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Chapter 1 General introduction

1-1 Photon upconversion (UC)

Light is one of the most important energy sources because of its intriguing applications in photo-
reactions, including photocatalysis, photovoltaic power generation, and biotechnology. However,
photoreactions occur only at a specific range of wavelengths and are difficult to utilize the light energy
effectively. For example, photocatalytic reactions are induced by sunlight limited to the ultraviolet-
visible (UV-Vis) region, suggesting 44% of the light source was wasted for nothing. In addition, the
near-infrared (NIR) light has attracted much attention from the biological field because it shows good
tissue penetration. However, the photon energy in this region is too weak for important biotechnolo-
gies such as bioimaging, photodynamic therapy, and drug release.

In recent years, there has been a rapid growth of interest in photon upconversion (UC) being a
solution to the aforementioned problems. UC is a process that converts lower energy (longer wave-
length) photons to higher energy (shorter wavelength) photons. Although there are several UC mech-
anisms, such as two-photon absorption (TPA), and energy transfer upconversion (ETU) of lanthanide
nano-particles, most of them have limited applications because they require high excitation light in-
tensity.

TPA is an UC mechanism that utilizes a virtual excited state (Figure 1-1).! One disadvantage is that
the lifetime of the virtual state is extremely short (1-10 fs), leading to high excitation light intensity
(10°~10° W cm-2) required for an electron at the virtual state to absorb the energy of the excited

photon within the lifetime.
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Figure 1-1. Energy level diagrams of the essential states in two-photon absorption (TPA).!

On the other hand, ETU can work with relatively low excitation intensity (W cm?-kW c¢m™), be-
cause the energy transfer process uses physically existing intermediate energy states of lanthanide
ions (Figure 1-2).>® However, considering the excitation light intensity necessary for UC applications
such as solar energy conversion (0.1 W ¢m? for solar irradiance) and biotechnology (0.726 W cm™

for maximum permissible exposure of skin),® the intensity is still too strong.
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Figure 1-2. Schematic design of a lanthanide-doped NaGdF4@NaGdF4 core—shell nanoparticle for
energy transfer upconversion (ETU) (left). Proposed energy transfer mechanisms in the core-shell

nanoparticle (right).*



To solve the problem of the excitation light intensity, triplet-triplet annihilation-based UC (TTA-
UC) has been attracting much attention. In this mechanism, a long-lived triplet state as the interme-
diate state allows UC to occur under low excitation power density (mW cm?-W cm™2).”'® A common
TTA-UC energy diagram is shown in Figure 1-3. The TTA-UC involves a donor (sensitizer) with high
intersystem crossing (ISC) efficiency and an acceptor (emitter) with high fluorescence quantum yield.
The sensitizer first absorbs the low-energy light to produce the excited singlet state (S1), and subse-
quently, the triplet state (T1) is populated through ISC. The acceptor’s T is generated by the triplet-
triplet energy transfer (TTET) from donor’s T via the Dexter mechanism. At last, the collision and
annihilation (TTA) between two acceptor triplets produce a high-energy singlet excited state S; that

radiates upconverted emission.
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Figure 1-3. Outline of the TTA-UC process, showing the energy levels involved in the TTA-UC (S =

singlet, T = triplet)

In this chapter, the trend of recent researches on TTA-UC will be described. Moreover, the expan-

sion of TTA-UC to condensed systems for device applications and its problems will be outlined.



1-2 Molecular diffusion based TTA-UC

In TTET and TTA processes, the excited molecules at the triplet state need to collide with one an-
other in order to efficiently exchange electrons (Dexter energy transfer). Therefore, to achieve highly
efficient TTA-UC with low-intensity excitation light, it is necessary that the donor and the acceptor
are uniformly mixed, and the two acceptor triplets collide effectively. Most of the previous studies on
TTA-UC obtained good TTET and TTA by exploiting the translational diffusion of excited molecules
in solutions and soft polymers.

A threshold excitation light intensity, /i, has been used as a parameter to evaluate the excitation light
intensity required for TTA-UC.!%?? In general, the TTA-UC emission intensity shows quadratic and
linear dependences on the incident light intensity at low and high excitation intensities, respectively.
The quadratic-to-linear transition takes place at threshold excitation intensity /m. Above I, TTA be-
comes the main deactivation channel for the acceptor triplets, and the UC quantum yield (@uc) in the
system is maximized (Figure 1-4). Therefore, the system shows lower /i, and weak excitation light

can be utilized more efficiently.
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Figure 1-4. Excitation power intensity dependence of TTA-UC emission (A = acceptor, D = donor,
and *A” = excited triplet state of the acceptor). In the slope = 2 region, acceptor triplets are deactivated
by the natural decay before TTA. On the other hand, in the slope = 1 region, most acceptor triplets

are consumed by TTA.



It was reported that /i, obeys Equation 1-1:

(kaz)’

Iip =
Drrer@YrT

(Equation 1-1)

where ka1 is the triplet decay rate constant of acceptor, a is the sensitizer absorption coefficient,
@rreT 1S the donor-to-acceptor TTET efficiency, and yrr is the bimolecular reaction (TTA) rate con-
stant. In a three-dimensional (3D) diffusion-limited system, such as solution systems, yrr follows
Equation 1-2:

Yrr = 8nDrag

(Equation 1-2)

where Dr is the diffusion constant of acceptor triplet, and ao is the interaction distance of an accep-
tor triplet pair. Therefore, /i decreases as Dt becomes larger, and TTA occurs with high efficiency
even under low acceptor triplet density conditions. In solution systems, Dt value obeys the Stokes-

Einstein equation (Equation 1-3):

_ kT
~emnr

Dr
(Equation 1-3)
where kg is Boltzmann constant, 7 is the temperature, # is the viscosity of solvents, and 7 is the mo-
lecular radius of acceptors. Therefore, /i in solution systems depends on the viscosity of solvents.
Mongizzi et al achieved significantly low I (0.8 mW cm?), which is less than the magnitude of
sunlight intensity by dispersing donor (Pt(II)octaethylporphyrin, PtOEP) and acceptor (9,10-diphe-

nylanthracene, DPA) in a low viscousity solvent (Fig, 1-5)."
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Figure 1-5. (a) Molecular structures of PtOEP and DPA, and their corresponding energy diagram.
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(b) Upconverted DPA emission (blue dots) and PtOEP phosphorescence (red dots) intensity vs the
excitation power intensity for a 1,1,2-trichloroethane solution of PtOEP/DPA (PtOEP and DPA con-

centrations: 1.5%107* and 1.0x107! M, respectively).'

As aforementioned, fast molecular diffusion in organic solvents gives highly efficient TTA-UC
with low Iy,. However, the use of volatile organic solvents is not suitable for device applications.
Moreover, for the donor to efficiently absorb the excitation light, it is necessary to accumulate the
donor molecules at high density. Therefore, development of TTA-UC in condensed systems is re-

quired.



1-3 TTA-UC in condensed systems

There are three major problems needed to be solved for TTA-UC in condensed systems.

The first problem is that molecular diffusion is significantly inhibited in the condensed system.
Singh-Rachford et al. reported the temperature dependence of TTA-UC emission intensity on a sam-
ple with the donor-acceptor pair dispersing in a polymer matrix.?* The results showed that TTA-UC
luminescence is completely quenched below the glass transition temperature (236 K) of the polymer
matrix (Figure 1-6). It is noteworthy that even at room temperature above the glass transition temper-
ature, TTA-UC emission intensity was weak because of the largely inhibited molecular diffusion.
This suggests that alternate triplet transportation is required to achieve highly efficient TTA-UC in

condensed systems.
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Figure 1-6. Temperature dependence of TTA-UC emission intensity. (a) Molecular structures of the
donor (PdOEP), the acceptor (DPA), and the polymer matrix. (b) Integrated upconverted emission

intensity as a function of temperature.*?

The second problem is the phase separation of donor and acceptor. Monguzzi ef al. have synthe-
sized a PtOEP-doped DPA single crystal, and the TTA-UC property was reported (Figure 1-7).2*
This sample showed only weak TTA-UC emission while a strong donor phosphorescence was ob-
served (Figure 1-7a). Investigation of the crystalline sample under a confocal microscope revealed
that the donor and the acceptor were phase separated (Figure 1-7b), resulting in a significant de-

crease in TTET efficiency.
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Figure 1-7. (a) Blue photoluminescence (PL) spectrum of the crystalline sample under continuous
wave excitation at 532 nm as a function of incident power at 1 mW (green), 2 mW (blue) and 3 mW
(pink), and a donor phosphorescence under 2 mW excitation (red). (b) (A) White light transmission
image of the crystalline sample, (B) RGB PL image under 532 nm excitation, (C) red filtered PL

(donor phosphorescence) spectrum, and (D) blue filtered PL (upconverted emission) spectrum.?*

The third problem is the red-shifts of the acceptor emission due to the intermolecular interactions
and the accompanying reduction of the anti-Stokes shift which is the difference between wave-
lengths of the excitation light and the UC emission. In general, luminescent acceptor molecules
have aromatic rings and are likely to n-stack to one another. The n-m interaction works strongly in
condensed systems and stabilizes the singlet excitation state of the luminescent acceptor molecules
(Figure 1-8). The decrease in the anti-Stokes shift in condensed TTA-UC systems reduces the effi-

cacy of converting lower-energy photons to higher-energy photons.
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Figure 1-8. Fluorescence red-shifting of the pyrene-contained liquid crystal by n-m interactions.?

In order to effectively promote TTA-UC in condensed systems, it is necessary to solve the major

three problems, (1) the low triplet diffusion, (2) the phase separation of the donor and the acceptor,

and (3) the red-shifting of the acceptor emission. Strategies to solve those problems will be de-
scribed in the later section.



1-4 Triplet energy-migration based TTA-UC

As a solution to the low triplet diffusion coefficient in condensed systems, I demonstrated an alter-
native strategy based on the triplet energy-migration based TTA-UC which is independent of the mo-
lecular diffusion (Figure 1-9).!62628 In our previous reports, acceptor molecules are designed to give
ordered molecular assemblies in which acceptor chromophores are regularly aligned. To achieve ef-
ficient donor-to-acceptor energy transfer, donor molecules are preorganized in the vicinity (<1 nm)
of the acceptor arrays. In these donor—acceptor self-assembled systems, the excited triplets are locally
accumulated and the rapid migration of excited triplet states leads to efficient TTA-UC emission (Fig-
ure 1-92).!° It is noteworthy that the self-assembled structures of donor and acceptor showed not only
efficient triplet energy migration but also novel functions that cannot be obtained in molecular dis-

persion systems, such as oxygen blocking ability (Figure 1-9b).?’

()

Triplet energy migration-based photon upconversion (TEM-UC)
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Figure 1-9. Triplet energy-migration based TTA-UC. (a) Scheme of the concept of triplet energy
migration-based photon upconversion in the self-assembled system. (b) In-air UC emission of the
supramolecular assembly. Chloroform solutions of acceptor 1 and PtOEP in deaerated (blue line) and
air-saturated (red line) condition. TTA-UC emission is maintained even in the air-saturated solu-
16,27

tion.
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Meanwhile, there remain some essential issues awaited to be solved for the development of this
new strategy. Although the effective triplet exciton migration via electron-exchange Dexter mecha-
nism has been demonstrated by controlling the acceptor arrangement, it is still difficult to obtain
quantitative TTET in the solvent-free highly-ordered state. In addition, it is not clear how the struc-
tural order and range of chromophore alignment contribute to the triplet energy migration that plays

a crucial role in maximizing the TTA yield at low excitation power.

1-5 TTA-UC utilized inorganic triplet sensitizers

As described above, one of the problems in the TTA-UC in condensed systems is the decrease in
anti-Stokes shifts. This problem can be solved by introducing triplet donor that has an ability to sen-
sitize acceptor triplets without large energy loss. Although phosphorescent molecules have been
mainly used as triplet sensitizers for TTA-UC, most of them have intrinsic issues such as relatively
large energy loss during Si-to-T intersystem crossing (ISC). Recently, to solve this matter, inor-
ganic triplet sensitizers such as CdSe/ZnS and PbS quantum dots (QDs) have attracted much atten-
tion.?>-** The literature show that the inorganic triplet donor can sensitize the organic acceptor triplet
without energy loss during ISC, and TTA-UC with large anti-Stokes shift can be achieved (Figure

1-10).>* However, the choice of inorganic materials for TTA-UC is still limited.

11
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Figure 1-10. Outlines of TTA-UC using (a) phosphorescent organic molecules and (b) inorganic
QDs sensitizers, showing the involved energy levels (S = singlet, T = triplet, VB = valence band,
CB = conduction band, ISC = intersystem crossing, TTET = triplet-triplet energy transfer, TTA =
triplet-triplet annihilation, ET = energy transfer). (¢c) Schematic illustration of TTA-UC system us-

ing acceptor-modified CdSe/ZnS core-shell QDs.*?

12



1-6 Motivation and Outline

For the development of TTA-UC in condensed systems, it is necessary to solve three fundamental
problems: (1) low triplet diffusion, (2) phase separation of donor and acceptor, and (3) red-shifting
of acceptor emission. The triplet energy-migration based TTA-UC and the inorganic sensitizer can
be implemented to solve these matters. However, these techniques are still under development. It is
necessary to find solutions to avoid phase separation between donors and acceptors, to further im-
prove the triplet-energy-migration efficiency, and to gain a deeper understanding of the inorganic
sensitizers. In this dissertation, I describe TTA-UC in condensed systems with the aim to solve the
issues above.

In Chapter 2, the strategy to solve the problems of phase separation of donors and acceptors and
triplet energy migration efficiency is described. This issue was solved by utilizing liquid crystalline
acceptor for energy migration in the TTA-UC system. I expected that the structural flexibility and
the orientation of the liquid crystal would allow homogeneous doping with the donor and fast en-
ergy-migration for efficient TTA. Furthermore, critical effect of the structural order upon the perfor-
mance of TTA-UC was unveiled by systematic control over the domain size of the liquid crystal.

Chapter 3 focuses on the solution to the decrease in anti-Stokes shift. I employed 3D perovskite
nanocrystals as a new inorganic triplet sensitizer. The optical properties of perovskite nanocrystals
were tuned by facile halide exchange reactions, which made triplet sensitization possible with vari-
ous excitation wavelengths. Moreover, studies of triplet states in 3D perovskite promoted a variety
of fundamental advances and optical/optoelectronic applications to the perovskite research field.

New function of TTA-UC is discussed in Chapter 4. By solving the intrinsic problems of con-
densed systems, I successfully obtained a stimuli-responsive dual-color TTA-UC. This function is
specific to condensed systems, and the result clearly exhibited the availability of TTA-UC in con-
densed systems.

Chapter 5 summarizes this dissertation.
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Chapter 2 Controlling One-Dimensional Triplet Exciton Diffusion in Columnar Liq-

uid Crystals for Low-Power Photon Upconversion

2-1 Introduction

ABSTRACT: The critical effect of structural order upon performances of triplet-triplet annihilation-
based photon upconversion (TTA-UC) was unveiled by experimental and theoretical analysis of tri-
plet exciton diffusion in columnar liquid crystals (LCs). A triplet sensitizer was homogeneously doped
in flexible columnar LCs composed of n-stacked acceptor perylene arrays, leading to a sequence of
quantitative donor-to-acceptor triplet-triplet energy transfer (TTET), triplet energy migration, and
consequent TTA-UC in LCs. Co-assembly with acceptors having shorter alkyl chains enhanced the
triplet exciton diffusion constant, resulting in the significant reduction of threshold excitation inten-
sity I» of TTA-UC. This work provides important guidelines for designing energy-migration-based

TTA-UC in soft materials workable at low excitation intensity.

Photon upconversion (UC), the phenomenon converting lower energy photons to higher energy
photons, has been attracting considerable attention for its potential to improve the efficiency of sun-
light-powered energy production devises including photocatalysis and photovoltaics.!!> The UC
mechanism based on triplet—triplet annihilation (TTA-UC) is particularly useful since it works under
low excitation power densities (<100 mW c¢m2).!"1? The TTA-UC involves a series of photo-relaxa-
tion processes as depicted in Figure 1-1. Two acceptor (emitter) triplets populated by triplet-triplet
energy transfer (TTET) from donors (sensitizer) collide to undergo TTA within their lifetimes. A
higher energy excited singlet the of emitter is generated, which emits upconverted fluorescence.

Most of the previous studies on TTA-UC utilized the translational diffusion of excited molecules in
solutions or soft polymers. However, the use of volatile organic solvents is not suitable for practical
applications, whereas the diffusion of dye molecules embedded in solid polymers is inevitably low.

As a solution to these problems, several research groups including ours demonstrated an alternative
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strategy based on energy-migration-based TTA-UC, which exploits the triplet exciton diffusion and
annihilation in densely preorganized chromophore arrays.!%!6-2> Meanwhile, the detailed understand-
ing of triplet diffusion dynamics in these complex condensed materials is still lacking. Moreover,
more systematic and detailed studies are required to unveil the relationship between structural or-

der/defects and UC performances.

In this chapter, I describe a combined experimental and theoretical study for understanding and
controlling triplet exciton diffusion in columnar liquid crystals (LCs) for low-power TTA-UC (Figure
2-1a). A triplet donor Pt(II) tetraphenyltetra-benzoporphyrin (PtTPBP) was doped in a columnar LC
of 3,4,9,10-tetra(2-ethylhexyloxy-carbonyl)-perylene (1)*** that consist of the stacked array of ac-
ceptor perylene units (Figure 2-1b). Structural flexibility of the LC allowed homogeneous doping of
the donor and consequent quantitative donor-to-acceptor TTET. Interestingly, the threshold excitation
intensity I, of TTA-UC was significantly reduced by being co-assembled with tetra(ethyloxy-car-
bonyl)-perylene (2) containing shorter alkyl chains.?®?’ Transient absorption spectroscopies revealed
that the triplet exciton diffusion in these columnar LCs is purely one-dimensional. In addition, the
diffusion constant of triplet excitons is improved by the addition of 2. The unveiled relationship be-
tween structural order and UC properties provides a basis for designing solvent- and matrix-free low-

power TTA-UC soft materials
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Figure 2-1. (a) Schematic representations of TTA-UC in columnar LCs. Excited triplet state of ac-
ceptor moieties (cyan) of a columnar LC are sensitized by homogeneously-doped donor molecules
(TTET). This is followed by a sequence of triplet energy migration among the acceptors, TTA, and
delayed fluorescence from the upconverted acceptor singlet. (b) Chemical structures of acceptor 1

and 2, and donor PtTPBP.

2-2 Results and Discussion

As a fluorescent columnar LC, 1 having typical acceptor unit (perylene) was prepared according to
the reported procedure.>** Differential scanning calorimetry (DSC) measurements of 1 showed a
glass transition temperature at —73 °C and a melting temperature at 249 °C, which confirms the pres-
ence of stable columnar LC phase over a wide temperature range including room temperature (Figure

2-2).
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Figure 2-2. (a) DSC thermogram of 1 (10 °C/min) under N> atmosphere. Polarized optical micro-
scope images at (b) —130°C (glass phase), (c) at the room temperature (liquid crystal phase), and (d)

at 280°C (isotropic phase).

As previously characterized,?® the X-ray powder diffraction (XRPD) pattern of 1 showed a typical

hexagonal columnar LC structure with an inter-column separation of 2.05 nm and an intra-column n-

n stacking distance of 0.35 nm (Figure 2-3).
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Figure 2-3. X-ray powder diffraction (XRPD) patterns of 1 as typical peak positions of hexagonal

columnar LCs.
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To investigate the molecular arrangements of 1 more in detail,  measured absorption and fluorescence
spectra, fluorescence lifetime, and absolute fluorescence quantum yields in CHCI3 ([1] =5 uM) and
in the solvent-free columnar LC state. The absorption spectrum of 1 in CHCl3 showed structured
bands and an So-S; absorption maximum at 472 nm (Figure 2-4a). On the other hand, the absorption
spectrum of the columnar LC 1 showed broadened bands with a much less resolved vibronic structure,
in which a band splitting into the blue-shifted (454 nm) and red-shifted (488 nm) peaks was observed.
The observed splitting pattern is indicative of the excitonic interactions between rotationally dis-
placed long molecular axis of perylene chromophores (Figure 2-4b).23! The fluorescence spectrum
of 1 in the LC phase showed a large red shift (110 nm) with spectral broadening as compared with
that in solution, which is ascribed to the excimer-like delocalized excitons in the stacked perylene
chromophores. This is further supported by a longer fluorescence lifetime in columnar LC 1 (27.2 ns)
than that observed in CHCI3 solution (3.8 ns, Figure 2-5). The absolute fluorescence quantum yield

of 1 in the LC phase was determined as 33%, not high as a CHCl; solution (89%).

(a) (b)

Abs._CHCI, solution
. Abs._LC state
----- PL_CHCI, solution
FIEEEES PL_LC state

400 500 600 700 800 900
Wavelength / nm

Normalized Abs. and PL intensity / a. u.

Figure 2-4. (a) Normalized absorption (Abs.) spectra of 1 in CHCl3 solution (100 pM, red solid line)
and in the solvent-free LC state (black solid line). Normalized photoluminescence (PL) spectra of 1
in CHCI; solution (5 uM, red dotted line) and in the solvent-free LC state (black dotted line). (b)
Exciton band structures in dimers of various rotational displacement § between two neighboring chro-
mophores.??*! When the 6 value is around 90° (but not precisely 90°), the absorption band splits into

two.
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Figure 2-5. Fluorescence lifetimes of 1 in CHCl;3 solution (black, 5 uM, t = 3.8 ns) and in the solvent-

free LC state (red, T =27.2 ns).

The acceptor columnar LC 1 was doped with a donor PtTPBP by drop-casting a mixed toluene
solution of 1 and PtTPBP ([PtTPBP]/[1] = 0.05 mol%) on substrates and subsequent annealing at
290 °C. The donor PtTPBP and acceptor 1 have appropriate singlet/triplet energy levels for TTA-UC,

as confirmed by the appearance of TTA-UC emission in deaerated solution (Figure 2-6 and 2-7).
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Figure 2-6. Normalized absorption (Abs) spectra of PtTPBP in pure solid state (black solid line),
benzene solution (0.1 pM, red solid line) and LC 1 (blue solid line), and the normalized photolumi-

nescence (PL) spectrum of PtTPBP in deaerated benzene solution (red dotted line, 100 pM).
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Figure 2-7. (a) Upconversion photoluminescence (UCPL) spectra of the mixture of PtTPBP and 1 in
toluene ([PtTPBP]/[1] = 1mol %, [1] = 1 mM) with different incident power density of 635 nm laser.
A notch filter (A = 635 nm) was used to remove the scattered incident light. (b) Dependence of TTA-
assisted emission intensity at 530 nm on the incident power density. Blue and red lines are fitting
results with slopes of 2.0 (blue) and 1.0 (red) in the low- and high-power regimes. The high It value

comes from low absorption coefficient « (0.15 cm™).

Optical microscopy images of PtTPBP-doped 1 showed the retention of LC phase without macro-
scopic segregation of PtTPBP (Figure 2-8a). The absorption band of PtTPBP in LC 1 was close to
that in solution rather than the neat solid PtTPBP, indicating the donor is molecularly dispersed in the
regular LC structure without segregation (Figure 2-6). The PtTPBP-doped 1 was filled in a 0.05 mm-
thick quarts cell and sealed in an Ar-filled grove box ([O2] < 0.1 ppm). Interestingly, the solvent-free
PtTPBP-doped 1 showed a clear yellow upconverted emission upon excitation by a 635 nm red laser
(Figure 2-8b). It is noteworthy that the donor phosphorescence at 760 nm was quenched regardless

of the excitation power, demonstrating the quantitative donor-to-acceptor TTET process.
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Figure 2-8. (a) Polarized optical microscope image of PtTPBP-doped 1 ([PtTPBP]/[1] =0.05 mol %).
(b) UC photoluminescence (UCPL) spectra of the PtTPBP-doped LC 1 ([PtTPBP]/[1] = 0.05 mol%)
with different incident power density of 635 nm laser. A notch filter (A = 635 nm) was used to remove
the scattered incident light. (c) Dependence of UC emission intensity at 580 nm on the incident power
density. Blue and red lines are fitting results with slopes of 1.9 (blue) and 1.0 (red) in the low and

high-power regimes.

To further characterize the UC emission, I measured an excitation power dependence of the UC
emission intensity. In general, TTA-UC emission intensity shows a quadratic and linear incident light
intensity dependence in weak and strong excitation regimes.*?* Figure 2-8c presents a double loga-
rithm plot of the TTA-UC emission intensity of the PtTPBP-doped columnar LC 1 as a function of
the incident light power density. A change of slope from ca. 2 to 1 was observed. The threshold exci-
tation intensity at which the two fitting lines cross, I, is the key parameter characterizing TTA-UC

emission processes, which defines the useful irradiance working range. The Iy value around 1000
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mW/cm? was observed for the current LC system, which is relatively high compared to previous TTA-

UC systems. %1621

In order to reduce the /i value, I attempted to enhance the triplet diffusivity. The diffusion of triplet
excitons occurs via electron-exchange Dexter mechanism, which is severely affected by the orbital
overlap between neighboring aromatic moieties.*® I hypothesized that the bulky 2-ethylhexyloxy
groups of LC 1 reduce the effective overlap of molecular orbitals in the columnar assembly, thus
limiting the Dexter transfer rate. To overcome this issue, the perylene derivative 2 having shorter
alkyl chains was mixed with LC 1 to alleviate the steric hindrance between the bulky side groups
(Figure 2-1b). The acceptor 2 was prepared by following the reported method.?®?” I mixed 1 and 2 in
different mixing ratio and annealed them above isotropic phase temperatures (270-290°C). This an-
nealing process was necessary to homogeneously mix 1 and 2. DSC measurements showed that the
LC-to-isotropic phase transition temperature gradually decreased with increasing the mixing ratio up

to 2/(1+2) = 30 mol%, where the transition peaks of neat 2 were not observed (Figure 2-9).

— — 2

W 2/(1+2) = 40mol%

/—'—’”_’_’_—\f_/_’ 2/(1+2) = 30mol%
\[— 2/(1+2) = 20mol%
V 2/(1+2) = 10mol%
V 1
50 | 160 | 15|>0 | 260 | 25;0 | 300
Temperature / °C

Endo

Figure 2-9. DSC thermograms of 1, 2 and binary LC 1-2 in mixing ratio of 10-40mol% under N>

atmosphere (heating, 10 °C/min).
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This result indicates the mixing of 1 and 2 without macroscopic phase separation. In this range of
mixing ratio, the hexagonal columnar LC structure was maintained, as confirmed by XRPD and op-
tical microscopy measurements (Figure 2-10 and 2-11). On the other hand, when the mixing ratio was
increased to 2/(1+2) = 40 mol%, the DSC thermogram and XRPD pattern showed unassignable peaks,
suggesting the inhomogenous mixing (Figure 2-9 and 2-10). The absorption band around 450 nm
becomes narrower by the addition of 2, indicating the improved arrangement of perylene cores (Fig-
ure 2-12). On the other hand, the pristine 1 and the 1-2 binary LCs showed no fluorescence shifts.

(Figure 2-13).

1

2/(1+2) = 10mol%
2/(1+2) = 20mol%
2/(1+2) = 30mol%
2/(1+2) = 40mol%

Normalized intensity / a. u.

20/ degree

Figure 2-10. XRPD patterns of 1, 2 and binary LC 1-2 with mixing ratio of 10-40mol%. All samples
were prepared by heating the materials to the isotropic phase (270-290 °C) on Si wafer, followed by
cooling to room temperature. There are additional peaks in the binary LC 1-2 (2/(1+2) = 40 mol%)) at
6.8 and 7.6° compared with the pristine 1 due to the inhomogeneous mixing between 1 and 2. The
peak at 6.4° was observed for both of the pristine LC 1 and binary LC 1-2. The position and intensity
of this peak is sensitive to the preparation method (ex. substrate, sample thickness, mechanical shear-
ling), and thus this peak is probably related to different orientation or partial crystal formation at
surfaces. Nevertheless, almost all part of 1 and binary LC 1-2 (2/(1+2) <30 mol%) has the hexagonal

columnar LC structure. This conclusion is consistent with the optical microscopy results (Figure 2-11).
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Figure 2-11. Optical microscope images of (a) 1 at 250 °C and (b) 2/(1+2) = 30mol% at 245 °C. The
samples were sandwiched by polyimide-modified glass substrates for homeotropic alignment. Both

samples showed typical hexagonal growing textures of hexagonal columnar LC.
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Figure 2-12. Normalized a absorption spectra of the LC 1 (black), the binary LCs 1-2 with mixing
ratio of 2/(1+2) = 10mol% (red), 20mol% (blue), 30mol% (purple). The absorption band becomes

narrower as the portion of 2 increases, indicating that improved arrangements (homogeneous envi-

ronment) of perylene cores.
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Figure 2-13. Normalized PL spectra of the LC 1 (black), the binary LCs 1-2 with mixing ratio of

2/(1+2) = 10mol% (red), 20mol% (blue), 30mol% (purple), and 2 (navy).

The 1-2 binary columnar LCs were then doped with PATPBP and their TTA-UC properties were
investigated ((PtTPBP)/(1+2) = 0.05 mol%, 2/(1+2) = 0~30 mol%). Under excitation by 635 nm laser,
TTA-UC emission was observed in 1-2 binary columnar LCs (Figure 2-14). There was no difference
in UC quantum yield between PtTPBP-doped LC 1 and binary LC 1-2 (2/(1+2) = 30mol%) showed
the similar UC efficiency @uc’ of 1.7% at 4.1 W/cm?, which is reasonably high values. Note that the
donor phosphorescence at 760 nm was completely quenched in all the samples, indicating the quan-
titative TTET also in the mixed LC systems. Significantly, as the mixing ratio (2/(1+2)) increased
from 0 to 30 mol%, the /i value dramatically decreased from 1035 to 51 mW/cm? (Figure 2-15).
Since there was no large difference in triplet lifetime and PtTPBP absorbance between LC 1 and
binary LC 1-2, these results suggest that triplet diffusivity is the main factor affecting I, (Figure 2-

16 and 2-17).
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Figure 2-14. (a) UCPL spectra of the PtTPBP-doped binary LC 1-2 (PtTPBP/(1+2) = 0.05 mol%,
2/(1+2) = 30mol%) with different incident power densities of 635 nm laser. A notch filter (4 = 635
nm) was used to remove the scattered incident light. (b) Dependence of UC emission intensity at 580
nm on the incident power density. Blue and red lines are fitting results with slopes of 2.0 (blue) and

1.0 (red) in the low and high-power regimes.
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Figure 2-15. Mixing ratio of 2 dependences of threshold excitation intensity /m (LC 1: black square,
the binary LCs 1-2 with mixing ratio of 2/(1+2) = 10mol%: red circle, 20mol%: blue triangle,
30mol%: purple triangle).
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To get insights into the origin of I reduction, I investigated the triplet diffusion dynamics in the
LC 1 and the binary LCs 1-2 by transient absorption spectroscopy. The LC 1 was introduced into a 9
um-thick LC cell at 290°C and sealed by using thermoplastic resin in an Ar-filled glove box ([O2] <
0.1 ppm). Due to the large overlap of signals from 1 and PtTPBP, I directly excited the singlet state
of LC 1 by a 355 nm pulse laser and populated triplet states of 1 through Si-to-T; ISC. The transient
absorption spectrum of the LC 1 showed an absorption maximum at 540 nm (Figure 2-18a). The
decay lifetime of this transient absorption was 1.0 ms (Figure 2-18b), which is consistent with the
triplet lifetime obtained from the UC emission lifetime (1.1 ms, Figure 2-16a). This absorption band

is therefore assignable to a T-T, absorption of 1.
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Figure 2-18. (a) The transient absorption spectrum of LC 1 measured at 20 ps after the laser excitation.
The excitation wavelength and power were 355 nm and 5.9 mJ/cm?, respectively. (b) The decay trace
of AOD of LC 1 at 540 nm. The red line is a fitting result with the function AOD(¢) =

AOD(0)exp(—t/zr).

It has been reported that the diffusion-limited bimolecular TTA rate constant yrr largely depend on
the dimensionality of the system.?”*! The yrr value becomes time-independent for the 3D system and
£ dependent (o < 1/2) for the 2D system at larger delay time ¢ and is consistently # /> dependent for

the 1D system over the entire time domain.”*! According to the previous reports, I extracted the yrr
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from the triplet decay dynamics.*'*** The rate equation for the triplet exciton decay can be described
by the following equation,

dn(t)  n(t)
dt

— Yrr(On?(t)

(Equation 2-1)
where n(?) is the triplet exciton density at a delay time ¢ after the laser excitation, zis the natural triplet
lifetime (in the absence of the TTA), and yr7(¢) is the bimolecular decay (TTA) rate constant. The

calculation of the time dependence of the yrr is made by renormalizing the data with a new variable

Y(t)l 41-43

exp(— ty T)

YO =—15

(Equation 2-2)
By substituting Equation 2-1 into Equation 2-2, a linearized differential equation is obtained (Equa-

tion 2-3).

dy (t)
dt

yrr(®) = exp(t/)
(Equation 2-3)

Therefore, the time evolution of yrT can be obtained from experimental values of the n(¢) and the .
The diffusion-limited bimolecular reaction rates significantly depend on the dimensionality of the
system. The yrr for 1D and 3D diffusion systems are given by Equation 2-4 and Equation 2-5, respec-

tively. 37,38,40,41

© = 1 8D
YrT,1D = aN, | 7t

(Equation 2-4)

t) = 87DR (1 + )
VTT,3D( ) > DL

(Equation 2-5)
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where, a is the 1D-lattice constant, Ny is the three-dimensional molecular density, and R is the effec-
tive interaction radius of triplet excitons.

The n(f) can be obtained from the AOD and the Beer-Lambert law: *°

AOD

t) = 6.02x1023
n(t) = 6.02x10 107 4,

(Equation 2-6)
where Ag is the differential molar extinction coefficient (M~ cm™) at the laser excitation wavelength,
and /. is the effective optical path length (cm). The Ae can be estimated from an absorbed laser pulse

intensity dependence of AOD at ¢ = 0 and Equation 2-7.

AeDr

AOD(t=0) == W Ia

(Equation 2-7)
where @r is the triplet quantum yield, and I, is the absorbed light intensity (photons cm™).
The @t value of the 1 was determined from the laser intensity dependence of the AOD o) of the 1
in deoxygenated toluene (10 uM, Figure 2-19), and Equation 2-8 and Equation 2-9.%47
AOD(t=¢) = a{l — exp(—bE)}
(Equation 2-8)
b = 2303&,. D
(Equation 2-9)
where E is the laser intensity (Einstein cm?), and &2, is the molar absorption coefficient of the

ground state at the laser excitation wavelength.
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Figure 2-19. Laser intensity dependence of the AOD( - o) of the 1 in deoxygenated toluene (10 pM).
The laser excitation wavelength was 475 nm. The AOD detected wavelength was 550 nm. The red

line is the fitting result with the Equation 2-8.

From the steady-state absorption spectrum, the &£,, of 1 in deoxygenated toluene (10 pM) was es-
timated as 4.0x10* M! cm!. As a result, the @t of 1 was estimated as 0.066 from the Equation 2-9.
For the estimation of the Dr value by the transient absorption measurement, the LC 1 was introduced
into an LC cell (9 pm thickness). In the transient absorption measurement, the S-S absorption band
of LC 1 was directly excited by 355 nm pulse laser, and triplet states were generated by the S;-Ti
inter-system crossing. The absorbed laser intensity dependence of AOD at #= 0 in the LC 1 was shown

in Figure 2-20.
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Figure 2-20. The absorbed laser intensity dependence of AOD at =0 in the LC 1 in the LC cell (9
um thickness). The laser excitation wavelength was 355 nm. The AOD detected wavelength was 540

nm.

From Equation 2-7, the A¢ value of the LC 1 was calculated as 1300 M cm™!. The /. of the LC 1 in
the LC cell at 355 nm was estimated from the steady-state absorption spectrum (Figure 2-21) and the

sample thickness (9 um).

A =224
I, =4.0x10" cm

Absorbance

T T T T T
300 400 500 600
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Figure 2-21. The steady-state absorption spectrum of the LC 1 in the LC cell (9 um thickness).

These values were substituted for Equation 2-6, and the AOD in the LC 1 was rewritten to the triplet

exciton density n(¢) (Figure 2-22).
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Figure 2-22. Triplet exciton decay of

the LC 1 in the LC cell (9 um thickness) measured at 540 nm.

The laser excitation wavelength was 355 nm (5.9 mJ cm ).

The obtained n(r) was rewritten to the Y(¢) by Equation 2-2. For the triplet lifetime 7 in Equation 2-

2, the value obtained from the UC lifetime measurement (Figure 2-16) was substituted. In order to

the yr1(¢) extraction, a temporal differentiation of the variable Y(7) fitted with simple equations so that

it can accurately reproduce the time evolution of Equation 2-2. The temporal differentiation of the

variable Y(¢) in the 1D and the 3D is represented by Equation 2-10 and Equation 2-11, respectively.

dY
Frie at~05e~bt (1D)
(Equation 2-10)
dy
pre a'ebt (3D)

(Equation 2-11)

Therefore, the variable Y(7) is represented by Equation 2-12 and Equation 2-13.

2 22
Y(t) = 2at®%e b + 2=abt1e Pt + 2——ab?t?%e7bt .,

Y(t) =ae P +c

(1D)

3 35

(Equation 2-12)
(3D)
(Equation 2-13)
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The obtained Y(¢) in the LC 1 was fitted by Equation 2-12 and Equation 2-13 (Figure 2-23). Clearly

the 1D diffusion model gave the best fitting result.

1D model 3D model
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Figure 2-23. Time evolution of the variable Y(¢) of the LC 1 in the LC cell (9 um thickness) measured
at 540 nm. The laser excitation wavelength was 355 nm (5.9 mJ cm?). (left) The red line is the fitting

result with the Equation 2-12. (right) The red line is the fitting result with the Equation 2-13.

These results clearly indicate that triplet excitons diffuse predominantly along the one-dimensional

column,® which is consistent with the much larger inter-columnar distance (2.05 nm) than Dexter

energy transfer distance (< 1 nm).

From the fitting result (@ = 3.1x10'7, b = 990) and Equation 2-10, the temporal differentiation of
the variable Y(#) was obtained, and it was substituted into Equation 2-3 for yrr(¢) estimation. The
yr1(f) was fitted with Equation 2-4. For the 1D-lattice constant a and the three-dimensional molecular
density No in Equation 2-2, the values obtained from the XRPD measurement (a = 0.35 nm) and the

density measurement (p = 1.048 g cm™, Ny = 7.2x10%° molecules cm™) were plugged. The calculation

result provides the Dr value in LC 1 as 2.3x10”7 cm? s™! (Figure 2-24b).
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Figure 2-24. (a) Double logarithmic plots of yrt of LC 1 against ¢. (b) triplet diffusion constant Dr at

different mixing ratios of 2 (2/(1+2) = 0-30mol1%) in the binary LC 1-2.

The Dr in the binary LCs 1-2 were also evaluated by the same procedure. In all the samples, the

triplet decay curves could be fitted by the 1D diffusion model (Figure 2-25).
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Figure 2-25. Time evolution of the variable Y(¢) of the pristine LC 1 and binary LC 1-2 in the LC cell
(9 pum thickness). All red lines are fitting result with the Equation 2-12. (a) The LC 1. The laser
excitation wavelength was 355 nm (5.9 mJ cm™). The AOD detected wavelength was 540 nm. (b)
The binary LC 1-2 (2/(1+2) = 10mol%). The laser excitation wavelength was 355 nm (6.3 mJ cm™).
The AOD detected wavelength was 540 nm. (c) The binary LC 1-2 (2/(1+2) = 20mol%). The laser
excitation wavelength was 355 nm (6.2 mJ cm™). The AOD detected wavelength was 550 nm. (d)
The binary LC 1-2 (2/(1+2) = 30mol%). The laser excitation wavelength was 355 nm (6.3 mJ cm™).

The AOD detected wavelength was 530 nm.

The Dr values were plotted as a function of the mixing ratio of 2 (Figure 2-26). Interestingly, as the
content of 2 increased, the Dr value increased from 2.3x107 cm? s™' to 7.4x107 cm® s™'. The result
strongly suggests that it is possible to increase the triplet diffusion constant by improving the struc-
tural order of columnar LCs. However, the observed 3.1 times increment of Dr value is not enough
to explain the large reduction of I (20 times from 1035 to 51 mW cm™). The Iy, appears to be affected

by factors other than Dr.
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Figure 2-26. Mixing ratio of 2 (2/(1+2) = 0-30mol%) dependences of triplet diffusion constant Dr.

In conclusion, I successfully correlate the structural order of columnar LCs with the TTA-UC per-
formances based on the detailed understanding of triplet exciton dynamics. The homogeneous mixing
of donors in ordered acceptor arrays enables quantitative TTET efficiency. I devised a molecular co-
assembling approach between LC 1 and shorter-chain compound 2 that rendered low threshold exci-
tation intensity /m. The transient absorption studies revealed the predominant one-dimensional triplet
exciton diffusion in the LCs, and the increase in the triplet diffusion constant Dt by the mixing with
2, which partly explains the reduction of /in. This work clearly demonstrated the relationship between
the structural order in molecular assemblies and triplet exciton diffusivity, providing an important
guideline for designing soft materials that show energy-migration-based, low-power photon upcon-

version.
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2-3 Synthesis

All reagents and solvents for synthesis were used as received without further purification. Plati-

num(Il) tetraphenyltetrabenzoporphyrin (PtTPBP) was purchased from Frontier Scientific and used as received.

tetrakis(2-ethylhexyl) perylene-3,4,9,10-tetracarboxylate (1)
OO + Ho + @ DBU
O‘e /)/\/\ /)/\/\ CH3CN

0q O/\(\/\
QO
()
0
1
The title compound was prepared based on the literature method.>** A mixture of 3,4,9,10-peryl-
enetetracarboxylic dianhydride (3.1 g, 7.9 mmol), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 9.6 g,
21.1 mmol), 2-ethylhexanol (6.2 g, 47.6 mmol), and 1-bromo-2-ethylhexane (9.1 g, 47.1 mmol) in
125 mL acetonitrile was heated under reflux for 24 h. After the removal of acetonitrile under reduced
pressure, the residual was dispersed in methanol. Then the precipitate was collected by filtration. The
crude product was further purified using silica gel column chromatography (chloroform). Orange
solid, Yield : 4.3 g, 62 %. "H NMR (300 MHz, CDCl5) : 6 = 0.89-0.99 (m, 24H), 1.33-1.54 (m, 32H),
1.74-1.82 (m, 4H), 4.21-4.31 (m, 8H), 8.02 (d, 4H), 8.30 (d, 4H). Elemental analysis, calculated for

CseH760s : C, 76.68; H, 8.73; N, 0.00; found : C, 76.62 ; H, 8.71; N, 0.05

tetraethyl perylene-3,4,9,10-tetracarboxylate (2)

Oy 00 NoP O 0N

<9e <4e
L @
‘ Ethanol

e 9@

0“0 Yo NN 7O
2

The title compound was prepared based on the literature method.?®?” A mixture of 3,4,9,10-peryl-
enetetracarboxylic dianhydride (2.0 g, 5.1 mmol), DBU (6.3 g, 41 mmol) and ethyl iodide (4.8 g, 43
mmol) in 80 mL ethanol was heated under reflux for 4 h. After the reaction, the mixture was poured

into 100 mL hexane and the precipitate was collected by filtration. The crude product was purified by
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silica gel column chromatography (ethyl acetate : chloroform = 1 : 40) and recrystallization from
ethanol. Yield : 2.2 g, 79%. 'H NMR (300 MHz, Toluene-ds) : & = 1.24 (t, 12H), 4.29 (q, 8H), 7.51
(d, 4H), 7.88 (d, 4H). Elemental analysis, calculated for C32H230s : C, 71.10; H, 5.22; N, 0.00; found :

C,71.11; H, 5.20; N, 0.02.

2-4 Characterizations

"H NMR spectra were measured on a JEOL INM-ECX 400 spectrometer. Elemental analysis was
conducted at the Elemental Analysis Center, Kyushu University. Differential scanning calorimetry
was conducted on a Hitachi High-Tech Science Corporation DSC6100 (for the measurement of the
glass transition temperature of LC 1), and a METTLER TOLEDO Excellence DSC 1. X-ray powder
diffraction was conducted on a Bruker D2 PHASER with a copper Cu Ko source (A= 1.5418 A).
UV/Vis absorption spectra were recorded on a JASCO V-670 spectrophotometer. Fluorescence spec-
tra were measured by using a PerkinElmer LS 55 fluorescence spectrometer. The absolute quantum
yields were measured in an integrating sphere using a Hamamatsu Photonics absolute quantum yield
measurement system. Time-resolved photoluminescence lifetime measurements were carried out by
using a time-correlated single photon counting lifetime spectroscopy system, HAMAMATSU Quan-
taurus-Tau C11567-01 (for delayed luminescence lifetime)/C11567-02 (for fluorescence lifetime).
For TTA-UC emission measurements, a diode laser (635 nm, 75 mW, RGB Photonics) was used as
excitation source. The laser power was controlled by combining a software (Ltune) and a variable
neutral density filter, and measured using a PD300-UV photodiode sensor (OPHIR Photonics). The
laser beam was focused on a sample using a lens. The diameter the of laser beam (1/e?) was measured
at the sample position using a CCD beam profiler SP620 (OPHIR Photonics). Typical laser size was
4.5x10* cm?. The emitted light was collimated by an achromatic lens, the excitation light was re-
moved using a 633 nm notch filter (Thorlabs), and the emitted light was again focused by an
achromatic lens to an optical fiber connected to a multichannel detector MCPD-9800 (Otsuka Elec-

tronics). The TTA-UC quantum yield was measured by using an absolute quantum yield measurement
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system. The sample was held in an integration sphere and excited by the laser excitation source (635
nm, 75 mW, RGB Photonics). The scattered excitation light was removed using a 633 nm notch filter
and emitted light was monitored with a multichannel detector C10027-01 (Hamamatsu Photonics).
The spectrometer was calibrated including the integration sphere and notch filter by Hamamatsu Pho-
tonics. The upconverted emission was integrated over the 512-616 nm to calculate the TTA-UC quan-
tum yield. In general, the quantum yield is defined as the ratio of absorbed photons to emitted photons,
and thus the maximum yield (@uc) of the bimolecular TTA-UC process is 50%. However, many
reports multiply this value by 2 to set the maximum quantum yield at 100%. To avoid the confusion
between these different definitions, the UC quantum yield is written as @yc’ (= 2@uc) when the
maximum efficiency is normalized to be 100%. Transient absorption spectra were measured using a
UNISOKU TSP-2000 laser flash photolysis system. The LC cell (KSSZ-09/B207P1INTSO05, cell gap:

9 + 0.5 um) was purchased from EHC.
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Chapter 3 Triplet Sensitization by Perovskite Nanocrystals for Photon Upconver-

sion

3-1 Introduction

ABSTRACT: The potential of three-dimensional (3D) metal-halide perovskites to sensitize organic
triplets is unveiled. Nanocrystals of surface-modified inorganic cesium lead halide perovskite
(CsPbX3, X = Br/l) are found to work as efficient triplet sensitizers for photon upconversion based

on triplet-triplet annihilation (TTA-UC) at low excitation intensity.

The organic-inorganic metal-halide perovskites have attracted many interests because of their struc-
tural diversity and the consequent unique magnetic, electric and exciton-related optical properties.t
Among them, 3D perovskites have recently received renewed interest as light harvesters in solid-sate
sensitized solar cells by their tunable bandgaps and small exciton biding energy which is suitable for
the photoinduced carrier generation.>® These perovskites are also promising as photoluminescent
materials in light-emitting diodes and lasers.>**  Although the small exciton binding energy in 3D
perovskites results in small electron-hole capture rates, the radiative recombination can be promoted
by spatial confinement of the electrons and holes in nanoscale geometries.”*%!! Recent magneto-
optical studies of perovskites showed that singlet and triplet excitons are populated by relaxation from
the spin-antiparallel and spin-parallel electron-hole pairs, respectively.>!>!3 The formation of triplet
excited states opens the way for the new photophysics area of perovskites. However, their potential
to sensitize useful organic triplets have remained unexplored.

In this chapter, | discuss the generation of organic triplet excited states sensitized by 3D metal halide
perovskites, which lead to triplet-triplet annihilation-based photon upconversion (TTA-UC). The
TTA-UC has been a topic of active research since it functions under low excitation intensity.'4-%’
Although phosphorescent molecules have been mainly used as triplet sensitizers for TTA-UC, the

most of them have intrinsic problems such as relatively large energy loss during Si-to-Ty intersystem
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crossing (ISC) and narrow absorption bands. Despite efforts to solve these problems using inorganic
triplet sensitizers,?®33 the successful examples have been still limited. To fulfill the potential of 3D
perovskites as triplet sensitizers in TTA-UC, it is indispensable to control their size, chemical
composition, and surface modification to facilitate the triplet energy transfer processes.

In this study, | employed nanocrystals of cesium lead halide perovskite (CsPbX3) as a novel class of
inorganic triplet sensitizers. The surface of CsPbXs nanocrystals is modified with triplet acceptor
(emitter) 3 having an amino group (Figure 3-1). The bandgap of CsPbX3 nanocrystals is finely tunable

3436 which allows matching of the sensitizer energy level with that of the

by exchanging halide ions,
acceptor triplet. The photo-excited energy is transferred from the CsPbX3 nanocrystals to triplets of
surface-bound 3, which relay the triplet energy to free DPA molecules in solution where subsequent

bimolecular TTA occurs to give an UC emission.

NT\'\\
@7/7 ®
W, 8 ),
MW
CsPbX, 3 DPA
(X = Br/l) s,
CcB Yl
e T, TTET Ty T,
_— TTA
VB S, S, ¥

Figure 3-1. Scheme for TTA-UC sensitized by inorganic perovskite nanocrystals. Photoexcitation
(green arrow) of CsPbX3 (X = Br/l) nanocrystals is followed by a sequence of energy transfer (ET)
to the surface-bound 3, triplet-triplet energy transfer (TTET) to the free DPA molecules in solution,

TTA between the excited DPA molecules, and finally higher-energy UC emission (blue arrow).
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3-2 Results and Discussion

Inorganic CsPbBrs nanocrystals were synthesized according to the previous report.®® The surface of
as-synthesized nanocrystals is capped with oleic acid and oleylamine to secure their solubility in or-
ganic media. The triplet energy transfer usually occurs based on the electron-exchange Dexter mech-
anism which requires short distances around 1 nm, and the presence of such a thick surface
passivation layer is expected to interrupt the energy transfer from CsPbBrs nanocrystals to acceptors
in solution. I solved this issue by replacing some of the surface ligands with acceptor molecules which
facilely relayed the triplet energy to the emitter molecules in solution. This surface modification was
done by simply adding amine-containing acceptor 3 to the toluene dispersion of CsPbBr3 nanocrystals.
After the addition of 3, no changes were observed in absorption spectra nor X-ray powder diffraction
(XRPD) patterns of CsPbBrz nanocrystals, indicating that the cubic perovskite structure was retained
(Figure 3-2). This was also supported by transmission electron microscopy (TEM) measurements.
The size and morphology of CsPbBrs nanocrystals were retained after the treatment with 3 (Figure 3-
3). The modification of nanocrystal surface with 3 is supported by the effective energy transfer as

discussed later.
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Figure 3-2. (a) Absorption spectra and (b) XRPD patterns of CsPbBrz nanocrystals (red) and 3-

modified CsPbBrs nanocrystals (black)
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(b)

Figure 3-3. TEM images of (a) CsPbBr3; nanocrystals (average size = 8.1 = 1.5 nm) and (b) 3-modi-

fied CsPbBr3 nanocrystals (average size = 8.8 = 1.9 nm).

To achieve optimum energy level matching between the perovskite nanocrystals and acceptor
molecules, the halide exchange reactions of CsPbBr3 were applied to the 3-modified CsPbBr3; nano-
crystals. It has been reported that the nanocrystal bandgap can be finely tuned by adding specific
concentrations of Lil to CsPbBr3.>¢ Accordingly, the absorption and photoluminescence bands were
facilely tuned depending on the Lil concentration (Figure 3-4a). The original 3-CsPbBr3; showed an
emission peak at 508 nm. By increasing the Lil concentration from 0.25 M to 0.95 M, the emission
peak showed a gradual shift to 644 nm. These spectral shifts are consistent with those reported for
CsPbBr; nanocrystals,*® indicating that the halide exchange reaction well proceeded in the presence
of surface-bound 3. The maintenance of basic cubic structure after the halide exchange reaction was
confirmed by XRPD measurements (Figure 3-4b). Similary to the previous report,*® the (200) peak
gradually shifted from 30.2° to 29.0° by increasing the Lil concentration from 0.25 M to 0.95 M.
Elemental analysis by energy dispersive X-ray (EDX) spectroscopy of 3-CsPbX3 having an emission
wavelength of 618 nm showed an atomic ratio (Cs : Pb : Br : I) of 18.7£1.3%: 21.4+0.18%:
34.940.89%: 25.1+0.62%. This confirms an atomic ratio of 1 : 1 : 3 for the CsPbX3 nanocrystals.
These results indicate that the halogen exchange reaction occurred homogeneously in 3-modified

perovskite nanocrystals.
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Figure 3-4. (a) Absorption (solid line) and emission (dash line) spectra of 3-CsPbBrs exchanged with
different concentrations of Lil. (b) XRPD patterns of 3-CsPbBrs exchanged with different concentra-

tions of Lil.

To gain an insight into the energy transfer from perovskite nanocrystals to 3, | measured decays of
perovskite photoluminescence (Figure 3-5). Upon the addition of 3, the emission lifetime of perov-
skite nanocrystals became much shorter from 7o = 16.1 ns to z = 10.0 ns, suggesting the energy transfer
to the surface ligand 3. The energy transfer efficiency (@et) was estimated as @et = 1 — 7/70 = 0.38.
The further design of inorganic-organic interface would further improve the triplet sensitization effi-

ciency.

CsPbX,
——— 3-CsPbBr,

Normalized PL intensity (a. u.)

0 100 200 300 400
Time (ns)

Figure 3-5. Photoluminescence decays of CsPbX3s (black, zo = 16.1 ns, perovskite emission peak at
630 nm) and 3-CsPbX3 (Red, = 10.0 ns, perovskite emission peak at 618 nm) in deaerated toluene

(Aex = 470 nm, Aem = 620 NnmM).
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Under the excitation at 532 nm, the UC emission at 434 nm was clearly observed from a deaerated
toluene solution containing 3-CsPbX3 and 10 mM free DPA (Figure 3-6a). The UC emission was also
observed under the excitation at 635 nm (Figure 3-7). For UC measurements, all the sample prepara-
tions were done in an Ar-filled glove box (oxygen concentration < 0.1 ppm). To confirm the TTA-
based UC mechanism, | measured lifetime and excitation intensity dependence of the UC emission.
The UC emission showed millisecond-scale decay profiles which are characteristics to the UC via

long-lived triplet excited states (Figure 3-8).
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Figure 3-6. (a) UC emission spectra of free DPA and 3-CsPbXs in deaerated toluene measured at
different excitation intensity using a 532 nm laser. A notch filter (1 = 532 nm) and a short pass filter
(4 =510 nm) were used to remove the scattered incident light. (b) Excitation intensity dependence of
UC emission intensity for 3-CsPbX3 and DPA in deaerated toluene at 430 nm. Blue and red lines
show the fitting results with slopes of 2 and 1. The cross-section of these two lines gives the threshold
excitation intensity ln = 25 mW/cm?. (c) Excitation intensity dependence of @uc’ for 3-CsPbXs and
DPA in deaerated toluene. In all measurements, the emission peak of involved perovskite nanocrys-

tals was at 618 nm.
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Figure 3-7. UC emission spectrum of 3-CsPbX3z with 10 mM DPA (red, excitation intensity = 98
W/cm?, perovskite emission peak at 650 nm), and 10 mM DPA and 0.94 mM 1 in the absence of
CsPbX3 (black, excitation intensity = 98 W/cm?) in deaerated toluene excited by a 635 nm laser. A
notch filter (A = 635 nm) and a short pass filter (A = 590 nm) were used to remove the scattered

incident light.
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Figure 3-8. UC emission decay at 430 nm of 3-CsPbX3 in deaerated toluene under pulsed excitation
at 531 nm. The red fitting curve was obtained by considering the known relationship of 7uc(f) o< exp(—

2t/tr), where 7 is acceptor triplet lifetime (0.83 ms).
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In general, the TTA-UC emission intensity shows quadratic and linear dependence on the incident
light intensity at low and high excitation intensity, respectively.3- At threshold excitation intensity
Itn, the quadratic-to-linear transition takes place. Above I, TTA becomes the main deactivation chan-
nel for the acceptor triplet.>® A double logarithmic plot of the UC emission intensity as a function of
excitation intensity obtained for the toluene solution of DPA and 3-CsPbX3 is shown in Figure 3-6b.
It showed a slope change from 2 to 1, and the cross-section of these two lines gave the I value of 25
mW/cm?. This li value is comparable to those of efficient TTA-UC systems,16:23.28:3238 j||ystrating
the high triplet sensitization ability of the acceptor-modified perovskite nanocrystals.

To confirm the mechanism shown in Figure 3-1, | carried out control experiments in the absence of
perovskite nanocrystals or 3. No UC emission was observed from a mixed solution of 3 and DPA
without perovskite nanocrystals (Figure 3-9). This result clearly proves that the triplet excited state
of organic acceptors is populated by perovskite nanocrystals. Moreover, UC emission was not
detected for the mixture of CsPbX3z and DPA (Figure 3-9) and thus, the surface modification of
CsPbXs by 3 is indispensable. As mentioned before, the triplet energy transfer usually occurs based
on the electron-exchange Dexter mechanism which requires effective orbital overlap of the triplet
donor and acceptor, typically within the intermolecular distance of 1 nm The absence of UC emission
without surface-bound 3 indicates that the triplet energy transfer from CsPbX3 nanocrystals to free
DPA molecules is hampered by the long alkyl chains of oleic acid and oleylamine that covered the
nanocrystal surface. It is, therefore, apparent that surface-anchored acceptor 3 relays the triplet energy
from the CsPbX3 nanocrystals to DPA in the bulk solution, which process is essential to achieve

effective TTA-UC.
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Figure 3-9. UC emission spectrum of 3-CsPbXs with 10 mM DPA (black, excitation intensity = 1.1
W/cm?, perovskite emission peak at 618 nm), CsPbXs with 10 mM DPA in the absence of 3 (red,
excitation intensity = 722 W/cm?, perovskite emission peak at 630 nm), and 10 mM DPA and 0.94

mM 3 in the absence of CsPbXs (blue, excitation intensity = 3.9 W/cm?) in deaerated toluene excited

by a 532 nm laser. A notch filter (A = 532 nm) was used to remove the scattered incident light.

In general, the quantum yield is defined as the ratio of absorbed photons to emitted photons, and
thus the maximum vyield (@uyc) of the bimolecular TTA-UC process is 50%. However, many reports
multiply this value by 2 to set the maximum efficiency at 100%. To avoid the confusion between
these different definitions, the UC efficiency is written as @uc’ (= 2@uc) when the maximum
efficiency is normalized to be 100%. The @uc’ of each sample was determined relative to a standard

(Rhodamine B) according to the following equation, 2*

Asea\ (Fuc) (Ista) (Muc)?
2oc’ =200 (720) (75) (72) (o)
uc std ucC Nstd

(Eq. 3-1)
where @, A, F, |, and # represent quantum yield, absorbance at the excitation wavelength, integrated
photoluminescence spectral profile, excitation intensity, and the refractive index of solvent, respec-
tively. The excitation intensity dependences of @yc’ were measured for 3-CsPbX3 and DPA mixed
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solutions (Figure 3-6¢). With the increase of excitation intensity, the @yc’ value gradually increased
and became saturated, which is common for TTA-UC.2° The reasonably high @uc’ values of 1.3%
was obtained.

| also studied the effect of the concentration of energy acceptor 3 on the morphology of perovskite
nanocrystals and their UC quantum vyields (Figure 3-10). The UC quantum yield showed increase
from @yc’ = 0.5% ([3] = 0.40 mM) to 1.3% ([3] = 0.94 mM), probably due to the higher density of 3
at perovskite nanocrystal surface. Meanwhile, the @uc’ value dropped to 0.1% at a higher concentra-
tion of 3 (4.0 mM). Below the concentration of 0.94 mM, regular cubic nanostructures were
maintained. Meanwhile, at an elevated concentration of 4.0 mM, nanocrystals turned into irregular
structures as observed in TEM measurements (Figure 3-11). It seems that the binding of excess 3 has
lowered the stability of surface passivating monolayers and induced deformation of nanocrystals.
These observations indicate the condition for surface modification by 3 needs to be properly deter-

mined not to damage the perovskite nanostructure.
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Figure 3-10. Dependence of @uc’ of 3-modified perovskite nanocrystals and DPA on the
concentration of 3 in deaerated toluene. These samples were excited with 532 nm laser at a sufficiently
high intensity (200~1000 mW/cm?), where the ®uc’ values were saturated. The DPA concentration

was fixed at 10 mM for all samples. All samples were treated by 0.64 M Lil ethanol solution.
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Figure 3-11. TEM images of (a) CsPbX3 (average size = 9.3 + 1.7 nm), (b) CsPbX3 modified with
0.94 mM 3 (average size = 7.5 £ 1.7 nm), and (c) CsPbX3 modified with 4.0 mM 3 (average size =

7.5 £ 2.2 nm). All samples were treated with 0.64 M Lil ethanol solution.

The effect of perovskite bandgap upon UC efficiency was then investigated by tuning the bandgap
of CsPbXas. The saturated @yc’ values were plotted against the emission wavelength of used perov-
skite nanocrystals (Figure 3-12).
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Figure 3-12. Dependence of @yc’ on the energy bandgap of CsPbX3 in deaerated toluene. These
samples were excited with the 532 nm laser at a sufficiently high intensity (200~2000 mW/cm?),
where the @yc’ values were saturated. 3 and DPA concentrations were fixed at 0.94 mM and 10 mM

for all samples.
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As the nanocrystal emission wavelength became longer from 550 nm to 620 nm, the @yc’ value
largely increased from 0.03% to 1.3%. On the other hand, further elongation of emission wavelength
to 652 nm resulted in a decrease of @yc’ to 0.02%. To understand this trend, | measured the quantum
yield of perovskite emission in the absence of acceptor 3 and DPA (Figure 3-13). As a result, the
quantum yield became higher upon elongation of the emission wavelength of perovskite nanocrystals.
The improved quantum yield of perovskite nanocrystals by I~ exchange may eventually enhance the
triplet sensitization efficiency. In addition, the @uc’ trend can be associated with the energy level
matching between acceptor 3 and perovskite nanocrystals. The energy transfer from perovskite
nanocrystals to acceptor 3 would be efficient for the nanocrystal bandgaps close to resonance with
the triplet energy level of 3 (ca. 1.77 eV).*° On the other hand, the smaller CsPbX3 bandgap would
result in the smaller driving force of energy transfer to acceptor 3.%° It is therefore suggested that the

balance between these effects resulted in the observed non-monotonic dependence.
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Figure 3-13. Dependence of emission quantum yield of CsPbX3 in deaerated toluene on its emission

wavelength.
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In conclusion, | showed the triplet sensitization by 3D perovskite nanocrystals for the first time and
demonstrated its application in TTA-UC. A series of experiments confirmed the TTA-UC mecha-
nism; the triplet energy transfer from CsPbX3 perovskite nanocrystals to surface-attached acceptor 3,
followed by the triplet energy transfer relay to free DPA and the subsequent TTA event. My initial
trial provided the efficient TTA-UC at low excitation intensity, which would be improved by further
optimizing the design of inorganic-organic interface structures. The current work initiates the cross-
fertilization between 3D perovskite materials and triplet science that would bring a variety of funda-

mental advances and optical/optoelectronic applications.

3-3 Synthesis

PbBr», oleic acid, and 48% HBr aqueous solution were purchased from Sigma-Aldrich. Oleylamine,
2-(4-bromophenyl)ethylamine, 10-phenyl-9-anthraceneboronic acid, and 9,10-diphenylanthracene
(DPA) were purchased from TCI. Cs2COj3 and di-tert-butyl dicarbonate were purchased from Wako.

Lil was purchased from Kishida.

2-(4-(10-phenylanthracen-9-yl)phenyl)ethan-1-amine (3)

NH, HN-Bo°

o o
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CH-Cl,

Br Br
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HO.__OH _Boc

i HN Pd(PPh3)4 O O
e o
+ _—
Toluene : MeOH : Water OGO CH,Cl HEr > Oee
0 90:60:1 CH3CN
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NH; -HBr NH,

D0 — U0

3

Synthesis of zert-butyl(4-bromophenethyl)carbamate.*' 2-(4-bromophenyl)ethylamine (2.0 g, 10
mmol) and di-fert-butyl dicarbonate (2.4 g, 11 mmol) were dissolved in CH2Cl» (100 mL). The mix-
ture was stirred at RT for 3.5 h in N> atmosphere. After the reaction, it was washed with a saturated
NH4Cl aqueous solution (100 mL), saturated NaHCO3 aqueous solution (100 mL), and water (100
mL). The organic layer was collected and dried over anhydrous Na>SO4 and evaporated under reduced
pressure. Since the unreacted material remained, the crude product was again reacted with di-tert-
butyl dicarbonate (3.9 g, 18 mmol) in CH2Cl, (120 mL) at RT for 11 h in N> atmosphere. After the
reaction, it was washed with a saturated NH4Cl aqueous solution (100 mL), saturated NaHCO3 aque-
ous solution (100 mL), and water (100 mL). The organic layer was collected and dried over anhydrous
Na>SO4 and evaporated under reduced pressure. The crude product was purified using silica gel col-
umn chromatography (CHCI3). After removing CHCl; under reduced pressure, the colorless solid was
obtained. Yield: 2.6 g, 87%. '"H NMR (300 MHz, CDCls, TMS): § = 1.43 (s, 9H), 2.73-2.78 (t, 2H),

3.32-3.38 (m, 2H), 4.52 (s, 1H), 7.06-7.08 (d, 2H), 7.41-7.44 (d, 2H).

Synthesis of 3-Boc. tert-butyl(4-bromophenethyl)carbamate (600 mg, 2.0 mmol), 10-phenyl-9-an-
thraceneboronic acid (599 mg, 2.0 mmol), Pd(PPh3)s (127 mg, 0.11 mmol), and K>2CO3 (0.84 g, 6.1
mmol) dissolved in the mixture of toluene (9.5 mL), MeOH (6.3 mL), and water (0.11 mL). The
mixture was sealed in a vial tube under N>, and stirred at 110°C for 3 h in a microwave reactor. After
the reaction, the mixture was poured into 50 mL CHCI3 and washed with water (100 mLx3). The

organic layer was collected and dried over anhydrous Na;SO4 and evaporated under reduced pressure.
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The crude product was purified using silica gel column chromatography (CHCI3). After removing
CHCls under reduced pressure, the colorless solid was obtained. Yield: 0.80 g, 84%. '"H NMR (300
MHz, CDCl3;, TMS): 6 = 1.49 (s, 9H), 2.96-3.01 (t, 2H), 3.55-3.57 (m, 2H), 4.72 (s, 1H), 7.32-7.72

(m, 17H).

Synthesis of 3-HBr. Under N; atmosphere, trifluoroacetic acid (TFA, 6.3 mL) was added to the
solution of 3-Boc (798 mg, 1.7 mmol) in CH2Cl> (40 mL). The mixture was stirred at RT for 4 h.
After the reaction, the solvents were removed under reduced pressure. 5% Na>CO3 aqueous solution
(40 mL) and CH>Cl> (35 mL) were added to the crude product, and it was stirred at RT for 6 h under
Nz atmosphere. The organic layer was collected and dried over anhydrous Na>SO4 and evaporated
under reduced pressure. The obtained pale yellow solid was dissolved in hot CH3CN (200 mL), and
48% HBr aqueous solution (0.3 mL) was added. The precipitate was collected and washed with
CHCI; and ethanol. The pale yellow solid was dried under reduced pressure at 60°C. Yield: 449 mg,
58%. '"H NMR (300 MHz, DMSO, TMS): § = 3.04-3.09 (t, 2H), 3.23-3.28 (t, 2H), 7.39-7.70 (m, 17H),
7.89 (s, 3H). Elemental analysis, calculated for C2sH24NBr: C, 74.01; H, 5.32; N, 3.08; found: C,

73.86; H, 5.37; N, 3.15.

Synthesis of 3. Under N> atmosphere, 5% NaOH aqueous solution (9.5 mL) was added to the solu-
tion of 3-HBr (100 mg, 0.22 mmol) in CH2Cl> (50 mL). The mixture was stirred at RT for 2 h. The
organic layer was collected and dried over anhydrous Na,SO4 and evaporated under reduced pressure.
3 was obtained as pale yellow solid. Yield: 81 mg, 99%. 'H NMR (300 MHz, DMSO, TMS): § =

2.81-2.85 (t, 2H), 2.92-2.97 (t, 2H), 7.35-7.69 (m, 17H).

CsPbBr3 nanocrystals

Preparation of Cs-OA solution.*’ Cs;CO; (0.21 g, 0.64 mmol), 1-octadecene (10 mL) and dried

oleic acid (OA, 625 pL) were added in a 3-neck flask and degassed at 120 °C for 1 h. Then the mixture
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was heated to 150°C under N, atmosphere until all Cs2COj3 reacted with OA. After the reaction, the

solution temperature was maintained at 100°C.

Synthesis of CsPbBr3 NCs.*?> PbBr (0.28 g, 0.76 mmol) and 1-octadecene (20 mL) were combined
in a 3-neck flask and degassed for 1 h at 120 °C. Dried OA (2 mL) and dried oleylamine (2 mL) were
injected at 120 °C under N, atmosphere. After PbBr, was completely dissolved, the temperature was
raised to 160 °C. Then 1.6 mL of the Cs-OA solution was injected quickly and 10 s later, the reaction
mixture was cooled by the ice-water bath. 20 mL of ethanol was added to the mixture, and the pre-
cipitate was collected by centrifugation (3000 rpm, 15 min). In an Ar-filled grove box ([02]<0.1 ppm),
the obtained CsPbBr3; NCs was re-dispersed in toluene (30 mL) and filtered through 0.45 pm PTFE

syringe filter.

3-4 Characterizations

'"H NMR spectra were measured on a JEOL JNM-ECX 400 spectrometer. Elemental analysis was
conducted at the Elemental Analysis Center, Kyushu University. UV/Vis absorption spectra were
recorded on a JASCO V-670 spectrophotometer. Fluorescence spectra were measured by using a
PerkinElmer LS 55 fluorescence spectrometer. The absolute quantum yields were measured in an
integrating sphere using a Hamamatsu Photonics absolute quantum yield measurement system. Time-
resolved photoluminescence lifetime measurements were carried out by using a time-correlated single
photon counting lifetime spectroscopy system, HAMAMATSU Quantaurus-Tau C11567-01 (for de-
layed luminescence lifetime)/C11567—-02 (for fluorescence lifetime).

For TTA-UC emission measurements, diode lasers (532 nm, 200 mW, RGB Photonics; 635 nm, 75
mW, RGB Photonics) was used as excitation sources. The laser power was controlled by combining
a software (Ltune) and a variable neutral density filter, and measured using a PD300-UV photodiode
sensor (OPHIR Photonics). The laser beam was focused on a sample using a lens. The diameter of

the laser beam (1/e?) was measured at the sample position using a CCD beam profiler SP620 (OPHIR
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Photonics). Typical laser size were 2.8x10 cm? and 5.1x10™* ¢cm? for 532 nm and 635 nm lasers,
respectively. The emitted light was collimated by an achromatic lens, the excitation light was removed
using notch and short-pass filters, and the emitted light was again focused by an achromatic lens to

an optical fiber connected to a multichannel detector MCPD-9800 (Otsuka Electronics).
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Chapter 4 Stimuli-Responsive Dual-color Photon Upconversion: S-T absorption

sensitizer in soft luminescent cyclophane

4-1 Introduction

ABSTRACT: Reversible emission color switching of triplet-triplet annihilation-based photon up-
conversion (TTA-UC) was achieved for the first time by employing an Os complex sensitizer with
singlet-to-triplet (S-T) absorption and an asymmetric luminescent cyclophane with switchable emis-
sion characteristics. The cyclophane contains the 9,10-bis(phenylethynyl)anthracene unit as an emit-
ter and can assemble into two different structures, a stable crystalline phase and a metastable super-
cooled nematic phase. The two structures exhibit green and yellow fluorescence, respectively and can
be accessed by distinct heating/cooling sequences. The hybridization of the cyclophane with an Os
complex allowed near-infrared-to-visible TTA-UC. The large anti-Stokes shift was possible by using
a sensitizer that displays efficient S-T absorption, instead of relying on the more conventional se-
quence of singlet-singlet absorption and intersystem crossing. The TTA-UC emission color of the
new material could successfully be switched between green and yellow by thermal stimulation,

demonstrating the feasibility of tunable upconversion materials

Photon upconversion (UC) processes allow converting lower energy photons to higher energy pho-
tons. Among various UC mechanisms, triplet—triplet annihilation-based UC (TTA-UC) is particularly
useful, since it allows UC under low excitation power density.'*3 Recently, the possibility to utilize
an external stimulus to control the TTA-UC process has been studied for several advanced applica-
tions, such as spatial and temporal high-resolution fluorescence microscopy, multicolor barcoding,
and remote control of molecular photo-switching reactions.**?! However, successful examples have
been limited to ON/OFF switching of UC emission by inhibiting TTA or quenching of the excited
states, 4?1 while there have been no reports on UC emission color switching for condensed molecular

assemblies. There are two major challenges that have to be overcome to achieve color switching of
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TTA-UC in the solid state. Firstly, it must be possible to assemble the luminophores in different
molecular assemblies, with inter-luminophore distances that are close enough for triplet energy mi-
gration (TEM), and the luminophores should have suitable excited state energy levels for TTA-UC.
Secondly, while a significant red-shift of the lower energy state is required to provide a recognizable
emission color change, the emission should not overlap with the excitation wavelength of the sensi-
tizer, as otherwise no upconverted emission would occur.

The first challenge can be overcome by utilizing luminescent molecular assembled materials that
show a change of the molecular assembled structure in response to an external stimulus such as a
temperature change or exposure to mechanical stimuli. As the photophysical properties of molecular
materials significantly depend on the molecular assembled structure, external stimuli-induced
changes in molecular assembled structures can lead to pronounced alterations of the photolumines-
cent properties.?2% Indeed, many organic or organometallic compounds have been found to show
thermally induced photoluminescent color changes in condensed states.?*3! The second problem can
be solved by introducing triplet sensitizers that have strong absorption in the near-infrared (NIR)
wavelength region and can sensitize emitter triplets without large energy loss. Some of us have re-
cently shown that triplet sensitizers with a pronounced singlet-to-triplet (S-T) absorption in the NIR
range enable larger anti-Stokes shifts than conventional UC sensitizers in which the triplet state is
populated by singlet-singlet absorption and subsequent intersystem crossing (ISC).3** From the
viewpoint of dual-color TTA-UC, the lower energy loss encountered during the triplet sensitization
can compensate the inevitable energy loss arising from switching the luminescence color to a lower
wavelength. In addition, taking advantage of good tissue transparency of NIR light in the wavelength
range from 700 nm to 900 nm, the dual-color UC emission under NIR excitation is expected to expand
the scope of stimuli-responsive luminescent materials to the biological application.33

In this chapter, | show the first example that stimuli-triggered reversible TTA-UC emission color
switching is possible by hybridizing a luminescent cyclophane with an S-T absorption sensitizer (Fig-
ure 4-1). Such luminescent cyclophanes represent an attractive platform to attain stimuli-responsive
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fluorescence color change,®-° as they not only assemble in thermodynamically stable crystalline
structures, but can often also be kinetically trapped in at least one metastable state. For example, a
pyrene-based asymmetric cyclophane was shown to form a kinetically-trapped, supercooled nematic
liquid crystalline phase.® The metastable state was accessed by rapid cooling of the nematic phase
from 80 °C to ambient. Extending this approach, | synthesized the new asymmetric cyclophane 4
containing the 9,10-bis(phenylethynyl)anthracene (BPEA) moiety. This motif offers excited triplet
and singlet energy levels that render it useful as TTA-UC emitter (Figure 4-1b).*°*¢ Cyclophane 4
was combined with the S-T absorption sensitizer Os(bptpy)2%* (Figure 4-1a), having a suitable triplet
energy level (1.67 eV) to sensitize the BPEA triplet (1.53 eV).*** Gratifyingly, the rationally de-
signed 4-Os(bptpy)2%* hybrid not only displays pronounced TTA-UC under NIR excitation, but the

color of the emitted light can be thermally switched between green and yellow (Figure 4-1b, 4-1c).
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Figure 4-1. (a) Chemical structures of the S-T absorption sensitizer Os(bptpy)2?* and the asymmetric
cyclophane 4. (b) Energy diagram of the singlet-to-triplet (S—T) absorption-based TTA-UC process
involving Os(bptpy)2?* and the cyclophane 4. The S-T absorption in the NIR range enables a larger
anti-Stokes shift than conventional UC sensitizers in which the triplet state is populated by singlet-
singlet absorption and subsequent intersystem crossing. The emitter triplet is populated by triplet-

triplet energy transfer (TTET), and leads to the formation of emitter singlet excited states (S1,4). The
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stimuli-induced change of the S1 A energy level promotes the dual-color TTA-UC emission. (c) Sche-
matic representations of the TTA-UC emission color switching. The UC emission color can be
switched between green and yellow depending on the assembled structure of emitter. The S-T ab-
sorption of the sensitizer (dark red) under NIR excitation is followed by TTET to emitter cyclophanes.
Subsequently, the TEM among densely arranged emitter units results in TTA. Green UC emission is
obtained when the emitter is in a crystalline state (G-form), while yellow UC emission is observed in

the supercooled nematic LC phase (Y-form).

4-2 Results and Discussion

Differential scanning calorimetry (DSC), X-ray powder diffraction (XRPD), and polarized optical
microscope (POM) images reveal that cyclophane 4 shows a nematic LC phase in the temperature
range from 119.5°C to 64.8°C and a crystalline phase below (Figure 4-2a-d) on cooling from the
isotropic state. A typical schlieren texture, indicative of a nematic LC phase,*’ is observed at 100°C
(Figure 4-2d, left). Rapid cooling of the nematic LC phase to room temperature affords a supercooled
nematic phase exhibiting yellow photoluminescence (Figure 4-2e, Y-form). The Y-form shows a
marble texture characteristic of nematic molecular order. The DSC heating curve of this nematic
sample shows an exothermic peak at 45.5°C, which corresponds to a phase transition to the green-
emitting crystalline phase (Figure 4-2d, G-form). A transition to the isotropic melt is observed at
127.2°C (Figure 4-2b). The exothermic transition from the Y-form to the G-form confirms that the
Y-form is the thermodynamically metastable phase, which is kinetically-trapped by rapid cooling.
XRPD measurements at room temperature reveal a significant difference in the molecular order be-
tween the Y- and G-forms (Figure 4-2c). A broad, structure-less pattern is observed for the Y-form,
indicating that nematic molecular order is retained after rapid cooling from the nematic LC phase. On
the other hand, the XRPD spectrum of the G-form shows many sharp peaks that reflect the well-

ordered crystalline nature.
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Figure 4-2. (a) DSC cooling trace of 4 in the isotropic phase (cooling rate: 10°C/min, recorded under
N2). (b) DSC heating trace of 4 in the Y-form (heating rate: 10°C/min, recorded under N2). (¢) XRPD
patterns of 4 in the supercooled nematic phase (top, Y-form), and in the crystalline phase (bottom, G-
form) measured at room temperature. (d) POM images of 4 in the nematic phase at 100°C (left), in
the Y-form at room temperature (middle), and in the G-form at room temperature (right). (e) Images
summarizing the phase transition behavior of 4. All images were taken on glass substrates without a

cover slide under irradiation with UV light (Zex = 365 nm)

The absorption spectra of G- and Y-forms show absorption peaks at 500 nm and 486 nm, respec-
tively (Figure 4-3). These peaks are red-shifted compared to that of a chloroform solution of 4 (Zapsmax
= 474 nm), indicative of inter-chromophore interactions in both condensed states. The fluorescence
band of the Y-form is more red-shifted (Aemmax =573 nm) and broadened compared to that of the G-
form (Zem,max = 546 nm) (Figure 4-4), and the averaged fluorescence lifetime of the Y-form (10.1 ns)
is notably longer than that of G-form (3.3 ns) (Figure 4-5). The absolute fluorescence quantum yields
were 36% and 25% for the G-form and Y-form, respectively. These observations suggest that BPEA

moieties in the Y-form are strongly interacting compare to G-form.%
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Figure 4-3. Absorption (Abs.) spectra of 4 in the G-form (green), Y-form (yellow), and CHCI3 solu-

tion (10 uM, black).
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Figure 4-4. Photoluminescence (PL) spectra of 4 in the G-form (green), Y-form (yellow), and CHCI3

solution (10 uM, black).
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Figure 4-5. Fluorescence decay of 4 in the G-form (green), in the Y-form (yellow), and CHCI; solu-
tion (10 uM, black) under pulsed excitation at 470 nm. The decay of the G-form could be fitted with
three components of 1.0 ns (32.1%), 3.6 ns (61.6%) and 12.3 ns (6.3%), and its averaged lifetime was
3.3 ns. The decay of the Y-form could be fitted with three components of 1.5 ns (32.2%), 7.9 ns
(47.1%) and 28.2 ns (20.7%), and its averaged lifetime was 10.1 ns. The decay of the CHCl;3 solution

could be fitted with one component of 3.2 ns.

To enable TTA-UC, 4 was doped with the triplet sensitizer Os(bptpy)22*, which exhibits S-T ab-
sorption in the NIR range (Figure 4-6). The sensitizer Os(bptpy)2?* and emitter 4 have appropriate
singlet/triplet energy levels for TTA-UC, as confirmed by the appearance of TTA-UC emission in

de-aerated DMF (Figure 4-7).
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Figure 4-6. Absorption (Abs.) and photoluminescence (PL) spectra of a DMF solution of

Os(bptpy)2** (100 uM).
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Figure 4-7. UCPL spectrum of a solution of Os(bptpy).>* and 4 in deaerated DMF ([Os(bptpy)2>*/[4]
=1 mol%, [4] =2 mM). The spectrum was acquired under excitation with a 730 nm laser (excitation

intensity: 390 W/cm?). Short pass filters (A = 700 nm and 610 nm) were used to remove the scattered

incident light.
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The switching of TTA-UC color was examined in the solvent-free conditions. In an Ar-filled glove
box ([O2] < 0.1 ppm), a DMF solution of 4 and Os(bptpy)2%* ([Os(bptpy)2%*1/[4] = 0.5 mol%) was
drop-casted onto glass substrates, and samples were heated at 80°C for 1 h to evaporate the solvent.
After drying, the samples were annealed at 120°C and sealed by a UV photo-curable resin (The seal-
ing procedure is written in Characterizations section). The samples were removed from the glove
box, heated to 145°C in an oven, slowly cooled to 80°C, and annealed at this temperature for 1 h
before cooling to room temperature to obtain the G-form. Alternatively, samples were heated to
145°C, and rapidly cooled in an ice-bath to obtain the Y-form. Interestingly, both G-form and Y-form
showed UC emissions upon excitation with a NIR laser at 730 nm (Figure 4-8a and 4-8b). Moreover,
it was possible to change the UC emission color from green to yellow or vice versa, by repeated
heating and cooling cycles that followed the two methods, confirming that the switching is reversible.

To prove TTA as the UC mechanism, | confirmed that no UC emission could be observed from
neither the G- nor the Y-form of 4 in the absence of Os(bptpy).?* (Figure 4-9), confirming the role of
this compound as triplet sensitizer. | also measured the UC emission lifetime and excitation intensity
dependence of the UC emission. The UC emission displays sub-millisecond-scale decay profiles,
characteristic of UC via a long-lived triplet excited state (Figure 4-8c). In the longer timescale region,
the annihilation efficiency becomes negligible relative to the spontaneous decay of the triplets, and
using the well-known relationship luc(t) o exp(-2t/zr),*8 the triplet lifetime (zr) was estimated to be
550 ps for the G-form and 90 us for the Y-form. The relation between the UC emission intensity and
the incident light intensity is normally characterized by a low and a high excitation intensity regime,
in which quadratic and linear dependences are observed,**->? with a quadratic-to-linear transition at a
threshold excitation intensity lsn. Above I, TTA becomes the main deactivation channel for the ac-
ceptor triplet.*® Double logarithmic plots of the UC emission intensity as a function of the excitation
intensity obtained for the G-form and the Y-form are shown in Figure 4-8d. The two plots indeed
display slope changes from 2 to 1, and the intersections of the respective functions place the I values
at 240 mwW cm2 for the G-form and 2500 mW cm for the Y-form.
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Figure 4-8. (a) UC photoluminescence (PL) spectra of 0.5 mol% Os(bptpy).?*-doped 4 in the G-form

(black) and the Y-form (red) irradiated by a 730 nm NIR laser. The excitation intensities were 6.0 W

cm for the G-form and 380 W cm for the Y-form. A short pass filter (1 = 700 nm) was used to

remove scattered incident light. The signals above 640 nm correspond to the tail part of residual

excitation light. (b) Photographs of 0.5 mol% Os(bptpy).2*-doped 4 in the G-form (left) and the Y-

form (right) irradiated by a 730 nm NIR laser. A short-pass filter (4 = 610 nm) was used to remove

scattered incident light. (c) Plots showing the UC emission decay of 0.5 mol% Os(bptpy).?*-doped 4

in the G-form (left) and the Y-form (right) under pulsed excitation at 720 nm. The red curve was

obtained by fitting the function luc(t) oc exp(-2t/zr) to the data,*® where zr is the acceptor triplet

lifetime (550 ps for the G-form, 90 us for the Y-form). (d) Plots showing the excitation intensity

dependence of the UC emission intensity. Blue and red lines show fit with slopes of 2 and 1.
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Figure 4-9. UC emission spectra of 4 with/without Os(bptpy)2*>* using the 730 nm laser. (Left) UC
emission spectra of 4 in the G-form with 0.5 mol% Os(bptpy).>* (black, excitation intensity = 20
W/cm?) and without Os(bptpy)2>* (red, excitation intensity = 18 W/cm?). (Right) UC emission spectra
of 4 in the Y-form with 0.5 mol% Os(bptpy)2*" (black, excitation intensity = 360 W/cm?) and without
Os(bptpy)2>" (red, excitation intensity = 370 W/cm?). A short pass filter (1 = 700 nm) was used to

remove the scattered incident light.

The shorter triplet lifetime of the Y-form in comparison to the G-form implies the presence of more
deactivation sites in the less-ordered Y-form. Since I is proportional to the inverse of z12,°? a lower
It in the G-form than in the Y-form is reasonable. These considerations explain the large difference
of the UC quantum yield between the G-form (0.20% at 134 W cm2) and the Y-form (0.02% at 120
W cm). These results indicate that not only the UC emission color but also other UC characteristics
can be switched by the transition between the G- and Y-forms. It is worth pointing out that such large
differences were not observed in fluorescence lifetime and quantum yield. The excited triplets seem
to be more sensitive to defects than the excited singlets. This interesting observation will be more
explored in more detail in our future work.

In conclusion, I demonstrated a stimuli-responsive TTA-UC system, whose emission color can be
reversibly switched by thermal treatment. The asymmetric structure of cyclophane 4 stabilized a su-

percooled nematic phase at room temperature, enabling the fluorescence color switching between the
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green-emissive crystalline state and yellow-emissive nematic state. Minimizing the energy loss upon

2 1 successfully

the triplet sensitization by exploiting the direct S-T absorption of Os(bptpy):
achieved TTA-UC emission color switching under NIR light excitation. These results offer a new

design guideline of dual-color TTA-UC toward advanced applications in materials science and bio-

technology.

4-3 Synthesis

All reagents and solvents were purchased from Aldrich and Tokyo Kasei. Unless otherwise noted,
all reactions were carried out under a nitrogen atmosphere. Os(bptpy)2>" was synthesized by Mr.
Yoichi Sasaki according to the reported procedures.** Luminescent cyclophane (4) was synthesized

by Dr. Yoshimitsu Sagara.

Luminescent cyclophane (4)
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A solution of compound 5 37** (600 mg, 0.737 mmol) and 9,10-bis(4-hydroxyphenylethynyl)anthra-
cene (302 mg, 0.737 mmol) in DMF (20 mL) was dropwise added to a suspension of K»COs (1.02 g,
7.37 mmol) in DMF (150 mL) at 70 °C over the course of 1 day under vigorous stirring. After further
stirring for 24 h at 70 °C, the reaction suspension was cooled and most of the DMF was evaporated
in vacuo. The crude product was dissolved in chloroform and washed with saturated aq. NH4Cl solu-
tion (3 x 100 mL) andsaturated aq. NaCl solution. The organic layer was dried over MgSOs, filtered,
and the solvent was evaporated. The crude product was purified by flash column chromatography on
silica gel (eluent: dichloromethane/acetone = 3:1) and subsequent re-precipitated from a mixture of
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dichloromethane and methanol to afford compound 4 (383 mg, 0.360 mmol) as a yellow powder in
49% yield. "H NMR (400 MHz, CDCl3, TMS): 8= 3.56-3.69 (m, 28H), 3.73-3.77 (m, 8H), 3.89-3.92
(m, 4H), 3.97 (t, J = 4.8 Hz, 4H), 4.25-4.27 (m, 4H), 6.48 (d, J = 8.4 Hz, 2H), 7.04 (d, J = 8.8 Hz,
4H), 7.07 (t, J = 8.0 Hz, 2H), 7.53-7.55 (m, 4H), 7.61 (d, J = 8.8 Hz, 2H), 7.68 (d, J = 8.8 Hz, 4H),
8.60-8.62 (m, 4H). *C NMR (100 MHz, CDCls, TMS): 5= 67.54, 67.98, 69.80, 69.89, 70.61, 70.68,
70.70, 70.81, 70.87, 70.89, 71.18, 85.64, 102.67, 105.36, 114.45, 115.34, 115.86, 118.47, 124.98,
126.54, 126.78, 127.32, 131.99, 133.26, 154.15, 159.47. MS (MALDI-TOF): m/z: 1062.62 ([M] ).
Elemental analysis (%) calcd. for Ce4H70014: C 72.30, H 6.64, N 0.00; found: C 72.13, H 6.59, N

0.30.

4-4 Characterizations

"H NMR spectra were measured on a JEOL JNM-ECX 400 spectrometer. Matrix-assisted laser de-
sorption ionization time-of-flight (MALDI-TOF) mass spectra were obtained on an AB SCIEX
TOF/TOF 5800. Elemental analysis was carried out with an Exeter Analytical CE440 Elemental An-
alyzer. The DSC measurements were conducted using a Rigaku Thermo plus EVO DSC8230 with
heating/cooling rates of 10 “C/min under nitrogen atmosphere. X-ray powder diffraction (XRPD)
measurements were carried out with a Rigaku SmartLab. UV-vis absorption spectra were measured
with a JASCO V-550 and a JASCO V-670. Fluorescence spectra were measured using a JASCO FP-
6500 for 4, and a PerkinElmer LS 55 fluorescence spectrometer for Os(bptpy).>*. The solid samples
for fluorescence spectra were carefully sandwiched between quartz substrates and were set in the
sample position of the spectrometer so that the detector gathered the fluorescence from the surface of
the sandwiched solid. Time-resolved photoluminescence lifetime measurements were carried out by
using a time-correlated single photon counting lifetime spectroscopy system, HAMAMATSU Quan-
taurus-Tau C11567-01 (for delayed luminescence lifetime)/C11567—-02 (for fluorescence lifetime).

For TTA-UC emission measurements, the samples were sealed by a UV photo-curable resin (MO-

RESCO WB90US). A high-pressure mercury lamp (SEN LIGHTS Corporation HLR100T-2, UV light
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intensity: 170 mW/cm?) was used for curing the resin. After 30 s UV irradiation, the samples were
heated at 80°C for 1 h for post-hardening of the resin. The sample sealing was done in an Ar-filled
glove box ([O2] <0.1 ppm). A diode laser (730 nm, 40 mW, RGB Photonics) was used as excitation
source. The laser power was controlled by combining a software (Ltune) and a variable neutral den-
sity filter, and measured using a PD300-UV photodiode sensor (OPHIR Photonics). The laser beam
was focused on the samples using a lens. The diameter of the laser beam (1/e?) was measured at the
sample position using a CCD beam profiler SP620 (OPHIR Photonics). The typical laser beam size
was 6.9x10”° cm?. The emitted light was collimated by an achromatic lens, the excitation light was
removed using a 610 nm and a 700 nm short-pass filter (A = 610 nm: Asahi Spectra, 2 = 700 nm:
Edmund Optics), and the emitted light was again focused by an achromatic lens to an optical fiber
connected to a multichannel detector MCPD-9800 (Otsuka Electronics). The TTA-UC quantum yield
was measured by using an absolute quantum yield measurement system. The sample was held in an
integration sphere and excited by the laser excitation source (730 nm, 40 mW, RGB Photonics). The
scattered excitation light was removed using a 700 nm short-pass filter and emitted light was moni-
tored with a multichannel detector C10027-01 (Hamamatsu Photonics). The spectrometer was cali-

brated including the integration sphere and short-pass filter by Hamamatsu Photonics.
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Chapter 5 Conclusions

In this dissertation, I described TTA-UC in condensed systems with the aim to solve the major
three issues: (1) low triplet diffusion, (2) phase separation of donor and acceptor, and (3) red-shift-
ing of acceptor emission (Figure 5).

Homogeneously doped donor-acceptor assembly

—
Functionalized
— \’ \, _ TTA-uC
—
—
—
\, —
~ \:
TEETE
Ak
Triplet
energy-migration Triplet sensitization

without ISC

Figure 5. Overview of TTA-UC in the condensed system on this dissertation.

In Chapter 2, the strategy to solve the problems of phase separation of donors and acceptors and
triplet energy migration efficiency was described. The structural flexibility and the orientation of the
columnar liquid crystal acceptor 1 allowed homogeneous doping with the donor and energy-migra-
tion for TTA. Furthermore, systematic control over the liquid crystalline structure by mixing 2 gave
efficient energy migration, and critical effect of the structural order upon the performance of TTA-
UC was unveiled. However, the anti-Stokes shift in this system was relatively small because of in-
ter-molecular interaction between the acceptor molecules.

Therefore, I focus on the solution to the decrease in anti-Stokes shifts in Chapter 3. I employed

3D cesium lead halide perovskite nanocrystals as a new inorganic triplet sensitizer. The optical
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properties of perovskite nanocrystals could be tuned by facile halide exchange reactions, which
made triplet sensitization possible with various excitation wavelengths. Moreover, perovskite nano-
crystals could sensitize the triplet state of acceptor 3 without energy loss during ISC, it showed
TTA-UC emission with the large anti-Stokes shift. Although there is the problem with the stability
of perovskite nanocrystals, this study will promote a variety of fundamental advances to not only
TTA-UC studies but also perovskite research fields.

New function of TTA-UC is discussed in Chapter 4. By solving the intrinsic problems of con-
densed systems, I successfully obtained a stimuli-responsive dual-color TTA-UC. This function is
specific to condensed systems, and the result clearly exhibited the availability of TTA-UC in con-
densed systems.

This research, which solved intrinsic problems of TTA-UC in the condensed systems, is expected

to be the guideline for the further development of TTA-UC.
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