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Chapter 1. General introduction



1.1 The nature of light

Light, which is known as a kind of electromagnetic radiation, brightens our
darkness and plays a vital role in our daily life.!'] At the most fundamental level, light
exhibits two extremely significant features: (i) light is energy in motion, and it moves
with an extremely fast speed (¢=2.99x10® m s™! in a vacuum);® 3! (ii) light can convey
information. Scientists discovered later that light is intrinsically a very complicated
phenomenon. A Dutch physicist and mathematician Christiaan Huygens asserted that
light is composed of waves.[*! Followed by Isaac Newton, who is an English physicist
and mathematician, noticed that light is composed of particles. It was not until the 20
century that modern scientists perceived light as a dual-nature; that is, light behaves as
a wave in some circumstances, while there are other circumstances in which it exhibits
a particle. This dual wave-like and particle-like nature of light is known as the wave-

particle duality.* >

1.2 Radiation mechanism and process

1.2.1 Spontaneous and stimulated emission

Absorption, spontaneous emission, and stimulated emission are three relevant

1671 As shown in Figure 1-1

processes to generate photons with different types of light.
(a), absorption is a process in which the energy of an incident photon is converted to
the internal energy of electrons from the ground state (£1) to the excited state (£2). The
light-emitting process will take place after the absorption. Spontaneous emission is a
radiative energy conversion process, where an excited electron at E> decays to E1 to

generate a photon. Spontaneous emission depends on the electrons at E>; the rate of

spontaneous emission can be modeled as the equation 1.1:
dN
(d—:)sp = —Ay:N,, (Eq. 1.1)

where N, is the number of atoms per unit volume at E>, and the constant of

proportionality A,; is called Einstein A coefficient.’!l Meanwhile it ought to be noted



that the radiative emission is just one of the two possible ways within this decay process,
the energy might go through the nonradiative decay by converting to heat (mechanical
vibrations). Also, another feature of the photons from the spontaneous emission is
random direction, phase, and electromagnetic polarization.

Stimulated emission is a process, where an incident photon with equal energy to
(Ex—Eh) can interact with an excited electron, thereby inducing the light amplification.

As equation 1.2 shows:

dN

(52)_, = ~Baauls. (Eq. 1.2)

where the constant of proportionality B,; is known as another Einstein B coefficient!”’
and p is the spectral energy density per unit bandwidth. It is worth noting that the
stimulated photons will have the same frequency, direction, phase, and electromagnetic

polarization as the incident one.
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Figure 1-1. Schematic illustration of the three processes: (a) absorption; (b)

spontaneous emission, and (c) stimulated emission.

1.2.2 Fluorescence, phosphorescence, and delayed fluorescence

As shown in the Jablonski diagram of Figure 1-2, the radiative transition (emission
of photons) from the singlet excited state (Si1) to the ground state (So) is known as
fluorescence, as a consequence of the photon absorption, rapid vibrational relaxation,

as well as possible internal conversion (IC). Fluorescence usually takes place between
3



(191 In common, the radiative rate

the two electronic states of the same spin multiplicity.
of a fluorescence emitter is as fast as 10’—10'° s!, which makes it a very promising
candidate for organic light-emitting devices (OLEDs) and lasers.['’ '2I In contrast,
phosphorescence is a radiative transition from the triplet excited state (T1) to So, which
contains two electronic states of the different spin multiplicity.!"*! Similar to the
intersystem crossing (ISC) process, phosphorescence is in principle a forbidden
transition owing to the different spin multiplicity. However, this transition is able to be
weakly allowed through the spin-orbit coupling (SOC) effect.l'¥) Because of the
involvement of the spin-flip process, the phosphorescence transition lifetime is very
large (timescale ranges from 1076 to 10 s), which is not suitable for laser dyes; however,
afterglow usually takes place owing to the “long-lived” triplet excitons.!'>] The third
type of radiative transition is known as the delayed fluorescence (DF), including the P-
type of triplet-triplet annihilation (TTA) and E-type of thermally activated delayed
fluorescence (TADF).!!% 171 Both of these two delayed fluorescence mechanisms come
from the reverse intersystem crossing (RISC) from Ti to S;. Because the spin-flip
process is also required for this forbidden transition between S; and T}, the prompt and
delayed emission components have the same spectral shapes but the latter has a longer

radiative lifetime.
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Figure 1-2. Perrin-Jablonski diagram showing the possible radiative and nonradiative
transitions. So, S, and S, represent the ground state, the 1% singlet excited state, and the
higher-lying (n>2) singlet excited state, respectively. T1 and T, denote the 1 triplet

excited state and the higher-lying (n>2) triplet excited state, respectively.

1.3 Exciton utilization in OLEDs

1.3.1 Design and principle of OLEDs

Since the first report on electroluminescence (EL) from an anthracene crystal by
Pope et al., with an extremely high driving voltage exceeding 400 V, the development
of OLEDs is exactly the improvement of exciton utilization efficiency by engineering
materials and devices.!"®! As illustrated in Figure 1-3, a conventional OLED structure
has several functional organic layers sandwiched between the anode and cathode
electrodes. The organic region is composed of a hole-injection layer (HIL), a hole-
transporting layer (HTL), an electron-blocking layer (EBL), an emissive layer (EML),
a hole-blocking layer (HBL), an electron-transporting layer (ETL), and an electron-

injection layer (EIL), respectively.
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Figure 1-3. Conventional OLED structure includes functional multilayers of the anode,

HIL, HTL, EBL, EML, HBL, ETL, EIL, and cathode.

Herein as shown in Figure 1-4, the injected holes and electrons are transported
through the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) level of the injection and transporting layers, and followed
by the recombination in the EML. The formed high-energy hole-electron pair is called
“exciton”. According to the spin-statistic rule, the singlet and triplet excitons are
generated at a ratio of 1:3 under the electrical excitation. External quantum efficiency

(EQE) of OLED:s is given by the following equation:

Next = Nr * X " PpL * Nouts (Eq- 1.3)

where 1., 1s the EQE, 7, isthe charge-carrier (hole/electron) balance factor, y is the
spin statistic factor, ¢p; is the photoluminescence quantum yield (PLQY), and 1,
is the light outcoupling efficiency of devices. Ideally, n,, and ¢p; are unity if the
excellent charge balance and efficient radiative transition are obtained. 71,y 1S
commonly considered as 20%, because of the photon loss from waveguide mode,
surface plasma polariton (SPP), and so on, Therefore, maximizing the y value, in other
words, fully harvesting singlet and triplet excitons for radiation process is the intrinsic

target to improve the EQE.
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Figure 1-4. Carrier injection, transporting, recombination, and formation of

fluorescence/phosphorescence processes in OLEDs.['")

1.3.2 Exciton utilization in fluorescence OLEDs

The 1% generation OLED technology, in which a fluorescence emitter tris(8-
hydroxyquinoline) aluminum (Alq3) was used for light-emitting, was proposed by Tang
and VanSlyke in 1987.1'! In the fluorescence OLEDs, only 25% singlets generated
under the electrical excitation could be employed for radiative emission, because of the
very weak SOC effects in organic molecules like Alqgs. Thus, the maximum y value or
internal quantum efficiency (IQE) is limited at 25%, indicating the theoretically
maximum EQE is calculated to be 5% in such fluorescence OLEDs. Therefore, full
utilization of singlets and triplets toward 100% IQE is anticipated if the strong SOC

effect can provide the probability of spin multiplets mixing.
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Figure 1-5. Exciton utilization efficiency progress of OLEDs from the 1% generation
fluorescence-based OLEDs (1987) to the 2" generation phosphorescence-based
OLEDs (1998), and the 3™ generation TADF-based OLEDs (2012). The chemical
structures of the representative light-emitting molecules Alqgs (fluorescence), tris(2-
phenylpyridine)iridium(III) [Ir(ppy)s, phosphorescence], and 1,2,3,5-tetrakis(carbazol-
9-yl)-4,6-dicyanobenzene (4CzIPN, TADF) as shown.

1.3.3 Exciton utilization in phosphorescence OLEDs

To harvest the spin-forbidden triplets, a strong SOC from the heavy-atom effect
was utilized by Forrest et al. for the fabrication of the 2"¢ generation phosphorescence
OLEDs in 1998.'1 According to the spin-orbit perturbation (SOP) theory, it is evident
that the triplet wavefunctions are usually not pure zero-order, but a mixture of singlet
nature functionalized by perturbation (such as SOC) to some degree at the excited state.

In this case, a simple generalization of the SOC operator to determine the molecules

can be presented as:



ezhz Z 3>

Hsp = [:3, = 1LS, (Eq. 1.4)

2m2c¢2 r3

where 4 = + j—s is the SOC constant, L is the angular momentum of an electron, S is

the spin of an electron, Z is the nuclear charge, f is the Planck’s constant, e is the
elementary charge, c is the velocity of light, m is the mass of an electron, r is the
radius of the atom. To promote the singlet-triplet spin mixture, using the heavy-metal
atom would be an efficient way to enlarge the SOC value, due to their very large Z
values. Benefitting from this theory, the singlets could transfer to the triplet state by a
fast ISC process, followed by the decay to the ground state as phosphorescence even at
room temperature. Therefore, nearly 100% of IQE can be achieved, indicating that the
maximum EQE is boosted to ~20%, which is about four times the EQE (~5%) of
fluorescent OLEDs. However, the radiative transition of triplet excitons from T excited
state to So will exhibit a much longer lifetime from microseconds to a few seconds,

which definitely limits its applications for ASE or lasing.

1.3.4 Exciton utilization in TADF OLEDs

Although the emitters based on phosphorescent heavy-atom complexes have
achieved almost unity 1QEs, the use of rare and expensive heavy metals limits their
further applications. To relieve the cost and environmental issues of expensive rare
metals used in phosphors, a cutting-edge strategy named TADF was put forward by
Adachi et al. in 2012, in which triplets could be up-converted to the Si, through which

(201 This up-conversion process is called

the delayed fluorescence emission takes place.
RISC. Herein, in the pure organic compounds, the conversion between the singlet and
triplet manifolds mainly depends on two parameters, besides the SOC strength (Hg),
singlet-triplet splitting (AEst) plays a crucial role in the probability of the RISC process.

In the framework of the perturbation theory, the singlet/triplet mixing coefficient cg, 7,

can be presented as:

H
s,m, % 3o, (Eq. 1.5)



From the aforementioned relationship, decreasing the AEst with increasing the Hgp is
required to increase the probability of the ISC and RISC processes. In a simple two-
electron two-state model, the energy of Si (£s1), T1 (ET1), and AEst can be expressed

as follows:

Esy = hy + hy + Ju, + Kyy,, (Eq. 1.6)

Ery = hy + hy + Jyp — Ky, (Eq. 1.7)

AEgim1 = 2Ky, (Eq. 1.8)

where hy and h; represent the HOMO and LUMO wavefunction orbits, respectively,
Jy1 denotes the Coulomb repulsion energy between two electrons, and Kp; is the

electron exchange energy. Furthermore, Kj; and AEg;r; can be expanded as:

: o P7ad 1 g —> — —
K = 1 [l 0u @ 0L () == 00 (73) 0 (W) d°F AT, (Eq. 1.9)
—2 o P7a 1 pond —> — —
AESlTl = 2:[80 ff (pH(rl)(PL(TZ) m(PH(rz) (pL(Tl)d3T1d3T2, (Eq 110)

where @y and ¢; are the HOMO and LUMO wavefunctions, respectively. From
equations 1.9 and 1.10, it can be concluded that AEst mainly depends on the spatial
overlap between @y and ¢;. To obtain a small AEst and thereby accomplish triplet
up-conversion at room temperature, the overlap between ¢y and ¢; ought to be
largely eliminated. In that case, as shown in Figure 1-6, the conventional TADF
molecules are commonly composed of distinct electron-donating (donor) and electron-
accepting (acceptor) fragments, which are linked with a large dihedral angle or spatial
arrangement for a sufficient wavefunction separation. In such D-A type designs, the
wavefunctions of HOMO essentially localize at a donor fragment, while the ones of
LUMO concentrate on an acceptor moiety. Benefitting from this cutting-edge strategy,
100% IQE can also be realized by the prompt and delayed radiative transition from pure
organic compounds, which thereby results in EQEs exceeding 20% for TADF OLEDs

as well. As another alternative strategy that can harvest triplets and singlets for radiation,

10



many efforts have been devoted to TADF molecules toward laser activities. However,
it is evident that a small AEsr alone is not sufficient for enabling an efficient TADF
radiation process or a fast radiative transition rate, other than the laser actions. Actually,
TADF molecules commonly possess a retarded radiative transition rate of k,~10° to

10% s7!. Thus, very rare TADF molecules exhibit ASE performance up to now, which

will be further discussed in section 1.4.
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Figure 1-6. Fundamental D/A type molecular designs with different interplays

(conjugated link, unconjugated link, and through-space arrangement or exciplex)

toward TADF emission.
11



1.4 Exciton utilization in organic lasers

As another type of radiative transition process (stimulated emission), lasers from
organic dyes ought to have a similar developing track to the OLEDs that utilize
spontaneous emission. There are commonly three fundamental elements illustrated in
Figure 1-7 to realize organic lasers: (i) an ideal amplifying gain medium, in which an
incident photon will be amplified after passing through this gain bulk; (ii) an optical
resonator, which is usually incorporated to enhance the amplification capability and
manipulate the output spectra or geometry of laser beams; (iii) a pumping source, which
denotes an external system to excite the gain medium for light amplification by
supplying the required energy. Usually, the pumping source can be classified as optical-

or electrical-pumping.

Pumping source
R, optical/ electrical R, Laser
'v 'r 'r output
VW WU““ '
Laser medium with gain, G\ HM

Optical resonator

R =100% R <100%

Figure 1-7. Architecture to realize organic lasers, including the organic gain medium,

optical resonator, and pumping source.

1.4.1 Progress of organic lasers

As shown in Figure 1-8, the indication of the first laser from organic dye solution
was announced by F. P. Schafer et al. in 1966, which was regarded as the milestone in
the research field of organic lasers.['%2!-22) Then, a continuous-wave (CW) organic laser
was latterly achieved by using a solution of Rhodamine 6G in water.[*’] To “escape”
from the solution, the first laser from an organic solid-state film was reported by F. Hide

et al. in 1996,1**2% which was followed by a number of molecular designs for the
12



extremely low  thresholds,”’*! such as the renowned 4,4’-bis[(N-
carbazole)styryl]biphenyl (BSBCz).’*3¢l Later, the quasi-CW solid-state lasers
operating from 5 MHz to 80 MHz were subsequently demonstrated by reducing the
exciton quenching and annihilation channels.*’3° Then, incorporating with the OLED
engineering that could tolerate the extremely high current density injection over 100 A
cm 2 with the suppressed efficiency rolloff,!**-4?] electrical-pumping laser diodes have
been encouragingly indicated in 2019.1¥ It ought to be noticed that most of the organic
laser works and milestones are on the basis of fluorescence dyes, indicating that only
singlets were utilized for radiative transition. Therefore, the progress of exciton

utilization efficiency in organic lasers lags far behind the phosphorescence and TADF

OLED:s.
First lasing from First organic solid-state First quasi-CW organic Improved quasi-CW organic
organic dye in solution laser at pulse excitation laser with 5 MHz laser with 80 Hz from BSBCz
| 1z
N‘ o (il | | E
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Lett., 1970, 17, 245. 2005, 86, 071110. 2010, 108, 064516. Express., 2019, 12,061010.
First organic CW laser Very low threshold Very high current injectionin  Indication of electrical-pumping
in liquid dye medium ~0.32 pJecm2 OLEDs >100 A cm™2 organic laser diodes from BSBCz

Figure 1-8. Progress of organic lasers from a liquid dye to the indication of solid-state

electrical-pumping OSLDs based on fluorescence dyes.

1.4.2 Organic lasers from fluorescence dyes

As discussed above, the history of organic lasers started from the dye molecules
dissolved in liquid solvents. Then, a number of organic gain dyes were designed toward

the solid-state semiconductor lasers, where the incorporation of dyes into the solid films

13



arises much interest as its facile processability, wide-range color tunability, and feasible
compatibility with the optical resonator structures. As an excellent laser dye, there are
several requirements to meet: (i) the stimulated emission cross-section (cem) should be
high; (i) the PLQY is high, implying the weak quenching, internal conversion (IC), and
ISC process must be suppressed; (iii) optical losses, including the ground-state
absorption, scattering losses, ISC rate, singlet-singlet annihilation (SSA), triplet
absorption (TA), and singlet-triplet annihilation (STA) at the laser wavelength ought to
be minimized; (iv) the Stokes shift should be rationally controlled to prevent too large
shift for reducing the nonradiative transition such as Joule heat, or too small shift for
reducing the reabsorption; (v) the dyes should have good photostability against the
intense excitation power, oxygen, and moisture from the environment.

Figure 1-9 lists the representative cores building up the laser molecules, and their
derivatives can realize the wide-range color tuning of laser emission from ultraviolet
(UV) to near infrared (NIR). For example, the coumarin-based family can cover the
wavelength range from violet to green, while the poor photostability restricts its further
application.'*¥ The Rhodamine family exhibits high photostability and efficiency in the
region from green to red.*) BODIPY-core based laser dyes, which own a rigid
molecular skeleton, are composed of a pyrromethene unit linked to a borondifluoride
group.!**1 Laser dyes from the BODIPY-core usually have high PLQYs, moreover,
benefiting from a variety of sites for functionalization, bathochromic (deep red to NIR)
and hypsochromic (blue to green) shift can be realized by tuning diverse substituents at
the skeleton.>% ! Phenylenevinylene-based small molecules are widely known organic
laser catalogues with outstanding laser properties. Among them, a variety of derivatives
with low laser thresholds can be obtained from the incorporation of trans-1,4-
distyrylbenzene (DSB) and bis-styrylbenzene (BSB) fragments. In the case of a BSBCz
derivative, which is end-capped with carbazole-groups, exhibits an extremely low ASE
threshold of 0.32 pJ cm 2.*¥ Furthermore, owing to the negligible overlap with the
excited state absorption, such as the TA and SSA, laser actions under the quasi-CW
optical excitation and short-pulsed electrical pumping could be realized.*® *}1 Fluorene

unit is also a crucial component in the laser molecular design, which can be
14



functionalized to increase the conjugation length and improve the solubility when
substituted with alkyl chains at the 9,9 -position.>>* More complex fluorene-based
structures such as the linear, star-shaped and dendritic oligomers or polymers have been
widely investigated toward the extremely low ASE/laser thresholds.[?* > It is worth
noting that their laser wavelengths are mostly localized in the blue region, because of
no strong donor or acceptor units involved to shrink the wide energy gaps. Then, DCM,
DPP, and BT units with a stronger electron-affinity capability were subsequently
investigated toward the longer-wavelength emission.>®-°!'l Owing to the introduction of
the strong donor and acceptor fragments, the intramolecular charge transfer (ICT) ought
to be rationally manipulated to guarantee the laser actions. It is worth noting that the
tuning of the CT states is crucial for realizing TADF lasers, which will be discussed in

the following sections.
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Figure 1-9. Representative laser cores for building up the fluorescent laser molecules.

1.4.3 Triplets behaviors in organic lasers

Similar to the limited exciton utilization in fluorescent OLEDs, in terms of the
organic lasers based on fluorescence dyes, the detrimental effects from the
accumulation of long-lived triplet excitons will be enlarged. As shown in Figure 1-10,
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the dramatic triplet accumulation and singlet quenching take place at the same time
after the external pumping turns on, because the lifetime of singlets is usually in the
range of nanosecond, while triplet excitons exhibit a much longer lifetime (in a scale
from microsecond to millisecond), which causes the triplet density to increase by

several orders of magnitude in comparison with the singlet density.
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Figure 1-10. (a) Singlet and triplet population dynamics under the high current
injection and (b) time-resolved EL signal under the different current injections.[*?! The

figures are reproduced from Ref. 62.

In that case, there are several interactions that triplets involved, including triplet
nonradiative relaxation, TA, STA, and triplet-triplet annihilation (TTA), which are
subsequently listed in Figure 1-11. As discussed above, triplets can be generated
through the ISC process from singlets; thus, the corresponding process can be expressed

by the rate coefficient kisc

k

S, — Ty, (Eq. 1.11)
Commonly, the triplets will relax back to the ground state with a non-radiative transition.
Nevertheless, under the high-power excitation or current density injection, the triplets
would undergo an IC process to the high-lying triplet excited state (Tn, n>2). This triplet

behavior is called TA.
17



TTA and STA take place in the bimolecular interaction system. In the TTA process,
the interaction between two triplets leads to a Dexter energy transfer (DET) from the
first to the second molecule, which is thereby excited to the high-lying state that
subsequently relaxes to the singlet energy level. In that case, TTA can some degree
contribute to the radiation process in the particular condition. However, the high
concentration inducing molecular collision is a prerequisite to satisfy the short-range

Dexter exchange interaction. The corresponding TTA process can be expressed as

T+ Ty T S1 +Sp, (Eq. 1.12)
where ktta is the TTA rate coefficient.

In terms of STA, implying the quenching of singlets by triplets is known as one of
the main hindrances toward long-pulsed and terminal electrical-pumping lasers. Herein,
when the singlet exciton energy in one molecule is approximately equal to the triplet
internal conversion (T to T,, n>2) of the second molecule, the long-distance Forster
resonance energy transfer (FRET) can take place in the bimolecular system. Especially
under electrical excitation, STA becomes severe because 75% of the generated excitons

are triplets. The corresponding quenching process can be described as

ksta

Sl +T1 — Tl + So, (Eq 113)

Where ksta is the STA rate coefficient.
Therefore, under the condition of the optical excitation, the population of singlets

can be described as the following equation 1.14:

dN
d—ts = p — kiNg — kssaN§ — ksraNsNy — kyscNs + krraN7, (Eq. 1.14)

where Ng and N7 denote singlet and triplet densities, respectively, p is the generation
rate of singlet excitons, k; is the rate constant of radiative decay from S; to So. Here,
ksss implies the rate constant of singlet-singlet annihilation (SSA). It should be

mentioned that the circumstance under electrical excitation will be much more complex,
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due to the consideration of carrier injection, balance, singlet-polaron annihilation (SPA),

and triplet-polaron annihilation (TPA).
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Figure 1-11. (a) Triplet nonradiative relaxation process in one molecule; (b) TTA

process through DET in the bimolecular system; (c) STA process through a long-

distance FRET.
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Up to now, to suppress the aforementioned annihilation processes in the fluorescent
laser system, the effective strategy is to remove or scavenge the triplets. As a
consequence, several methods focusing on scavenging triplets are commonly adopted
before unveiling the TADF concept, such as the employment of chemical additives or

39, 63

oxygen to quench triplets;! I the introduction of triplet assistant molecules for

5;[64 651 the use of lasing dyes with very

scavenging triplets generated from lasing dye
fast triplets relaxation.[°! Actually, the most ideal condition is to fully utilize the frozen
triplets for laser actions, which is beneficial for reducing the laser thresholds and
reinforcing the laser stability, in particular of the electrical-pumping devices. However,

it ought to be noticed that most of the organic laser works are on the basis of fluorescent

emitters, and the progress of exciton utilization efficiency far lags.

1.4.4 TADF molecules in organic lasers

As the stimulated emission, the performance of organic lasers is tightly relevant to
the Einstein B coefficient, which is proportional to the radiative decay rate &; :

3
B ocﬁkr,(Eq. 1.15)

where c is the velocity of light, h is Planck’s constant, v is the frequency of light.

Moreover, the ASE or laser threshold (E;;) is inversely proportional to B:
Ee, o 7. (Eq. 1.16)

Therefore, because of the slow radiative rate nature (k <107 s ), the 2" generation
phosphorescence is not suitable to be used as laser gain mediums. Much attention has
been paid to TADF, which preserves a part of features of fluorescent emission with a
moderate k. Unfortunately, up to now, very limited TADF candidates can show ASE in

5,177 which mainly results from a contradiction between obtaining a

solid-state film
small AEst and a large k. As discussed above, a small AEst can be achieved by
suppressing the HOMO/LUMO wavefunction overlap (Figure 1-12), which is

subsequently connected with a decrease of the 4 from the following equations:
20



kr(S1 = So) = 2Cv°n®|ugLl?, (Eq. 1.17)

where v = AE(S; — Sp)/h is the transition frequency, n is the refractive index, C =
16m3/(3gyhc®) denotes a numerical constant, &, is the vacuum permittivity, h is
Planck’s constant, and c is the velocity of light. py; is the transition dipole moment

from S§; — S, which can be expressed as:

tuL = e [ ou(® e, (F)d’r, (Eq. 1.18)

where @ and @, represent the HOMO and LUMO wavefunctions, respectively, 7 is
the dipole vector and e is the electron charge. So, the relationship between

k,.(S; —S,) and HOMO/LUMO wavefunction can be summarized as:
ky(S1 = So) = 2e*Cvind|oy (Mo, (P d>r|?, (Eq. 1.19)

Compared to Eq.1.10, it seems a competition between obtaining a small AEst and a
large k:, implying that the conventional charge-transfer (CT) type TADF molecules are

commonly not sufficient to realize laser actions with low thresholds.

HOMO LUMO HOMO LUMO
S1 I Small AEgy S1
Ty— Large AEq;
T,
Small k, Large k.
So So

Figure 1-12. Effect of HOMO/LUMO wavefunctions overlaps on the singlet-triplet

splitting (AEst) and radiative decay rate (k).
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As an example in Figure 1-13, an unconjugated spirobifluorene was considered as
an efficient bridge to build up the D-A separated molecule. Here, Cz-SBF was
employed as the core, where different substituents were modified. Initially, when
electron-accepting moieties, cyano-groups were functionalized in the one side of the
spirobifluorene, the frontier molecular orbitals are thereby separated on the two
perpendicular fluorene sites. Resultantly, the negligible wavefunction overlaps induce
a small AEst with TADF for DPA-SBF, while quenching the ASE or laser properties by
sacrificing the radiative transition rate. By comparison, when a phenyl-group was
inserted between diphenylamine and spirobifluorene, the extension of conjugated
length led to a change of electronic wavefunction density and distribution with a
considerable orbital overlap. Therefore, the modified molecule CzP-SBF exhibited a
remarkably low ASE threshold of 0.4 puJ cm ™2, unfortunately without the TADF property.
Therefore, the conjugated and rigid molecular structure without a distinct D-A

separation will be preferred for laser molecular design.
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wavefunctions are reproduced from Ref. 72.
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1.5 Purpose and outline

As discussed above, the development of high-performing OLEDs and OSLDs is
intrinsically to manipulate the spin-forbidden triplet behaviors. Besides the scavenging
of triplets to enhance the laser action in the fluorescence laser system, improving the
generated exciton utilization efficiency, especially for possible strategies to activate the
frozen triplets has been emphasized. Within the past three decades, 100% IQE has been
achieved in the 2" generation phosphorescent OLEDs and the cutting-edge 3™
generation TADF OLEDs. Nevertheless, the progress of exciton utilization efficiency
for organic lasers is still far lagged. Up to now, most efforts have been dedicated to
fluorescent laser dyes, implying that scavenging or “killing” the detrimental triplets is
indispensable to achieve laser actions.!”*! Though the indication of electrical-pumping
OSLDs has been recently realized,[*¥) the extremely high laser threshold induces very
poor operational stability. Thus, harvesting and contributing triplets to the laser action
is what we are striving for. Unfortunately, owing to the slow radiative rate nature,
phosphorescent emitters cannot be employed as laser dyes. Therefore, attention has
been paid to the 3™ generation TADF emitters, which reserves part of the fluorescence
features. Nevertheless, the principle of TADF molecule design is based on the D/ A
twisted configuration for the separated wavefunctions, which helps the formation of a
CT state with a weak oscillator strength (f) and low radiative rate. Up to now, there are
very rare TADF candidates, which show ASE, and no distributed feedback (DFB) lasers
based on TADF molecules have ever been reported so far. Also, the design principle of
D-A type molecules toward ASE/laser actions is still vague; the underlying
intramolecular interactions that influence the electronic properties have not been
systematically investigated.

Furthermore, as EL from TADF molecules has achieved 20% EQEs over the visible
light regime, the color purity has been emphasized for a wider color gamut as well. In
common, TADF molecules possess a very wide full-width at half-maximum

(FWHM, >70 nm), which results from the structural and vibronic relaxations in the
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flexible D-A structures. Therefore, how to improve the color purity with smaller
FWHM is also a long-term challenge.

Therefore, this thesis focuses on the investigation of intramolecular interactions in
D-A type molecules, which torches the promising molecular design from fluorescence
to TADF molecules.

In Chapter 2, functional substituents with an increasing electron-donating
capability were incorporated into a DCNP-core. The suppressed wavefunction
delocalization maintained the priority of a locally-excited (LE) state, while a weak CT
state induced by D/A interplays guaranteed a moderate AEst to feasibly build up the
triplet scavenging system. As a consequence, an excellent laser performance from 2"-
order and mixed-order DFBs could be achieved. Also, there was negligible efficiency
rolloff that took place in the corresponding OLED under a high current density injection.

In Chapter 3, laser dyes based on a strong D-A type were designed by inserting a
functional fluorene spacer. Here, the fluorene spacer with long alkyl chains could
effectively increase the conjugation length and adjust the wavefunction distribution,
thereby resulting in a hybrid locally charge transfer (HLCT) state. Benefitting from this
skeleton, organic lasers with emission ranging from yellow (555 nm) to NIR (845 nm)
were realized by tuning the relative D/A interplay strength.

In Chapter 4, a quasi-planar D-A type molecular structure was proposed, where
an intramolecular lock was inserted to reduce and fix the torsion angle of the D-A planes.
Resultantly, the suppression of structural and vibronic relaxation led to a narrowband
emission (~40 nm). Furthermore, because of the rational manipulation of
HOMO/LUMO distance, the designed molecules exhibit not only TADF properties
with high EQEs over 10%, but also a promising laser performance with a low threshold
around 1 pJ cm 2.

In Chapter 5, an entirely planar molecular skeleton CzBN based on multiple
resonance (MR) effects was put forward. Different from the conventional TADF
molecules composed of D/A moieties, electron-accepting and donating capabilities
were localized at the opposite B/N atoms, respectively, which triggered the TADF

activity. Moreover, benefitting from the TADF property and the rigid structure, EL
25



performance with 10% EQE and a narrow FWHM of 30 nm was thereby obtained.
Encouragingly, because of the large f, a good DFB laser with a remarkably low
threshold of around 1 pJ cm™2 could be achieved in this TADF molecule.

By systematically clarifying the substituent effects, functional spacers between D-
A motifs, intramolecular locked quasi-planar D-A configuration, as well as the planar
MR effects, 1 realized TADF-based DFB lasers with low thresholds. A detailed

discussion on the aforementioned works will be presented in four chapters as follows:
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Chapter 2. Suppressed delocalization of wavefunction
distribution in the donor-acceptor structure for organic lasers

and EL under high current injection
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2.1 Introduction

The reasonable incorporation of the functional moieties into an emissive core plays
a crucial role in determining the light-emitting properties, especially for laser dyes,
because the infused electron-donating or -accepting substituents would significantly
reorganize the electronic wavefunction distributions.!!"”! If the distinct D and A
interplay leads to the separation of the HOMO and LUMO along the molecular skeleton,
the reinforced intramolecular charge-transfer (ICT) state would sacrifice the LE state,
/. thereby inhibiting the laser activity.[®!3]

Recently, a laser dye, 2,6-dicyano-1,1-diphenyl-A>c*-phosphinine (DCNP), with a
relatively moderate AEst was found to be a good candidate for constructing an efficient
host-guest lasing system, which enabled the selection of host materials easier to
scavenge the triplets for better laser performance.’”> '*'”) However, in terms of the
fabrication process, the minimal molecular weight of DCNP will bring a detrimental
effect on a vacuum deposition system.!'8] Moreover, the low molecular weight caused
a lower decomposition temperature, which would accelerate the instability during the
thermal-evaporation process or under the intense photo- or electrical excitation.'”) On
the other hand, the severe spontaneous aggregation-caused quenching (ACQ) effect of
DCNP resulted in a decrease in PLQY, which accordingly declined the laser and OLED
performance./?>-23] So, the rational substituent in this core ought to be emphasized.

In terms of the fluorescent laser dye, the generated triplets cannot be utilized
because of the spin-forbidden rule.[**%! Therefore, the rational manipulation of long-
lived triplets with the aim of suppressing triplet-caused annihilation, plays a crucial role
in realizing stable laser actions.[*’?’) Within the past decades, numerous efforts have

13934 which owns the remarkable

been devoted to a promising organic molecule BSBCz,
photophysical properties, such as the high PLQY~100% and the high k~10° s™! in
doped films.?>! More importantly, the nonradiative relaxation lifetime of triplets of
BSBCz is comparatively short (~224 ns), which effectively prevents the detrimental

triplet-accumulation-inducing quenching such as STA.¢!
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In this work, a cyanophenyl-moiety with the electron-withdrawing capability was
conjugated with the DCNP core at a para-position. Owing to the bicyano-group in the
DCNP-core, the cyanophenyl-moiety exhibited relatively weaker electron-donating
characteristics, so the relatively weak D/A interplay in this new molecule DCNP-pCN
partially induced only slight delocalization of HOMO wavefunction from the DCNP-
core toward the cyanophenyl-moiety. Thus, the large HOMO/LUMO wavefunction
overlap still concentrated on the DCNP-core, which guaranteed the comparatively high
f of 0.1028 compared with the pristine DCNP (0.1180), thereby ensuring a high
radiative decay rate (k~10% s7!) for laser activity. Interestingly, the detrimental weak
CT state to some degree maintained the relatively moderate AEst of 0.45 eV. For
comparison, two DCNP-based derivatives conjugated with strong donor fragments,
such as phenyl-carbazol (PhCz) and triphenylamine (TPA) groups, exhibited much
smaller f and k;, which thus induced poorer lasing activities. Herein, because of the
well-matched energy levels and the excellent triplet scavenging capability, BSBCz was
employed as the host matrix, as well as the triplet scavenger for DCNP-pCN. In
particular, the emission from DCNP-pCN was slightly redshifted (Ap.~516.0 nm)
compared with the emission from pure DCNP (1pL~508.0 nm). Thus, the limited
spectral shifting of DCNP-pCN was mediated by increasing the conjugated length and
the weak D/A interplay. Therefore, with the effective triplet scavenging and optimized
molecular size, the novel lasing dye DCNP-pCN exhibited remarkably high ASE
performance, with its excellent stability, demonstrating no emission intensity
degradation under the intense pulse-photoexcitation over four hours. Furthermore,
when DCNP-pCN was incorporated into a 2"-order or mixed-order DFB resonator, the
high-quality green laser could be obtained, with a low laser threshold of ~2.0 uJ cm ™2,
which could be evidently confirmed by the polarization, near-field and far-field
characterization. Owing to the high PLQY value (exceeding 90%) of a DCNP-
pCN:BSBCz blend film, the corresponding OLEDs based on an extraordinarily thick
homogeneous structure could exhibit EQEs ~2.0%, without marked efficiency rolloff
under high current density injection (>17,000 mA ¢cm?2). It was worth noting that there

was no STA in PL or EL mode under the extremely high pulsed photoexcitation or
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current injection over 17,000 mA c¢cm 2. The aforementioned properties would torch a
potential avenue to the electrical-pumping OSLDs with even higher performance in the

future.

2.2 Results and discussion

2.2.1 Molecular structure and characterization

As displayed in Figure 2-1, a green-emitting dye DCNP-pCN was composed of
the reported DCNP core and an electron-accepting nitrile-group at the para-position of
the linker benzene ring. An orange emitter 1,1-diphenyl-4-(9-phenyl-9H-carbazol-3-
yl)-1A°-phosphinine-2,6-dicarbonitrile (DCNP-PhCz) contained direct connection of
DCNP at 3-position of the 9-phenyl-9H-carbazole donor unit. A red-emitting dye 4-(4-
(diphenylamino)phenyl)-1,1-diphenyl-15-phosphinine-2,6-dicarbonitrile (DCNP-TPA)
was composed of DCNP and an electron-donating diphenylamine-unit at the para-
position of the linker benzene ring. These dyes were synthesized by PdCl(PPhs),
catalyzed Suzuki-cross coupling reaction of intermediate BrDCNP and respective

boronic acids or esters.

CN @LN,©

—_—
S
| S B
NC™ "R” "CN Nc”SEPSeN NC7 RPN
DCNP-core PN Ph PH Ph PH Ph
DCNP-pCN DCNP-TPA

Figure 2-1. (a) Molecular design of organic lasing dyes DCNP-pCN, DCNP-PhCz, and
DCNP-TPA.

2.2.2 Theoretical calculation

To initially predict the potential electronic properties of DCNP-pCN, density
functional theory (DFT) simulation was carried out to calculate the HOMO and LUMO
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wavefunction distribution of the Si and T; geometries in Figure 2-2. Because of the
strong electron-affiliation capability of the two cyano-groups, it was noticeable that the
LUMO wavefunction was mainly concentrated on the DCNP-core and slightly
distributed at the two 1,1-diphenyl-rings connected to the phosphinine. In parallel,
owing to the increased conjugated length and the electron-donating capability of the
adding substituents, the HOMO wavefunction was evidently extended along the
phenyl-ring to the end-cap. Benefitting from the introduction of another cyano-group
at the para-position of phenyl-bridge, the intrinsic electron-withdrawing property will
effectively prevent the HOMO/LUMO separation, then suppressing the formation of a
CT state to some degree. By comparison, DCNP-PhCz and DCNP-TPA with stronger
electron-donating moieties tend to have a larger HOMO/LUMO wavefunction
separation, which could be confirmed from their shallower HOMO energy level. Thus,
it can be observed in Figure 2-2 that a large HOMO/LUMO overlap still existed in
DCNP-pCN, which guaranteed the large /' ~0.1028 for realizing a fast 4. In addition,
because of the much stronger electron-donating capability of the PhCz and TPA
moieties, the HOMO wavefunction was more concentrated on the donor fragments.
Thus, the separation of HOMO/LUMO wavefunctions induced the strong CT state,
which reduced the corresponding f of 0.0566 and 0.0255 for DCNP-PhCz and DCNP-

TPA, respectively.
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Figure 2-2. Theoretically calculated (a) LUMO and (b) HOMO wavefunction
distribution of DCNP-pCN, DCNP-PhCz, and DCNP-TPA. The corresponding
geometries were optimized at B3LYP/6-31G(d) level.

2.2.3 Photophysical properties

Photophysical properties were extensively investigated. Figure 2-3(a)
subsequently displayed absorption and PL spectra of DCNP-pCN in dilute solution. As
can be seen, the n-n* absorbance band tended to be weaker and broader from DCNP-
pCN to DCNP-TPA, which was consistent with the features of a stronger CT state.
Meanwhile, the corresponding transient PL was measured. The radiative lifetimes of
DCNP-PhCz and DCNP-TPA were longer than that of DCNP-pCN [Figure 2-3(b)]. The
PLQYs of DCNP-pCN, DCNP-PhCz, and DCNP-TPA were subsequently estimated as
98.9, 84.3, and 56.7%, respectively.
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Figure 2-3. (a) UV-vis absorption, PL spectra and (b) transient PL decay spectra of
DCNP-pCN, DCNP-PhCz, and DCNP-TPA measured at room temperature in toluene.

Comparing with the PL spectra in toluene, there was a very weak PL peak around
460 nm in a 1.0 wt% DCNP-pCN-doped BSBCz film, which originates from the
emission from BSBCz. However, high PLQYs exceeding 90.0% could be estimated
either in films of DCNP-pCN doped into a poly(methylmethacrylate) (PMMA) or
BSBCz (90.5%) host at a low concentration of 1.0 wt% as shown in Figure 2-4. As
expected, DCNP-PhCz and DCNP-TPA based blend films owned lower PLQY's of 73.1

and 54.3%, respectively.
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Figure 2-4. Plot of PLQYS as a function of diverse DCNP-pCN-doped concentrations
in PMMA, and BSBCz blend films, respectively.

The phosphorescence emission at the low temperature (77 K) was accordingly
measured. At the monomolecular state (107> M in toluene), the triplet energy levels of
DCNP-pCN, DCNP-PhCz, and DCNP-TPA were estimated at 2.16, 2.00, and 1.94 eV,
respectively, from the spectral onset of the shorter-wavelength side. These
corresponding triplet energy levels were higher than that of BSBCz (T:1=1.48 eV).
Benefitting from the large singlet-triplet energy gap and the very fast nonradiative
relaxation of the triplets, BSBCz was employed as the host and triplet scavenger at the
same time. Thus, as expected, there was no phosphorescence emission signal in the 1.0
wt% DCNP-pCN:BSBCz system (Figure 2-5). The data of photophysical properties

were summarized in Table 2-1.
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Figure 2-5. Phosphorescence of DCNP-pCN and DCNP-TPA in toluene and, 1 wt%
DCNP-pCN: BSBCz and 1 wt% DCNP-TPA: BSBCz blend films at low temperature
(77 K).

Table 2-1. Photophysical properties of DCNP-pCN, DCNP-PhCz and DCNP-TPA in

solution and blend films

PLQY PLQY
a a b
Material he Aabs a b t

S O W

ki HOMO® LUMO¢
(ns) (10%s™) (eV) (eV)

DCNP

516 505 98.9 90.5 9.9 0.92 —6.05 -3.60
-pCN
DCNP 563 533 84.3 73.1 14.9 0.49 -5.69 -3.36
-PhCz
DCNP
TPA 587 539 56.7 543 14.9 0.36 5.67 3.40

 measured in toluene solution; ® measured in BSBCz blend film; ¢ measured by photoelectron yield spectroscopy; ¢ measured

by subtracting the absorption onset energy from the HOMO energy.
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2.2.4 ASE properties

On the basis of the aforementioned photophysical properties estimated, ASE
studies of the blend films were performed to evaluate the potential of DCNP derivatives
for lasers. From Figure 2-6 (a), a sudden change of the emission intensity was detected,
along with FWHM values of the spectra declining from 60.0 to 3.5 nm when the
excitation powers were increased from 1.1 to 46.7 pJ cm 2. The specific ASE spectral
shape change was presented in Figure 2-6 (b). The ASE wavelength was around 523.7
nm. Based on the aforementioned evidence, the ASE threshold of the 1.0 wt% DCNP-
pCN blend film was 9.2 uJ cm 2. By comparison, the BSBCz blend films doped with
DCNP-PhCz or DCNP-TPA at 1.0 wt% exhibited higher ASE thresholds of >36.3 pJ
cm 2, indicating that the localization of wavefunctions was beneficial for the laser
activity. To assess the optical gain of the laser dyes, the corresponding stimulated
emission cross-section (d,,,) has been estimated in the blend films, according to the
equation 2.1:571

AEF(A)
8nn2(A)ct

Tom (1) = .(Eq. 2.1)

Here, A is the wavelength of the emission, Ef(A) corresponds to the distribution of
the PL efficiency and can be obtained by ¢y = fEf ADd), n(A) is the refractive

index, 7 is the radiative lifetime, c¢ is the velocity of light. For DCNP-pCN: BSBCz
blend film, ¢, is 0.91, n(A) is 1.72, 7 is 9.9 ns, ¢ is 3x10° m s™', so, the 0y, at
the ASE peak is around 4.7x107'7 cm?. By comparison, DCNP-PhCz- or DCNP-TPA-
based BSBCz blend films exhibited a smaller a,,, of 2.9x107'7 and 2.0x107"7 cm?.
Moreover, because of the effective triplet scavenging by BSBCz, as well as the high
thermal stability, this DCNP-pCN-doped film exhibited remarkably high operational
stability for ASE with continuous pulse-excitation at an excitation power of 46.0 uJ
cm 2 [Figure 2-6 (c)]. It can be seen that there was almost no decline of the ASE
intensities over four hours of continuous excitation, and the ASE spectral shapes at the
initial period, 3000, 6000, 9000, and 12000 s, were respectively detected, without an

obvious change or degradation as displayed in the inset of Figures 2-6 (c).
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Figure 2-6. A low ASE threshold and high ASE stability were achieved in 1 wt%
DCNP-pCN: BSBCz blend films. (a) Plots of emission intensity and FWHM values as
a function of excitation intensity. (b) PL spectra measured from low to high excitation
intensities. (c) ASE stability measured under the continuous excitation at ~50 pJ cm 2.

The inset of (c) was the ASE spectra measured during the stability test.

2.2.5 Second-order and mixed-order laser performance

To realize the organic lasers, 2™-order and mixed-order DFB resonators were
designed to satisfy the following Bragg equation: mABragg = 2netidm, where m denoted
the order of diffraction, Aprgg Was the Bragg wavelength from ASE, netr was the
effective refractive index of the gain medium (1.0 wt% DCNP-pCN:BSBCz), and 4,
indicated the corresponding period of the grating. Herein, the mixed-order DFB was
composed of the alternative 1%-order (m=1) and 2"-order (m=2) scattering regions. The
1*-order DFB structure was aimed at providing the enhanced optical feedback, while
the 2"-order DFB structure was incorporated to realize a vertically lasing outcoupling
from the organic film surface. In this case, nerr was 1.72, Aasg of 523.7 nm was

approximately considered as Aragg. Thus, the 1%-order DFB A; was calculated as 152.2
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nm, while the 4 for the 2"d-order one was accordingly calculated as 304.5 nm. Thus, a
1.0 wt% DCNP-pCN: BSBCz blend film with a thickness of 200 nm was vacuum-
deposited onto the prepared DFB structure, followed by the encapsulation with an
optically transparent fluoropolymer CYTOP layer and a sapphire lid in a glove box
filled with nitrogen atmosphere. Afterward, the prepared DFB devices were optically
pumped by a pulsed photoexcitation from a nitrogen laser source (337 nm) to evaluate
the lasing performance.

As shown in Figure 2-7, with an increase of excitation power, the corresponding
FWHM has abruptly reduced to ~0.4 nm. Meanwhile, a noticeable slope change of
emission intensity occurred at the same time in both the 2"4-order DFB and mixed-order
DFB devices in Figure 2-7 (a) and (c). In parallel, for mixed-order DFB devices, an
extremely narrow FWHM value below 0.5 nm in the spectra was observed in Figure 2-
7 (d). It is worth noting that a green lasing beam could be clearly observed from the 2"-
order DFB devices in the luminescent card [the inset diagram of Figure 2-7 (e)].
Additionally, four interference patterns from the mixed-order DFB laser also occurred
in the inset diagram of Figure 2-7 (d). As a result, the laser thresholds for 2"%-order and
mixed-order DFB devices were 2.6 and 2.4 pJ cm ™2, respectively, which were lower

than the ASE threshold.
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Figure 2-7. DFB lasing performance was obtained from 1 wt% DCNP-pCN: BSBCz
blend films. Plots of emission intensity and FWHM values as a function of excitation
intensity for (a) 2"-order and (c) mixed-order DFB laser devices. PL spectra were
measured under various excitation intensities in (b) 2"%-order and (d) mixed-order DFB
laser devices. The insets in (b) and (d) were the photographs of devices showing laser

beams.

To further reveal the intrinsic properties of the laser performance, time-dependent
transient PL/laser properties were subsequently estimated by a streak camera in Figure
2-8. With an increase of excitation intensity, there was a quicker decay process as well
as an abrupt decrease of a radiative lifetime to <20 ps, which was well consistent with
the transition from spontaneous emission (below the laser threshold) to stimulated
emission (above laser threshold). In detail, the broad spontaneous emission was

obtained below the threshold. By increasing the excitation intensity, we could clearly
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confirm the narrow emission within a very condensed wavelength zone, which
corresponded to the stimulated lasing emission. Eventually, very narrow and intensive
lasing was successfully detected by the streak camera in both 2"%-order and mixed-order
DFB structures. When increasing the excitation power to trigger lasing activity, the
component of spontaneous emission was largely declined, while above the threshold,
the emission from both DFB devices exhibited a very steep decay process with almost

one decay component, implying the stimulated emission.

2"-order lasing 1 Mixed-order lasing

Below threshold
Around threshold 10°4,
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Figure 2-8. Transient PL from (a) 2"%-order and (b) mixed-order DFB lasers based on

a 1 wt% DCNP-pCN: BSBCz blend film.

To further confirm the lasing activity, the investigation of polarization, far-field,
and near-field interference patterns of the beam divergence from one laser device was
systematically carried out. As shown in Figure 2-9 (a), either 2™-order or mixed-order
DFB lasing exhibited a strong, linear transverse electric polarization, with a degree of
polarization of 99.5% for 2"-order devices and 99.8% for mixed-order devices,
respectively, which was accordingly calculated from the equation: (l,qx — Imin)/
(Lmax + Imin), where L., and I;, denoted the maximum intensity at 0° and the
minimum intensity at 90°, respectively. As a result, the approaching unity degree value

(100%) indicated the remarkable polarization characteristics of the DCNP-pCN:BSBCz
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system. Moreover, further clarification of lasing activity was also confirmed by far-
field interference patterns. As displayed in Figure 2-9 (b), while gradually increasing
the excitation power to exceed the lasing threshold, a distinct beam signal appeared at
the center of the detected camera images, indicating the intense lasing beam arising
from the 2™-order DFB structures. From the mixed-order DFB structure, clear
interference patterns were noticeably detected with the streak camera. In addition, the
lasing beams or interference patterns could be feasibly observed by a luminescent card
in front of the samples in Figure 2-9. Also, it was evident to observe the grating
interference patterns from DFB lasing devices above the lasing thresholds in the near-
field measurement [Figure 2-9 (c)]. Thus, the aforementioned evidence effectively

verified the lasing taking place in a DCNP-pCN:BSBCz system.
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Figure 2-9. (a) Polarization plots of laser from the 2™-order and mixed-order DFB
devices. (b) Far-field and (c) near-field patterns of the 2"%-order and mixed-order DFB

lasers below and above the laser thresholds.
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2.2.6 EL performance of DCNP-pCN

To pursue the ultimate goal of improving OSLD performance, evaluating the EL
properties of the DCNP-pCN:BSBCz system was inevitable. To improve the EQEs and
suppress the efficiency rolloff under the extremely high current injection, carrier (holes
and electrons) injection and transport should be well balanced to prevent the potential
carrier accumulation and annihilation. Initially, I designed and fabricated hole-only
devices (HODs) and electron-only devices (EODs) with a patterned indium tin oxide
(ITO)-coated glass substrate. The HOD architecture was glass substrate/ITO (30
nm)/MoQO3 (10 nm)/1.0 wt% DCNP-pCN: BSBCz (180 nm)/MoO3 (10 nm)/Al (100
nm); and the EOD architecture was glass substrate/ ITO (30 nm)/ 20.0 wt% Cs: BSBCz
(30 nm)/ 1.0 wt% DCNP-pCN: BSBCz (180 nm)/Cs (30 nm)/Al (100 nm). Herein,
MoO; was used as the HIL as well as the EBL, and Cs was doped into the BSBCz layer
for reinforcing the electron-injection and transport capability. The current
density—voltage (J—V) curves of HODs and EODs measured with direct-current (DC,
solid symbols) or pulse (hollow symbols) mode were displayed in Figure 2-10 (a). It
could be concluded that hole- and electron-transporting can be well balanced in such
device architectures even when the extremely high driving voltages were applied to
them.

Therefore, the OLED architecture was accordingly designed as follows: glass
substrate/ITO (30 nm)/20 wt% Cs: BSBCz (30 nm)/1 wt% DCNP-pCN: BSBCz (180
nm)/MoQOs3 (10 nm)/Al (100 nm) [the OLED architecture was shown in Figure 2-10 (b)].
From Figure 2-10 (c), OLEDs possessed a low current leakage before turning them on.
Meanwhile, a turn-on voltage of 2.7 V was obtained. In regards to the EL spectrum, it
was noticeable that there was almost no emission leakage from BSBCz, indicating that
the BSBCz-to-DCNP-pCN energy transfer or direct carrier trapping on DCNP-pCN
molecules was happening. Remarkably, EQEs exceeding 2% could be achieved with
neither efficiency rolloff nor degradation when the current density was increased to 300

mA cm 2 under DC electrical excitation [Figure 2-10 (d)].
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Figure 2-10. (a) /—V curves measured with DC and pulse operation (400 ns) for EOD
and HOD devices. (b) Device architecture and energy-level diagram, (c) EL spectrum,

and (d) EQE—J curve of OLEDs based on 1 wt% DCNP-pCN: BSBCz blend film.

Further, the EQE values under 400 ns pulsed excitation were then evaluated
(Figure 2-11), which exhibited almost no efficiency rolloff even under the high current
density exceeding 17000 mA cm 2. For the comparison, OLEDs based on a DCNP-
pCN neat film were also designed and fabricated by replacing the EML from a 1.0 wt%
DCNP-pCN: BSBCz film to a DCNP-pCN neat film. Resultantly, the maximum EQE
was only 0.8% with severe efficiency rolloff in Figure 2-12 and Table 2-2. No
efficiency rolloff even at high current densities plays an important role in realizing
electrical-pumping OSLDs. To unveil why no efficiency rolloff happened in our
OLEDs, we conducted the transient EL response properties under the long optical and
electrical pulse excitation (1 ms). When the current density injection was subsequently
increased from 15 to exceeding 17000 mA cm 2, there was no transient EL intensity
decline or degradation in 1wt% DCNP-pCN: BSBCz based OLEDs under 1 ms square

pulse operation (the inset of Figure 2-11). The stable PL/EL intensity within the
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variation of excitation power or current density in several orders of magnitude implied
the complete suppression of STA, which mainly originate from the singlet quenching
process undertaken by the accumulated long-lived triplets. In this case, the detrimental
long-lived triplets generated at DCNP-pCN were quickly trapped by the lower T level
of BSBCz, followed by the rapid nonradiative relaxation to the ground state to prevent

the triplet accumulation.

10’
1 ® EQE under DC
EQE under 400 ns pulsed-excitation
:Hmm‘ >®
e_\/ 1 OO - | ——~15000 mA cm* -
L ] @ ]
e/ £
‘V'f 05 0.0 05 1.0 15
10-1 S S _ ”””ITime(lms)l S
10° 10 10° 10° 10

Current Density (mA cm™)

Figure 2-11. EQE of OLED based on 1 wt% DCNP-pCN: BSBCz blend film under
pulsed (400 ns) excitation. The inset is the transient EL curve of the corresponding

OLED under 1 ms pulsed excitation.

As expected in Figure 2-12, OLEDs based on a DCNP-pCN neat film without any
triplet scavenger exhibited a serious EL intensity decease under the 1 ms pulse
operation, implying STA happened in the device, which was consistent with the
observation of its efficiency rolloff. Therefore, this triplet manipulation strategy as well
as the lasing dye molecular design are beneficial to realizing the electrical-pumping

OSLDs.
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1—8— 1 wt% DCNP-pCN in BSBCz
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Figure 2-12. EQEs of OLEDs based on a DCNP-pCN neat film. The inset is the

transient EL curve of the corresponding OLED under 1 ms-pulsed excitation.

Table 2-2. Performance of OLEDs based on DCNP-pCN.

Vium- EQE (%) at mA cm 2

Material . Luminance® gL
Vv @l @l @3 (dm) o (om)

DCNP-

pCN in 2.7 1.83 1.89 2.33 35911 517.8

BSBCz

DpCCI\II\?- 3.5 0.53 0.45 0.1 4062 524.0

b

% turn-on voltage at 1 cd m%; ® maximum luminance (cd m?)
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2.3 Conclusion

In summary, organic lasers and EL performance could be achieved by precisely
tuning the substitutes and interplays of organic lasing gain molecules. In detail, while a
cyanophenyl-moiety possessing a relatively weak electron-withdrawing capability was
conjugated to a DCNP-core, the introduction of weak D/A interplays inducing a CT
state effectively maintained the small AEst (0.45 eV) of DCNP-pCN but did not affect
the priority of the LE state, thereby retaining a large /. Therefore, the remarkable laser
performance from 2™-order and mixed-order DFB devices could be obtained with high
stability and a low lasing threshold around 2.0 uJ cm 2. Moreover, an EQE value
exceeding 2.0%, with no efficiency rolloff, was available in a thick homogeneous-
structure OLED, and there was no exciton quenching happening under the high pulsed
current injection (>17000 mA cm™2), which arises from a promising laser dye design

strategy and is useful for further improving OSLDs performance.

2.4 Experimental section

Materials

All reagents were used as purchased from commercial sources and were used
without further purification. Column chromatographic separations were carried out
using silica gel (200-300 nm). Nuclear magnetic resonance (NMR) spectra were
obtained in CDClIz with a Bruker Biospin Avance-111 500 NMR spectrometer at ambient
temperature. Chemical shifts (6) were given in parts per million (ppm) relative to
tetramethylsilane (TMS) as an internal reference. Elemental analyses (C, H, and N)
were carried out with a Yanaco MT-5 elemental analyzer. Mass spectra were measured
in positive-ion atmospheric-pressure chemical ionization (APCI) mode on a Waters
3100 mass detector. MALDI-TOF-MS spectra were measured using Shimadzu Biotech
AXIMA (HP Z220 CMT workstation). Thermal gravimetry-differential thermal
analysis (TG-DTA) was performed by Bruker TG-DTA 2400SA with a heating rate of

10 °C min under nitrogen atmosphere. Differential scanning calorimetry (DSC)
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analysis was performed by Netzsch DSC204 Phoenix calorimeter at a scanning rate of
5 < min~* under N, atmosphere.
Synthesis route

Synthesis of 4-bromo-2,6-dicyano-1,1-diphenyl-A>c*-phosphinine (BrDCNP)

Br
® N
PN Py.HBr; |
> 7
N7 Ph™ “Ph™SN  CH,Cly, rt, 1h 7PN
22 NZPh”  Ph SN
DCNP
BrDCNP

Figure 1-13. Synthesis route of BrDCNP.

Phosphinine DCNP (1.47 g, 4.9 mmol, synthesis routine was referred by Ref.38)!
was dissolved in CH2Cl> (17.5 mL), then, pyridinium bromideperbromide (1.57 g, 4.9
mmol, 1.0 equiv) was added to the prepared solution at room temperature. After stirring
at RT for 1 h, water was added. Afterwards, the mixture was extracted for three times
with chloroform (CHCIz). The combined organic layer was washed with 1 M HCI ag.
and brine. The organic layer was dried by Na2SOs, and concentrated under vacuum.
The crude product was roughly purified by passing through a short column of silica gel
(eluent: CHCIz3) and then recrystallized from CHCI3/Et2O to give BrDCNP as a red-
orange solid (1.60 g, 85%).

Synthesis  of  4-(4-cyanophenyl)-1,1-diphenyl-1A°-phosphinine-2,6-dicarbonitrile
(DCNP-pCN)

Phosphinine BrDCNP (0.377 g, 1 mmol, 1.0 equiv), (4-cyanophenyl)boronic acid
(0.220 g, 1.5 mmol, 1.5 equiv), PdCI>(PPhs). (28.0 mg, 0.04 mmol, 4 mol%) and
Na>,C0O3(1.05 g, 10 mmol, 10 equiv.) were dissolved in a toluene: EtOH: water (10: 2.5:
10 ml) mixture, and the mixture was refluxed (85 <C) for 24 h. After the mixture was
cooled to room temperature, water was added and the mixture was extracted for four
times with CHCls. The combined organic layer was washed by brine and dried over
Na>S0s, and the solvent was removed in vacuum. The residue was purified by a column
chromatography on silica gel (eluent: ACOEt/n-Hexane = 1/3) to give yellow solid (0.24
g, 60 %). 'H NMR (500 MHz, DMSO-D6) 5 7.69-7.76 (m, 8 H), 7.80-7.89 (m, 6 H),
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8.22 (s, 1H), 8.28 (s, 1H); 3C NMR (125 MHz, DMSO-D6) & 59.91, 60.77, 107.98,
113.77, 113.85, 118.57, 118.67, 119.66, 124.19, 124.92, 125.41, 130.63, 130.74,
132.80, 132.89, 132.97, 134.90, 144.00, 146.85; *'P NMR (202 MHz, DMSO-D6) &
8.82; MS(ASAP): m/z calcd. for CoeHisNsP: 401.1082 ([M]+1); found. 402.20.
MS(FAB+): m/z calcd. for C2sH1sN3P: 401.1082; found. 401.1080.

1,1-Diphenyl-4-(9-phenyl-9H-carbazol-3-yl)-11>-phosphinine-2,6-dicarbonitrile
(DCNP-PhC2)

A procedure similar to that used for DCNP-pCN was followed using (9-phenyl-
9H-carbazol-3-yl)boronic acid (0.430 g, 1.5 mmol, 1.5 equiv.).
Red solid (0.40 g, 74 %). 'H NMR (500 MHz, DMSO-D6) & 7.27-7.30 (t, J=7.5 Hz, 1
H), 7.32-7.34 (d, J=10.0 Hz, 1 H), 7.37-7.39 (d, J=10.0 Hz, 1 H), 7.41-7.44 (t, J=7.5
Hz, 1 H), 7.52-7.57 (m, 2H), 7.62—7.63 (t, J=5.0 Hz, 2 H), 7.71-7.72 (d, J=5.0 Hz, 2
H), 7.73-7.88 (m, 10 H), 8.14 (s, 1H), 8.19 (s, 1H), 8.27-8.29 (d, J=10.0 Hz, 1 H), 8.40
(s, 1 H); 3C NMR (125 MHz, DMSO-D6) § 58.05, 58.91, 110.11, 116.91, 116.99,
117.24, 119.20, 119.30, 120.49, 121.22, 123.43, 123.74, 124.17, 125.01, 125.75,
126.79, 127.02, 128.06, 130.57, 130.68, 132.20, 132.67, 132.76, 134.66, 137.40,
139.13, 140.97, 146.17; 3P NMR (202 MHz, DMSO-D6) § 9.51; MS(ASAP): m/z
calcd. for C37H24N3P: 541.1708 ([M]+1); found. 542.24. MS(FAB+): m/z calcd. for
C37H24N3P: 541.1708; found. 541.1725.

4-(4-(Diphenylamino)phenyl)-1,1-diphenyl-1A°-phosphinine-2,6-dicarbonitrile
(DCNP-TPA)

A procedure similar to that used for DCNP-pCN was followed using (4-
(diphenylamino)phenyl)boronic acid (0.433 g, 1.5 mmol, 1.5 equiv.).
Red solid (0.37 g, 68%). *H NMR (500 MHz, DMSO-D6) & 6.94-6.95 (d, J=5.0 Hz, 2
H), 6.98-6.70 (d, J=10.0 Hz, 4 H), 7.01-7.04 (t, J=7.5 Hz, 2 H), 7.27-7.30 (t, J=7.5 Hz,
4 H), 7.40-7.42 (d, J=5.0 Hz, 2 H), 7.67—-7.87 (m, 10 H), 7.99 (s, 1H), 8.05 (s, 1H); 13C
NMR (125 MHz, DMSO-D6) 6 58.29, 59.15, 115.61, 115.69, 118.99, 119.08, 123.26,

124.02, 124.55, 124.77, 125.50, 126.20, 129.97, 130.55, 130.66, 132.67, 132.76,
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134.29, 134.69, 145.51, 145.76, 147.70; 3'P NMR (202 MHz, DMSO-D6) & 9.43;
MS(ASAP): m/z calcd. for Ca7H26N3P: 543.1864 ([M]+1); found. 544.40. MS(FAB+):
m/z calcd. for C37H26NsP: 543.1864; found. 543.1867.
Film sample preparation

Quartz substrates were subsequently ultrasonically washed by alkali detergent,
pure water, acetone and isopropyl alcohol (IPA) each for 15 minutes. Then, the cleaned
substrates were transferred into a deposition chamber. A 1.0 wt% DCNP-pCN and
BSBCz were co-deposited onto the prepared quartz substrates with a thickness of 200
nm under high vacuum pressure (2.0x107° Torr) with a total deposition rate of 2.5 A
s,
Photophysical properties

The steady-state ultraviolet-visible absorption spectra were measured by a double-
beam absorption spectrometer (Lambda 950, Perkin Elmer). The steady-state PL and
phosphorescence spectra were collected by a spectro-fluorimeter (JASCO FP 8600) at
room temperature and 77 K (liquid nitrogen temperature), respectively. The PLQY
values were measured by a Quantaurus-QY plus spectrometer (Hamamatsu Photonics).
Transient PL decay curves were detected by a time-resolved spectroscopy setup, which
is composed of a third harmonic wave generation, a Nd:YAG/YVO lasing source
(EKSPLA PL-2250) (with an excitation wavelength of 355 nm and a pulse duration of
30 ps), and a streak camera (C10910-01, Hamamatsu Photonics).
Organic solid-state film fabrication and ASE measurement

DCNP-derivatives and BSBCz were thermally co-deposited onto the substrates in
the vacuum chamber, followed by storing in the glove box filled with nitrogen gas. For
ASE measurement, the prepared solid-state film was optically-excited at the edge
region by a randomly polarized nitrogen gas laser source (KEN2020, USHO Optical
Systems Co., Ltd.) with a pulse width of 800 ps at an excitation wavelength of 337 nm.
The output lasing beam was concentrated to a stripe shape for waveguide emission. The
ASE emission was detected from the edge of the quartz substrate by a spectrometer
(Hamamatsu Photonics PMA-12). ASE measurements are conducted under the nitrogen

atmosphere to prevent the detrimental effects caused by oxygen and moisture.
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DFB structure fabrication

A silicon dioxide layer with a thickness of 1000 nm was sputtered onto glass
substrates to avoid the exciton quenching by the glass. Then, the substrates were
subsequently washed as the aforementioned steps. After the UV-ozone treatment,
hexamethyldisilazane was spin-coated on the silicon dioxide surface at 4000 rpm for
15 s and then annealed at 120 °C for 120 s. Afterward, to form a resist layer, ZEP520A-
7 solution (ZEON Co.) was dropped onto the surface, followed by spin-coating at 4000
rpm for 30 s and annealing at 180 °C for 4 min. Next, the electron-beam lithography
(JEOL, JBX-5500SC) was used to obtain the grating patterns on the resist layer. For the
development of the resist layers, the grating patterns were developed in ZED-N50
(ZEON Co.) solution at room temperature. During the process of etching, the resist
layer was employed as the protecting layer while the substrates have undertaken the
plasma-etching with CHF; using an EIS-200ERT etching system (Elionix). For
completely removing the resist layer from the substrates, they were plasma-etched with
O using an FA-1EA etching system (SAMCO).
Fabrication and characterization of optical-pumping organic lasing

After finishing the 2"-order and mixed-order DFB fabrication, the corresponding
DFB substrates were transferred into the vacuum chamber (vacuum pressure was
2.0x107° Torr) and the thermal co-deposition of DCNP-pCN and BSBCz at 1.0 wt%
was conducted, with its total thickness being controlled at 200 nm. After the thermal
deposition, the substrates were transferred to the glove box filled with nitrogen gas to
avoid the potential degradation caused by oxygen and moisture in air. Three droplets of
CYTOP (purchased from Asahi Glass Co. Ltd.) were spin-coated on the surface of the
organic films. Eventually, the samples were encapsulated by a sapphire lid, which were
then dried under vacuum overnight. The fabricated samples were optically excited by a
nitrogen-gas lasing source (NL100, Stanford Research System, excitation lasing
wavelength is 337 nm with 3 ns pulse), whose output beam was concentrated to a small-
size light spot through a lens and a slit. The lasing intensity and spectral shape were
detected by a multichannel spectrometer (PMA-50, Hamamatsu Photonics) with an

optical fiber. The excitation power was manipulated by adjusting the neutral density
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filters with different optical densities. Near-field and far-field patterns of 2™-order and
mixed-order DFB lasing were measured by a lasing beam profiler (C9164-01,
Hamamatsu Photonics) and (C9664-01G02, Hamamatsu Photonics), respectively.
OLED device fabrication and characterization

Organic and metallic layers are subsequently thermally evaporated onto the pre-
patterned ITO substrates with shadow masks of different patterns. The completed
OLEDs were transferred to the glove box filled with nitrogen, and then I conducted
encapsulation using a glass cap and UV curing epoxy resin. The J—V, luminance (L)
and EQEs were measured under the DC mode by a calibrated luminance meter (CS-
2000, Konica Minolta, Japan), and integrated with a constant source meter (Keithley
2400, Keithley Instruments Inc.).
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 emitters 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.
Pulsed EL measurement

I set up the pulsed transient EL emission system to assist the measurement of EQE
under pulsed excitation. The instrument was integrated by a digital storage oscilloscope
(DSO5045A, Agilent Technologies), a high-speed bipolar amplifier (HAS 4101, NF
Corporation), a pulse generator (30 MHz multifunction generator WF1974, NF
Corporation), a photomultiplier tube (PMT, C9525-02, Hamamatsu Photonics) detector,
and one resistance. The pulse generator supplied the pulse signal to the bipolar amplifier,
and the bipolar amplifier supplied very high voltage. One resistance (1.1 Q) and the
target OLED was connected in series. The PMT was used to collect the photons from
OLEDs and then transfer the photon signal to the electrical signal. The oscilloscope
could provide three channels to deal with three electrical signals from the amplifier,
resistance and PMT. The detected applied voltage at the resistance (1.1 ), thus,

according to the Ohm’s rule
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|4 1
I = Er] - Ea (2_1)

where [ is the current of the electric circuit, R is the resistance, V is the applied voltage,
S is the light emission area of OLED (0.04 cm 2), J is the current density of OLED. So,
the current density (/) of OLED can be calculated.

The next step was to evaluate the EQEs of the OLED under 400 ns pulse excitation.
EQE was related to the spectral shape and current efficiency (CE). To ensure the EL
spectra shape under the pulse excitation, I used a photonic multichannel analyzer
(PMA-50) to measure the emission spectra at different current densities. When
increasing the current density, the EL intensity was also increased, which was consistent
with the conclusion obtained from PMT. I compared the EL spectral shape between
pulsed excited and DC excited devices at 53 mA cm™, it was evident to see the same
spectral shapes under the two different conditions. The next part was to determine EQEs,
the unit of luminance (L) is cd m™2, of current density I is A m™? (or mA cm2), of
current efficiency (CE) is cd A™!. According to following equations:

L(cd m™2)
I(A m~2)

EQE><CE; CE(cd A7) = , (2-2)

ocllcd m™), EQEm _ Lm In
Thus, EQE A m7) and FQE, T X = (2-3)

Here, at the current of 208 mA cm 2, EQEs was measured of 2.26%, according to
Equation (2-3), I could also calculate the other EQE values under different current
densities. Up to 17000 mA cm 2, all the EQEs could exceed 2%, and there was almost
no efficiency rolloff. So, it confirmed that there was no STA for this system under the

very high current density (>17000 mA cm2) with the pulsed electrical excitation.
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Chapter 3. Functional spacers inserted in strong donor-acceptor
molecules for color-tunable low-threshold lasers ranging from

yellow to near-infrared (NIR) regions
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3.1 Introduction

Organic dyes have been widely employed as light emitters for OLEDs and
promising gain mediums for OSLs for the past few decades. This owed to their unique
and outstanding merits, for instance, feasible chemical tunability for molecular designs,
and thin-film light weight and flexibilities.!"*! In particular, in regards to the emerging
organic lasing sources, the potential applications in the fields of optical communication,
high-sensitivity sensors, high-resolution spectroscopy, medical surgery and bio-
integration, are benefited from its exclusive characteristics such as high emission
intensity, mono-directionality and large coherence length.’! Up to now, careful
chemical engineering of the donor-acceptor interactions and energy gaps has allowed
the preparation of small molecules, oligomers and polymers exhibiting stimulated

s.[6-111 Nevertheless, the introduction of

emission from deep blue to NIR region
substituents with either distinct electron-donating or electron-accepting capabilities for
reducing the energy gaps, would reorganize the wavefunction distributions, which
commonly tended to be separated from each other. Therefore, most of the candidates
had a high-lying energy level resulting in blue-emission with suppressed distinct D-A
interactions. Those dyes showed very low ASE and therefore low lasing thresholds
(below 1 uJ cm2),[1213] similar to well-studied small molecule BSBCz.!”- 1¢19 BSBCz

19211 and the indication of electrical-pumping

has realized true CW optical lasing,!
OSLDs was described.[?l By comparison, either for ASE or lasing thresholds, the
progress of gain molecules spanning from yellow to NIR with smaller energy gaps
largely still lagged behind.[*!

Recently, m-conjugated oligomers, incorporating a diverse D or A moiety were
widely exploited to accelerate the development of yellow-to-NIR laser performance.
24,251 However, the promising ASE or lasing thresholds were rarely obtained because
of the inducing ICT state, as well as the energy-gap law effect, which is an intrinsic
limit inducing a decreased fluorescence radiative process because of faster non-

radiative processes.!?6-2%1 Moreover, as the large k: is one of the important parameters to

realize lower-threshold ASE and laser actions, the precise manipulation of D/A motifs
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not only feasibly tuned the color emission,?°3! but also determined the HOMO and
LUMO energies and their overlap. Such the HOMO/LUMO overlap in contrast with
CT states yielded HLCT transition, which induced therefore a relatively large f.[3>-25
Herein, | designed the linear D-A type molecules where the skeleton could be
described as D-spacer-A-spacer-D for promising laser dyes. In more detail, the donor
moiety was chosen to be triphenylamine (TPA), while the fluorene-based spacers
connected the D units to the A core. Benzothiadiazole (BTD) and benzo[1,2-
c:4,5¢’]bis[ 1,2,5]thiadiazole (BBTD) were selected as acceptors for yellow [(TPA-
F).BTD] and NIR [(TPA-F).BBTD] laser dyes, respectively. It was to be highlighted
that long alkyl chains were appended on the fluorene spacer in order to provide a high
solubility to realize solution-processed devices, as well as to suppress intermolecular
aggregation. The acceptor BBTD exhibited a stronger electron-accepting capability
than BTD does, which was due to the extension of the heterocyclic core. Thus, the
intensive D/A interplay further led to a much smaller energy gap, thereby resulting in
the large red-shift from yellow to NIR emission. Benefitting from the reasonable
HOMO/LUMO wavefunction distribution in the molecular skeleton, the noticeable
wavefunction overlap guaranteed the LE feature with a large f of around 0.5. Such large
absorption was accompanied by the fluorescence decay time around 4 ns and high
PLQY's of 91% for (TPA-F).BTD and 33.8% for (TPA-F).BBTD. Thus, the optimal
laser thresholds for yellow and NIR ones were around 1 puJ cm™2, respectively, which
were among the lowest ones in the corresponding spectral region to the best of our
knowledge. Here, it could be highlighted that the substitution of the fluorene unit with
long alkyl chains allowed solution processing and effectively prevented the ACQ,
yielding the high PLQY of 90% in a neat film of (TPA-F),BTD, with a low laser
threshold. Moreover, the solution-processed OLEDs of (TPA-F).BTD and (TPA-
F).BBTD were fabricated and showed EQEs of 2.7% and 0.56% for yellow and NIR
emission, respectively, with only slight efficiency rolloff under the injected current

density of hundreds of mA cm™.
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3.2 Results and discussion

3.2.1 Molecular design

The specific molecular structures were presented as (TPA-F).BTD and (TPA-
F).BBTD in Figure 3-1. It is noted that (TPA-F),BTD and (TPA-F).BBTD were
constructed on the same linear molecular structure as a donor-spacer-acceptor-spacer-
donor skeleton, where the donor fragment was TPA and the spacer was fluorene unit
with alkyl-chains. The difference was the strong acceptor moieties, BTD was used in
(TPA-F).BTD, while BBTD containing an extending heterocyclic core was
incorporated into (TPA-F).BBTD. Herein, the change from BTD to BBTD reinforced
the electron-accepting strength in the molecule for a deeper LUMO energy level to
reduce the energy gap with redshifting emission. Meanwhile, for a better comparison,
two molecules based on the similar molecular skeleton without spacer units,

(TPA)BTD and (TPA).BBTD were subsequently designed accordingly.

Strong donor Strong acceptor Spacer

BV,

CgH
CoHyy CBH17 CgHy7 CeHyy

(TPA-F),BTD (TPA-F),BBTD

Figure 3-1. Molecular design of strong D-A type dyes (TPA-F);BTD and (TPA-
F).BTD.
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3.2.2 Theoretical calculation

The DFT and time-dependent DFT (TD-DFT) methods were performed to better
clarify the geometrical difference and HOMO/LUMO wavefunction distribution of the
molecules. As expected [Figure 3-2 (a) and (b)], the LUMO wavefunctions were
mainly concentrated on the BTD and BBTD acceptor moieties and partially extended
to fluorene spacers, whereas HOMO wavefunctions were distributed from TPA
moieties to fluorene spacers. Herein, the long alkyls chain did not participate in the
orbital wavefunction distribution; thus, neither influence of HOMO/LUMO distribution
nor derivation of calculated values took place within these two models. In this case, the
substantial HOMO/LUMO wavefunction overlap mainly concentrated at the spacer-
bridge, which guaranteed a large f in the strong D-A type molecules, promoting a high
S1-So transition dipole moment and the large k. Thus, the calculated f for (TPA-F).BTD
and (TPA-F).BBTD are 0.55 and 0.50, respectively, which was a prerequisite for
triggering ASE or laser activities. By comparison, D-A type molecules (TPA).BTD and
(TPA)2.BBTD without spacers exhibited more condensed HOMO/LUMO distribution,
because of the shorter strong D/A center distance. Thus, besides the spacer unit,
HOMO/LUMO overlap tended to shift to the acceptor-core, the corresponding f had a
slight decrease for (TPA).BTD (0.45) and (TPA).BBTD (0.47), respectively. All the

calculated data was summarized in Figure 3-1.
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Figure 3-2. Calculated HOMO and LUMO wavefunction distribution of (a) (TPA-
F).BTD and (b) (TPA-F):BBTD with the spacers and (c) (TPA).BTD and (d)

(TPA)BBTD without the spacers. The corresponding geometries were optimized at

B3LYP/6-31G(d) level.

Table 3-1. Theoretically calculated wavelength peak, HOMO, LUMO, energy gap, and

fof (TPA-F).BTD, (TPA-F).BBTD, (TPA).BTD, and (TPA).BBTD.

Material (ﬁ:}) H((;\I\I/I)O LEQ;I)O (f\i) f
(TPA-F).BTD 557.5 —4.85 —2.35 2.22 0.5521
(TPA-F).BBTD 957.7 —4.82 —-3.30 1.29 0.4986
(TPA)BTD 580.4 —4.80 —2.27 2.14 0.4496
(TPA).BBTD 987.8 —4.67 -3.17 1.26 0.4660
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3.2.3 Solvent effect

Photophysical studies were performed in solution. To that end, solvatochromism
was recorded in eight different solvents having different polarities allowing to have
information on the excited state dipole moment (ground-state dipole moment was
obtained from DFT calculation), while the absorption spectra did not move dramatically,
a clear red-shift of the emission of (TPA-F):BTD and (TPA-F).BBTD was observed
when increasing the polarity of the solvent in Figure 3-3. Such behavior was typical
for the CT-state emission, revealing that the ground-state dipole moment is rather low
compared to the excited state dipole moment. For (TPA-F).BTD and (TPA-F).BBTD,
the ground-state dipole moment was 1.69 and 0.86 Debye, respectively, in parallel, the
corresponding excited state dipole moment was 13.7 and 8.1 Debye, respectively. These
results were consistent with the features of the CT state, implying the HLCT property

in this molecular design.
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Figure 3-3. (a) (TPA-F).BTD and (b) (TPA-F).BBTD in different solvents with
different polarities. The solvents were cyclohexane, toluene, dibutylether (Bu2O),
diethylether (Et20), chloroform (CHCIs), ethylacetate (EtOAc), tetrahydrofuran (THF),
and dichloromethane (CH2Cl.).

3.2.4 Energy level determination

To determine the energy levels of the four molecules, photoelectron spectra were
measured by photoelectron yield spectroscopy (AC-3, Riken Keiki). As shown in
Figure 3-4, in regards to (TPA).BTD and (TPA).BBTD without fluorene spacers, the
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HOMO energy levels were —5.5 and —5.4 eV, respectively. By comparison, after
inserting the fluorene spacers between strong D-A skeleton, the HOMO wavefunction
distribution extended to the spacers, so the corresponding HOMO energy levels became
deeper, which were around —5.8 eV. Thus, the emission of molecules with spacer units

ought to exhibit blue-shifting. The corresponding data was summarized in Table 3-2.
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Figure 3-4. Photoelectron yield spectra of (a) (TPA).BTD, (b) (TPA).BBTD, (c) (TPA-
F).BTD, and (d) (TPA-F).BBTD.

Table 3-2. Experimental HOMO and LUMO of (TPA-F),BTD, (TPA-F),BBTD,

(TPA),BTD, and (TPA),BBTD.

ApL? HOMOP LUMO® HOMO¢ LUMO¢
(nm) (eV) (V) (V) (eV)
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(TPA-F),BTD 550 -5.79 -3.38 -5.71 —2.94

(TPA-F),BBTD 793 -5.82 ~4.27 ~5.72 -3.71
(TPA),BTD 608 ~5.50 ~3.25 / /
(TPA),BBTD 886 ~5.40 ~3.96 / /

2 measured in toluene solution; ® measured in neat film; ¢ measured by subtracting the absorption onset energy from the HOMO

energy; ¢ measured by CV.

3.2.5 Photophysical properties

Then, the PL of the four molecules was further investigated. As shown in Figure
3-5, (TPA-F),BTD and (TPA).BTD showed yellow-to-red emission, while (TPA-
F).BBTD and (TPA)2BBTD exhibited NIR emission in toluene, because of the stronger
electron-affinity capability with an extending heterocyclic core. As expected, owing to
the inserted fluorene spacer with a weaker electron-donating capability, (TPA-F).BTD
and (TPA-F).BBTD exhibited shallower HOMO energy levels and blueshifting. In
terms of PLQY, (TPA-F).BTD and (TPA-F).BTD with spacers had higher PLQY
values of 91.3% and 33.8%, which were higher than their analogs without spacer units
(81.2% and 4.1%). Then, the PLQY's were subsequently estimated at various doping
ratios in a 4,4’-bis(N-carbazolyl)-1,10-biphenyl (CBP) matrix. The solution-processed
blend films were fabricated by spin-coating onto the fused silica substrates, and the
corresponding film thickness was controlled to be around 150 nm. For the yellow lasing
dye (TPA-F).BTD, the doping ratios were varied from 3 to 100 wt%. 100 wt%
represented a host-free neat film. The consistent maximum absorption peak of the CT
transition around 444 nm, as well as no obvious broadening or shifting of this transition
within such a large doping region, implied that there might be little concentration-
dependent quenching or intermolecular aggregation in those large molecules for (TPA-
F).BTD. It was worth noting that all PLQY values could almost exceed 90%. In detail,
the unity PLQY values (close to 100%) could be achieved at lower doping ratios. Even

in the neat film, there was only a slight reduction of the PLQY to 90%, which further
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confirmed fluorene-spacer with long alkyl chains in D-spacer-A-spacer-D molecule,
not only reinforced the solubility, but also brought a large steric hindrance to effectively
reduce the intermolecular interaction and aggregation. By comparison in Figure 3-5 (a),
(TPA).BTD without spacers in CBP blend films exhibited a smaller PLQY decrease
and larger rolloff when increasing the doping concentrations. As shown in Figure 3-5
(b), the PLQYs of NIR molecules (TPA-F).BBTD and (TPA).BBTD were well

consistent with the findings above.

(a) () 100
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Figure 3-5. PLQYs of (a) (TPA-F).BTD and (TPA).BTD and (b) (TPA-F).BBTD and
(TPA).BBTD doped into CBP at different doping ratios. The insets were PL spectra of
(TPA-F).BTD, (TPA)BTD, (TPA-F).BBTD, and (TPA).BBTD in toluene,

respectively.

To gain further insights into those dyes, sub-nanosecond transient PL decay
measurements were conducted for (TPA-F).BTD and (TPA-F).BBTD-based blend
films with 3 wt% doping ratios, and the corresponding fast fluorescence decay lifetimes
(z) were 3.7 and 4.1 ns in respect with doping ratios (Figure 3-6). According to the
equation: kr = @/t, where k; denotes the fluorescence radiative rate constant, @ is the
PLQY, the samples with 3 wt% doping ratios owned high k; of 2.7>108 and 1.2x<108 s ?,
respectively for blend films, indicating the potential to realize efficient ASE or laser
performance. In contrast, (TPA-F).BTD without the spacer units exhibited a slower

decay lifetime (6.7 ns), lower PLQY (81%), as well as a smaller k;, which might result
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from the energy-gap law and the shorter D-A distance inducing nonradiative coupling.

The corresponding photophysical data was summarized in Table 3-3.
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Figure 3-6. Time-dependent transient PL in nanosecond scale of (TPA-F).BTD,
(TPA),BTD, and (TPA-F).BBTD doped in CBP at 3 wt%.

Table 3-3. Photophysical properties of (TPA-F),BTD, (TPA-F):BBTD, (TPA),BTD,

and (TPA)2BBTD in solution and blend films

) ApL? PLQY? PLQY" T ki
Material
(nm) (%) (%) (ns) (10% s
(TPA-F),BTD 550 91.3 99.0 3.7 2.5
(TPA-F);BBTD 793 33.8 50.0 4.1 1.2
(TPA)BTD 608 81.0 82.8 6.7 1.2
(TPA),BBTD 886 4.1 7.2 / /

 measured in toluene solution; ® measured in blend film at 3 wt% doping concentration.

3.2.6 ASE properties and DFB lasers
According to the large f, as well as relatively large 4 of (TPA-F).BTD and (TPA-
F)2,BBTD, ASE of those dyes was investigated with the hope to obtain lower thresholds.
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In the context of the yellow lasing dye (TPA-F)BTD, concentration-dependent ASE
properties were systematically evaluated in CBP films doped with lasing dyes at 3 to
100 wt%. The thickness for all the prepared samples was >100 nm, which was thick
enough to realize the edge-waveguide. Figure 3-7 (a) showed the output ASE intensity
from the edge at different doping concentrations. It was evident that all the studied
samples (at different doping ratios) showed ASE with a narrow spectral shape. ASE
could be well evidenced from a change in intensity slope and a narrowing of the
emission (i.e., a decrease of the FWHM) up to a value lower than 10 nm. Also, the ASE
peaks varied from 549 to 573 nm (yellow) by changing the concentration ratios. As
shown in Figure 3-7 (b), the ASE thresholds increased from 0.5 to 2.7 uJ cm 2 when
going from 3 to 100 wt.% in CBP. To the best of our knowledge, the yellow ASE
threshold around 0.5 pJ cm™2 was the lowest ever reported for yellow emission in the
literature. The trend of the ASE threshold change was nearly in line with the 4 of
2.7x10% s7! for 3 wt.%; 2.0x10% s7! for 100 wt.%, because Einstein’s B constant is

proportional to &; according to the following relationship:

3

Bx ——
8rhv3

kT,‘ Eth 0( E

where B is Einstein’s B constant, ¢ is the velocity of light, h represents
Planck’s constant, v is the transition frequency, and Ew is the threshold. By
comparison, owing to the smaller %:, the (TPA),BTD doped CBP blend film had a higher
ASE threshold over 15 uJ cm™2. Moreover, to assess the optical gain of the laser dyes,
the o,.,, has been estimated in the blend films. According to the Eq. 2-1, the
corresponding o,,, atthe ASE peak for (TPA-F)BTD and (TPA-F),BTD is exceeding
1.0x107'6 cm?. By comparison, (TPA),BTD-based CBP blend films exhibited a smaller
Oom 0f 7.0x107'7 cm?, which is consistent with the difference of their ASE thresholds.
Also, | noticed that the host-free system also exhibited promising threshold values,
which was benefitting from the effective limitation of intermolecular aggregation and
reduced concentration quenching. The optimal threshold of only 1.9 puJ cm 2 was

obtained.
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Figure 3-7. (a) ASE spectra of (TPA-F).BTD-based solid-state films with different

doping ratios in a CBP host matrix. (b) Relationship of fluorescence radiative rate

constants with the ASE thresholds as a function of doping ratio.

Moreover, owing to the elimination of host (CBP), crystallization and degradation
would be easier to take place during the operation or preserving in the ambient
condition. Therefore, as shown in Figure 3-8, the host-free system could tolerate
moisture and oxygen under high nitrogen-laser (337 nm) excitation power above the

threshold, and the ASE intensity could maintain nearly 90% of the original intensity
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after one hour in the ambient condition, which was slightly more stable than the blend

film.
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Figure 3-8. ASE stability of (TPA-F).BTD in CBP blend film and neat film.

For the NIR emitter (TPA-F),BBTD, though the k- (~1.0<10® s1) was slightly
lower than that of (TPA-F).BTD, which could be explained by the lower PLQYSs, NIR
ASE with low thresholds (going from 3.8 to 7.9 uJ cm2) still took place under wide-
range doping concentrations from 1 to 40 wt.% with decreasing slope efficiency (the
corresponding thickness of the samples was around 200 nm). The sharp decrease of
FWHMs in the NIR-region spectra to <10 nm was plotted in Figure 3-9 (a), with all
the ASE wavelengths exceeding 780 nm (passing from 796 to 847 nm). It was
highlighted that the lowest NIR ASE threshold (3.8 pJ cm™2) was realized with the
doping ratio 3 wt.% in CBP [Figure 3-9 (b)]. In contrast, ASE threshold based on
(TPA)2.BBTD molecule without spacers was too high to detect, which could be caused
by the serious energy-gap law and very strong donor-acceptor coupling effect in the

short distance.
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Figure 3-9. ASE performance of (TPA-F).BBTD-based solid-state films with different
doping ratios in a CBP host matrix. (a) ASE spectra of all the films operating above the

thresholds and (b) concentration dependence of the ASE thresholds.

Furthermore, 1 incorporated the 2"-order DFB resonator structures to give a
vertically output of the yellow and NIR lasers with low thresholds. Herein, diverse DFB
grating periods (A2) of 360, 370, and 380 nm were designed and used for a (TPA-
F)2.BTD neat film. In parallel, 4> of 505, 520, 535 and 550 nm were subsequently used
to fabricate laser devices based on a 3 wt% (TPA-F).BBTD: CBP blend film, and the
lowest threshold was around 1 uJ cm™2. Consequently, wide-range tunable lasers with
low laser thresholds from a (TPA-F).BTD neat film (from 558 to 586 nm) and 3 wt%
(TPA-F)BBTD: CBP blend film (from 779 to 845 nm) were able to be obtained by
rationally manipulating the vibronic bands spanning the entire emission spectrum
(Figure 3-10). It should be noted that the relatively wide spectral shape of D-A type
molecules enables the possibility of wider color-tunable lasers in a single molecule.
Then, the polarization property of NIR laser based on the (TPA-F).BBTD: CBP blend
film was further investigated. As shown in Figure 3-11, the 2"-order DFB NIR laser
exhibited a strong, linear transverse electric polarization, with a degree of polarization
0f 99.9% for the 2"-order devices, which was accordingly calculated from the equation:
(Imax — Imin)/ Umax + Imin), where L., and I,;, denoted the maximum intensity
at 90° and the minimum intensity at 0°, respectively. Consequently, the high degree

value implied that the remarkable polarization characteristics of the NIR laser system.
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Figure 3-10. Yellow laser performance of (a) (TPA-F).BTD neat films with different
DFB grating periods of 360, 370, and 380 nm. NIR laser performance of (a) 3 wt%
(TPA-F).BBTD: CBP blend films with different DFB grating periods of 505, 520, 535

and 550 nm. The insets were the grating patterns for 2"%-order DFB structures.
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Figure 3-11. Polarization of NIR laser based on (TPA-F),BBTD doped into a CBP film

at 3 wt%.

Consequently, the yellow and NIR laser performance obtained in this work was
compared with the representative lasers reported. As shown in Figure 3-12, organic

lasers with low thresholds were mainly achieved in the blue regime, while the
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performance far lagged behind for the yellow-NIR regime, in other words, the laser
dyes with small energy gaps. In this work, the laser performances based on (TPA-
F),BTD and (TPA-F),BBTD exhibited remarkably low laser thresholds, which paved

an avenue to realize the excellent lasers from D-A type molecules with small energy

gaps.
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Figure 3-12. Summary of the ASE and laser performance measured from (TPA-F);BTD

and (TPA-F);BBTD in this study and reported in literature.

3.2.7 EL performance

Both the laser dyes were next used to fabricate OLEDs. The specific device
configuration was as follows: glass substrate/ITO (100 nm)/poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT: PSS, 50 nm)/CBP: emitter
(X wt%, Y nm)/2,2°,2°’-(1,3,5-benzinetriyl)-tris(1-phenyl-1H-benzimidazole) (TPBI,
65 nm)/LiF (0.8 nm)/Al (100 nm), where the PEDOT:PSS layer (HIL/HTL) and EML
were solution-processed, X represented the quantity of dye compared to the quantity of
CBP, and Y was the thickness of the EML. In parallel, the TPBi (ETL), LiF (EIL) and
Al cathode were thermally evaporated. For the yellow emitter (TPA-F).BTD, the EML
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based on a CBP host matrix was doped with different concentrations from 3 to 40 wt%,
whose PLQYSs of the corresponding solid-state films were close to the unity (>95%).
With respect to the PL spectra, the EL spectra underwent a slight red-shift from 555 to
566 nm when increasing the doping concentrations, which may be because of the
optical interference effect. For the 3 wt% blend films, the thickness of the EML was
optimized from 60 to 150 nm by tuning the substrate rotation rate during spin-coating.
As displayed in Figure 3-13 (a), it was evident that the turn-on voltage of OLEDs
decreased from 7.5 to 5.0 V by reducing the EML thickness from Y1 (~150 nm) to Y2
(~110 nm), Y3 (~80 nm), and Y4 (~60 nm). As presented in the EQE-J curve in Figure
3-13 (c), the highest EQE values of yellow emission increased from 1.65% to 2.67%
when decreasing the thickness. It was worth noting that all the devices could tolerate
high current density injection, and there was a slight efficiency rolloff within the
variation of current density injection in several orders. For instance, the EQE of Y4 at
100 mA cm 2 maintained 1.70%.

For the NIR emitter (TPA-F).BBTD, the device configuration, similar to the one
of (TPA-F)2BTD, was also applied in the solution-processed device, which was also
blended in CBP host with different concentration ratios from 1 to 6 wt%. More
specifically, the turn-on voltage of NIR devices is around 8.0 V. In parallel, as displayed
in Figure 3-13 (b), the corresponding EL spectra were located in the NIR regime, the
spectral maximum showed red-shifting from 775 to 790 nm, with increasing the doping
ratios. Owing to the limit of the energy-gap law effect, the highest EQE is 0.56%, and
all the devices exhibited stable efficiency output with slight rolloff at high current

density (over 100 mA cm™2).
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Figure 3-13. EQE vs. current density characteristics of (a) (TPA-F).BTD-based

OLEDs with different EML thicknesses and (b) (TPA-F).BBTD-based OLEDs with

different doping ratios (1 wt% in NIR1, 2 wt% in NIR2, 3 wt% in NIR3, and 6 wt% in

NIRA4).

81



3.3 Conclusion

In summary, D-spacer-A-spacer-D molecules have been successfully synthesized
and characterized as promising laser candidates. The HOMO/LUMO wavefunction
distribution was adjusted by inserting the fluorene spacer. A large f was obtained by
tuning the relative D/A interplay strength to realize color-tunable organic lasing
properties. Herein, TPA was selected as the donor moiety located at the end-sites of
molecules, and BTD and BBTD with stronger electron-affinity capability, were chosen
as acceptors for yellow ((TPA-F).BTD) and NIR ((TPA-F).BBTD) lasing dyes,
respectively. In particular, the spacer-bridge connection between donor and acceptor
moieties was composed of fluorene core, and the long alkyl chains were involved to
guarantee the good solubility and suppressing of intermolecular ACQ in the case of
(TPA-F).BTD. Therefore, the large kr promoted the ASE/laser properties in a large
range of doping concentrations. Among them, the yellow laser (lpeak ~555 nm) from
(TPA-F):BTD neat films, and NIR laser (Apeak ~845 nm) from 3 wt% (TPA-

F).BBTD:CBP blend films were respectively achieved.

3.4. Experimental sections

Molecule synthesis

Generally, these two dyes were synthesized in a similar manner using divergent
synthesis in Figure 3-14. A Suzuki cross-coupling reaction was realized on the 4,7-
dibromo-2,1,3-benzothiadiazole (or 4,8-dibromobenzo[1,2-c:4,5-c’]bis-
[1,2,5]thiadiazole) with the corresponding fluorene boronic ester (acid) counterpart in
the presence of Pd(PPhs)s yielding 1a and 1b with reasonable yields (ca. 75% and 48%,
respectively). 1a (1b) was further brominated using bromine in chloroform to give 2a
(2b). Subsequently, the dibromo-derivatives 2a (2b) were capped by using a Suzuki
cross-coupling reaction with 4-(diphenylamino)phenylboronic acid yielding (TPA-

F)2BTD, 3a ((TPA-F)2:BBTD, 3h).
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Synthesis of F2-BTD (1a)

In a 50 mL round bottom flask, 4,7-dibromobenzo[c][1,2,5]thiadiazole (500 mg,
1.70  mmol, 1.0 eq.), 2-(9,9-dioctyl-9H-fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (2.20 g, 4.25 mmol, 2.5 eq.) were suspended in DMF (30 mL) and the
suspension was degassed with nitrogen for 20 min. Subsequently a degassed solution
of KoCOs (1.41 g, 10.2 mmol, 6.0 eq.) in water (5.1 mL) was added followed by the
addition of a catalytic amount of Pd(PPh3)s. The reaction mixture was stirred at 95 °C
for 16 h. At the end of the reaction, the solution was poured into 150 mL of water, and
the aqueous layer was extracted with dichloromethane (DCM) for three times. The
organic phases were combined, dried over MgSO4 and evaporated to dryness. The crude
was purified by column chromatography on silica gel using a gradient of solvent from
100% hexane to 90% hexane-10% DCM giving a yellow solid (1.16 g, yield: 75%). 'H
NMR (CDCl3, 300 MHz, ppm) 6: 8.06 (dd, J=7.8 Hz, J=1.5 Hz, 2H), 7.98 (d, J=1.2 Hz,
2H), 7.92-7.87 (m, 3H), 7.83—7.77 (m, 2H), 7.44=7.33 (m, 6H), 2.17-1.97 (m, 8H),
1.27-1.07 (m, 40H), 0.87—-0.73 (m, 20H); *C NMR (CDCls, 75 MHz, ppm) &: 154.08,
153.47, 151.41, 151.33, 141.88, 140.58, 135.31, 134.73, 132.40, 128.23, 128.08,
127.58, 127.02, 123.95, 123.10, 120.16, 119.91, 112.79, 55.37, 40.38, 31.92, 30.16,
29.34, 23.98, 22.72, 14.19.

Synthesis of (Br-F),-BTD (2a)
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In a 100 mL round bottom flask, 1a (500 mg, 0.547 mmol, 1.0 eq.) was dissolved
in 40 mL of chloroform and the solution was stirred in an ice bath at 0 °C. Bromine
(525 mg, 3.28 mmol, 6.0 eq.) in 10 mL of chloroform was added dropwise over 30 min.
The solution was allowed to come back to room temperature and stirred for 4 additional
hours. The solution was washed with a saturated solution of sodium thiosulfate then
with brine. The DCM solution was dried over Na;SOs, then evaporated to dryness. The
crude was purified by column chromatography on silica gel using a 90% hexane-10%
DCM as eluent giving a yellow solid (574 mg, yield: 98%). 'H NMR (CDCls, 300 MHz,
ppm) 6: 8.03 (dd, J=7.9 Hz, J=1.5 Hz, 2H); 7.93 (s, 2H), 7.88 (s, 2H), 7.84 (d, J=7.92
Hz, 2H), 2.12-1.97 (m, 8H), 1.19-1.10 (m, 40H), 0.83—0.76 (m, 20H). '*C NMR
(CDCls, 75 MHz, ppm) &: 154.43, 153.69, 150.91, 140.40, 139.81, 136.75, 133.67,
130.23, 128.49, 128.07, 126.42, 124.08, 121.48, 121.46, 119.98, 55.72, 40.33, 31.94,
30.12,29.37,29.34, 23.97, 22.75, 14.21.

Synthesis of (TPA-F),-BTD (3a)

In a 10 mL round bottom flask, 2a (250 mg, 0.233 mmol, 1.0 eq.) and (4-
(diphenylamino)phenyl)boronic acid (169 mg, 0.583 mmol, 2.5 eq.) were solubilized
in 4 mL of toluene and a solution of Cs2COs (759 mg, 2.33 mmol, 10.0 eq.) in 1.5 mL
of water was added. The biphasing reaction mixture was degassed by bubbling nitrogen
gas for 20 min. Then, a catalytic amount of Pd(PPhs)4 was added and the reaction was
stirred at 90 °C for 16 h. After cooling down the mixture, water and DCM were added
and the organic layer was washed with water. The organic phases were combined, dried
over NaxSO4 and evaporated to dryness. The crude was purified by column
chromatography on silica gel using a gradient of solvent from 90% hexane-10% DCM
to 70% hexane-30% DCM giving an orange solid (m= 202 mg, yield: 62%). '"H NMR
(CDCls, 300 MHz, ppm) o: 8.10 (dd, J=7.9 Hz, 2H), 8.02 (s, 2H), 7.93-7.90 (m, 4H),
7.84 (d, J=8.3 Hz, 2H), 7.64-7.61 (m, 8H), 7.34-7.29 (m, 8H), 7,24-7,18 (m, 12H),
7.10-7.05 (m, 4H), 2.16-2.09 (m, 8H), 1.23—1.14 (m, 40H), 0.90—0.80 (m, 20H); *C
NMR (CDCls, 75 MHz, ppm) &: 154.51, 152.16, 151.48, 147.82, 147.24, 141.22,

139.88, 139.68, 136.22, 135.71, 133.69, 129.42, 128.37, 128.01, 127.96, 125.76,
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124.51, 124.15, 124.04, 123.06, 121.15, 120.37, 119.96, 55.45, 40.50, 31.94, 30.22,
29.39,29.36,24.07, 22.74, 14.21.

Synthesis of F2>-BBTD (1b)

In a 50 mL round bottom flask, 4,7-dibromobenzo[l,2-c:4,5-
c¢' ]bis([1,2,5]thiadiazole) (350 mg, 0.994 mmol, 1.0 eq.) and (9,9-dihexyl-9H-fluoren-
2-yl)boronic acid (940 mg, 2.49 mmol, 2.5 eq.) were dissolved in 20 mL of toluene and
a solution of Cs2COs3 (3.24 g, 9.94 mmol, 10.0 eq.) in 10 mL of water was added. The
biphasing reaction was degassed by bubbling nitrogen gas for 20 min. Then, a catalytic
amount of Pd(PPh3)s was added and the reaction mixture was stirred at 90 °C for 16 h.
After cooling down the mixture, water and DCM were added and the organic layer was
washed with water. The organic phases were combined, dried over Na;SOs and
evaporated to dryness. The crude was purified by column chromatography on silica gel
using a gradient of solvent from 90% hexane-10% DCM to 66% hexane-34% DCM
giving an orange solid (410 mg, yield: 48%). '"H NMR (CDCls, 300 MHz, ppm) &: 8.42
(d, 2H, J=1.1 Hz), 8.37 (dd, 2H, J=7.92 Hz, J=1.47 Hz), 8.04 (d, 2H, J=7.94 Hz), 7.90-
7.87 (m, 2H), 7.52—7.43 (m, 6H), 2.24-2.11 (m, 8H), 1.26—1.23 (m, 26H), 1.04—0.84
(m, 22H). *C NMR (CDCls, 75 MHz, ppm) 8: 153.08, 151.85, 150.62, 141.91, 140.67,
133.87, 130.88, 127.59, 127.31, 127.01, 123.07, 121.84, 120.28, 119.58, 55.34, 40.33,
31.65,29.91, 24.07, 22.71, 14.20.

Synthesis of (Br-F),-BBTD (2b)

In a 50 mL round bottom flask, 1b (200 mg, 0.233 mmol, 1.0 eq.) was dissolved in
20 mL of chloroform and the solution was stirred in an ice bath at 0 °C. Bromine (223
mg, 1.40 mmol, 6.0 eq) in 10 mL of chloroform was added dropwise over 30 min. The
solution was allowed to come back to room temperature and stirred for 4 additional
hours. The resulting solution was washed with a saturated solution of sodium thiosulfate
then with brine. The DCM solution was dried over Na>SO4 then evaporated to dryness.
The crude was purified by column chromatography on silica gel using an 80% hexane-

20% DCM as eluent giving a yellow solid (182 mg, yield: 77%). '"H NMR (CDCls, 300
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MHz, ppm) §: 8.31-8.28 (m, 4H), 7.94 (d, J=Hz, 2H), 7.68 (d, J=Hz, 2H), 7.56-7.51
(m, 4H), 2.18-1.94 (m, 8H), 1.22-1.15 (m, 24 H), 0.91-0.78 (m, 20H). '3C NMR
(CDCls, 75 MHz, ppm) &: 154.12, 153.09, 150.37, 140.86, 139.71, 134.31, 131.04,
130.29, 127.35, 126.48, 121.82, 121.73, 121.64, 119.72, 55.74, 40.24, 31.66, 29.86,
24.06,22.75, 14.21.

Synthesis of (TPA-F),-BBTD (3b)

In a 10 mL round bottom flask, 2b (150 mg, 0.147 mmol, 1.0 eq.) and (4-
(diphenylamino)phenyl)boronic acid (107 mg, 0.369 mmol, 2.5 eq.) were dissolved in
4 mL of toluene and a solution of Cs2CO3 (481 mg, 1.47 mmol, 10.0 eq.) in 1.5 mL of
water was added. The biphasing reaction was degassed by bubbling nitrogen gas for 20
min. Then, a catalytic amount of Pd(PPh3)s was added and the reaction mixture was
stirred at 90 °C for 16 h. After cooling down the mixture, water and DCM were added
and the organic layer was washed with water. The organic phases were combined, dried
over NaSOs and evaporated to dryness. The crude was purified by column
chromatography on silica gel using a gradient of solvent from 80% hexane-20% DCM
60% hexane-40% DCM giving an orange solid (115 mg, yield: 58%). '"H NMR (CD:Cl,
300 MHz, ppm) &: 8.38 (d, 4J=0.9 Hz, 2H), 8.32 (dd, *J=8.0 Hz, *J=1.3 Hz, 2H), 7.98
(d, *J=7.8 Hz, 2H), 7.89 (d, *J=7.8 Hz, 2H), 7.70-7.61 (m, 8H), 7.35-7.27 (m, 8H),
7.23—=7.13 (m, 12H), 7.11-7.02 (m, 4H), 2.22-2.09 (m, 8H), 1.24-1.16 (m, 24H),
0.97-0.92 (m, 8H), 0.81 (t, 3J=6.7 Hz, 12H); '*C NMR (CD:Cl,, 75 MHz, ppm) &:
153.58, 153.13, 151.33, 148.27, 147.80, 142.00, 140.57, 140.03, 136.01, 134.50,
131.67, 129.87, 128.37, 127.84, 126.17, 124.96, 124.50, 123.56, 122.13, 121.71,
121.06, 119.85, 55.96, 40.79, 32.15, 30.36, 24.65, 23.20, 14.44.

Sample preparation
The blended films (hosted by CBP) and neat films for photophysical and ASE
measurements, were spin-coated on cleaned fused-silica substrates and non-fluorescent

glass substrates from the prepared chloroform solution with different doping
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concentrations. The film thickness was controlled by tuning the spin-coating rotation

speed, and determined by a Dektak profilometer.

Photophysical characterization of absorption, PL spectra, PLQY and time-
dependent transient PL

Absorption spectra for all the samples were measured by a Lambda 950 KPA
spectrophotometer (PerkinElmer, USA). Steady-state PL spectra were recorded using
an FP-8600 PL spectrometer (JASCO, Japan). PLQYs were estimated using an
integrating sphere system coupled with a photonic multichannel analyzer (Hamamatsu
Photonics C11347-11, PMA-11, Japan). All the samples were excited at 340 nm. The
time-dependent transient PL was measured using a Quantaurus-Tau fluorescence
lifetime measurement system (C11367-03, Hamamatsu Photonics, Japan) under the

excitation of 340 nm.

Quantum chemical calculation

The DFT calculation of (TPA-F);BTD and (TPA-F);BBTD was subsequently
carried out using the program Gaussian 16, and the corresponding geometries were
optimized at B3LYP/6-31G(d) level. The alkyl chains were substituted with ethyl
groups. The TD-DFT calculations were operated at B3LYP/6-31G(d) level.

Characterization of ASE properties

The as-prepared solid-state blending or neat films were photoexcited by a nitrogen
laser (the excitation wavelength is 337 nm, with a pulse width of 800 ps and repetition
rate of 8 Hz, KEN2020, Usho Optical Systems Co., Ltd.) in the ambient condition. The
substrates were cut from the center for better waveguide emission. Neutral density
filters were set up to vary the output energy of excitation pulses. The cylindrical lens
was used to transform the excitation beam into a uniform stripe for stable excitation.
The edge-emission from the waveguide edge was detected by an optical fiber, which

was connected to a spectrometer (PMA-12, Hamamatsu Photonics, Japan).
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DFB structure fabrication

Glass substrates covered with a 1000 nm silicon dioxide (S10;) layer were used for
DFB fabrication. The substrates were subsequently cleaned up by detergent, pure water,
acetone, and isopropanol (IPA) and then treated by UV-ozone. Next,
hexamethyldisilazane was spin-coated onto the substrates at 4000 rpm for 15 s,
followed by annealing at 120 °C for 120 s. Later, a reasist film composed of ZEP520A-
7 solution was then spin-coated at 4000 rpm for 30 s, and then baked at 180 °C for 240
s. The electron-beam lithography was conducted to obtain the grating patterns on the
resist layer by the JBX-5500SC system. Then, the development of the grating pattern
was taken place in a developer solution ZED-N50. In the process of etching, the resist
layer was employed as the protecting layer while the substrates undertook the plasma-
etching with CHF3 using an EIS-200ERT etching system (Elionix). For completely
removing the resist layer from the substrates, they were plasma-etched with O using

an FA-1EA etching system (SAMCO).

Device fabrication and measurement.

The hole-transporting material PEDOT:PSS was purchased from Heraeus Clevios,
whereas CBP and TPBi were supplied by TCI chemicals. The PEDOT:PSS layer was
spin-coated on the cleaned pre-patterned ITO substrates, and then thermally annealed
at 180 °C for 15 minutes. Neat and blend films with different doping concentrations
hosted by CBP were subsequently spin-coated upon the PEDOT:PSS layer. The TPBi
ETL, LiF EIL and Al cathode were thermally evaporated through shadow masks to
complete the devices. Finally, the devices were encapsulated in the glovebox under the
nitrogen-gas circumstance to prevent the detrimental influence of oxygen and moisture.
For OLED performance measurement, J—J characteristics were measured under DC
driving using a constant source meter, Keithley 2400, Keithley Instruments Inc., and
the EL spectra were recorded by an optical fiber connected to a spectrometer (PMA-12,

Hamamatsu Photonics, Japan).
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Chapter 4. Quasi-planar donor-acceptor structure from

intramolecular lock toward narrowband EL and TADF lasers
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4.1 Introduction

Pursuing a high EL efficiency and ultrapure luminescence for wider-color gamuts
are two crucial prerequisites of optoelectronic devices, such as OLEDs!'"! and cutting-
edged OSLDs for realizing the terminal display technology.!®!'®! To improve the EQE
of OLEDs and trigger the OSLDs under a much reduced threshold, the fundamental
purpose is to fully harvest generated excitons for radiation.[’! In particular, the
utilization of spin-forbidden triplets, which account for 75% among electrically-
generated excitons, plays a critical role.l'”] Recently, TADF materials with an IQE of
~100% have been extensively developed.!'®2°! To effectively minimize AEsr, so far, the
most efficient TADF emitters were constructed by twisted D-A structures to separate
frontier molecular orbitals.!?6-*3] However, such structures are often accompanied by a
large Stokes-shift and a broadened spectrum (with FWHM >70 nm) because of the
structural relaxation at the S state and vibronic coupling between the Si and the So,
which brought about detrimental effects on the luminescence purity.[!% 22 26, 34-36]
Moreover, the HOMO/LUMO separation inducing an ICT state would retard the
radiation rate, and therefore inhibits the ASE/laser actions. There were very rare TADF
candidates that could exhibit ASE actions. Very recently, the standard of
Recommendation ITU-R BT.2020 (Rec. 2020) for ultrahigh definition displays further
stimulated the demand of organic emitters with high efficiency and purity.[*”> 3%
However, even the most cutting-edged TADF emitters were still hard to approach the
Commission Internationale de I'Eclairage (CIE) coordinates (0.131, 0.046) required by
Rec.2020, which required the emission in the violet-blue region with high color
purity.[3% 39

In this contribution, | used a single intramolecular-lock strategy to planarize para-
linked donor (phenoxazine or acridine) and acceptor (mesitylboron). Two locked
TADF emitters, PXZN-B (phenoxazine) and DMACN-B (acridine) exhibited very
small torsion angles of 20.8 @and 28.0< respectively, leading to that the classic twisted

D-A structure was largely eliminated. Thanks to the enhanced molecular rigidity and

suppressed rotation or vibration, PXZN-B and DMACN-B exhibited deep-blue and
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violet-blue structureless PL with smaller FWHMs of 44 and 29 nm, respectively.
Subsequently, the corresponding OLEDs performed the excellent CIE coordinates for
PXZN-B (0.133, 0.147) and DMACN-B (0.151, 0.045). Also, high EQEs of over 10%
were achieved for both TADF emitters. It was worth noting the CIE coordinates (0.151,
0.045) of DMACN-B-based emission closely satisfy Rec.2020 standard (0.131, 0.046).
Encouragingly, they also had a very fast S1—Sp transition with k; > 108 s owing to the
appreciable HOMO/LUMO overlap, which induced a large f and transition dipole
moment (i) in the locked D-A structures. Therefore, both the locked D-A type TADF
emitters, PXZN-B and DMACN-B, exhibited ASE and laser characteristics with low
thresholds, torching the potential for revealing the TADF-based lasing and eventually
approaching monochromatic emission on the CIE spectral locus, without the integration

of complicated color filters.

4.2 Results and discussion

4.2.1 Molecular structures

The molecular structures of DMACN-B and PXZN-B are shown in Figure 4-1 (a).
The twisted conformation of conventional D-A TADF emitters was locked from
diarylamine donor moieties. For the acceptor segment, bulky mesityl groups were
introduced to prevent the hydrolysis of boron atoms by moisture. Besides, the steric
hindrance in acceptor moieties could effectively reinforce the rigidity to restrict the
bond free-rotation, thus minimizing the non-radiative relaxation. In particular, by
tuning the torsion angle via “intramolecular lock”, a series of remarkable changes for
optoelectronic characteristics, including photophysical and EL properties, would

subsequently arise and will be discussed below.
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Figure 4-1. (a) Molecular design of the locked D-A type structures of DMACN-B and
PXZN-B.

4.2.2 Theoretical calculation

To evaluate the possible structural change for these two D-A type molecules, a
DFT simulation was performed to investigate the effects of the intramolecular locking
strategy. Besides locked DMACN-B and PXZN-B, their lock-free analogs were also
calculated for comparison. As shown in Figure 4-2, compared with the lock-free
analogs, the locked structures had a smaller torsion angle (~90° vs. ~30°) between the

donor and the acceptor planes.
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Figure 4-2. Theoretical calculation on two torsion angles of free and locked molecules

at the ground state.

As shown in Figure 4-3, the & orbital interaction between D and A consequently
led to: (1) a deeper HOMO level and shallower LUMO level because of the larger energy
level of the locked fragments, and thus a larger HOMO-LUMO gap; (ii)) HOMO of
donor delocalized to benzene of acceptor moiety, which resulted in the smaller hole-
electron distance and a larger hole-electron overlap. Therefore, the S; energy level of
locked structures tended to exhibit a more LE character, a shorter transition wavelength,
and a larger f, which should lead to higher PLQY and larger 4. The S and T of the
locked structure had a larger LE character compared with those of the lock-free

structure. As expected in Figure 4-3 (c), because of the closer distance hole/electron
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distance, the HOMO/LUMO wavefunction overlap (Sr) became larger in the locked D-

A molecules. Thus, the S; and T of the locked D-A structure have a larger LE character

(Sr ~0.5) compared with those of the lock-free structure (Sr ~0.1).
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Figure 4-3. (a) Simulated fluorescence spectra of free and locked DMACN-B and

PXZN-B from the ensemble. The insets are the molecular structures of free-type

DMACN-B and PXZN-B. The vertical lines corresponded to the location of the

stationary point (SP) transition. (b) Hole and electron distributions. (c) Hole-electron

centroid distance

annotated by the arrow.
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Besides the blueshift of the luminescence spectra, as shown in Figure 4-4, the
locked D-A molecules DMACN-B and PXZN-B exhibited narrowband emission with
smaller FWHMs, because of the rigid quasi-planar D-A structures. Therefore, the
radiative transition channels of the locked DMACN-B and PXZN-B were remarkably
condensed within the emissive zone, which also led to the much larger f compared to

the free-lock D-A type analogs.

(a) (b)

DMACN-B PXZN-B

Interlock | — Interlock

—— Free Free

Intensity (a. u.)
Oscillator Strength

e o 0
400 500 600 700 800 900

Wavelength (nm)

Figure 4-4. Simulated fluorescence spectra of free D-A and locked D-A type DMACN-
B and PXZN-B from the ensemble. The vertical lines corresponded to the f for all the

transitions in the ensemble.

4.2.3 Single-crystal analysis

To experimentally confirm the actual spatial arrangements of the locked D-A
molecules, single-crystal structures of locked PXZN-B and DMACN-B were further
studied. From the reported work, the torsion angles for typical D-A type emitters with
the same D/A moieties were 87.3<(phenoxazine as donor) and 88.4<(9,9-dimethyl-
9,10-dihydroacridine as donor), respectively. By comparison, as illustrated in Figure
4-5, after inserting the diphenyl methylene lock, the torsion angles between B-C

benzene skeleton and donor planes dramatically decreased to 20.8<for PXZN-B and
98



28.0°for DMACN-B, demonstrating that the orthogonal D-A structure was largely

eliminated, which was also consistent with the trend of the calculated results.

(a) “Locked-D-A”

D s G

B A
Yo' oy
SO 0

DMACN-B PXZN-B

Figure 4-5. (a) Molecular and (b) single-crystal structures of locked D-A type
DMACN-B and PXZN-B.

4.2.4 Photophysical properties

To confirm the conjecture mentioned above, the photophysical properties for
locked D-A type compounds PXZN-B and DMACN-B were measured. The
investigation of absorption, fluorescence, and phosphorescence in toluene was
conducted. As shown in Figure 4-6 (a) and (b), both two locked D-A emitters
DMACN-B and PXZN-B exhibited small FWHMs of 29 and 44 nm, respectively. In
addition, the corresponding emission peaks were located in the deep blue (430 nm) and
pure blue (454 nm) regions. In addition, both locked DMAC-B and PXZN-B molecules
exhibited high PLQY's over 90%, and the corresponding decay lifetime were 3.8 and

4.3 ns for locked DMACN-B and PXZN-B, respectively. Therefore, a large radiative
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rate over 10® st was achieved in these two molecules. Moreover, the experimental AEst
of the locked D-A molecules DMACN-B and PXZN-B was estimated to be 0.27 and

0.28 eV, respectively, which is promising to trigger the TADF actions.
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Figure 4-6. UV-vis absorption and PL spectra at room temperature and
phosphorescence spectra at 77 K in toluene for (a) the locked DMACN-B and (b) the
locked PXZN-B.

For further clarifying TADF properties, the transient PL properties of the
compounds were measured in the thin films doped into a host matrix at 20 wt%. As
shown in Figure 4-7, the delayed components in both blend films could be clearly
observed from the transient PL curves, confirming the TADF properties of the locked
DMACN-B and PXZN-B. Also, a large k- of 2.5x10% and 1.9%x 108 s could be
maintained because of their high PLQY's and small radiative decay lifetime. The data

of photophysical properties in blend film was summarized in Table 4-1.

100



Gy Locked D-A (B) 10 Locked D-A
= 10°¢ ——DMACN-B = 10°F —o- PXZN-B
i‘:i 102L Measured @444 nm ﬁ’ 102k Measured @468 nm
c 5
g
i o

Time (ps) Time (us)

Figure 4-7. Transient emission profiles of (a) 20 wt% locked DMACN-B-doped
DPEPO films and (b) 20 wt% locked PXZN-B -doped DPEPO films at room

temperature.

Table 4-1. Photophysical properties of lock PXZN-B and DMACN-B.
A FWHM PLQY 1, ke AEst

Material o) m) (@) () (10°s7) (eV)

Lock

PXZN-B 430 44 920 54 1.9 0.28

Lock

DMACN-B 454 29 93.0 4.0 2.5 0.27
4.2.5 ASE properties

As we have estimated earlier, because of the restriction of the D/A torsion angle by
inserting the diphenyl methylene lock group, the corresponding D/A planes tended to
be quasi-planar, which directly led to a larger spatial overlap between the LUMO and
HOMO wavefunctions. Although the AEst became relatively larger, the TADF activity
was still successfully triggered, which was discussed above. Moreover, another merit
for the use of the intramolecular-lock method was to fasten the k: (exceeding 108 s™)
of the S; to So transition [k, (S; = Sy)] of the locked DMACN-B and PXZN-B
estimated. Therefore, we aimed at evaluating the ASE properties of the locked D-A
type TADF emitters. Figures 4-8 (a) and (b) exhibited the spectral change of DMACN-
B- and PXZN-B-based blend films with the optimal doping ratios in DPEPO and mCP
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under different excitation intensities. Here, because of the better solubility for solution-
processing, mMCP with a high T state was also used as the host. Noticeably, with a
gradual increase in excitation intensity above the threshold, the sharp narrowing of the
spectral band and a rapid increase of output intensity were observed from Figure 4-8
(@) and (b). In detail, for the optimized PXZN-B-based sample at 10 wt%, when
increasing the excitation power from 1.09 to 20.96 pJ cm 2, the corresponding FWHM
largely decreased from 34.0 to 8.1 nm as shown in Figure 4-8 (a) and (c). Then, after
plotting the output PL intensity against excitation intensity, a clear change of slope was
observed, indicating that the low threshold was around 3.0 pJ cm™2. A similar ASE
performance occurred in deep-blue (around 448 nm) DMACN-B-based samples with
the calculated threshold of around 12.0 uJ cm 2. Moreover, to assess the optical gain of
the TADF laser dyes, the o,,, has been estimated. According to the Eq. 2.1, the
corresponding o,,, at the ASE peak for locked DMACN-B and PXZN-B is around
8.0x107'7 cm?. The aforementioned performance of the locked D-A type TADF
emitters implied the possibility and potential for realizing low threshold ASE or laser
performance based on D-A type TADF molecules, by precisely manipulating the

HOMO/LUMO overlap and torsion angles.
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Figure 4-8. Optimal ASE performance of PXZN-B- and DMACN-B-based solid-state
films in a mCP host matrix. Spectral shapes changed with increasing the excitation
power for (a) PXZN-B and (b) DMACN-B doped films. The insets are the
corresponding spectra before, around, and above the ASE threshold. Output waveguide
emission intensity of FWHMSs versus excitation power relationship of (c) PXZN-B and

(d) DMACN-B doped films.

4.2.6 DFB lasers based on TADF molecules

The promising ASE properties of the intramolecular-locked TADF molecules
prompted us to further investigate the corresponding lasing characteristics. I
incorporated the 2"-order DFB resonator structures to give a vertical output of the laser
with lower thresholds. The thickness of PXZN-B-based films used for the DFB devices
was around 200 nm. The laser devices were thereby optically pumped by a nitrogen
laser source. As shown in Figure 4-9 (a), the laser threshold was estimated to be 1.1 pJ
cm 2 according to the abrupt change of slope intensity and FWHM, which was lower
than the ASE threshold (3.3 uJ cm2). Moreover, the FWHM of laser devices was
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detected to be as small as 0.2 nm [Figure 4-9 (b)]. Remarkably, the laser threshold from

the PXZN-B TADF molecules was comparable to the state-of-the-art solution-

processed fluorescence rivals.

(a) O Excitation Power (b) 0.26
@ FWHM 0 1—o032
e L. e — 042
107w 2 // 0.55
3 o e = 0.68
- ] ‘ ‘ > |—oss
§ ] ° ,/’ 14 ; ‘§ — 114
[0] 3 ’ ) 1.42
g 10% o é £ 1.61
] \, 127 225
] I 1 2.88
] o0
10759°°07 90— 09 0l )
1 2 3 300 400 500 600
Excitation Power (uJ cm?) Wavelength (nm)

Figure 4-9. 2™ order DFB lasers based on a locked PXZN-B: mCP blend film were
demonstrated. (a) Output waveguide emission intensity or FWHM versus excitation
power relationship of PXZN-B based laser devices. (b) Spectral shape change with
increasing the excitation power for DMACN-B based laser devices. The inset is the

corresponding spectra of the laser with high resolution.

Then, the polarization properties of a pure blue laser based on the locked PXZNB:
mCP blend film were investigated. As shown in Figure 4-10, the 2"%-order DFB laser
exhibited a strong, linear transverse electric polarization. Consequently, the
approaching unity degree value implied that the remarkable polarization characteristics

of the pure blue laser system.
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Figure 4-10. Polarization of the laser based on the locked PXZN-B in mCP blend film.

4.2.7 EL properties

To further verify the TADF properties and EL performance of PXZN-B and
DMACN-B, pure-blue and deep-blue OLEDs were fabricated accordingly. The device
structure was glass substrate/ITO/1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile
(HAT-CN, HIL) (10 nm)/1,1-bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC, HTL)
(30 nm)/4,4’,4°’-tris-(carbazol-9-yl)-triphenylamine (TCTA, EBL) (10 nm)/1,3-di(9H-
carbazol-9-yl)benzene (mCP, EBL) (10 nm)/DPEPO: dopant (EML, x wt%, 20
nm)/DPEPO (HBL, 10 nm)/1,3,5-tri[(3-pyridyl)-phen-3-yl]benzene (TmPyPB, ETL)
(30 nm)/8-hydroxyquinolinolato-lithium (Liq, EIL) (2 nm)/Al (120 nm). The energy-
level diagram of the devices is shown in Figure 4-11 (a). Consequently, the OLED
with 20 wt% PXZN-B (Device 1) exhibited a maximum EQE (EQEmax) of 12.7% and
a maximum PE (PEmax) of 15.3 Im W™, with CIE coordinates of (0.133, 0.147) at 5 mA
cm 2. For optimized DMACN-B based OLEDs, the EQEmax and PEmax were 10.0% and

4.5 Im W1, respectively. In particular, the corresponding CIE coordinates were (0.151,
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0.045) with a small FWHM of 44 nm, which could closely satisfy the Rec.2020 (0.131,

0.046) standard. The corresponding data was summarized in Table 4-2.
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Figure 4-11. (a) Schematic energy-level diagram, (b) current density—voltage—
luminance (J-V-L), (c) current efficiency—current density—external quantum efficiency
(CE-J-EQE), (d) power efficiency—current density (PE-J) characteristics; (e) EL
spectra (at a current density of 5 mA cm2), and (f) CIE plots of OLEDs.
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Table 4-2. The performance of OLED devices and ASE based on PXZN-B and
DMACN-B.

Devices Vona) Nmax/50/500” @5 mAcm > ASE
Amax Threshold
Dopant Host [V] EQE [%] FWHM [nm] CIE (x,y) [W em™]
PXZN-B DPEPO 3.1 12.7/5.3/3.0 468 48 (0.133,0.147) 3.3
DMACN-B DPEPO 3.3 10.0/4.6/2.2 444 44 (0.151,0.045) 12.0

9 The driving voltages at 1 cd m2. ® The maximum efficiencies and efficiencies at 50 and 500 cd m™2.

Moreover, to evaluate the EL performance and the color purity in this work, the
representative devices in the deep-blue region were systematically summarized in
Figure 4-12. It was evident from Figure 4-12 (a) that the device performance based on
DMACN-B in this work reached the record high EQE of over 10% among the ultra-
blue OLEDs with CIE-y<0.046. Meanwhile, benefitting from the narrowband EL
spectra induced by the rigid molecular skeleton, the color purity was much reinforced

with a smaller emission blueshift in Figure 4-12 (b).
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Figure 4-12. (a) The comparison of the representative deep EL performance having

small CIE-y coordinate with the device performance presented in this work. (b)
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Wavelength peak versus CIE-y coordinate plots that evaluated the color purity of the

EL in the reported works and this work.

4.3 Conclusion

In summary, we proposed that the unconventional quasi-planar D-A structure
would be very suitable for achieving deep-blue or even violet-blue emission, which was
quite challenging in traditional twisted D-A TADF design. In this regard, | designed
two TADF emitters, locked PXZN-B and DMACN-B, into which diphenyl methylene
intramolecular-lock was incorporated to manipulate the HOMO/LUMO distribution by
shrinking the torsion angles, restricting the intramolecular rotation and vibration. As a
consequence, the rigid and quasi-planar TADF molecules, PXZN-B and DMACN-B,
exhibited remarkably blue-shifted structureless emission with small FWHM values of
44 and 29 nm, respectively. Furthermore, for the EL performance, better CIE-y
coordinates for PXZN-B (0.133, 0.147) and DMACN-B (0.151, 0.045) were obtained,
owing to the small FWHMs, as well as the structureless spectral shape. To the best of
our knowledge, this was the first time for TADF emitters that could closely approach
Rec.2020 blue standard (0.131, 0.046). Moreover, OLEDs exhibited TADF
characteristics, with EQEs exceeding 10% for PXZN-B (12.7%) and DMACN-B
(10.0%). Furthermore, because of the enhanced f, the S;-to-So kr could exceed 108 s72;
thus, such (locked D-A) type TADF emitters could also exhibit good laser performance,
with a low threshold of 1.1 pJ cm™2. Therefore, the intramolecular-lock strategy
provided not only innovation for realizing high-efficiency deep-blue TADF emission
with small FWHMs and high color purity but also an avenue for torching TADF-based
ASE and lasers by rationally controlling the HOMO/LUMO distribution and torsion

angles.
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4.4 Experimental sections

Materials and characterization

All chemicals and starting materials were received from commercial sources and
used without further purification. 'H NMR and '*C NMR spectra were recorded on a
Bruker 400 spectrometer at room temperature. Mass spectra were recorded on a Thermo
ISQ mass spectrometer using a direct exposure probe. UV—vis absorption spectra were
recorded on a Perkin Elmer Lambda 750 spectrophotometer. PL spectra and
phosphorescent spectra were recorded on a Hitachi F-4600 fluorescence
spectrophotometer. PLQY's were estimated using an integrating sphere system coupled
with a photonic multichannel analyzer (Hamamatsu Photonics C11347-11, PMA-11,
Japan), and all the samples were excited at 340 nm. Transient PL decays were measured
by using a Quantaurus-Tau fluorescence lifetime measurement system (C11367-03,
Hamamatsu Photonics, Japan) and a single photon counting spectrometer from
HORIBA Jobin Yvon. Electrochemical measurements were made by using a CHI600
voltammetric analyzer. A conventional three-electrode configuration consisting of a
platinum working electrode, a Pt-wire counter electrode, and an Ag/AgCl reference
electrode was used. The solvent in all measurements was CH2Cly, and the supporting
electrolyte was 0.1 m [BusN]PFs. Ferrocene was added as a calibrant after each set of
measurements, and all potentials reported were quoted with reference to the ferrocene-

ferrocenium (Fc/Fc*) couple at a scan rate of 100 mV s~ 1.
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Figure 4-13. Synthetic routes for locked PXZN-B and DMACN-B.
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Synthesis of methyl 5-bromo-2-(10H-phenoxazin-10-yl)benzoate (1a)

Methyl 5-bromo-2-iodobenzoate (5.0 g, 15 mmol), 10H-phenoxazine (3.22 g, 17.6
mmol), copper powder (0.13 g, 2.20 mmol), 18-crown-6 (0.38 g, 1.47 mmol), and
potassium carbonate (2.43 g, 17.60 mmol) was dissolved in 100 mL 1,2-
dichlorobenzene in a 500 mL 2-neck round bottom flask under argon atmosphere. The
reaction mixture was refluxed for 48 hours under stirring, the reaction was cooled to
room temperature and then the solvent was removed through rotary evaporator. The
solid products dissolved in DCM and washed with water (200 mLx3). Then the extracts
were combined, dried with sodium sulfate (Na2SQOs), filtered and evaporated under
reduced pressure. The crude product was purified by column chromatography using
petroleum ether (PE)/DCM (7/3, v/v) as eluent to attain product. The obtained product
was a yellow powder (4.50 g, 77.40%). "H NMR (400 MHz, CDCl3): § (ppm): 8.31 (d,
J=2.4 Hz, 1H), 7.89 (dd, J=8.4, 2.4 Hz, 1H), 7.31 (t, J=6.7 Hz, 1H), 6.80—6.51 (m, 6H),
5.82 (dt, J=7.9, 1.8 Hz, 2H), 3.74 (d, J=2.9 Hz, 3H). 3*C NMR (100 MHz, CDCI3) &
(ppm): 164.42,143.78, 142.06, 138.15, 137.79, 135.13, 133.66, 133.45, 123.23, 122.57,
121.58, 115.58, 112.85, 77.35, 77.03, 76.72, 52.81. MS (EI) m/z: 395.00 [M™].
Elemental analysis: found (%): C, 60.74; H, 3.51; N, 3.69. Calcd. for C20H14BrNOs: C,
60.62; H, 3.56; N, 3.53.

Synthesis of methyl 5-bromo-2-(9,9-dimethylacridin-10(9H)-yl)benzoate (1b)

The compound methyl 5-bromo-2-iodobenzoate (5.10 g, 15 mmol), 9,9-dimethyl-
9,10-dihydroacridine (3.76 g, 18 mmol), copper powder (0.14 g, 2.24 mmol), 18-
crown-6 (0.39 g, 1.55 mmol) and potassium carbonate (2.53 g, 18 mmol) were
dissolved in 150 mL 1,2-dichlorobenzene in a 500 mL 2-neck round bottom flask under
argon atmosphere. The reaction mixture was refluxed for 48 hours with continuously
stirring, then cooled to room temperature and solvent was removed under reduced
pressure. The obtained products dissolved in DCM and washed with water (200 mLx3).
The separated organic layer was combined, dried with Na;SO4 and evaporated through

rotary evaporator. The crude mixture was subjected to column chromatography using
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PE/DCM (7/3, v/v) as an eluent to obtain the product, which was a pale yellow powder
(4.50 g, 71.20%). "H NMR (400 MHz, CDCls): & (ppm): 8.34 (d, J=2.4 Hz, 1H), 7.92
(dd, J=8.4,2.4 Hz, 1H), 7.53—7.44 (m, 2H), 7.26 (d, J=8.4 Hz, 1H), 6.95 (dd, J=7.2, 1.6
Hz, 4H), 6.12—6.04 (m, 2H), 3.58 (d, J=2.7 Hz, 3H), 1.73 (s, 6H). *C NMR (100 MHz,
CDCl3) & (ppm): 164.53, 143.70, 141.72, 140.53, 140.16, 139.81, 137.74, 135.83,
135.40, 135.26, 134.29, 134.10, 129.71, 126.45, 125.77, 122.26, 120.65, 113.39, 77.35,
77.03, 76.71, 52.61, 35.86. MS (EI) m/z: 421.03 [M"]. Elemental analysis: found (%):
C, 66.60; H, 4.51; N, 3.59. Calcd. for C23H20BrNOz: C, 65.41; H, 4.77; N, 3.32.

Synthesis of 11-bromo-9,9-diphenyl-9H-quinolino[3,2,1-kl]phenoxazine (2a)

The phenyl magnesium bromide (1 M solution in THF, 54 mL, 54.26 mmol) was
taken and added to the flask under argon and stirred at room temperature. The THF
solution of methyl 5-bromo-2-(10H-phenoxazin-10-yl)benzoate (4.30 g, 10.80 mmol)
was added slowly to the reaction mixture. Further stirred at 50 °C for 4 hours, then the
reaction mixture was quenched with a small amount of ammonium hydroxide (NH4Cl)
in water (8 mL) and THF was evaporated. The obtained solid was extracted with DCM
and washed with water (3x50 mL). The organic layer was collected and dried over
NazSOy4, resulting in 3.90 g yellowish viscous solid, which was used in the next reaction
without column purification. The crude mixture was dissolved in 30 mL acetic acid
while 8 mL hydrochloric acid (36%) was added drop-wise to the solution mixture. The
reaction mixture was refluxed for 4 hours, then cooled to room temperature, extracted
with DCM and water the organic layer was evaporated. which was further purified from
column chromatography with eluents: PE/DCM as a white powder (7/2, v/v) (3.50 g,
64.0%). '"H NMR (400 MHz, CDCl3): § (ppm): 7.54 (d, J=8.6 Hz, 1H), 7.36 (d, J=8.7
Hz, 4H), 7.17 (t, J=11.9 Hz, 3H), 6.97 (d, J=2.2 Hz, 3H), 6.94-6.84 (m, 7H), 6.81 (d,
J=8.0 Hz, 1H), 6.48 (d, J=9.2 Hz, 1H). *C NMR (100 MHz, CDCls) § (ppm): 147.88,
145.82, 144.40, 143.91, 137.61, 136.28, 133.03, 132.26, 131.34, 129.77, 128.92,
128.83,127.93,127.13,126.62, 124.22,124.07, 123.32, 122.86, 118.03, 117.28, 115.28,
114.35, 113.79, 77.34, 77.22, 77.02, 76.70, 56.92. MS (EI) m/z: 501.04. Elemental
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analysis: found (%): C, 74.28; H, 3.90; N, 2.89. Calcd. for C31H20BrNO: C, 74.11; H,
4.01; N, 2.79.

Synthesis of 3-bromo-9,9-dimethyl-5,5-diphenyl-5,9-dihydroquinolino[3,2,1
deJacridine (2b)

The phenyl magnesium bromide (1 M solution in THF 51 mL, 50.91 mmol) was
taken and added to the flask under argon and stirred at room temperature. The THF
solution of methyl 5-bromo-2-(9,9-dimethylacridin-10(9H)-yl)benzoate (4.30 g, 10.22
mmol) was added slowly to the reaction mixture. Further stirred at 50°C for 4 hours,
then the reaction mixture was quenched with small amount of NH4Cl in water (8 mL)
and THF was evaporated. The obtained solid was extracted with DCM and washed with
water (3x50 mL). The organic layer was collected and dried over Na>SOs, resulting in
3.90 g yellowish viscous solid, which was used in the next reaction without column
purification. The crude mixture was dissolved in 30 mL acetic acid while 8 mL
hydrochloric acid (36%) was added drop-wise to the solution mixture. The reaction
mixture was refluxed for 4 hours, then cooled to room temperature, extracted with DCM
and water. which was further purified from column chromatography with eluents:
PE/DCM as a white powder (7/2, v/v) (3.50 g, 65.0%). '"H NMR (400 MHz, CDCl3): &
(ppm): 7.45 (d, J=6.4 Hz, 1H), 7.36 (dd, J=7.2, 5.1 Hz, 6H), 7.13—6.94 (m, 10H), 6.79
(t, I=7.6 Hz, 3H), 1.93 (s, 3H), 1.28 (s, 3H). '3C NMR (100 MHz, CDCls) § (ppm):
144.87, 144.80, 138.95, 137.80, 137.63, 136.68, 136.13, 133.48, 132.63, 132.54,
131.51, 129.85, 128.92, 127.83, 127.75, 127.26, 126.99, 126.38, 126.21, 124.09,
123.34, 122.31, 121.97, 118.35, 117.72, 114.59, 77.35, 77.23, 77.03, 76.71, 57.29,
36.73,33.08,22.88. MS (EI) m/z: 527.10 [M"]. Elemental analysis: found (%): C, 77.39;
H, 4.77; N, 2.69. Calcd. for C34H26BrN: C, 77.27; H, 4.96; N, 2.65.

Synthesis of 11-(dimesitylboranyl)-9,9-diphenyl-9H-quinolino[3,2,1kl]phenoxazine
(PXZN-B)
Compound 2a (1.50 g, 2.99 mmol) was dissolved in 30 mL distilled THF and

cooled to —78 °C. After 10 minutes, n-butyl lithium (1.6 M solution in hexane, 2.21 mL,
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3.61 mmol) was added drop-wise. The mixture was stirred for 1 hour at =78 °C, and
then dimesitylboron fluoride (2.0 g, 7.51 mmol) in 30 mL THF was dissolved and added
slowly to the reaction mixture. After 2 hours, the reaction mixture was slowly allowed
to warm up to room temperature and stirred for 12 hours. On completion, the reaction
mixture was quenched with water (5 mL). The solvent was evaporated and the residue
was dissolved in DCM and washed well with water (3x50 mL). The organic layer was
dried over NaxSQs, filtered and evaporated, which was purified from column
chromatography using PE/DCM (6/4, v/v) as eluent and final product was obtained as
yellowish powder (1.30 g, 64.80%).'"H NMR (600 MHz, CDCl;): § (ppm): 7.55 (d, J =
8.3 Hz, 1H), 7.39 (d, J=8.3 Hz, 1H), 7.15-7.06 (m, 7H), 6.92—6.80 (m, 8H), 6.78 (d,
J=7.9 Hz, 1H), 6.70 (d, J= 3.1 Hz, 5H), 6.61 (d, J=7.9 Hz, 1H), 2.25 (s, 6H), 1.98 (s,
12H).3C NMR (151 MHz, CDCl3) & (ppm): 147.95, 145.79, 144.81, 144.54, 141.56,
141.30, 140.40, 140.31, 139.39, 137.83, 136.02, 132.74, 130.95, 128.87, 128.63,
127.90,127.77,127.38, 126.28, 124.42, 124.06, 123.18, 122.97, 118.63, 117.21, 113.67,
112.73, 77.20, 76.99, 76.78, 56.65, 23.38, 21.13. MALDI-TOF (m/z) calculated for
C4H42BNO [M™]: 697.691, found: 671.640. Elemental analysis: found (%): C, 87.78;
H, 6.32; N, 2.30. Calcd. for C40H4,BNO: C, 87.62; H, 6.30; N, 2.09.

Synthesis of N,N-dimesityl-9,9-dimethyl-5,5-diphenyl-5,9-dihydroquinolino[3,2,1-
delacridin-3-amine (DMACN-B)

Compound 2b (1.51 g, 2.84 mmol) was dissolved in 30 mL distilled THF and
cooled to —78 °C. After 10 minutes, n-butyl lithium (1.6 M solution in hexane 2.11 mL,
3.41 mmol) was added drop-wise. The mixture was stirred for 1 hour at =78 °C, and
then dimesitylboron fluoride (1.51 g, 5.61 mmol) in 30 mL THF was dissolved and
added slowly to the reaction mixture. After 2 hours, the reaction mixture was slowly
allowed to warm up to room temperature and stirred for 12 hours. On completion, the
reaction mixture was quenched with water (5 mL). The solvent was evaporated and the
residue was dissolved in DCM and washed well with water (3%x50 mL). The organic
layer was dried over Na,SOq filtered and evaporated, which was purified from column

chromatography using PE/DCM (6/4, v/v) as eluent and final product was obtained as
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white powder (1.40 g, 70.60%). 'H NMR (600 MHz, CDCls): & (ppm): 7.42 (d, J = 6.3
Hz, 1H), 7.39 (s, 2H), 7.35 (d, J=7.7 Hz, 1H), 7.13 (s, 3H), 7.10-6.98 (m, 8H), 6.90 (d,
J=7.7 Hz, 2H), 6.82 (s, 1H), 6.76 (d, J=8.2 Hz, 2H), 6.71 (s, 4H), 2.26 (s, 6H), 2.01 (s,
12H), 1.89 (s, 3H), 1.28 (s, 3H). *C NMR (150 MHz, CDCI3) & (ppm) 145.67, 145.65,
145.46, 145.23, 142.67, 141.68, 140.36, 139.98, 139.35, 137.80, 136.85, 136.09,
136.01, 134.11, 133.49, 133.09, 131.14, 128.85, 127.90, 127.56, 127.29, 127.22,
126.12, 126.10, 126.05, 123.99, 123.50, 122.37, 121.79, 118.29, 115.80, 77.21, 76.99,
76.78, 57.00, 36.70, 33.12, 23.43, 22.96, 21.14. MALDI-TOF (m/z) calculated for
CsoH4sBN [M1]: 697.773, found: 697.519. Elemental analysis: found (%): C, 89.77; H,
6.81; N, 1.94. Calcd. for Cs2H4sBN: C, 89.51; H, 6.93; N, 2.01.

Device fabrication

OLEDs were fabricated on ITO-coated glass substrates layer (110 nm, 15 Q
square ) under a base pressure of 3 x 107® Torr. Deposition rates and thicknesses of all
materials were monitored with oscillating quartz crystals. The doping layer was
deposited by utilizing two different sensors to monitor the deposition rates of both host
material and dopant material. The deposition rate of the host was controlled at 0.2 nm
s~!. The EL and J-V characteristics of the devices were measured by a constant current
source (Keithley 2400 Source Meter) combined with a photometer (Photo Research

Spectra Scan PR 655) under an ambient environment.

Single crystal information

Data collections were performed on a Bruker D8-Venture diffractometer with a
Turbo X-ray Source (Mo—Ka radiation, A = 0.71073 A). The crystal was kept at 100.0
K during data collection. Using Olex2, the structure was solved with the XT structure
solution program using Intrinsic Phasing and refined with the ShelXL refinement

package using Least Squares minimization.
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ASE/laser sample preparation and measurement

Film samples were fabricated through the solution process. For this, dye emitters
and host materials (mCP, mCBP or DPEPO) were dissolved in chloroform with
corresponding weight doping ratios. Non-fluorescent glass substrates for optical
measurement were selected, which were subsequently cleaned with acetone, isopropyl
alcohol, and UV-ozone treatment before spin-coating. The film thickness was
controlled around 200 nm by tuning the spin-coating rotation speed. The prepared
substrates were cut from the center for better waveguide emission output, then
photoexcited by a commercial nitrogen (N2) laser (the excitation wavelength is 337 nm,
the pulse width is 0.8 ns, and the repetition rate is 8 Hz, KEN2020, Usho Optical
Systems Co. Ltd) in the ambient condition. The neutral density (ND) filter was set up
between the N> laser source and the sample to adjust the input power intensity. Output
waveguide emission from the cutting edge of samples was detected by an optical fiber

connected to spectrometers (Hamamatsu Photonics PMA-12 and PMA-50).
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Chapter 5. Planar fused-structure with multiple-resonance (MR)

effect toward narrowband emission and TADF lasers
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5.1 Introduction

As I discussed in Chapter 4, the intramolecular lock used in the conventional
twisted donor/acceptor structure could minimize the torsion angles between the donor
and acceptor motifs, which resulted in a closer distance of the HOMO/LUMO
wavefunctions located at electron-donating/accepting fragments, respectively.[!1]
Therefore, the quasi-planar molecular skeleton with much enhanced rigidity not only
triggered laser activities but also maintained the TADF properties with a narrower
emission.!'!] Herein, to further suppress the vibronic coupling and structural relaxation
for sharper emission and improve the laser performance, an entirely planar TADF

[12-16

molecule was proposed to reinforce the structural rigidity. 1 According to the

equation 1.10:17- 181

e?

—> —> 1 —> —> — —
AEgi1, = ff ¢H(T1)¢L(T2)m¢H(r2) (PL(T1)d3T1d3T2> (Eq. 1.10)

2TEy

where AEg,_pq is the AEst, @y and ¢, represent the wavefunctions of the HOMO
and LUMO, respectively, and r;, denotes the distance between the electrons 1 and 2.
Therefore, it is evident that the AEst can be reduced by eliminating the overlap between
HOMO and LUMO wavefunctions.!'”! In this polycyclic aromatic framework,
separated D/A motifs are replaced by nitrogen/boron atoms, respectively, where the
HOMO wavefunctions would localize at the nitrogen atoms, while LUMO

1.[20-22

wavefunctions would locate at the boron atoms at the para-positio I Resultantly,

the opposite MR effect would significantly separate the HOMO/LUMO wavefunctions
to trigger the TADF character.

5.2 Results and discussion

5.2.1 Molecular structure and synthesis

The B/N atom fused narrowband emitters, namely PhCzBN1 and PhCzBN2 were

designed on the basis of the entirely planar CzBN-core, where the fused carbazole
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fragment was used to replace the diphenylamine unit for larger rigidity. Then, the two
compounds were synthesized by nucleophilic aromatic substitution reaction and
tandem electrophilic arene borylation (Figure 5-1). The final products were purified by
a temperature-gradient sublimation method under vacuum after recrystallization to
obtain the highly pure materials, which were then used for the fabrication of organic

lasers and OLEDs by vacuum deposition.

R R R4 R1
@\B/@ Single-bond lock O B ‘ PhCzBN1: :l.ﬁﬁzlh
ﬁ
/@/NG/N\Q\ ‘ N\@/N O PhCzBN2: R1-R4=Ph
R R R3 R2

DABNA-core CzBN-core

Figure 5-1. Molecular design toward entirely planar MR-TADF skeleton.

Benefitting from the planar and rigid frameworks, as can be seen in Figure 5-2,
two derivatives based on the CzBN-core, PhCzBN1 and PhCzBN2, exhibited a very
high temperature of decomposition (74) of 528 and 583 °C, respectively, which was
crucial to the operational stability in the light-emitting process. By comparison, 74 of

DABNA2 was 486 °C, which was lower than PhCzBN1 and PhCzBN2.
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Figure 5-2. Thermogravimetry (TG) curve at one atmosphere. The 5 wt% loss point
indicated the sublimation temperature of 528, 583, and 486 °C for PhCzBN1, PhCzBN2,
and DABNA2, respectively.

5.2.2 Theoretical calculation

To investigate the differences between the geometric and optical properties of
PhCzBN1/2, the ground-state geometries were initially optimized by DFT at the
B3LYP/6-31+G(d, p) level in the gas phase. As shown in Figure 5-3, the HOMO
wavefunctions were localized at the nitrogen atoms, which were located at the meta-
position of a boron atom. Whereas the LUMO wavefunctions were localized at the
electron-deficient boron atom at its ortho- and para-positions. It was worth noting that
the fused B/N-based molecular skeleton was planar with the extreme rigidity. The
phenyl substituents at the para-position of nitrogen atoms in PhCzBN1 and PhCzBN2
led to the longer conjugation length, however, with only slight HOMO wavefunction
delocalization. Consequently, because the phenyl-units did not incorporate the distinct
electron-donating or affinity capability, it made the emission redshift without
reorganizing the wavefunction distributions, thereby maintaining the strong MR effect
on the heterocyclic skeleton. Thus, the corresponding f of the ground state to the excited

state (So-S1) was as large as 0.4, guaranteeing a large &:.
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Top-view HOMO LUMO

PhCzBN2

Figure 5-3. Molecular structures, HOMO and LUMO wavefunction distributions of
PhCzBN1 and PhCzBNZ2, the latter of which was calculated using B3LYP/6-31+G (d,

p).

5.2.3 Photophysical properties

UV-vis absorption and PL spectra of PhCzBN1 in toluene and solid-state films
were measured [Figure 5-4 (a)]. The strong absorption band appeared below 300 nm,
which arose from the n-n" transition. Meanwhile, the narrow ICT absorption band was
located in the 400—500 nm regime. Owing to the planar and rigid molecular structure,
either structural relaxation or vibration at the excited state was largely suppressed,
therefore, a smaller Stokes shift occurred between the absorption band and PL spectra.
In that case, the FWHM of the PL spectrum of PhCzBN1 in toluene was only 25 nm
(0.13 eV). The narrow PL spectrum of PhCzBN1: mCBP blend films with a low doping
ratio of 1 wt% also had a FWHM value of ~29 nm (~0.14 eV). However, the excimer
induced by molecule aggregation with much broader FWHM would take place under
the higher doping concentration of 5 wt% (~63 nm, ~0.29 eV) and in neat films (~113
nm, ~0.44 eV). Furthermore, because of the suppressed concentration quenching effect
under the lower concentration, the PLQY of 1 wt% PhCzBN1 or PhCzBN2: mCBP
blend films was as high as 99% and 94%, respectively. By comparison, the 1 wt%
DABNAZ2: mCBP blend film exhibited a lower PLQY of 88%.
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Figure 5-4. (a) Absorption and fluorescence of PhCzBN1 in toluene (10~> M in toluene)

and blend films with CBP at different doping ratios (1 wt%, 5 wt% and neat film).

The time-dependent transient PL lifetime was subsequently estimated. As shown
in Figure 5-5 (a), both PhCzBN1 and PhCzBN2 exhibited a very small prompt decay
lifetime (~6.5 ns) in mCBP blend films, which was close to the DABNA-core based
molecule (DABNAZ2). The k of PhCzBN1, PhCzBN2, and DABNA?2 was over 1.0x108
s~!. Encouragingly, PhCzBN1 and PhCzBN2 showed the faster triplet up-conversion
process, with the delayed lifetime of around 50 ps, which was slightly smaller than the
one of DABNAZ2. The longer triplet upconversion lifetime might cause the detrimental

effects in the OLED and lasers.
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Figure 5-5. Transient PL spectra. (a) The prompt component and (b) the delayed

component of 1 wt% PhCzBNI1, PhCzBN2, and DABNA2 doped in mCBP films,

respectively.

5.2.4 ASE properties

Owing to the large fand k& of PhCzBN1 and PhCzBN2, it was promising to evaluate
the corresponding ASE/laser properties. 1 wt% PhCzBN1 or PhCzBN2: mCBP blend
films were thermally deposited on a quartz substrate, which was then photo-excited by
a nitrogen laser source subsequently. Consequently, it showed not only a nonlinear
increase of emission output, but also an abrupt narrowing of FWHM when gradually

increasing the excitation intensity, which indicated the ASE activity. After plotting
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Figure 5-6 (a) (b), the ASE thresholds of around 9.0 pJ cm? for PhCzBNI1- and
PhCzBN2-based films could be respectively determined. Meanwhile. the
corresponding ASE spectral peaks were around 508 and 516 nm, respectively.
Furthermore, the o,,, has been estimated from the Eq. 2-1, the corresponding o, at

the ASE peak of PhCzBN1 and PhCzBN2-based blend films is around 8.0 1077 cm?.
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Figure 5-6. ASE performance of PhCzBN1/2-based solid-state films in a mCBP host
matrix. Output waveguide emission intensity versus excitation power relationship of
(a) PhCzBN1-based and (c) PhCzBN2-based solid-state films. Spectral shape changes
with increasing the excitation power for (b) PhCzBN1-based and (d) PhCzBN2-based

solid-state films.
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In addition, the ASE stability was also evaluated under the nitrogen gas atmosphere.
As shown in Figure 5-7 (¢), compared to DABNA2 without a fully locked molecular
skeleton, the samples based on PhCzBN1 and PhCzBN2 exhibited better ASE stability
with a suppressed intensity rolloff, which could still maintain closely 80% of the initial
ASE intensity under the continuous excitation (excitation power ~40 pJ cm2) for two
hours, implying that the reinforced rigid molecular structure with high 74 could inhabit
the molecule degradation under the high excitation intensity. Meanwhile, the
accelerated triplet up-conversion process would relieve the severe triplet-related

quenching or annihilation to some degree.
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Figure 5-7. ASE stability of PhCzBN1-, PhCzBN2-, and DABNA2-based solid-state

films.

5.2.5 Second-order DFB lasers based on PhCzBN1 TADF molecule

The laser properties of the 2™-order DFB devices based on a 1 wt% PhCzBNI:
mCBP blend film were examined under pulsed optical pumping by a nitrogen gas laser.
Here, the 2"-order DFB structures with diverse 4> of 300, 310, and 315 nm were
designed. As shown in Figure 5-8, the /4>-dependent DFB laser thresholds of 1 wt%
PhCzBN1: mCBP blend films were estimated around 1 pJ cm™2, which were much

lower than the ASE threshold. Meanwhile, the laser spectral peak could be flexibly
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tuned from 505 nm (42=305 nm) to 526 nm (4>=315 nm) by rationally manipulating

the vibronic bands spanning the entire emission spectrum.
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Figure 5-8. 2" order DFB lasers properties. Change of laser intensity and FWHM as a
function of excitation power for laser devices with DFB grating periods of (a) 310 nm,
and (b) PL and laser spectra were detected by a photonic multichannel analyzer (PMA-

50). The inset is the laser beam from the devices.

To further confirm the laser activity, the investigation of polarization, far-field, and
near-field interference patterns of the beam divergence from one laser device has been
systematically carried out. As shown in Figure 5-9 (a), the laser output beam from the

1 wt% PhCzBN1: mCBP blend film could be clearly detected when a luminescent card
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was placed at a distance of 10 cm. In addition, the interference patterns could be feasibly

observed by a luminescent card in front of the samples in Figure 5-9 (b).

Figure 5-9. 2™ order DFB lasers properties based on the PhCzBN1: mCBP blend film.

(a) Far-field laser beams and (b) interference patterns of the DFB lasers.

As shown in Figure 5-10, the 2"-order DFB laser exhibited a strong, linear
transverse electric polarization, with a degree of polarization of 99.5%, which was
accordingly calculated from the equation: (I a0y — Lnin)/(Imax + Imin), Where Ly,
and I,;, denoted the maximum intensity at 0° and the minimum intensity at 90°,
respectively. Consequently, the high degree value indicated the remarkable polarization

characteristics of the TADF laser system.
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Figure 5-10. The polarization property of the 2" order DFB lasers properties based on
the PhCzBN1: mCBP blend film.

5.2.6 EL properties

The EL properties based on PhCzBN1 were further investigated, DABNA2 was
also selected to evaluate the EL performance for a better comparison. The multilayered
OLEDs were designed as the following configuration: glass substrate/ITO
(anode)/HAT-CN (HIL, 10 nm)/Tris-PCz (HTL, 30 nm)/mCBP (EBL, 5 nm)/ mCBP:
PhCzBN1 or DABNA2 (EML, 30 nm, 1 wt%)/SF3-TRZ (HBL, 10 nm)/SF3-TRZ: Liq
(ETL, 20 nm, 30 wt%)/ Liq (EIL, 2 nm)/ Al (cathode, 100 nm). Here, HAT-CN was
used as the HIL, Tris-PCz was the HTL, a thin mCBP film of 5 nm was inserted to block
the electrons. Then, a 1 wt% PhCzBN1 or DABNA2: mCBP blend film was the EML,
10 nm SF3-TRZ film was then followed not only to block the holes, but also to prevent
the migration of Liq to quench the excitons, Liq: SF3-TRZ blend film was employed
as the ETL, 2 nm Liq film was the EIL. As shown in Figure 5-6, the maximum EQE of
OLEDs based on the PhCzBNI-based single-host system is around 10%, which
exceeded the theoretical limitation (EQE~5%) of a conventional fluorescence emitter,
indicating the contribution from the up-converted triplets. By comparison, DABNA2-

based OLED exhibited a lower EQE of 6.2%. More importantly, PhCzBN1-based
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OLED possessed a much better operational stability than the one based on DABNA2.
In detail, 750 of PhCzBN1-based device exceeded 80 hours, while the one of DABNA2
was only 3 hours, indicating the remarkable stability for the CzBN-core as anticipated.
Furthermore, in order to further improve the EQEs and operational stability, the TADF-
assisted fluorescence (TAF) strategy was employed to accelerate the triplet up-
conversion process. Therefore, TPh2Cz2DPhCzBN (HDT-1) with a faster krisc (~10°
s1) was employed as the TADF assistant dopant to upconvert the generated triplets to
singlets, then the singlet excitons transferred to the singlet energy level of PhCzBNI1,
which was followed by radiative transition. As expected, the maximum EQE of TAF-
OLED was boosted to ~20%, as well as the greatly improved device stability with Tso

over 100 hours.
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5.3 Conclusion

In summary, we designed a B/N-atom-based sky-blue TADF emitter PhCzBN1
with very narrowband emission (FWHM~25 nm). Compared to the conventional TADF
molecules with the twisted D-A configuration, this polycyclic framework exhibited the
remarkable features of an extreme planarity and rigidity, which largely suppressed the
nuclear vibrational relaxation and structural twisting. Thus, the inducing large f(~0.4)
led to the outstanding laser property with a low threshold of around 1 uJ cm 2. Moreover,
the significant localization of the HOMO/LUMO wavefunctions on B/N atoms
guaranteed the reduced AEsr, thereby triggering the TADF characteristic. Due to the
triplet contribution, the EQE of the corresponding OLEDs could exceed the theoretical
limitation (~5%) of fluorescence emitters with optimized operational stability. To
further improve the EQE values and stability, TADF assistant HDT-1 was employed to
fasten the triplet up-conversion process in TAF-OLED. Consequently, ~20% EQE

could be achieved with the much-improved device stability.
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5.4 Experimental section

Materials

All reagents were used from the commercial sources and were used as purchased
without further purification. Column chromatographic separations were conducted by
200-300 nm silica gel. NMR spectra were obtained in CDCl3 or DMSO-d¢ with a
Bruker Biospin Avance-III 500 NMR spectrometer at the ambient temperature.
Chemical shifts () were denoted in parts per million (ppm) relative to tetramethylsilane
(TMS) as an internal reference. Elemental analyses (C, H and N) were carried out with
a Yanaco MT-5 elemental analyzer.
Synthesis route

9H-carbazole (5.00 g, 29.9 mmol) was fully dissolved in dry N,N-
dimethylformamide (180 mL) in a round-bottom flask equipped under nitrogen
atmosphere. The sodium hydride (1.32 g, 32.8 mmol, 60% dispersion in mineral oil)
was slowly added and the obtained mixture was stirred for an hour at room temperature.
Then, 2-bromo-1,3-difluorobenzene (6.35 g, 32.8 mmol) was added and the reaction
solution was heated to 80 °C for 5 hours. The reaction was quenched with water and
the precipitate was filtered off. The isolated product was purified by flash column
chromatography (silica gel, chloroform/hexane: 1/9). Yield: 51% (5.18 g). '"H NMR
(500 MHz, CDCl3, 298 K, relative to MesSi): 6=8.16 (d, 2H, J=8.0 Hz), 7.52—7.50 (m,
1H), 7.42 (t, 2H, J=7.5 Hz), 7.36—7.30 (m, 4H), 7.08 (d, 2H, J=8.0 Hz). 3*C NMR (125
MHz, CDCl3): 6=161.62, 159.64, 140.72, 138.87, 129.27, 129.20, 126.50, 126.47,
126.11, 123.46, 120.46, 120.30, 116.73, 116.56, 111.70, 111.54, 110.03. MS (APCI)
calcd. for C1sH1iBrFN: m/z = 339.01; found: 338.93 [M]".

3,6-Diphenyl-9H-carbazole (3.38 g, 10.5 mmol) was fully dissolved in dry N,N-
dimethylformamide (150 mL) in a round-bottom flask equipped with a condenser under
nitrogen atmosphere. The sodium hydride (0.46 g, 11.4 mmol, 60% dispersion in
mineral oil) was slowly added and the obtained mixture was stirred for an hour at room
temperature. Then, 9-(2-bromo-3-fluorophenyl)-9H-carbazole (3.00 g, 8.8 mmol) was

added and the reaction solution was heated to 130 °C for 16 hours. The reaction was
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quenched with water and the precipitate was filtered off. The isolated product was
purified by flash column chromatography (silica gel, chloroform/hexane: 3/7). Yield:
74% (4.17 g). 'H NMR (500 MHz, CDCls, 298 K, relative to MesSi): §=8.42 (s, 2H),
8.18 (d, 2H, J=7.5 Hz), 7.82=7.77 (m, 1H), 7.75-7.72 (m, 8H), 7.51-7.47 (m, 6H),
7.38-7.33 (m, 4H), 7.29 (d, 2H, J=8.0 Hz), 7.23 (d, 2H, J=8.5 Hz). 3*C NMR (125 MHz,
CDCl): 6=141.91, 140.78, 140.72, 139.47, 139.26, 134.18, 131.48, 131.22, 12.64,
128.86, 127.44,126.75,126.24,125.99, 124.18, 123.56, 120.58, 120.41, 119.18, 110.37,
109.97. MS (APCI) calcd. for C42H27BrNa: m/z=638.14; found: 638.14 [M]".

A toluene solution (100 mL) containing 9-(2-bromo-3-(9H-carbazol-9-yl)phenyl)-
3,6-diphenyl-9H-carbazole (2.00 g, 3.1 mmol) was added n-butyllithium (2.30 mL, 3.7
mmol, 1.6 M in hexane) slowly at =30 °C under a nitrogen atmosphere. The reaction
mixture was slowly warmed to room temperature and stirred at 60 °C for 2 hours. After
addition of boron tribromide (0.36 mL, 3.7 mmol) at —15 °C, the reaction mixture was
stirred at room temperature for 1 hour. N,N-diisopropylethylamine (1.19 mL, 6.8 mmol)
was added at 0 °C and then the reaction mixture was allowed to warm to room
temperature. After stirring at 110 °C for 10 hours, the reaction mixture was cooled to
room temperature. An aqueous solution of sodium acetate and ethyl acetate was added
to the reaction mixture. the precipitate was filtered off. The crude product was dissolved
in hot toluene to recrystallize, then sublimation. Yield: 31% (0.55 g). 'H NMR (500
MHz, CDCls, 298 K, relative to MesSi): 6=9.15 (s, 1H), 8.98 (d, 1H, J=7.0 Hz), 8.60
(s, 1H), 8.50 (t, 2H, J=8.5 Hz) 8.46 (s, 1H), 8.39—-8.35 (m, 3H), 8.24 (d, 1H, J=7.5 Hz),
8.03 (t, 1H, J=8.0 Hz). 7.91 (d, 2H, J=7.0 Hz), 7.85 (d, 1H, J=7.0 Hz), 7.80 (d, 2H,
J=7.5 Hz), 7.69 (t, 1H, J=7.5 Hz) 7.64—7.59 (m, 3H), 7.55 (t, 2H, J=7.5 Hz), 7.47 (t,
2H, J=8.0 Hz), 7.42 (t, 1H, J=7.5 Hz). MS (APCI) calcd. for C42H25BN2: m/z = 568.21;
found: 568.43 [M]". Elemental analysis calcd. (%) for C42H2sBN»: C 88.74, H 4.43, N
4.93; found: C 88.83, H4.37, N 4.95.

9,9'-(2-Bromo-1,3-phenylene)bis(3,6-diphenyl-9H-carbazole). 3,6-Diphenyl-9H-
carbazole (1.00 g, 3.13 mmol) was fully dissolved in dry N,N-dimethylformamide (20
mL) in a round-bottom flask equipped with a condenser under nitrogen atmosphere.

The sodium hydride (0.13 g, 3.13 mmol, 60% dispersion in mineral oil) was slowly
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added and the obtained mixture was stirred for an hour at room temperature. Then, 2-
bromo-1,3-difluorobenzene (0.26 g, 1.35 mmol) was added and the reaction solution
was heated to 130 °C for 18 hours. The reaction was quenched with water and the
precipitate was filtered off. The isolated product was purified by flash column
chromatography (silica gel, chloroform/hexane: 4/6). Yield: 76% (0.81 g). 'H NMR
(500 MHz, CDCl3, 298K, relative to MesSi): 6=8.44 (s, 4H), 7.83—7.74 (m, 15H), 7.50
(t, 8H, J=7.5 Hz), 7.37 (m, 4H), 7.32 (d, 4H, J=8.5 Hz).

To a dry toluene solution (90 mL) containing 9,9’-(2-bromo-1,3-
phenylene)bis(3,6-diphenyl-9H-carbazole) (3.00 g, 3.79 mmol) was added n-
butyllithium (2.84 mL, 4.55 mmol, 1.6 M in hexane) slowly at =30 °C under a nitrogen
atmosphere. The reaction mixture was slowly warmed to room temperature and stirred
at 60 °C for 2 hours. After addition of boron tribromide (0.44 mL, 4.55 mmol) at —15 °C,
the reaction mixture was stirred at room temperature for 1 hour. N,N-
diisopropylethylamine (1.45 mL, 8.34 mmol) was added at 0 °C and then the reaction
mixture was allowed to warm to room temperature. After stirring at 110 °C for 8 hours,
the reaction mixture was cooled to room temperature. An aqueous solution of sodium
acetate and ethyl acetate was added to the reaction mixture. The precipitate was filtered
off. The crude product was dissolved in hot toluene to recrystallize, then sublimation.
Yield: 24% (0.66 g). MS (APCI) calcd. For Cs4H33BN»: m/z = 720.27; found: 720.2
[M]". Elemental analysis calcd. (%) for Cs4H33BN2: C 90.00, H 4.62, N 3.89; found: C
90.10, H 4.54, N 3.91.
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Figure 5-12. Molecule synthesis route of PhCzBN1 and PhCzBN2.
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Theoretical calculation

DFT calculation was employed to simulate the electron density distributions of
HOMO and LUMO wavefunctions of the TADF laser dyes. The molecular structure
optimization was obtained by the hybrid B3LYP functional and 6-31+G(d, p) basis set
using the Gaussian 16 program package.
Thermal properties

Thermal gravimetry-differential analysis was conducted by a Bruker TG-
DTA2400SA under the nitrogen atmosphere, the corresponding heating rate was 10 °C
min'. A Netzsch DSC204 Phoenix calorimeter was used for differential scanning
calorimetry analysis at a scanning rate of 5 °C under the nitrogen atmosphere.
Optical characterization

The ground-state UV-vis absorption spectra were measured by a spectrophotometer
(LAMBDA 950-PKA, PerkinElmer). The steady-state fluorescence at room-
temperature and phosphorescence at 77 K was recorded by a multichannel
spectrofluorometer (FP-8600, JASCO). The PLQYs were measured by an absolute
photoluminescence quantum yield measurement system (C11347-01 Quantaurus-QY,
Hamamatsu Photonics, Japan). The PLQY measurement of the dye in toluene was
conducted after nitrogen-gas bubbling for 15 minutes. The PLQY measurement of the
blend films was carried out under Ar flow. The time-dependent transient PL decay of
the solution or blend films was conducted by a Quantaurus-Tau fluorescence lifetime
system (C11367-03, Hamamatsu Photonics, Japan) and an integrated streak camera
(C4334, Hamamatsu Photonics, Japan).
Organic solid-state film fabrication and ASE measurement

PhCzBN1- and PhCzBN2-based blend films were thermally co-deposited onto the
substrates in the vacuum chamber. For ASE measurement, the prepared solid-state films
were optically-excited at the edge region by a nitrogen-gas lasing source (NL100,
Stanford Research System, excitation lasing wavelength is 337 nm), The output lasing
beam was shaped to a stripe. The ASE emission was detected from the edge of the
quartz substrate by a spectrometer (Hamamatsu Photonics PMA-12). ASE

measurements are conducted under the nitrogen atmosphere to prevent the degradation
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caused by oxygen and moisture.
DFB structure fabrication

A silicon dioxide layer with a thickness of 1000 nm was sputtered onto the glass
substrates to avoid the exciton quenching by the glass. Then, the substrates were
subsequently washed as the aforementioned steps. After the UV-ozone treatment,
hexamethyldisilazane was spin-coated on the silicon dioxide surface at 4000 rpm for
15 s and then annealed at 120 °C for 120 s. Afterward, to form a resist layer, ZEP520A-
7 solution (ZEON Co.) was dropped onto the surface by spin-coating at 4000 rpm for
30 s, and followed by annealing at 180 °C for 4 min. Next, the electron-beam
lithography (JEOL, JBX-5500SC) was used to obtain the grating patterns on the resist
layer. For the development of the resist layers, the grating patterns were developed in
ZED-N50 (ZEON Co.) solution at room temperature. During the process of etching,
the resist layer was employed as the protecting layer while the substrates have
undertaken the plasma-etching with CHF3 using an EIS-200ERT etching system
(Elionix). For completely removing the resist layer from the substrates, they were
plasma-etched with O; using a FA-1EA etching system (SAMCO).
Fabrication and characterization of optical-pumping organic laser

After finishing the 2"%-order DFB fabrication, PhCzBN1-based mCBP blend films
were thermally evaporated on the DFB substrates, and the thickness was controlled at
200 nm. Then, several droplets of CYTOP (Asahi Glass Co. Ltd.) were spin-coated on
the surface of the organic films. The samples were encapsulated by a sapphire lid, which
were then dried under vacuum overnight. A nitrogen-gas laser source (NL100, Stanford
Research System, excitation lasing wavelength is 337 nm) was employed to optically
excite the DFB samples, and the output beam was concentrated to a small-size light
spot through a lens and a slit. The laser intensity and spectral shapes were recorded by
a multichannel spectrometer (PMA-50, Hamamatsu Photonics) with an optical fiber.
The N> laser intensity was manipulated by adjusting the neutral density filter with
multiple channels.

OLED device fabrication and characterization
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The functional organic layers and conductive metallic layer (Al) were subsequently
deposited onto the pre-patterned ITO substrates with different shadow masks for the
sandwich-like structure. Then, the encapsulation was carried out by a glass cap and UV
curing epoxy resin in the glove box with nitrogen atmosphere immediately, to prevent
the degradation caused by moisture and oxygen. The device performance was thereby
evaluated after the encapsulation. The J—V, L, and EQEs were measured under the DC
mode by a calibrated luminance meter (CS-2000, Konica Minolta, Japan), and

integrated with a constant source meter (Keithley 2400, Keithley Instruments Inc.).
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6.1 Conclusion

In summary, the works presented in this thesis mainly focused on the investigation
of the intramolecular interactions in D-A type configurations from fluorescence toward
the TADF-based OLEDs and organic solid-state lasers. In this regard, I obtained the
following findings:

In Chapter 2, an electron-affinity substituent was conjugated with a DCNP-core,
the introduction of weak D/A interplay inducing a CT state effectively maintained the
moderate AEst (0.45 eV) of DCNP-pCN but did not affect the priority of the LE state,
thereby retaining a large /. By comparison, the electron-donating substituent resulted in
a distinct D-A separation, which enhanced the CT state and, thereby, suppressed the
ASE/laser actions. Consequently, an excellent laser performance from 2"-order and
mixed-order DFB devices could be obtained, with high stability and a low laser
threshold around 2.0 uJ cm 2. Moreover, exceeding 2% without efficiency rolloff was
obtained over 17000 mA cm 2.

In Chapter 3, a functional spacer was inserted in D-A-D molecules as a promising
laser candidate. Importantly, the HOMO/LUMO wavefunction distributions could be
manipulated by a rigid fluorene-core spacer, where the long alkyl chains were involved
to guarantee good solubility and prevent intermolecular aggregation caused quenching.
Meanwhile, the organic lasers showing emissions ranging from yellow to NIR could be
adjusted by tuning the relative D/A interplay strength to realize color-tunable organic
lasing properties from yellow to NIR emission. Resultantly, yellow lasers with low
thresholds based on a (TPA-F):BTD neat film were obtained (Apeak~555 nm).
Additionally, NIR lasers based on a 3 wt% (TPA-F).BBTD: CBP blend film, with a
low threshold of around 1 pJ cm 2 (Apeak ~845 nm) were achieved as well.

In Chapter 4, | proposed that the unconventional quasi-planar D-A structure,
where a diphenyl methylene intramolecular-lock was incorporated to manipulate the
HOMO/LUMO distributions by shrinking and fixing the torsion angles. This rigid
configuration could largely restrict the intramolecular rotation and vibration. As a

consequence, the rigid and quasi-planar TADF molecules, locked PXZN-B and
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DMACN-B, exhibited remarkably blue-shifted structureless emission with small
FWHMSs of 44 and 29 nm, respectively. Moreover, both the emitters exhibited TADF
characteristics, with high EQEs exceeding 10%. Furthermore, the locked D-A type
TADF emitters could also exhibit promising laser performance with a low threshold of
around 1 pJ cm2 Therefore, the intramolecular-lock strategy provided not only
innovation for realizing high-efficiency deep-blue TADF emission with small FWHMSs
and high color purity but also an avenue for torching TADF-based ASE and lasers.

In Chapter 5, I designed a B/N atom based sky-blue TADF emitter PhnCzBN1 with
an entirely planar structure. Compared to the conventional TADF molecules with the
twisted D-A configuration, the largely suppressed vibrational relaxation and bonding
rotation led to a strong f'and a small FWHM of 25 nm. Benefitting from the significant
localization of the HOMO/LUMO wavefunctions on B/N atoms, TADF properties were
successfully triggered and the EQE value could reach 10%. Moreover, tunable DFB
lasers based on this TADF molecule could be realized by rationally manipulating the
vibronic bands spanning the entire emission spectrum, and the lowest laser threshold
was as low as around 1 pJ cm™2.

Overall, to comprehend the molecular design principle of TADF laser dyes in this
research, | prepared Figure 6-1 to summarize the strategies of molecular design for D-
A type laser dyes. Herein, the manipulation of LE and CT states by tuning diverse D/A
interplays plays a crucial role. Firstly, it can be concluded that the LE state should
dominate to guarantee the large radiative rates by investigating (i) electron-
donating/accepting substituent effect in Chapter 2. Then, on the basis of the reasonable
wavefunction overlap (LE state), good laser performance could be achieved by (ii)
rationally inserting functional spacers to decrease the nonradiative process in Chapter
3. Then, a relatively large &: and a small AEst could be satisfied together by (iil) using
a rigid intramolecular lock to minimize the D/A torsion angle, which leads to the
realization of laser performance in TADF molecules in Chapter 4. Finally, the TADF
laser action could also be triggered based on (iv) an entirely rigid and planar D/A fused

skeleton with MR effect from the opposite boron/nitrogen atoms in Chapter 5. Among
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these D-A type molecules, from the aspect of o,,,, (TPA-F)BTD and (TPA-F),BBTD

exhibit the best value exceeding 1.0 x107'¢ cm?.

'Manipulation of LE/CT state |

D-A

distance

Reducing nonradiation

e laserdye
Making LE dominant Reducing A&y
Rigidity & planarity
N —

Figure 6-1. The general picture of D-A type molecular design toward TADF laser dyes.

It is worth noting that the trend of the TADF laser dyes is from a flexible D-A plane
to a quasi-planar structure and an entirely planar configuration. In other words, it is
important to reinforce the molecular planarity and rigidity. Benefitting from the
shrinking torsion angle and the enhanced rigidity, molecular structural relaxation, as
well as the vibrational relaxation at the excited state would be largely suppressed, and
the closer HOMO/LUMO wavefunction distance leads to a stronger f and a higher
quantum yield. Resultantly, DFB lasers were firstly realized based on TADF molecules
to our best knowledge. In addition, the suppressed rotation and vibrational relaxation
strategy could also lead to a small FWHM, which improved the color purity of TADF

emitters. All the lasers obtained in this thesis have been summarized in Figure 6-2.
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Figure 6-2. (a) Lasers obtained in this work. The laser wavelengths range from blue to

NIR. (b) Summary of the representative ASE/lasers in the reported literature and this

work.

6.2 Future plans

For the long term, electrical-pumping OSLDs have been always considered as a
breakthrough worth to be targeted. Harvesting the spin-forbidden triplets for the
radiation process is always the most ideal strategy to reduce the thresholds and strength
the operational stability. Although an indication of electrical-pumping OSLDs based on
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a fluorescent laser dye has been put forward recently, the very poor laser operational
stability is an issue that should be addressed, and one of the main reasons is the
extremely high laser threshold without the contribution from triplets, which occupies
75% of the generated excitons under electrical excitation. The TADF laser dyes reported
in this work might provide the possibility to harvest triplets for reducing the laser
thresholds under the electrical-pumping.

In this regard, I expect to first attempt the TADF lasers under a long-pulsed or CW
excitation by optimizing the doping and film morphology, incorporating the high-
quality resonators, and the suitable pumping sources. Then, the OLED design based on
these TADF molecules without efficiency rolloff under the extremely high current
density injection will be investigated. In parallel, the advanced DFB resonators, such
as 192" mixed-ordered, two dimensional (2D) resonators will be incorporated to
further reduce the energy loss, as well as the lasers thresholds toward the electrical-

pumping OSLDs as shown in Figure 6-3.

Figure 6-3. Schematic diagram of the terminal electrical-pumping TADF OSLDs.

A fast RISC process plays a crucial role in efficiently harvesting triplets. As we
know, a slow RISC process would lead to exciton annihilations, which is responsible

for the degradation and severe efficiency rolloff, especially under the high current
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density injection. Though optical-pumping DFB lasers from TADF molecules have
been realized in my work, the relatively small RISC rate (krisc ~10* s™! for PXZN-B,
DMACN-B, and PhCzBN1) leaves the space for the faster candidates. Therefore, novel
TADF molecules incorporating the charge-resonance type hybrid triplet states, charge
hopping, and other novel strategies will be designed with an even faster RISC process
exceeding 10® s™! for realizing OSLDs with even better performance.

Moreover, triplet utilization could also be realized by the TADF-assisted
fluorescence (TAF) strategy, where TADF molecules with a very fast RISC process are
used as the triplet harvester rather than the terminal laser dye. Therefore, new TADF
molecules (no laser properties) with very fast spin-flip accelerate RISC rates (>10% s!),
will be designed based on charge-resonance type hybrid triplet states, thermal
equilibration, and other novel unraveled mechanisms,:# which would be promising to

be employed for stabilizing OSLDs under electrical-pumping.
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