. One path

spin-allowed

to breaking the 7, limit is a singlet fission process [43], ~10% 1)

. . . . T1 7
in which two triplet excitons are created from one 1 photon

singlet exciton as described in Figure 1-6. Since the

triplet pair (TT) intermediating a singlet fission process 2 electron -
has entire singlet nature, singlet fission is a spin- Fig. 1-6. Singlet fission process
allowed process. In fact, recent studies have reported

that the rate constant of a singlet fission process can reach ~10'3 s7! [44].

In order to promote an efficient singlet fission process, the relative configuration of the energy
levels: S1 > 2Ti or S1 = 2T must be satisfied. Since the singlet fission process is based on the
intermolecular interaction between two neighboring molecules, the strength of the electronic
interaction between the neighboring molecules is essentially an important factor. Due to the
importance of energetic configuration and intermolecular distance, most of the previous reports are
related to materials that can form crystalline morphologies, such as polyacene derivatives [45],
oligophenylene derivatives [46], and carotenoid derivatives [47]. Recently, there have also been some
reports on molecules that exhibit an intramolecular singlet fission process, which is promising for
overcoming the limitations of intermolecular interactions [48].

Research on the fundamental physics of a singlet fission process started with the photophysical
study of an anthracene single crystal in 1965 [49]. In 1968, the singlet fission process was proposed
as the main origin for the low ¢p; in tetracene single crystals [45], which was justified by the analysis
using a magnetic field in 1969 [50,51]. Later, in the 1980s, this research area came back into the
spotlight with the observation of a singlet fission process in carotenoid derivatives [47] and
conjugated polymers [52]. After the proposal by Nozik et al. in 2006 [53], the device applications of
a singlet fission process have been intensively studied in the field of organic photovoltaics (OPVs),
since singlet fission intrinsically has the potential for breaking the Shockley-Queisser limit [54]. In
fact, in 2013, Baldo et al. reported the realization of an external quantum efficiency of over 100% in
OPVs by utilizing a singlet fission process [55]. The sensitization by a singlet fission process is also
beneficial for luminescence, and indeed there are some reports in which NIR photoluminescence

originating from nanocrystals were obtained by energy transfer of triplet excitons generated by a

10
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singlet fission process [56,57]. To date, however, there has been no research on OLEDs utilizing a
singlet fission process.

Note that gp; of emitting materials is

another serious problem especially in the NIR

S
region. The ¢p. is defined as "the number of S, g Red shift )

S

So
emitted photons per the number of absorbed V_\ -V?\ ¥ Non-radiative
‘;\‘E/ Flu VV\ Flu
photons", and ¢p. of almost 100% can be ’ "~
. . . . large AE (small ,,, small AE (large k,,,
easily achieved in many fluorescent emitters J ( ‘ (large k»)
in the visible region with a radiative rate Fig. 1-7. Schematic of the energy gap law

constant of about 108-10° s~! with a negligible

ISC process [58]. In the NIR region, however, a dramatic decrease in ¢pz is generally observed, and
this can be explained by the energy gap law [59-62], which indicates that the energy gap between the
ground and excited states (AE) decreases in the NIR luminescence process, causing an exponential
increase in the non-radiative decay rate constant (k,-) due to a large overlap in the wave functions of

the two states (Figure 1-7).
S

Since k- also strongly depends on the

. . T
reorganization energy of the promoting
vibrational modes (41) (Figure 1-8) [62], the
decrease of Ay is essentially required for large Ay, (large k,,,) small A, (small k,,)

achieving high gp.. In fact, a recent study on Fig. 1-8. Schematic of reorganization energy in the energy

NIR  phosphorescent — materials  has 52P law

experimentally revealed the relationship between Ay and @pr, i.e., large Ay, was found in the materials
with low @pz [63]. Thus, it is desirable to explore rigid molecular skeletons with a sterically hindered

substituent.

Further, in the deactivation processes of NIR molecules, the energy of the excited states can be
also dissipated to the surrounding organic matrix as thermal energy, because the excited states located
in the low energy region resonates with the vibrational overtones of the C-H stretching and O-H

stretching vibrations specific to organic molecules. Therefore, to suppress such vibrational

11
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deactivation processes, reducing the vibrational mode energy by halogen substitution such as

fluorination is also effective [64].

1.2 Purposes and outline

The purpose of this thesis is the improvement of the overall nzor of NIR-OLEDs and the
establishment of comprehensive material and device design rules for efficient NIR-OLEDs. This

thesis is organized as follows.

In Chapter 2, I investigated the utilization of triplet harvesting processes, i.e., TADF processes
for the enhancement of 77, in NIR-OLEDs. Using the TADF materials which emit in the visible region,
as an energy donor to NIR-dyes, I demonstrated the NIR emission originated via the RISC process in
the TADF host matrix and the successive FRET from TADF to NIR dyes. In the OLED
characterization, #eor of the TADF host-based NIR-OLEDs is about 6 times higher than that of the
conventional fluorescent host-based NIR-OLEDs due to the harvesting of electrically generated
triplet excitons through an efficient RISC process on the TADF host. Further, I experimentally
demonstrated that the TADF materials consisting of the electron-donating and electron-accepting

moieties intrinsically have a high hole and electron mobility and are useful as a bipolar host material.

In Chapter 3, I focused on the singlet fission process as the exciton multiplication process, and
utilized the triplet exciton generated by the singlet fission process for NIR luminescence. From the
magnetic field dependence of the visible and NIR luminescence intensities, I found that it is possible
to realize 7, above the theoretical upper limit of 100% by exploiting of a singlet fission process in

NIR-OLEDs.

In Chapter 4, I developed a novel NIR-TADF molecule with a rigid electron-accepting unit to
achieve high ¢p; at 700~1000 nm, useful for biological sensing and imaging applications. The newly
developed NIR-TADF molecule showed an emission peak at 729 nm in a 10wt%-doped film and its
prL exceeded 40%. The NIR-TADF molecule also functioned as an efficient energy donor for the NIR

fluorescent molecule emitting around 900 nm. The NIR-OLEDs using the co-deposited film as an

12
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emitting layer showed the neor values of 13.4% with EL peak at 734 nm and 1.1% with EL peak at
901 nm, which are the highest #£¢or reported for NIR-TADF-OLEDs in each wavelength. Furthermore,
by integrating the developed NIR-OLEDs with a conventional organic photodiode (OPD), I realized

“all-organic” PPG sensing both in the 700 nm and 900 nm region.

In Chapter 5, the conclusions of this work and the future perspectives for highly efficient NIR-

OLEDs are described.
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Abstract

A sixfold improvement in the nzor of NIR electrophosphorescence is demonstrated
compared to devices with conventional fluorescent materials as host, by applying the
concept of TADF host matrix to achieve an emitter layer capable of efficient spin
conversion and simultaneous bipolar charge-transporting. This device architecture can

maximize the performance of an organic-semiconductor-based NIR light source.
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2.1 Introduction

Achieving an ideal 7, of unity in an OLED requires the efficient harvesting of electrically
generated exciton formed in triplet states, and this can be achieved through RISC of triplet states to
singlet states in materials with a very small AEsr, i.e., TADF materials [ 1-4]. In fact, internal quantum
efficiency (#in) of nearly 100% in visible OLEDs utilizing such molecules as emissive centers have
been already demonstrated [1,5]. Furthermore, the 7, for NIR-OLEDs is improving rapidly by the
development of highly emissive NIR phosphors such as not only platinum-based phosphorescent
emitters but also TADF emitters, resulting in the demonstration of #£or over 5% [6,7]. However, neok
is still low level for EL at wavelengths over 1 pm [8—11]. and the enhancement of #£or for emission
over 1 pum is still a challenging research topic. The low efficiency for NIR emission arises from not
only low values of ¢p; but also the narrow bandgaps of NIR phosphors. Since NIR phosphors usually
act as strong carrier trapping sites in host—guest systems, which are required to suppress concentration
quenching between neighboring phosphors, the carrier balance of holes and electrons inside the EML
is also greatly disrupted. Therefore, the circumspect design of a host—guest system that suppresses
direct carrier recombination on NIR phosphors and can transfer not only singlet but also triplet energy
generated through charge carrier recombination on recombination centers, i.e., host molecules, to NIR
phosphors is important to realize highly efficient NIR-OLEDs. Recently, our and other groups
proposed a triplet-harvesting pathway for realizing high-performance fluorescence OLEDs by using
a TADF system as an energy source for conventional fluorescent emitters [12—14]. In this process,
triplet excitons created on TADF molecules under electrical excitation are upconverted from the T
to the S through RISC, and the singlet excitons on the TADF molecules are then transferred via a
Forster process to fluorescent emitters, leading to efficient radiative decay from S; of the fluorescent
emitters. Thus, TADF-based upconversion systems is a promising architecture to develop high
performance fluorescent OLEDs with high #zor. However, no studies have been reported about the
utilization of these systems for the development of highly efficient NIR-OLEDs emitting at over 1

pm.
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In this work, I demonstrate the efficient harvesting of triplet energy by NIR phosphors via RISC
in a TADF host layer also functioning as carrier recombination center, resulting in the nearly complete
utilization of electrically generated exciton energy for NIR-EL. Here, I used 2-phenoxazine-4,6-
diphenyl-1,3,5-triazine (PXZ-TRZ) as a host matrix capable of efficient RISC [15] and copper
phthalocyanine (CuPc) and platinum phthalocyanine (PtPc) as NIR phosphors (Figure 2-1a) [16].
Since the energy level differences between HOMO and LUMO of PXZ-TRZ and those of the Pc
derivatives are rather small compared to those for the Pc derivatives and other green TADF emitters
(e.g., (4s,6s5)-2,4,5,6-tetra(9H-carbazol-9-yl)isophthalonitrile (4CzIPN), HOMO = -5.8 eV, LUMO =
—3.4¢V) [1], I chose PXZ-TRZ as the host matrix in this study to avoid the effect of direct carrier
trap on the Pc derivatives. The conventional fluorescent material  tris(8-
hydroxyquinolinato)aluminum (Alqs) and 5,6,11,12-tetraphenylnaphthacene (Rubrene) were also

used as reference hosts to confirm the effects of RISC on the device performance.

2.2 Results and discussion

2.2.1 Fundamental photophysical properties

The ground-state absorption spectra of the Pc derivatives and the PL spectra of the host molecules
are shown in Figure 2-1b. Because of the large overlap between the host emission spectra and the Pc
absorption spectra, the emission intensity from host molecules in solid films was dramatically reduced
when doped with 1mol%-CuPc or PtPc, resulting in a ¢p. in the visible region (¢prL wis)) of below 2%
for co-deposited PXZ-TRZ film compared to 49% for the neat film. The large decrease in PXZ-TRZ

emission corresponds to energy transfer from S; of the donor (S PXZ-TRZ) to S; of the acceptor
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Fig. 2-1. a) Chemical structures of host and guest molecules. b) Absorption spectra of Pc derivatives and
PL spectra of host molecules. ¢c) The temperature dependence of the PL quantum yield of NIR emission for
a 1mol%-PtPc-Alqs (top) and a 1mol%-PtPc-PXZ-TRZ (bottom) co-deposited film.

(S1_Pc) with an efficiency of over 95%, and similar PL quenching of host emission was observed
with Alqgs or Rubrene as host with an energy transfer efficiency of nearly 90%. Therefore, I confirmed

that the energy transfer efficiency is nearly the same in these co-deposited films.

Although the ppz of NIR emission (¢rz (vir)) in 1mol%-PtPc doped matrix was comparable for
both hosts (0.3 £ 0.05%), the temperature dependences of ¢p. vir) were pronouncedly different as
shown in Figure 2-1¢ for 1mol%-PtPc-Alqgs and 1mol%- PtPc-PXZ-TRZ co-deposited films. In the
Imol%-PtPc-Alqs film, ¢rr vir) gradually increases with decreasing temperature and reaches 0.38%
at 8 K, indicating the suppression of non-radiative decay from the lowest triplet state (T:_PtPc) to the
ground state in PtPc molecules. On the other hand, ¢r. wvir) for the matrix with PXZ-TRZ as host
gradually increased with decreasing temperature before suddenly decreasing for temperatures below

100 K. Since the emission from PXZ-TRZ includes a delayed component originating from thermal
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activated RISC that also contributes to ¢pz avir) [15], the observed temperature dependence of ¢pr vir)
in the 1mol%-PtPc-PXZ-TRZ co-deposited film clearly indicates that triplet excitons from PXZ-TRZ
molecules play a crucial role in NIR emission. This occurs because PXZ-TRZ triplets can upconvert
to S1_PXZ-TRZ by RISC and then resonantly transfer to an S; PtPc state, which undergoes ISC to
T1_PtPc before decaying radiatively. Namely, the increase of ppr vir) from 5 to 100 K and the decrease
from 100 to 300 K can be ascribed to the activation of the TADF and the increase of internal
deactivation of PtPc, respectively. Since spin statics dictates that the number of triplet excitons
generated upon recombination of holes and electrons in organic semiconductors is three times that of
singlet excitons [17], the contribution of host triplet excitons to radiative decay from T;_PtPc through

RISC and energy transfer will be larger during electrical excitation.

2.2.2 OLED properties

To demonstrate the triplet harvesting ability in electrical excitation, I fabricated NIR-OLEDs
described by the corresponding energy level diagram in Figure 2-2a. In the OLEDs with PXZ-TRZ
as host, intense NIR electrophosphorescence with emission peaks at 970 nm for PtPc and 1.1 pm for
CuPc as an emitter was observed as shown in Figure 2-2b. Although the #egr in the CuPc-OLED
with Alqs or Rubrene as host was quite low (< 5 x 1073%), changing the host to PXZ-TRZ increased
neor nearly six times to 0.03% (Figure 2-2¢). This 7£oe (0.03%) is also about five times that of a
previously reported CuPc-based OLED utilizing a fluorescent molecule as host matrix [8]. The PtPc-
OLEDs exhibited an even more intense NIR emission and a similar host dependence, with an neor
for PXZ-TRZ as host (0.1%) that is three times that with Alqs as host (0.03%). Here I note the effect
of doping concentration of Pc derivatives on the device performance. In the OLEDs with an EML
consisting of 0.5, 1.0, 2.0 mol%-CuPc-PXZ-TRZ, although the #ror increases with CuPc
concentration for low concentrations (0.5 to 1.0 mol%), a reduction of #£or was observed with further

increase of the CuPc concentration, as shown in Figure 2-3. A similar dependence of doping
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concentration on device performances was observed in the PtPc-based OLEDs. Thus, I set the doping

concentration of the Pc derivatives to 1.0 mol%.
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Fig. 2-2. a) Energy-level diagrams of the device structure used for the tested OLEDs. b) NIR-EL spectra
of the OLEDs at a current density of 10 mA cm™2. ¢) External EL quantum efficiency—current density
characteristics for the NIR of the OLEDs. d) Current density—voltage characteristics of the OLEDs. The
filled and open symbols indicate the characteristics of doped and undoped devices. e) The electrical field
dependence of the hole (circles) and electron (triangles) mobilities of the PXZ-TRZ neat film.
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The current density (J)—voltage (V)
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sites that lead to an imbalance of characteristics of the OLEDs with different doping
concentration of CuPc.
charge recombination due to the deeper

HOMO level for CuPc (—5.1 eV) than for Alqz (—5.7 V). On the other hand, the driving voltages of
the OLEDs with PXZ-TRZ or Rubrene as host are nearly the same regardless of whether CuPc guest
molecules are doped in the EML, indicating an absence of carrier trapping sites in the EML and the

direct creation of singlet and triplet excitons on the PXZ-TRZ or Rubrene molecules.

Time-of-flight (TOF) measurements were performed to investigate the charge-carrier-transport
properties of the PXZ-TRZ matrix and revealed that the PXZ-TRZ molecules have a bipolar charge
transport ability with carrier mobilities on the order of pn = 107> cm® V™! s! for holes and pe = 107
cm? V7! 57! for electrons. This hole mobility is slightly higher than the field-effect hole mobility
reported for a phenoxazine-based polymer (un = 107°-107° cm? V™! s7!) [18], while the electron
mobility is comparable to those of common electron-transport materials (ETMs) such as 1,3,5-triazine
derivatives [19] and about 100 times higher than that of the conventional ETM of Alqgs [20].
Interestingly, the introduction of the phenoxazine unit does not appear to significantly hinder the
electron-transport ability of the 1,3,5-triazine unit. Since the large dihedral angle (74.9°) between the
phenoxazine unit and the phenyl ring connecting to the triazine unit breaks the conjugation between
the electron-donating and electron-accepting units, the HOMO and the LUMO are localized on the

phenoxazine and the triazine moieties, respectively. This separation facilitates spatially separated
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carrier-transport channels on the PXZ-TRZ molecules, so 1,3,5-triazine is likely to play a principle
role in electron transport in the TADF host. Because of the separated channels for hole and electron
transport, the PXZ-TRZ matrix can act as a well-balanced bipolar carrier-transport host, making it
useful in OLEDs as a bipolar host matrix with triplet harvesting ability. Since weak electric field
dependences with similar slopes for electron and hole mobilities were observed (Figure 2-2e), well-
balanced carrier-transport is expected over the applied range of electrical fields. On the other hand,
since Alqs provides only electron transport with pe = 10> cm? V! s and no s, holes are easily
trapped by dopants, leading to the direct formation of excitons on them. Although Alqs-host-based
OLEDs show unipolar charge transport properties, Rubrene molecules intrinsically possess bipolar
charge transport ability even in thin films [21,22], suggesting a well-balanced carrier-transport during
device operation. However, despite the J—V characteristics indicating that carrier recombination
occurs on the Rubrene host, the OLED with Rubrene as host shows a much lower 5eor (5 % 1073%)
compared with that of the OLED with PXZ-TRZ as host. These results indicate that the harvesting of
electrically generated triplet excitons by the TADF host through RISC, i.e., TADF-sensitized
phosphorescence, is the key to the large improvement of efficiency in the NIR-phosphorescent

OLEDs.

Finally, I discuss the energy transfer
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routes for the transfer of triplet energy g 10%F Forster E
) i S | r.-______-______-___L?_e_fter ]
from S (or Ti) of PXZ-TRZ molecules < I =T X ]
I ISC
-3 RISC S1 =g
‘ot 107 F 1 =T, E
to Si (or Ti) of Pc molecules exist: F NIR 3
So So
TADF host NIR phosphor
Forster resonance energy transfer .
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energy transfer (T, PXZTRZ —
Fig. 2-4. External EL quantum efficiency—current density

characteristics of the OLEDs. Inset shows a schematic
illustration of EL process.

Ti_CuPc). Although the Forster

mechanism is well known as a long-
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range interaction process, i.e., a critical distance for energy transfer of = 10 nm, Dexter-type energy
transfer is a short-range interaction process because it requires electron exchange between the energy
donor (D) and acceptor (A) molecules. Therefore, the average distance between D and A molecules
significantly affects the energy transfer efficiency of the Dexter mechanism. To investigate the energy
transfer process from TADF molecules to Pc molecules, I examined a TADF assisted fluorescence
(TAF)-OLED using PXZ-TRZ as an assistant dopant [12]. Figure 2-4 shows the #nror—J
characteristics of an OLED with 3,3-di(9H-carbazol-9-yl)biphenyl (mCBP) as host doped with
Imol%-CuPc and 45mol%-PXZ-TRZ as emitter and assistant dopant, respectively, along with the
characteristics of the OLED with PXZ-TRZ as a host doped with CuPc as emitter. In the EML with
PXZ-TRZ as assistant dopant, the average distance between PXZ-TRZ and Pc is well separated
compared to that of the host—guest system, suggesting the suppression of the Dexter channel. The
OLED with PXZ-TRZ as assistant dopant exhibited an 7zor (0.037%) that is almost the same as that
of the OLED with PXZ-TRZ as host, suggesting that the contribution of direct energy transfer from
Ti1_ PXZTRZ to T1_CuPc to the total EL intensity would be small even in the OLED with PXZ-TRZ
as a host. This would be due to not only the large separation between the triplet energy levels, i.e.,
T PXZTRZ — Ti_CuPc = 1.10 eV but also the rather short triplet exciton diffusion length of TADF
molecules [23]. Thus, I suppose that the main triplet energy transfer route from PXZ-TRZ to Pc
derivatives is Forster resonance energy transfer after RISC, i.e., Ti PXZTRZ — S| PXZTRZ —
Si_CuPc. In summary, I revealed that the utilization of the TADF molecule PXZ-TRZ as not only
host matrix but also triplet sensitizer provides us an ideal 7, in NIR-TADF-OLEDs according to the
balanced bipolar carrier-transport properties of PXZ-TRZ molecules with hole and electron mobilities
on the order of 107> and 10™* cm? V! s7!. These results indicate that a TADF-based host matrix can
provide not only triplet harvesting ability but also balanced carrier-transport properties according to
the spatially separated HOMO and LUMO distributions. Although the relatively low
phosphorescence yield of the Pc derivatives (< 1%) [16] is still a barrier to further boosting the #ror
of NIR-OLEDs with Pc derivatives as NIR phosphors, this can be overcome by the introduction of

the heavy metal effect in a TADF-sensitized electrophosphorescence system or the utilization of
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highly emissive NIR-phosphors. Therefore, I believe our proposed TADF-sensitized
electrophosphorescence system is the most promising way to maximize the performance of NIR

emitters and realize highly efficient NIR-OLEDs emitting at over 1 um.

2.3 Materials and Methods
Materials

The materials Rubrene, CuPc, PtPc, and TAPC were purchased from Luminescence Technology
Corp. The host Algs was used as received from Nippon Steel Chemical Co., Ltd. The OLED materials
PXZ-TRZ and T2T were synthesized in house. Before fabrication of samples, the crude powder of
Rubrene was purified by train sublimation with a thermal gradient under a base pressure of less than

5 x 1073 Pa; this procedure was repeated three times to obtain highly pure compounds.

Sample preparation and characterization of PL characteristics

For each optical measurement, samples with thicknesses of 100 nm were deposited onto clean
quartz substrates under high vacuum condition of < 10* Pa. PL quantum yields were measured with
separate absolute PL quantum yield measurement systems for the visible region (C11347-01,
Hamamatsu Photonics) and NIR region (C13534-21, Hamamatsu Photonics) under the flow of Ar gas
with an excitation wavelength of 340 nm for Alqs and 400 nm for PXZ-TRZ. The UV/VIS absorption
spectra of the films were taken using a spectrophotometer (LAMBDA 950-PKA, PerkinElmer). The
emission spectra in the visible region were measured using a spectrofluorometer (FluoroMax-4,
Horiba Jobin—Yvon) with an excitation wavelength of 337 nm. The emission spectra and the
temperature dependences of NIR emission were obtained under vacuum conditions using a
spectrometer (C9913GC, Hamamatsu Photonics), a He—Cd laser (Kimmon Koha) as an excitation
source with an excitation wavelength of 325 nm, and a cryostat (CNA-11, Sumitomo Heavy

Industries).
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OLED fabrication and performance characterization

OLEDs with active areas of 1 mm? were fabricated by thermal deposition onto clean indium-tin-
oxide (ITO)-coated glass substrates under high vacuum conditions of < 10~* Pa. After fabrication, the
OLEDs were immediately encapsulated with a glass lid using epoxy glue in a N»-filled glove box.
The current—density—voltage (J-V) characteristics and external-quantum-efficiency—current density
(neoe—J) characteristics were measured using a semiconductor parameter analyzer (E5273A, Agilent
Technologies) and a calibrated InGaAs photodetector (818-1G-L, Newport) connected to an optical
power meter (Newport). EL spectra of the OLEDs were also measured using a spectrometer

(C9913GC, Hamamatsu Photonics).

TOF measurements

TOF measurements were performed to evaluate the hole and electron mobilities of PXZ-TRZ
films at room temperature. The device structure of ITO (110 nm)/Al (5 nm)/PXZ-TRZ (10 um)/Al
(200 nm) with an active area of 2 mm % 2 mm was used. The absorption coefficient of PXZ-TRZ at

a wavelength of 337 nm is 6.23 x 10* cm™!

, indicating that the incident light is completely absorbed
by the organic layer within 1 um thick from the surface. A N2 gas laser with a pulse width of 4 ns at
a wavelength of 337 nm was used for carrier generation, and terminal resistors between 1 and 10 kQ

were connected in series to the samples. From the transit times, 77, determined from the intersection

between the two slopes in the photocurrent profile, carrier mobilities were determined using p = d/ttE.
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Exploiting of singlet fission for exciton

multiplication in OLEDs
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Adv. Mater. 30, 1801484 (2018)

Abstract

The exciton generation efficiency, #,, in an OLED has been theoretically limited to
100% of the electron—hole pairs. Here, breaking of this limit by exploiting singlet
fission in an OLED is reported. Based on the dependence of EL intensity on an applied
magnetic field, it is confirmed that triplets produced by singlet fission in host matrix
are emitted as intense NIR-EL from NIR phosphor. EL employing singlet fission
provides a route toward developing high-intensity NIR light sources, which are of

particular interest for sensing, optical communications, and medical applications.
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3.1 Introduction

At present, OLEDs with 7, of nearly 100% are some of the most promising for next-generation
displays and lighting applications. According to the rules of spin statistics in organic semiconductors,
the recombination of four holes and electrons will yield one singlet exciton and three triplet excitons
[1]. Thus, the utilization of both singlet and triplet excitons is necessary to achieve #, approaching
100%, and this has been accomplished with phosphorescence [2,3] and TADF [4,5]. However, the
realization of #, greater than the theoretical limit of 100% could lead to light sources with high
intensities surpassing those of current cutting-edge OLEDs. One path to breaking the 7, limit is singlet
fission, in which two triplet excitons are created from one singlet exciton when the energetics of the
organic semiconductor are favorable (Esi (singlet energy) > 2 x Eri (triplet energy)) [6]. While
singlet-fission sensitizers—organic molecules that exhibit efficient singlet fission—have been used
to overcome the Shockley—Queisser limit in single-junction photovoltaics [7] and achieve the
excitonic energy transfer of “dark” triplet excitons from molecules to emissive inorganic nanocrystals
[8,9], the exploitation of singlet fission for EL in OLEDs has not yet been realized. To harvest the
triplet excitons created via singlet fission, energy-accepting molecules having a triplet energy level
lower than that of the singlet-fission sensitizers are required. Since the triplet energies of well-known
singlet-fission sensitizers such as tetracene, Rubrene, and pentacene lie close to the NIR-regime (<
1.5 eV) [6], NIR phosphors are suitable as energy acceptors. For example, inorganic nanocrystals
such as lead selenide (PbSe) and lead sulfide (PbS) can receive triplet excitons from singlet-fission
sensitizers because of their low energy bandgaps [8,9]. Alternatively, erbium-based complexes, which
have been used in OLEDs exhibiting NIR emission originating from the intra-4f shell transition
between the excited state (*I132) and the ground state (*I15/2) of the erbium(III) ion [10-13], also have
the potential to receive triplet exciton energy from singlet-fission sensitizers. Here, I show that
erbium(III) tris(8-hydroxyquinoline) (ErQ3) can harvest triplet excitons that are produced when the
singlet-fission sensitizer Rubrene is excited not only optically but also electrically, and I exploit this

process in an OLED to surpass the classical limitation of #, for the first time. This work offers a path
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toward the development of low-cost, flexible, and highly efficient OLEDs emitting in the NIR, which

would open a range of new applications in sensors, optical communications, and medicine.

3.2 Results and discussion

3.2.1 Fundamental photophysical properties

Figure 3-1a shows the ground-state absorption spectrum of ErQs dissolved in DMSO-ds along
with the fluorescence spectrum of a neat film of Rubrene. The lack of clear spectral overlap between
the absorption spectrum of the energy acceptor (ErQ3) and the emission spectrum of the energy donor
(Rubrene) indicates that dipole—dipole resonance energy transfer, i.e., Forster-type energy transfer,
from the singlet state of Rubrene to the singlet state of the ErQs can be neglected. When Rubrene
molecules are excited optically, singlet excitons are initially created, and the singlet excitons undergo
singlet fission rather than ISC (S; — T1), leading to the generation of “dark™ triplet excitons with
high yields approaching over 180% even in amorphous Rubrene films at room temperature [ 14]. Since
the singlet-fission process competes with bimolecular triplet fusion, i.e., T1 + T1 — S; + So, some
triplet excitons can up-convert to “bright” singlet states, which can be observed as delayed

fluorescence. In our Rubrene thin films, I confirmed ¢pz of 5%, indicating that over 90% of optically
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Fig. 3-1. a) The absorption spectrum of ErQ; in solution (red) and the PL spectrum of a Rubrene film
(blue). b) Jablonski diagram for harvesting of triplets produced by singlet fission in Rubrene.
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created singlet excitons underwent non- [ ' ‘ ' ' ' ' ‘ ]

10*E — w/o ErQs3
radiative decay processes such as singlet —— with ErQ3 1
fission. The delayed component was

observably decreased when 2mol%- ErQs

was doped into the Rubrene matrix

NIR-PL intensity

(Figure 3-2), indicating the presence of

additional decay pathways from the triplet

level. The Ty energy level of Rubrene (1.14 )
Time (ns)

eV) is much lower than that of the 8- Fig. 3-2. Transient PL decay in Rubrene film with and without
hydroxyquinoline (8-HQ: 2.23 eV) [15] ErQsdopant.

but relatively close to the “I132 (0.80 eV) or *I112 (1.25 eV) levels of Er** ions, so the reduction of
triplet fusion strongly suggests that triplet energy is directly transferred from the T of Rubrene to the

center Er’* ion of ErQ; via Dexter-type energy transfer, as shown in Figure 3-1b.

The 2mol%-ErQs-doped Rubrene films

- —— Rubrene host 1
—— CBP host

exhibited NIR emission with an emission
peak wavelength of 1.53 pum (Figure 3-3),
which corresponds to the transition from *I13

to “Iisp for Er’" ions, when excited at a

NIR-PL intensity

wavelength of 515 nm. On the other hand, a

2mol%-ErQs-doped 4,4'-bis(N-carbazolyl)-

1,1"-biphenyl (CBP) film did not exhibitany ~ 1200 1300 1400 1500 1600
Wavelength (nm)

NIR emission when using the same
Fig. 3-3. NIR emission spectrum of ErQ;s in a Rubrene (red

pumping conditions. Because the CBP line) or CBP host matrix (green line). Inset: chemical
structure of CBP.

matrix does not have an absorption band at

the pump wavelength, this indicates that Er*" is not directly excited by the 515 nm excitation. In

addition, the transient NIR emission decay profile of the 2mol%-ErQs3-doped Rubrene film showed a

biexponential curve with decay lifetimes of 2.1 and 22 ps (Figure 3-4). The observed transient
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lifetimes are much longer than those of
ErQs in a polycarbonate blend film (0.21
and 0.75 ps) [16], indicating that the NIR
emission reflects the long exciton lifetimes
of triplets in Rubrene. Furthermore,
extremely weak NIR emission was
confirmed in a 2mol% ErQs3-10mol%-
Rubrene-CBP co-deposited film (Figure
3-5). Thus, I conclude that the NIR
emission in the ErQs-Rubrene co-
deposited films originates not from direct

excitation of ErQs but from triplet energy

10—

—
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NIR-PL intensity
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Time (us)

Fig. 3-4. Transient NIR-emission decay profile of 2mol%-
ErQs-Rubrene film monitored at a wavelength of 1.53 pm
with an excitation wavelength of 532 nm.

transfer from the energy donor Rubrene to the energy acceptor ErQs.

To further assess the effect of the singlet-
fission-sensitizer host on the NIR emission
efficiency of ErQs, I also characterized ErQs-
doped films with a host matrix of 2,8-di-tert-
butyl-5,11-bis(4-tert-butylphenyl)-6,12-
diphenyltetracene (TBRb) [17]. I chose
TBRb because even though its emission
spectrum and absorption coefficients are
similar to those of Rubrene (Figure 3-6),

its four tertiary-butyl groups reduce

_— Rubrenel host'
. —— 10mol%-Rubrene-CBP host

NIR-PL intensity

TERTSU RS TWW . Y, V. A MM\%W. 1 i afibdan
1400 1500 1600 1700

Wavelength (nm)

Fig. 3-5. NIR emission spectrum of ErQs in a Rubrene (red
line) or 10mol%-Rubrene-CBP host matrix (orange line).

intermolecular interactions between neighboring host molecules. Since the intermolecular electronic

coupling between neighboring molecules is critical to a singlet fission process [18,19], the reduced

intermolecular interactions for TBRb compared with Rubrene should decrease the singlet-fission

efficiency. In 2mol%-ErQs;-TBRb co-deposited films, NIR emission weaker than that from the
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Rubrene-based films was observed (Figure

3-7a). Although 1 cannot completely

exclude the effect of vibrational
deactivation of excited Er’" ions by high-
energy oscillations, such as of C-H bonds, in
TBRb on NIR emission intensity, the triplet
exciton density must be lower than that of
the Rubrene matrix because of a lower

singlet-fission efficiency. Therefore, the
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Fig. 3-6. Absorption and PL spectra of 100 nm-thick
total number of generated triplets, which ~ Rubrene (red) or TBRb (blue) neat films.

can contribute to NIR emission from ErQs, should be decreased compared with the Rubrene matrix,

leading to a weaker NIR emission intensity. In addition, ¢pz in the NIR of the 2mol%-ErQs-Rubrene

co-deposited films (0.007%) was about 1.75 times higher than that for the TBRb matrix, strongly

indicating that triplets are more efficiently produced by singlet fission when Rubrene is used as the

singlet-fission-sensitizer matrix.
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Fig. 3-7. a) The NIR emission spectra of ErQ; in Rubrene (red) and TBRb (blue) host matrices. b) The
steady-state change in fluorescence intensity from a Rubrene neat film (red) and a TBRb neat film (orange)
as a function of external magnetic field. c) The steady-state change in fluorescence intensity (blue) and NIR
emission intensity (red) from a 2wt%-ErQs;-Rubrene film as a function of external magnetic field.

I studied the steady-state magnetic field dependence of singlet fission to further investigate the

emission mechanism. The steady-state change in fluorescence intensity (4/p.) was calculated as A/p;,
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=100% x (I — Ip)/1y, where Iy is the emission intensity with an applied magnetic field and Iy is that
without an applied magnetic field. In both Rubrene and TBRb neat films, a positive change in
fluorescence intensity (Figure 3-7b) was observed in the high magnetic field regime above 0.05 T.
This behavior is consistent with the presence of singlet fission, because the increasing magnetic field
should decrease the number of correlated triplet-pair states with singlet character !(TT) [14]. which
mediate the dissociation into two triplet excitons, i.e., !(TT) — T + T1. Although AIp;, reaches +22.5%
at 0.4 T in the Rubrene films, the 4/p; in the TBRb films is limited to only +4.8% at 0.4 T. The reduced
singlet fission for TBRb compared with Rubrene is due to the reduction of intermolecular interaction
by the bulky tertiary-butyl groups of TBRb [20] and is consistent with higher gpz in the TBRb neat

film (46%) and weaker NIR emission intensity in ErQs-doped TBRb.

The steady-state intensity changes for visible (41p;-vis) and NIR (A4lpr-nk) emission from a
2mol%-ErQsz-Rubrene co-deposited film as a function of magnetic field (Figure 3-7¢) exhibit
complementary behavior (4/pz-vis = +11.3% and Alp;-nir =—9.5% at 0.4 T). The negative sign of Alp;-
~ir indicates the reduction of emission intensity from triplet excitons according to the reduction of the
probability of singlet fission in the Rubrene matrix [9]. Thus, this observation is conclusive evidence
of triplets generated by singlet fission being transferred from optically excited Rubrene to ErQs. Since
I simultaneously observed Alp;.vis and Alp;-nir, the triplet exciton production efficiency in the 2mol%-
ErQs-Rubrene system under optical pumping can be obtained using Eq. 3-1 (Derivation in Section
3.3).

2
PpL-1 = 2Q5F = R
1~( /a1

(Eq. 3-1)

PL—vis)

In this equation, ¢p.-7 is the triplet exciton production efficiency under photoluminescence (PL), i.e.,
the number of excitons that ultimately end up in the triplet state represented as a percentage of the
initially generated excitons, and ¢sr is the singlet-fission efficiency, i.e., the fraction of singlets that
undergo singlet fission. I also note that the efficiency of the energy transfer process has already been
considered in the equation of AZp;-nir. Thus, a ppr-r of 108.6% is achieved in our system based on a

calculated psr of 54.3% for the intensity changes at 0.4 T. In this way, singlet fission can be evaluated
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using simple measurement systems based on straightforward assumptions. The estimated ¢sr value is
lower than that of a pure Rubrene film [14], suggesting that doping with ErQs molecules, even at low

concentrations, affects the singlet-fission efficiency.

When another erbium(IIl) complex, i.e., 5,10,15,20-tetraphenylporphinato(2,2,6,6-tetramethyl-
3,5-heptanedionato)erbium(IIl) (Er(TPP)TMHD), was used as NIR emitter, an Er(TPP)TMHD-
Rubrene film also exhibited NIR emission corresponding to the transition from *I13 to *I1s5,2 for Er**
ions (Figure 3-8a). In contrast to the ErQz-Rubrene film, however, the Er(TPP)TMHD-Rubrene film
did not exhibit a magnetic field dependence in emission intensity (Figure 3-8b), indicating the
absence of singlet fission. This result can be rationalized by the presence of a strong m-n~ absorption
band in Er(TPP)TMHD that is in resonance with the emission band of Rubrene (Figure 3-8¢), leading
to efficient Forster resonance energy transfer (FRET) from S1_Rubrene to S1_ Er(TPP)TMHD with a
FRET radius of = 5.5 nm. Moreover, the singlet fission process in Rubrene is a slightly endothermic
process and is limited to a rate in the range of 10°~10'° s™! [21]. indicating that the FRET process is

dominant in the Er(TPP)TMHD-Rubrene film. This claim is further supported by the reduction of the

prompt PL component in transient PL measurements (Figure 3-8d).
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Fig. 3-8. a) The NIR emission spectra of Er(TPP)TMHD (green line) or ErQ; (red line) in a Rubrene host
matrix. b) The steady-state change in fluorescence intensity from Er(TPP)TMHD (green filled circles) or
ErQ; (red filled circles) in a Rubrene host matrix as a function of external magnetic field under optical
excitation with an excitation wavelength of 515 nm. ¢) PL spectrum of Rubrene neat film (black line) and
ground-state absorption spectrum of Er(TPP)TMHD (green line) or ErQ; (red line) in solution (1075 M in
DMSO-ds) and. d) PL transient decay characteristics of Er(TPP)TMHD-Rubrene (green line) or ErQs-

Rubrene (red line) co-deposited films.

3.2.2 OLED properties

As thermally evaporated co-deposited ErQs-Rubrene films are amorphous (Figure 3-9), they are
expected to be electrically suitable as an EML. Thus, to harvest electrically generated singlets as EL
via singlet fission, I designed an OLED (Figure 3-10a) with a 2mol%-ErQs-Rubrene film as the
emitting layer (EML). Since the triplet energies of the 4,4'-cyclohexylidenebis|N,N-bis(4-

methylphenyl)benzenamine] (TAPC: 2.87 eV) and 2,4,6-tris(biphenyl-3-yl)-1,3,5-triazine (T2T: 2.68

b
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eV) [22] carrier blocking layers are dramatically higher than that of Rubrene (1.14 eV), the triplet
excitons generated on Rubrene molecules should be effectively confined within the 30 nm-thick EML

during electrical pumping.

ErQ;-Rubrene

y (um)
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Fig. 3-9. Surface morphology of the thermally evaporated 2mol%-ErQs-Rubrene co-deposited film. a) X-
ray diffraction profile. b) Atomic force microscope image. The root-mean-square roughness was
calculated to be 0.58 nm.

Figure 3-10b shows the current density (J)—voltage (V) characteristics of the fabricated OLEDs.
The driving voltage of the OLEDs is nearly the same regardless of whether ErQs is doped in the
Rubrene matrix. This indicates that ErQs; does not act as a strong carrier trapping site, which is likely
due to the large energy bandgap of the 8-HQ ligands. Furthermore, this suggests that the creation of
excitons through carrier recombination mainly occurs on the Rubrene molecules. After carrier
recombination, the electrically generated singlet excitons undergo singlet fission or radiative decay
as prompt electrofluorescence, and the created triplet excitons are harvested by ErQs through Dexter
energy transfer, leading to NIR-EL (Figure 3-10c). The singlet fission process is just like that
occurring under optical excitation, as the NIR emission spectrum is very similar for both optical and

electrical pumping. The integrated intensity of NIR-EL in the OLED with Rubrene as host was about

42



Chapter 3: Exploiting of singlet fission for exciton multiplication in OLEDs

1.2—1.3 times higher than that of an OLED with TBRbD as host at any given current density (Figure
3-10c inset), indicating a higher NIR-EL efficiency in the Rubrene-based OLED, which can be
attributed to the enhancement of gp; for NIR emission in the 2mol%-ErQs-Rubrene system. I note

here that the absolute quantum efficiency of the device cannot be measured due to the quite low @pr

of the 2mol%-ErQ;-Rubrene system (ppz = 1073%).

At 50 mA cm 2 in the OLED with ErQs-doped Rubrene as the EML, the steady-state change in
EL intensity (/rz) with magnetic field was positive in the visible regime and negative in the NIR

regime, as shown in Figure 3-10d. This complementary behavior is consistent with singlet fission
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Fig. 3-10. a) Energy level diagram of the designed OLEDs. The OLEDs employed a 100 nm thick ITO
layer as anode (work function, WF: —5.2 eV) and a 15 nm thick MgAg alloy as cathode (WF: —3.7 eV). b)
Current density as a function of applied voltage for the OLEDs with and without ErQ; dopant. ¢) The
NIR-EL spectrum of ErQ; in Rubrene (blue line) and TBRb (red line) host matrices. d) The steady-state
change in fluorescence intensity (blue circles) and NIR emission intensity (red circles) from a 2mol%-

ErQs-Rubrene based OLED as a function of external magnetic field with the change in driving voltage
(green square).
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contributing to the EL. The driving voltage
did not change during the magneto-EL
measurements (Figure 3-10d), indicating
that the applied external magnetic field does

not affect the electrical conduction in the

Change in EL intensity (%)
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OLEDs. In addition, I did not observe any

change in EL intensity in the visible region
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TBR he EML (Fi -11).
doped basthe (Figure 3-11) Fig. 3-11. The steady-state change in fluorescence intensity

from a 2mol%-ErQ;-TBRb based OLED as a function of
Although the absolute values of 47p, for  external magnetic field.

the NIR and visible are similar, the absolute

values of Alg; are higher in the visible region than the NIR region. This difference under electrical
pumping is due to spin-statistics rules during carrier recombination. Since 75% of electrically
generated excitons are directly formed as triplets and 25% as singlets, the fraction of excitons that
can undergo singlet fission is lower than that of the optical pumping. Thus, the triplet production yield

under EL (¢£r-7) 1s expressed by Eq. 3-2 (Derivation in Section 3.3).

AlgL—vi

2 vis/ +3

(NEL_- Y So+To  (Eq.3-2)
( "/ AIEL—NIR)_l

Q-1 = 20550 +Tp =

Here, So and Ty are the fractions of initially generated singlets and triplets under electrical pumping,
25% and 75%, respectively. Using the experimentally obtained values, the ¢sr under electrical
pumping is calculated to be 51.6% in the 2mol%-ErQs-Rubrene-based OLED, which agrees well with
that of a film under optical pumping. Thus, a triplet production yield before Dexter energy transfer,
@eL-1, of 100.8% was achieved in the OLED, emphasizing the potential of a singlet fission-sensitized
OLED: the classical limitation of #, can be broken by utilizing singlet fission even under electrical

excitation.
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I demonstrated the harvesting of triplets produced by singlet fission under electrical excitation as
NIR emission, leading to an enhancement of the quantum efficiency of the device. Currently, the low
orr of ErQs (on the order of 1073%) limits the EL radiant flux in the NIR even with the increased
exciton generation from singlet fission, but the ¢p; of Er complexes can be further enhanced through
careful design of ligands that suppress non-radiative decay arising from molecular vibrations [23].
Also, the number of candidates for singlet-fission sensitizers is, at the present, rather limited. Well-
known molecules exhibiting efficient singlet fission, such as tetracene, pentacene, and TIPS-
pentacene, are impractical because their crystalline morphologies are electrically unsuitable for
application in evaporated OLEDs, and doping of emissive molecules into an amorphous matrix
exhibiting intermolecular singlet fission, such as Rubrene, detrimentally effects singlet fission
because of reduced intermolecular interactions. However, intramolecular singlet fission with a high
yield has recently been demonstrated [24], and I think further development of efficient
intramolecular-singlet-fission sensitizers that are amorphous even when evaporated to form thin films
will greatly expand the utility of our approach. The present approach, unfortunately, cannot achieve
the maximum possible power efficiency for an ideal OLED, which would require the energy
difference between injected holes and electrons to be similar to either the energy of the emitted
photons or, if all excitons underwent fission, twice the energy of the emitted photons. Nonetheless,
our approach can slightly enhance the power efficiency relative to present Er complex-based OLEDs
because exciton formation occurs on the singlet-fission sensitizer instead of the wider-energy-gap
ligands of the complex, resulting in a lower energy loss when excitons are transferred to the low-
energy emissive state of the erbium (III) ion. Development of ways to further increase the number of

singlets available for undergoing singlet fission would greatly improve the power efficiency.

3.3 Materials and methods

Materials
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The materials Rubrene, TBRb, TAPC, and 8-hydroxyquinolinato-lithium (Liq) were purchased
from Luminescence Technology Corp. ErQs was purchased from Sigma Aldrich Co. LLC. The host
CBP was used as received from Nippon Steel Chemical Co., Ltd. The OLED materials T2T, 2,7-
bis(2,2'-bipyridine-5-yl)triphenylene (BPy-TP2) and Er(TPP)TMHD were synthesized in house (see
below). Before fabrication of samples, the crude powders of Rubrene and ErQ3 were purified by train
sublimation with a thermal gradient under a base pressure of less than 5 x 1073 Pa; this procedure was

repeated three times to obtain highly pure compounds.

Synthesis of Er(TPP)TMHD

—0.
N\ ~Er + »
o 1,2,4-trichlorobenzene, reflux, 24 h, Ar

Er(TPP)TMHD was synthesized according to the reported procedure [25].

m

Sample preparation

Organic solid-state films with a thickness of 100 nm for PL measurements were grown on quartz
substrates by thermal evaporation. Organic deposition was performed under vacuum at pressures of
below 5 x 107 Pa. For OLED fabrication, glass substrates with a pre-patterned, 100 nm thick tin-
doped indium oxide (ITO) coating as anode were used. Substrates were washed by sequential
ultrasonication in neutral detergent, distilled water, acetone, and isopropanol and then exposed to
UV-ozone (NL-UV253, Nippon Laser & Electronics Lab.) to remove adsorbed organic species. After
pre-cleaning the substrates, effective device areas of 4 mm? were defined on the patterned-ITO
substrates by a polyimide insulation layer using a conventional photolithography technique. Organic

layers were formed by thermal evaporation. The structure of OLEDs with a singlet-fission sensitizer
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and a singlet-fission harvester was as follows: TAPC (50 nm)/2mol%-ErQs-Rubrene (30 nm)/T2T
(10 nm)/BPy-TP2 (55 nm)/Liq (2 nm)/MgAg (15 nm). After the fabrication, devices were
immediately encapsulated with glass lids using epoxy glue in a nitrogen-filled glove box (O2 < 0.1
ppm, H2O < 0.1 ppm). Commercial calcium oxide desiccant (Dynic Co.) was included in each

encapsulated package.

Onptical characterization of organic thin films

The steady-state visible PL spectra and intensities were measured using a multichannel
spectrophotometer (PMA-12, Hamamatsu Photonics), and the steady-state NIR-PL spectra of
samples were measured using a spectrophotometer (C9913GC, Hamamatsu Photonics). The NIR
emission intensities were detected through an optical fiber using a thermoelectrically cooled NIR-
PMT unit (C9913GC, Hamamatsu Photonics). PL quantum yield for visible and NIR emission was
measured using an absolute PL quantum yield measurement system (Quantaurus-QY Plus,

Hamamatsu Photonics) under the flow of argon gas with an excitation wavelength of 515 nm.

Characterization of OLEDs

The current density—voltage—radiant flux characteristics of the OLEDs were measured using a
semiconductor parameter analyzer (E5273A, Agilent Technologies) and a calibrated InGaAs
photodetector (818-1G-L, Newport) connected to an optical power meter. NIR-EL spectra of the
OLEDs were also measured using a spectrometer (C9913GC, Hamamatsu Photonics). All

measurements were performed in ambient atmosphere at room temperature.

Characterization of magnetoluminescence
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The change in steady-state emission intensity from the samples under an applied external
magnetic field was characterized using an electromagnet system. The samples were mounted between
the pole pieces of an electromagnet. For magneto-PL measurement, the samples were excited using a
continuous-wave semiconductor laser (SAPPHIRE 514-50 CW CDRH, Coherent, Inc.) with an
output wavelength of 515 nm, and the emission from the samples was collected through two optical
fibers, which were connected to a multichannel spectrophotometer (PMA-12, Hamamatsu Photonics)
and an NIR-PMT (C9913GC, Hamamatsu Photonics). The excitation power was fixed at 5 mW. For
magneto-EL measurements, the mounted OLEDs were operated using a source meter (Keithley 2400,
Keithley Instruments Inc.), and the EL was collected in the same way as for the magneto-PL

measurements. All the measurements were performed in ambient atmosphere at room temperature.

The theoretical treatment of magnetoluminescence

1) Optical pumping

The steady-state change in emission intensity (4/pz) is defined as Alp, = 100% X% (Ig — o) / 1o,
where Iy is the emission intensity with an applied magnetic field and /Iy is that without an applied
magnetic field. I note that these emission intensity reflects the influence of energy transfer efficiency
from Rubrene to ErQs via Dexter type energy transfer. For the steady-state change in visible emission
intensity under optical pumping, the number of singlet excitons remaining after singlet fission under
an external magnetic field (Spg) 1s described as Sprm) =So X (1 —ys X @sr), where Sp 1s the number
of initially created singlets before singlet fission, @sr is the singlet fission efficiency, and yp is the
magnetic field effect coefticient for singlet fission (0 <yg < 1). Here, yz =1 corresponds to no change
in singlet fission and ys = 0 corresponds to a complete quenching of singlet fission under the magnetic
field. Defining Spr@) as the number of singlet excitons remaining after singlet fission without an

external magnetic field, 4/p;-vis can then described by the following equation:

Al . _Iu—lo _ SPLB)TSPL(O) _ (1-vposr)So—(1-9sr)So _ (1-vp)osk (Eq. 1)
PLoVEs = g SpL(0) (1-0sF)So 1-ggp '

48



Chapter 3: Exploiting of singlet fission for exciton multiplication in OLEDs
In the same manner, the number of triplets produced by singlet fission with and without an external
magnetic field are defined as Tp ) =2 % Sy X yp X Psr and Trrp) =2 x So X Qsr, respectively. Thus,

Alpr-nir 1s described by following equation:

_Iu—lo _ TPLe)~TpPL(O) _ 2Vp¥PspSo—2¢spSo _ = _
Alp,_nir = o T 20750 =yp—1 (Eq. 2)

Here, I assume that the PL quantum yield of the NIR emitter and the energy transfer efficiency from
Rubrene to ErQs do not exhibit a magnetic field dependence. From Eq. 1 and 2, I get Eq. 3 which can

be rearranged to arrive at Eq. 3-1.

Alpp—yis — _¥sF (Eq 3)

Alpp-NIR  ¢gp—1

2) Electrical pumping

Under electrical pumping, the Alzr-vis will be described by a formula similar to Eq. 1:

Al  —Im—l _ SEL(B)~SEL(0) — (1-rposp)—(1-0sr) — (1-vp)esr (Eq. 4)
EL-vis Iy SEL(0) 1-pgp 1-pgp '

However, since 75% of all electrically generated excitons are directly formed as triplets states, the
number of triplets with and without the presence of an external magnetic field under electrical
pumping include an additional value for the number of initially generated triplets (To) and are defined
as Ter)=To+2 x So < yg x srand Terw) = To+ 2 x So X psr, respectively. Thus, AIg.-nir 1s describe

by following equation:

In=ly _ TEL®)~TELO) _ (To+2rp9srSo)=(To+2¢5rSo)
Alg;, N = = = (Eq. 5)
Iy TEL(0) Tot+2¢5rSo

Because spin statistics states that three triplets are generated for each singlet under electrical

excitation, I can write that 7y = 3 x Sy. Plugging this into Eq. 5, I get

_ (350+2y595¢S0)=(3S0+295rS0) _ osr(rp=1)

Alg,_nig = (Eq. 6)

3SO+2(pSFSO 1.5+(/)SF
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Using Eq. 4 and 6, I obtain Eq. 7 which can be rearranged to arrive at Eq. 3-2.

Algr—pis __ 1.5+9sp (Eq 7)

AlgL-NIR ogr—1
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Development of highly efficient NIR-TADF
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Abstract

The rather low 7zor of NIR-OLEDs has been a critical obstacle for the potential
applications. Here, I demonstrate a highly efficient NIR emitter exhibiting TADF and
its application to NIR-OLEDs. The designed NIR-TADF emitter, TPA-PZTCN, has a
high ¢p. of over 40% with a peak wavelength at 729 nm even in a highly doped co-
deposited film. The EL peak wavelength of the NIR-OLED is 734 nm with an 5zor of
13.4%, which is unprecedented among rare-metal-free NIR-OLEDs in this spectral
range. Further, TPA-PZTCN can sensitize a deep NIR fluorophore to achieve a peak
wavelength of approximately 900 nm, resulting in an 5zor of over 1% in a TADF-

sensitized NIR-OLED with high operational device durability (LT95 > 600 hr.).
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4.1 Introduction

As discussed in Chapter 2, to maximize the #zor of NIR-OLEDs, harvesting of low-energy dark
triplet excitons as EL before non-radiative decay is required because triplet excitons in organic
emitters are directly generated in every charge carrier recombination event [1]. In fact, room-
temperature phosphorescent-based NIR-OLEDs based on platinum-complexes have an almost ideal
neoe of 24% at an EL wavelength of 740 nm [2] and a high #zor of 3.8% even at 900 nm [3]. Another
possible pathway is the use of pure organic compounds that exhibit TADF, which enables harvesting

of triplet excited state energy as delayed fluorescence without using any precious noble metals [4].

Recently, there has been a great deal of interest in NIR-TADF-OLEDs. Considerable progress
has been made in the field of NIR-TADF emitters, e.g., pyrazinophenanthrene [5,6,7],
pyrazinoacenaphthene [8,9,10,11], dibenzophenazine [12], quinoxaline [13,14], benzothiadiazole
[15], and boron-curcuminoid [16,17,18] derivatives (Figure 4-1), and nzor > 10% at wavelengths
beyond 700 nm is achieved in NIR-TADF-OLEDs [9]. However, NIR-OLEDs suffer from a high #£oe
roll-off in the high current region. This effect might be attributed to the small krisc: ~10* s7' [9,12].
In addition, although operational device stability is critical for practical use, few reports have
mentioned the operational device stability of NIR-OLEDs, implying that the considerable challenges

remain to achieving both highly efficient and operationally durable devices.

Here, I show that our well-thought-out electron donor (D) — electron acceptor (A) type TADF
molecule, 11,12-bis(4-(diphenylamino)phenyl)dibenzo[a,c]phenazine-2,3,6,7-tetracarbonitrile
(TPA-PZTCN), exhibits intense NIR-EL (7£0£max: 13.4% + 0.8%) at the peak wavelength of 734 nm
by harvesting triplet excitons as delayed fluorescence with a well suppressed #£or roll off behavior
(nE0E > 10% at 1 mA cm2) against that of the previously reported NIR-TADF-OLEDs (7z0r < 6% at
1 mA/cm?) [5,8,9,10,11,13,15,16,17]. Importantly, it has unveiled that NIR-OLEDs possess high
device durability (LT95 = 168 h under constant current density operation of 10 mA/cm?). These
features of TPA-PZTCN based NIR-OLEDs originate mainly from an enhancement of kgisc (~10° s~

') compared to that of previous NIR-TADF molecules (kzzsc: ~10*s1)[9,12]. Moreover, TPA-PZTCN

55



Chapter 4: Development of highly efficient NIR-TADF molecule

can effectively serve as an energy sensitizer for NIR fluorophores that have deeper NIR emission at
900 nm, providing a high maximum 7zor of 1.1% + 0.2% with a peak EL wavelength of 901 nm in a
TADF-assisted-fluorescence (TAF) NIR-OLED. According to an efficient singlet energy transfer
from TPA-PZTCN to the NIR fluorophore, a promising device operational lifetime of LT95 > 600 h
was also achieved in the TAF NIR-OLED. This work thus offers a promising strategy for developing
low-cost, flexible, and efficient dual-band NIR-OLEDs, which would be critical for highly sensitive

sensing applications.
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Fig. 4-1. Molecular structures of state-of-the-art NIR-TADF materials against their lowest-
energy reported PL wavelength.
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4.2 Results and discussion

4.2.1 Molecular design

The molecular structure of the designed NIR-TADF emitter is illustrated in Figure 4-2a. A
dibenzo[a,c]phenazine-2,3,6,7-tetracarbonitrile (PZTCN) unit that has high molecular rigidity is used
as anovel electron accepting moiety, and two triphenylamine (TPA) units are attached in the sterically
hindered 11,12-positions as electron-donating moieties to afford efficient NIR-TADF behavior. To
support our molecular design rules for NIR-TADF emitters, a computational study based on time-
dependent density functional theory (TD-DFT) was performed with the B3LYP functional and the 6-
311G+(d) basis. The optimized geometry in the ground-state revealed a twisted structure between the
electron-donating TPA units and the electron-withdrawing PZTCN unit with a dihedral angle of 48.5°.
This twisting led to a spatial separation of HOMO and LUMO, as shown in Figure 4-2b. Therefore,
I expect that this spatial orbital separation affords a small AEst through a small electron exchange

integral in a charge-transfer (CT) excited state [4], resulting in the AEst =0.14 eV.

a b

TPA-PZTCN

Fig. 4-2. a) The chemical structure of TPA-PZTCN. b) HOMO, LUMO distribution of TPA-PZTCN.

Furthermore, the reorganization energy in fluorescent process of TPA-PZTCN was investigated
using Sp and S; optimized geometry. Since the non-radiative decay rate (k,-) depends not only on the
energy gap between So and S; but also on the reorganization energy in luminescent process [19],
suppression of structural relaxation is expected to enhance gp;. In fact, a recent study on platinum-

based phosphorescent material revealed a clear relationship between the reorganization energy and
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opr [20]. As shown in Figure 4-3a, the reorganization energy (41y) in TPA-PZTCN was calculated to
be 185 meV, which is significantly smaller than those calculated for conventional NIR-TADF
materials, e.g., YD24: 245 meV, indicating suppressed &, in TPA-PZTCN due to the introduction of
a rigid PZTCN moiety and sterically hindered TPA units. The rigidity of TPA-PZTCN is further

supported by the significant change in So energy with the varied C-C angle between TPA and PZTCN
units (Figure 4-3b).
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Fig. 4-3. a) Calculated reorganization energy during fluorescence process in TPA-PZTCN. b)
Calculated Sy energy against different C-C angle (0) between TPA and acceptor units in TPA-PZTCN
(red) and YD24 (blue). =0 corresponds to the C-C angle in Sp-optimized structure.

4.2.2 Electrochemical and thermal properties

TPA-PZTCN was synthesized by a condensation reaction between N* N* N*” N*"_tetraphenyl-
[1,1:2",1"-terphenyl]-4,4',4",5'-tetraamine and  3,6-dibromo-2,7-diiodophenanthrene-9,10-dione
followed by a substitution reaction with CuCN (detail synthesis procedure in Section 4.3). As shown
in Figure 4-4, Thermogravimetric differential thermal analysis (TG-DTA) reveals the high thermal
stability of TPA-PZTCN, i.e., a high decomposition temperature of 562 °C, which permits the use of

vacuum deposition techniques in the fabrication of high-quality OLEDs.
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Fig. 4-4. TG-DTA curves of TPA-PZTCN. a) TG (red) - DTA (blue) curves at 1 atm. The 5 wt% loss
point indicates decomposition temperature of 562 °C. b) TG curve at 1 Pa. The 5 wt% loss point
indicates sublimation temperature of 386 °C.

In addition, cyclic voltammetry 2 ' : ' ‘ '
Cycles

measurements show reversible curves both for 1st
<z 1F ——2nd .

oxidation and reduction, indicating the high é

electrochemical stability of TPA-PZTCN (Figure é ot |
=

4-5). Here, the HOMO and LUMO levels of

TPA-PZTCN are calculated to be —5.66 and — 1} |

3.84 eV, respectively, leading to a narrow - =1 0 1

Potential vs. Fc/Fc* (V)

electrochemical bandgap of 1.82 eV as expected
Fig. 4-5. Cyclic voltammetry curves of TPA-PZTCN in

from theoretical calculations. dichloromethane with TBAPF; as the supporting
electrolyte.

4.2.3 Fundamental photophysical properties

The absorption spectrum of TPA-PZTCN in toluene (10> M), the PL spectra of TPA-PZTCN in
toluene and in a 3,3-di(9H-carbazol-9-yl)-1,1-biphenyl (mCBP) host matrix are shown in Figure 4-
6a, and Table 4-1 summarizes their related photophysical data. TPA-PZTCN in toluene has an
absorption maximum at 550 nm and a PL maximum at 674 nm with a PL quantum yield (¢p.) of
77.7% + 0.5%. The spectra of TPA-PZTCN are considerably redshifted from those of state-of-the-art

NIR-TADF molecules such as TPA-PZCN (Abs: 488 nm, PL: 585 nm) [12] and TPAAP (Abs: 487
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nm, PL: 609 nm) [9], indicating the stronger electron-withdrawing ability of the PZTCN moiety than
that of dibenzo[a,c]phenazine-3,6-dicarbonitrile (PZCN) acenaphthopyrazine (AP) moiety. The
1wt%-TPA-PZTCN-mCBP film also had PL at a peak wavelength of 672 nm with a ppz of 78.1% =+
0.3%. Notably, the solid-state films exhibited a greater redshift of their emission as the doping
concentration of TPA-PZTCN was increased. A moderately high ¢p; of 40.8% =+ 0.1% at a PL
maximum of 729 nm was maintained even in a 10wt%-TPA-PZTCN-mCBP film, exhibiting over 100

nm redshifted PL from that of a 10wt%-TPA-PZCN doped film [12].

a b
o | in toluene (Abs)
c in toluene
= [ — 1wt%-doped in mCBP I 2
- 10wt%-doped in mCBP 2
o L . 2
= c
s S
£ | 1 a
)]
P

300 400 500 600 700 800 900
Wavelength (nm)

Fig. 4-6. a) PL spectra of TPA-PZTCN in dilute toluene solution (black), 1wt%-doped in mCBP film
(red), and 10wt%-doped in mCBP film (orange). Black dashed line indicates the absorption spectrum
of TPA-PZTCN solution. b) Temperature-dependent transient PL decay curves of a 10wt%-TPA-

PZTCN-mCBP film.

Table 4-1. Fundamental PL properties of TPA-PZTCN

. PLQY
Absorptlon PL Td kr k|5c kRISC ka
Sample type mm [ prom[po/t‘f]de'ay us] [0'sY [10°sY [10°SsY [10°s]
1075 M in toluene 550 674 77.7

o .

1"‘“1‘]’“ g‘é‘fd n - 672 325456 192 33 0.7 1.1 1.7
o .

10‘“”;’(;’;29" in ; 729 19.1/21.7 18.6 2.6 1.1 0.8 3.9

To get insight into the triplet-harvesting ability of TPA-PZTCN, I performed a temperature-
dependent transient PL measurement for the 10wt%-TPA-PZTCN-mCBP film. As shown in Figure

4-6b, the appearance of the temperature-dependent delayed fluorescence components (delayed
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fluorescence lifetime: 7o = 18.6 ps at 300 K) at the
high temperature region (200-300 K) clearly
indicates the presence of a RISC process from the
Ti to the S; followed by TADF in TPA-PZTCN.
Here I note that the energy gap between the S;
(1.95 eV) and T; (1.85 eV) of TPA—PZTCN was
estimated to be 0.1 eV (Figure 4-7). Remarkably,
the krisc is calculated to be 1.1 x 10° s7' (1wt%-
doped in mCBP) and 7.6 x 10* s (10wt%-
doped in mCBP) at 300 K. The krssc values for
TPA-PZTCN observed in films are one order of
magnitude higher than previously reported
values of NIR-TADF materials such as TPA-
PZCN (9.2 x 10°> s!) [12] and TPAAP (8.3 x 10°
s 1) [9]. In addition, it is confirmed that TPA-
PZTCN has a slightly smaller experimental
AEst value of 0.10 eV (Figure 4-7) than 0.13 eV

of TPA-PZCN [12].

In order to further evaluate the fast RISC
process in TPA-PZTCN, natural transition
orbital (NTO) simulation was performed on the
excited states in TPA-PZTCN (Figure 4-8). TD-
DFT calculation predicted the existence of a T
state (1.59 eV) that neighbors both the S; (1.64
eV) and the T (1.50 eV) states, and the both
states are assigned as a CT excited state because

the highest occupied NTO (HONTO) and the

fluorescence (éOOK) |
- — phosphorescence (77K)

Normalized PL intensity

600 650 700 750 800 850
Wavelength (nm)
Fig. 4-7. Fluorescence (black line) and
phosphorescence (blue line) spectrum of the 10wt%-
TPA-PZTCN-mCBP film. Phosphorescence spectra

were collected 10 ms after turn-off the excitation light
at 77K.
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Fig. 4-8. a) Schematic illustration of 'CT;, 3CT;, and
SHLCT: energy level alignment for RISC in TPA-
PZTCN. b) HONTO and LUNTO distribution, and the
overlap integral (Iuy) for the excited states in TPA-
PZTCN.
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lowest unoccupied NTO (LUNTO) are spatially

—CYX

separated. In fact, the phosphorescence spectrum
of TPA-PZTCN in the 10wt%-TPA-PZTCN-
mCBP film had a structureless Gaussian shape

(Figure 4-7). Furthermore, the prompt

Normalized PL intensity

fluorescence spectrum of TPA-PZTCN had a

notable positive solvatochromic trend with 400 5(')0 600 760 "800 900 1000

increasing solvent polarity (Figure 4-9). These Wavelength (nm)

Fig. 4-9. The PL spectra of TPA-PZTCN in solution
(105 M™). CYX: cyclohexane, TOL: toluene, DEE:

state. Conversely, an increase in the overlap  diethyl ether, CHL: chloroform.

results indicate the strong CT character of the S;

integral (/z/2) between HONTO and LUNTO was observed in the T state, i.e., Si: Iuz =0.315 2 Ta:
Iy, = 0.425, indicating the T state obtains a hybrid local-CT character C(HLCT?). Since a spin-orbit
coupling matrix element should become large when there is a large difference in excitation character
between the initial state and the final state, [21,22,23] this result strongly suggests that spin-flip events
are effectively mediated not only by small AEgt but also by the energetically closed T> state in TPA-

PZTCN, leading to high krisc.

While TPA-PZTCN has highly efficient NIR- — T

PL in the spectral range of ~750 nm, over 60 nm TPA-PZTCN

" BBT-TPA » 7
’/ emission

abs

redshifted from those of reported high-
performance NIR-TADF  materials [9,12],

efficient NIR-TADF-OLEDs with an EL peak

Normalized intensity

beyond 900 nm are mainly limited because of the

lack of NIR fluorophores that have a high gp; and 500 600 700 800 900 1000 1100
Wavelength (nm)
triplet-harvesting ability. Fortunately, the high ¢p
Fig. 4-10. PL spectrum of the 10wt%-TPA-PZTCN-
mCBP film (red solid line), absorption spectrum of
BBT-TPA in dilute toluene solution (dashed brown
line) and PL spectrum of the 1wt%-BBT-TPA-
10wt%-TPA-PZTCN-mCBP film (brown solid line).
Chemical structure of BBT-TPA is also shown.

and the large krisc of TPA-PZTCN contributes to
efficient energy transfer of both excited singlet

and triplet energies to deeper-NIR-fluorophores.
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To demonstrate proof-of-concept of the deep-NIR sensitizing, TPA-PZTCN was used as an energy
sensitizer for a deeper-NIR-fluorophore, namely BBT-TPA that had a relatively high ¢p; of 7.4% in
solution but no TADF activity [24,25]. Figure 4-10 shows the PL spectrum of the 10wt%-TPA-
PZTCN in an mCBP host matrix and an absorption spectrum of the BBT-TPA toluene solution (107
M). The large overlap between the PL spectrum and the absorption spectrum is attributed to an
efficient Forster-type dipole-dipole energy transfer (FRET) from the S; of TPA-PZTCN to the S of
BBT-TPA with a large FRET radius (10.1 nm). This result leads to sufficient singlet excited energy
transfer even when the BBT-TPA is doped at a very dilute concentration, which is critical to avoid
aggregation-induced quenching of the deep-NIR-fluorophore. In fact, the 1wt%-BBT-TPA-10wt%-
TPA-PZTCN-mCBP film had a deep-NIR-PL with a peak wavelength of 874 nm that mainly
originates from BBT-TPA. The ¢p; of the 1wt%-BBT-TPA-10wt%-TPA-PZTCN-mCBP film is 12.9
+ 0.1%. This value is slightly higher than the pp. of BBT-TPA in solution, indicating the presence of
an efficient FRET process and suppression of the vibration-induced exciton quenching in the host-
guest film. The efficient FRET in the BBT-TPA-TPA-PZTCN system thus enables fabrication of

highly efficient TAF-OLEDs [26].

4.2.4 OLED properties

To demonstrate the triplet-harvesting and the energy-sensitizing ability of TPA-PZTCN under
electrical excitation, | fabricated both types of the NIR-OLEDs, i.e., TADF-OLED (without BBT-
TPA) and TAF-OLED (with BBT-TPA as the terminal emitter). The corresponding energy diagram of
the OLED and the chemical structures of materials used in the OLEDs are shown in Section 4.3.
Figure 4-11 and Table 4-2 summarizes the fundamental OLED performances. As shown in Figure
4-11a, our NIR-OLEDs exhibited intense NIR-EL with an EL peak at 734 nm in TADF-OLED and
at 901 nm in TAF-OLED. Note that these EL spectra match well with the difference in the extinction

coefficient between reduced hemoglobin and oxyhemoglobin [27]. Because both wavelengths were
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Fig. 4-11. a) EL spectra of TADF-OLED (red) and TAF-OLED (brown) at a current density of 10 mA/cm?.
b) Current density-radiant emittance-voltage characteristics of tested devices. ¢) External EL quantum
efficiency as a function of current density for tested devices. d) Normalized EL intensity of tested devices

as a function of operating time at 10 mA/cm?.

Table 4-2. EL properties of tested NIR-OLEDs

OLED type EL EQEmax EQE EQE Voltage Output LT95
[nm]? [%] (%] [%]” (YR power [hours]?
[mw/cm?»
TADF 734 13.4 10.2 4.9 7.6 0.9 168
TAF 901 11 1.0 0.8 10.4 0.1 >600

3 Measured at 1 mA/cm?; © Measured at 10 mA/cm?.

obtained by merely adding BBT-TPA as the terminal emitter, this strategy is advantageous for

reducing the fabrication cost of sensors, which might be used in applications such as a pulse-oximetry.

Remarkably, these NIR-OLEDs have unprecedented #£o£mar) values among rare-metal-free NIR-

OLEDs, i.e., 50Emay of 13.4% % 0.8% in the TADF-OLED and 51£0may of 1.1% = 0.2% in the TAF-

OLED (Figure 4-11c). Notably, the #zor of the TADF-OLED partially originates from a high light-
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outcoupling efficiency (calculated value: 34.5%)

e Experiment

owing to horizontal orientation of the transition _ _
Simulation (6 = 0)

dipole moment (TDM) of TPA-PZTCN in the co-

—— Simulation ( = 0.33)

deposited film (Figure 4-12). The spontaneous
orientation of the TDM relates to the high aspect

ratio of the molecular structure of TPA-PZTCN

Normalized PL intensity

[28]. Here, I note that TADF-OLEDs employing 0 20 20 ‘ 60 ) 80

1,3,6wt%-TPA-PZTCN-mCBP as an emitting Angle (°)

Fig. 4-12. Angle-dependent PL. measurement for the
layer also showed significant EL performance in  {owt%-TPA-PZTCN-mCBP film. Experimental
data (red dot) is in good agreement with the
simulational curve corresponding to the horizontal
transition dipole orientation of TPA-PZTCN (blue
solid line).

deep-red to NIR region, i.e., 1EQEmax: 19.3% (EL:
651 nm), #eoemay: 17.7% (EL: 671 nm), and
NEQEmay): 15.8% (EL: 712 nm), respectively
(Figure 4-13). Importantly, our NIR-OLED had well-suppressed EL efficiency roll-off behavior
compared with those in the previous reports [5,8,9,10,11,13,15,16,17], i.e., neoe > 10% even at > 1
mA/cm?. This is not only because of well-balanced charge transport in the OLED but also because of
the high krisc of TPA-PZTCN, which reduces the accumulated triplet density at the high current
density region and suppresses triplet-related deactivation processes such as singlet-triplet, triplet-
polaron, and triplet-triplet annihilations [22,29,30,31]. Note that the #£or of TAF-OLED might still
be improved. The maximum theoretically predicted nzor is 2.6%, but the experimental value was
limited to 1.1%. This result might be attributed to electron trapping caused by the narrow energy gap
of BBT-TPA, leading to direct carrier recombination on the BBT-TPA molecules. This result might

be overcome by selection of a proper host material.
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Fig. 4-13. a) EL spectra of the devices with different doping concentration of TPA-PZTCN (black:
1wt%, blue: 3wt%, green: 6wt%) at a current density of 10 mA cm=. b) External EL quantum
efficiency as a function of current density.

In addition, as shown in Figure 4-11d, the 10wt%-TPA-PZTCN-mCBP based TADF-OLED
exhibited a long device operational lifetime of LT95 = 168 h (operation current density of 10 mA/cm?,
corresponding to an output power of 0.9 mW/cm?). This long device operational lifetime might
originate from reduction of reactive higher-lying triplet excitons [32] in addition to the efficient RISC
process in TPA-PZTCN. Furthermore, the 1wt%-BBT-TPA-10wt%-TPA-PZTCN-mCBP based TAF-
OLED exhibited a long device operational lifetime of LT95 > 600 hours (operation current density of
10 mA/cm?, corresponding to an output power of 0.1 mW/cm?) owing to rapid RISC in TPA-PZTCN
and efficient FRET for the fluorescent emitter with a stable aromatic skeleton, leading to a further

reduction of chemically unstable triplet excitons [31].

Finally, the finger photoplethysmographic (PPG) sensing was performed using our developed
NIR-TADF-OLEDs integrated with a conventional organic photodiode (OPD) [33,34] (Figure 4-14a).
The OPD fabricated here showed a high EQE of more than 8.3% at 700 ~ 900 nm and high specific
detection ability of about 10" ~ 10'? Jones in operation at 0 V (Figure 4-14b, Figure 4-14c). As
shown in Figure 4-14d, a change in the intensity of scattered or reflected light was observed in the
case of both NIR-TADF-OLED (EL: 734 nm) and NIR-TAF-OLED (EL: 901 nm), indicating that

“all-organic” PPG using dual NIR-wavelength were successfully performed.
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In summary, I designed and synthesized TPA-PZTCN, which exhibits efficient TADF through
the use of PZTCN as a rigid and strong electron-withdrawing core, and demonstrated its triplet-
harvesting ability and the energy-sensitizing ability for deep-NIR-fluorophore. The fabricated NIR-
OLEDs has one of the highest #rogmay) of 13.4% (EL: 734 nm) and 1.1% (EL: 901 nm) among
reported rare-metal-free NIR-OLEDs, with well suppressed roll-off behavior and the long device
operational lifetime even in the high current operation. Furthermore, the developed NIR-OLEDs are
integrated with an OPD to demonstrate the all-organic PPG sensing at dual NIR-wavelength. Thus, I
believe that our proposed design strategy for this NIR-TADF molecule and its application in the deep-
NIR-OLEDs will pave the way for the realization of highly sensitive and convenient health

management and diagnosis in daily life.
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Fig. 4-14. a) Photograph of OLED (red arrow) /OPD (green arrow) integrated devices. b) EQE spectral
response at 0 V for the OPD with EL spectra of the OLEDs. c¢) Calculated specific detectibity spectrum at
0 V for the OPD. d) Finger PPG sensing signals using OLED/OPD integrated devices (red: TADF-OLED,
brown: TAF-OLED). Black dashed line indicates the dark current in the measurement system.
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4.3 Materials and methods

Synthesis of TPA-PZTCN

F’h Ph
N-Ph

" ReXa
d(PPh3)4, KoCO4
Dioxane:\Water O

B(OH)2 HoN 4 NH O O O O
: N ? AcOH O NMP, CuCN
Br O 130°c, 24n N N 180 °C. 48h N
NIS . .
|1rc:benzene H,50, Br
DBrPQ I2 TPA-PZTCN

Compound 2 was synthesized according to the reported procedure [35].

N4N4 N N4-tetraphenyl-[1,1':2',1"-terphenyl]-4,4’,4" ,5'-tetraamine (1):

4,5-Dibromobenzene-1,2-diamine (1.33 g, 5.0 mmol) and (4-
(diphenylamino)phenyl)boronic acid (3.47 g, 12 mmol), K»CO3 (2.76 g, 20 mmol), and Pd(PPh3)4
(116 mg, 0.1 mmol) were added in a 100 mL mixture of 1,4-dioxane and water (10/1, v/v) under
nitrogen. The solution was stirred for 24 h at 90 °C, cooled down to room temperature, poured into
100 mL of water, and then extracted with dichloromethane (DCM). The obtained layer was
evaporated under reduced pressure and further purified via column chromatography using n-hexane
and ethyl acetate (2/1, v/v) as the eluent to afford a white solid (2.32 g, 78%). '"H NMR (500 MHz,
DMSO-ds, 300 K): 8/ppm = 7.23 (dd, J = 8.0 Hz, J = 7.5 Hz, 8H), 6.99 (t, ] = 7.5 Hz, 4H), 6.95 (d, J
= 8.0 Hz, 8H), 6.93 (d, J = 8.5 Hz, 4H), 6.83 (d, ] = 8.5 Hz, 4H), 6.58 (s, 2H), 4.61 (s, 4H; NH»). 1*C
NMR (125 MHz, DMSO-ds, 300 K): 6/ppm = 147.27, 144.46, 137.35, 134.44, 130.54, 129.36, 128.56,

123.44, 123.23, 122.52, 115.94. ASAP-MS: m/z: calculated for C42H34N4: 594.76; found: 594.56.

68



"H NMR spectra of compound 1 (500 MHz, DMSO-ds, 300 K)

Chapter 4: Development of highly efficient NIR-TADF molecule

o
000- — = Fo oro—
1
=l
=]
0
20%6¢
9.%%
se6e
LS 2568 —F
69'6¢
s8'6¢
z00r
©
05 — —— o
<
Il
zee— —_— —_
©
e N
<
re ° S
r< on
o
~
0
Fo 0 i vegIL —
L2
19y — —— -< Toov £ O
4 2]
859 — - 0% o oF
LS L2
- 25721 ~
£221 ~
0
LS o N vrezL =
M vegH —
<
© v 28221\
289 (@\] ceeel 7 95821~
= = e
Le ~ 9g8eL =~ -~
sso— - ~J ooz oz6el 7
@wo 269 L/ ] veoel 7
A — 1 g = ke
[ 4Ry P — == " o (el vryeL —
veo — 969 = 08 | 2
69 86'9 01 jn
oe9 e —0o 669 7 —== Foos o ovpp —
869 ot o — seLel —
669 o 1z
10c Lo m
L
7L Q
szt Q
o Gy
LS o)
<
T~ - b= 9rvyL —
£7L - 0
seL— - F o %
o Lo —
° [72]
I &
s
ra Z
en
—

120 115
110 100 90
f1 (ppm)

125
120

130
1 (ppm)

130

135
140

140
150

160

145
170

150
180

190

00



Chapter 4: Development of highly efficient NIR-TADF molecule

ASAP-MS spectra of compound 1
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4,4'-(3,6-dibromo-2,7-diiododibenzo[a,c]phenazine-11,12-diyl)bis(N,N-diphenylaniline) (3):

Compound 1 (1.15 g, 1.94 mmol), 3,6-dibromo-2,7-diiodophenanthrene-9,10-dione (2) (1.0 g, 1.62
mmol) were added to 250 mL of AcOH under nitrogen. The solution was stirred for 24 h at 125 °C,
after completion of reaction, the mixture was cooled down to room temperature, and mixed with ice
water. The obtained solid was filtered under reduced pressure and washed with methanol followed by
recrystallization in chloroform to obtain a deep red solid (crude: 1.71 g, 90 %). "H NMR (500 MHz,
CDCls, 300 K): &/ppm =9.77 (s, 2H), 8.62 (s, 2H), 8.33 (s, 2H), 7.28 (dd, J = 8.0 Hz, 8H), 7.21 (d, J
= 8.5 Hz, 4H), 7.14 (d, ] = 8.0 Hz, 8H), 7.06 (t, ] = 8.5 Hz, 4H), 7.04 (d, J] = 8.0 Hz, 4H). '*C NMR
could not be taken due to the low solubility. MALDI-TOF-MS: m/z: calculated for CssH34Br2loNy:

1176.53; found: 1177.05.

70



Chapter 4: Development of highly efficient NIR-TADF molecule

"H NMR spectra of compound 3 (500 MHz, CDCls, 300 K)
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11,12-bis(4-(diphenylamino)phenyl)dibenzo[a,c]phenazine-2,3,6,7-tetracarbonitrile (TPA-

PZTCN):

Compound 3 (1.5 g, 1.25 mmol) and CuCN (1.12 g, 12.5 mmol) were added into 150 mL of anhydrous
NMP under argon. The mixture was heated at 180 °C for 48 h, the progress of the reaction was
monitored by TLC. After the completion of reaction, the mixture was cooled to room temperature,
added 500 ml of 2% aqueous ammonia solution followed by extraction with 150 ml of Toluene (3 x
50 mL), washed by water, and dried over MgSO4. The obtained product was further purified via
column chromatography using toluene and chloroform (9/1, v/v) as the eluent to yield TPA—PZTCN
as a dark blue solid (820 mg, 76 %). 'H NMR (500 MHz, CDCl3, 300 K): §/ppm = 9.96 (s, 2H), 9.00
(s,2H), 8.44 (s, 2H), 7.30 (dd, J = 7.5 Hz, 8H), 7.22 (d, ] = 8.0 Hz, 4H), 7.16 (d, ] = 8.0 Hz, 8H), 7.09
(t, ] = 7.5 Hz, 4H), 7.06 (d, ] = 8.0 Hz, 4H). '*C NMR (125 MHz, CDCls, 300 K): 8/ppm = 148.15,
147.44, 147.31, 143.18, 139.37, 134.96, 132.89, 132.68, 131.43, 130.86, 129.81, 129.61, 125.15,
123.75, 122.27, 116.18, 116.04, 115.16. MALDI-TOF-MS: m/z: calculated for CeoH34N3g: 866.9880;

found: 867.25. Anal. calcd for CsoH34Nsg: C 83.12, H 3.95, N 12.92; found: C 83.04, H 3.95, N 12.84.
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"H NMR spectra of TPA-PZTCN (500 MHz, CDCl3, 300 K)
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MALDI-TOF-MS spectra of TPA-PZTCN
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Materials

4,4'-Cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine] (TAPC), 2,3,6,7,10,11-
hexacyano-1,4,5,8,9,12-hexaazatriphenylene (HATCN), 8-hydroxyquinolinolato-lithium (Liq) and
lead(II) phthalocyanine (PbPc) were purchased from Luminescence Technology Corp. Copper(I)
iodide (Cul) was purchased from FUJIFILM Wako Pure Chemical Corp. Fullerene (Ceo), and
bathocuproine (BCP) were purchased from Tokyo Chemical Industry Co., Ltd. The OLED materials,
4,8-bis[4-(N,N-diphenylamino)phenyl|benzo[ 1,2-c:4,5-c'|bis[ 1,2,5]thiadiazole (BBT-TPA), 3,3'-
bis(9-carbazolyl)-1,1'-biphenyl (mCBP), 2,4,6-tris(biphenyl-3-yl)-1,3,5-triazine (T2T) and 2,7-
bis(2,2'-bipyridine-5-yl)triphenylene (BPy-TP2) were synthesized in house. Before fabrication of the
OLEDs and OPDs, each powders were purified repeatedly by a train sublimation with a thermal

gradient under a base pressure of less than 5 x 107° Pa.
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Sample preparation

Organic solid-state films with a thickness of 100 nm for PL measurements were deposited on
quartz substrates by thermal evaporation. Vacuum deposition was performed under vacuum at
pressures of below 5 x 10~* Pa. For OLED fabrication, glass substrates with a pre-patterned, 100-nm-
thick tin-doped indium oxide (ITO) coating as anode were used. Substrates were washed by sequential
ultrasonication in neutral detergent, distilled water, acetone, and isopropanol and then exposed to UV-
ozone (NL-UV253, Nippon Laser & Electronics Lab.) to remove adsorbed organic species. After pre-
cleaning the substrates, effective device areas of 1 mm? were defined on the patterned-ITO substrates
by a polyimide insulation layer using a conventional photolithography technique. Organic layers were
formed by thermal evaporation. An OLED with a NIR-TADF sensitizer and a fluorescent emitter is
as follows: HATCN (10 nm) / TAPC (20 nm) / 1wt%-BBT-TPA-10wt%-TPA-PZTCN-mCBP (60 nm)
/T2T (10 nm) / BPy-TP2 (50 nm) / Liq (2 nm) / Al (100 nm). The corresponding energy diagram of
the OLED and the chemical structures of materials used in the OLEDs are described below. For the
on-chip integrated devices for PPG sensing, ITO patterns were fabricated by photolithography,
polyimide insulator films were formed on the ITO patterns, and then OLEDs and an OPD were
fabricated by vacuum deposition. An OPD was fabricated using a reported device structure [28]
combined with hole-blocking layer [29]: Cul (4 nm) / PbPc (60 nm) / Ceo (60 nm) / T2T (6 nm) / BCP
(6 nm) / Al (100 nm). After the fabrication, devices were immediately encapsulated with glass lids
using epoxy glue in a nitrogen-filled glove box (O2 < 0.1 ppm, H>O < 0.1 ppm). Commercial calcium

oxide desiccant (Dynic Co.) was included in each encapsulated package.
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Onptical characterization of organic thin films

The ground-state absorption spectra were measured using a spectrophotometer (LAMBDA950-
PKA, PerkinElmer). The steady-state PL spectra were measured using a multichannel
spectrofluorometer (FP-8600, JASCO). The PL quantum yield was measured using an absolute PL
quantum yield measurement system (C13534-21, Hamamatsu Photonics) under the flow of argon gas
with an excitation wavelength of 340 nm. The transient PL decay curves were obtained under Ar flow
using a fluorescence lifetime spectrometer (C11367, Hamamatsu Photonics). The temperature
dependence of transient PL spectra were obtained under vacuum condition using a streak camera
(C10910, Hamamatsu Photonics), a Nd:YAG laser (PL2250, EKSPLA) as an excitation source with
an excitation wavelength of 355 nm, and a cryostat (PS-HT-200, Nagase Techno-Engineering). The
angle-dependent PL spectra and intensities were measured using a molecular orientation
measurement system (C13472, Hamamatsu Photonics) and a multichannel spectrophotometer
(C10027-01, Hamamatsu Photonics). The optical simulation of transition dipole orientation in co-
deposited film and light-outcoupling efficiency of the TADF-OLED were performed using simulation

software (Setfos, Fluxim).

Characterization of OLEDs

The current density—voltage-radiant flux characteristics of the OLEDs were measured using a
semiconductor parameter analyzer (E5273A, Agilent Technologies) and a calibrated Si photodetector
and an InGaAs photodetector (818-1G-L, Newport) connected to an optical power meter (1930C,
Newport). The EL spectra of the OLEDs also measured using a multichannel spectrophotometer
(C10027-02, Hamamatsu Photonics). The operational device lifetime of the TADF-OLEDs was
obtained using a lifetime measurement system (EAS-26B, System Engineers), and that of TAF-
OLEDs were obtained using a sourcemeter (2400, Keithley) and a multichannel spectrophotometer
(C10028-01, Hamamatsu Photonics). For PPG sensing, a finger is placed on OLED/OPD integrated

devices, and the time variation of scattered and reflected light intensity was processed by a detecting

77



Chapter 4: Development of highly efficient NIR-TADF molecule
circuit and an oscilloscope (DSO5034A, Agilent Technologies). All measurements were performed

at room temperature.

DFT calculations

The computational studies were conducted using the computer facilities at the Research Institute
for Information Technology, Kyushu University. The ground-state (So) geometry of TPA-PZTCN was
optimized at the B3LYP/6-311+G(d) level using Gaussian 09, and the time-dependent DFT (TD-
DFT) calculations were conducted at the B3LYP/6-311+G(d) level for the excited state calculation
using the So geometry. The overlap integral of natural transition orbitals (NTOs) in each excited state

was calculated using the program Multiwtn [36].

FElectrochemical characterization

Cyclic voltammetry (CV) was measured using CHI600 voltammetric analyzer at room
temperature with a conventional three-electrode configuration consisting of a platinum disk working
electrode, a platinum wire auxiliary electrode and an Ag wire pseudo-reference electrode with
ferrocenium—ferrocene (Fc'/Fc) as the internal standard. Argon purged dichloromethane was used as
solvent for scanning the oxidation with tetrabutylammonium hexafluorophosphate (TBAPF¢) (0.1 M)
as the supporting electrolyte. The cyclic voltammograms were obtained at a scan rate of 100 mV s .
The HOMO and LUMO levels are calculated to be —5.66 eV and —3.84 eV, respectively, by using

HOMO (eV) = —¢ (Eox + 5.1 V) and LUMO (eV) = —¢ (Erea + 5.1 V) [37].
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5.1 Summary

In this thesis, 1 aimed to improve the nror of NIR-OLEDs, and proposed novel device

architectures and material design guidelines for high #, and high ¢p; in the NIR region.

In Chapter 2, NIR-OLEDs employing a TADF host matrix were investigated to improve 7, in
NIR-OLEDs. Combined with the temperature dependent measurement of the PL intensity, it was
found that the efficient RISC process in the TADF host molecule contributes to the enhancement of
the NIR-EL that originates from conventional NIR-dye, leading to a sixfold larger #zor than that of
non-TADF host based OLEDs. The TADF material was also shown to be useful as a bipolar host

material for low driving voltage in OLEDs.

In Chapter 3, the exploitation of a singlet fission process was demonstrated for the first time in
OLEDs research to further boost #,. The magnetic field dependence of the visible and NIR
luminescence intensities clearly indicated that the triplet exciton generated by the singlet fission

process contributes to the enhancement of the NIR-EL, resulting in the 7, of over 100%.

In Chapter 4, a novel NIR-TADF molecule, TPA-PZTCN, was developed to improve #ror and
suppress roll-off in NIR-OLEDs. TPA-PZTCN showed intense NIR emission (PL: 729 nm, ¢pz:
40.8%) and efficient RISC process (krisc: 7.6 x 10* s1), and it was found that TPA-PZTCN acts as a
TADF assisting dopant for a NIR fluorescent molecule with longer emission wavelength. Using
significant triplet harvesting ability of TPA-PZTCN, NIR-TADF-OLED (EL: 734 nm, nepe: 13.4%),
and NIR-TAF-OLED (EL: 901 nm, #ege: 1.1%) with suppressed roll-off and long device operating
lifetime were achieved. I also demonstrated that the NIR-OLEDs could be combined with a NIR-

OPDs to realize all-organic PPG sensing at two wavelengths.

84



Chapter 5: Summary and future perspective
I summarize the obtained EQE and EL spectrum in Figure 5-1. I successfully achieved intensive
NIR-EL in the wide NIR range of 700~1500 nm by applying exciton harvesting and multiplication

mechanisms and a novel rigid molecular framework for NIR-OLEDs.

FIu-OLED

A Phos-OLED
TADF-OLED |

* This work

800 1000 1200 1400 1600
EL peak (nm)

Fig. 5-1. The yeor and EL spectra of tested NIR-OLEDs

5.2. Future perspective

Nevertheless, compared to existing inorganic LEDs [1], quantum dot LEDs [2], perovskite LEDs
[3], and phosphorescent OLEDs [4,5], the neor values of NIR-SF-OLEDs and NIR-TADF-OLEDs
reported in this thesis are still low. Thus, I finally summarize the future perspectives for advanced

NIR emitters and NIR-OLEDs (Figure 5-2).

In Chapter 3, I demonstrated EL via singlet fission, and this can be seen as the first step toward
the realization of an ultimate 7, of 200% under electrical excitation. Although spin-statistics rules
would still limit the theoretical 7, to 125% in the presented system, an 7, of 200% could be possible
by first converting all of the electrically generated excitons to singlets. In fact, our group previously
reported the harvesting of triplet excitons as delayed fluorescence by using resonant energy transfer
from molecules exhibiting TADF to fluorescent emitters [6,7]. Thus, a path to an 7, of 200% exists

through the combination of TADF molecules to produce singlet excitons, singlet-fission sensitizers
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to double the number of excitons while converting them to triplets, and NIR phosphors (not only

organometallic complexes but also nanocrystals) to emit light from the triplets.

In addition, to further improve the gp; of NIR emitters, the suppression of the non-radiative
deactivation processes is essential. A recent study on NIR phosphorescent materials based on
platinum complexes have revealed that the energy gap law can be circumvented by reducing the
reorganization energy based on “exciton delocalization” [8]. The key point of this concept is that
effective reorganization energy (Ae) is reduced by the delocalization of one exciton on some
molecules, as Aefis expressed by A=A/ N (N: the number of molecules). So far, there are no reports
focusing on TADF aggregates to achieve exciton delocalization for the enhancement of ¢p;. For D-A
type TADF materials with large permanent dipole moment, however, exciton dissociation due to
spontaneous orientation polarization inside the film has been reported [9,10]. Therefore, the

development of non-polar TADF materials beyond D-A type is also required.

Here I note that, in addition to the enhancement in gp;, TADF aggregates are simultaneously
beneficial for the reduction of driving voltage in NIR-OLEDs. So far, the high driving voltage of
NIR-OLEDs, mainly caused by the charge trapping on guest molecules in the host-guest EML, have
been one of the huge barrier for practical applications. Therefore, TADF aggregates are advantageous,
because they potentially have bipolar charge-transporting ability [11,12] and do not require any host-
guest system. This bipolar charge-transport of TADF aggregates is also beneficial for NIR-OLEDs,
which require thicker film than that for visible OLEDs, due to the wavelength dependence of the light
outcoupling efficiency [13]. Thus, I believe non-polar NIR-TADF aggregates would be one of the
promising system for the enhancement of ¢z, while maintaining the unity of y and #, in NIR-OLEDs

and decreasing the driving voltage.
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Fig. 5-2. Future perspective for high-efficiency NIR-OLEDs
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