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Chapter 1

Introduction



1-0. General Introduction

Incident solar radiation is a vast resource whose potential remains largely untapped in a
single hour, the amount of solar energy that reaches the Earth’s surface is more than the
global population consumes in a year.! Effective use of solar energy, a sustainable energy
source, is a top priority for realizing a recycling-based society. Recently, solar cells have
been intensively studied as one of the optoelectronic devices utilizing sunlight. The power
generation cost of the silicon-type solar cells currently in practical use is 0.29 $/kWh (2-
3 times the thermal power generation), which poses a problem in terms of cost. Therefore,
dye-sensitized solar cells and organic thin-film solar cells,” ® which can be produced at a
lower cost than conventional silicon-type solar cells, are attracting attention. However, in
the solar cell described above, since the device is driven mainly by utilizing ultraviolet to
visible light, the long wavelength region in the solar light cannot be effectively utilized.
In other words, low-energy light (long-wavelength light) that is lower than the energy gap
of the material is lost. For this reason, research aimed at broadening the driving
wavelength (material modification) has attracted attention.

Further, there is a similar problem in the photocatalyst. Photocatalyst is a material which
shows catalytic function by light irradiation, and has attracted much attention as a material
capable of decomposing environmentally harmful organic substances and generating
hydrogen. TiO» used practically at present has a large band gap of about 3eV and is driven
only by irradiation of high-energy ultraviolet light. This ultraviolet light accounts for only
about 5% of sunlight with regard to the energy content. That means more than 90% of the
energy of sun light (Visible light 52%, Infrared light 42%) is not being used. Therefore,
the research aiming with lower energy light is actively carried out (There have been
proposed methods of doping TiO> with transition metal ions or anions to expand the
absorption region, and the use of semiconductor photocatalysts with a small band gap,
such as Cu20 (2.0 V), CdS (2.4 eV), and WO3 (2.7 eV); however, these methods use

only a part of visible light.).” !!



1-1. Photon Upconversion Phenomena
1-1-1. Photon Upconversion System in Upconversion Nanoparticles (UCNPs)

Photon upconversion (UC) is the photochemical phenomenon which converts the long
wavelength light to the short wavelength light, and it is the technology which can greatly
contribute to the broaden drive wavelength of the photoelectronic device. A typical
approach to UC is the use of multistage excitation phenomena. Inorganic nanoparticles

(upconversion nanoparticles; UCNPs) doped with lanthanoid elements have been studied

as a material to induce multistep excitation. >4
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Figure 1-1. (A) The upconverted emission from Er’* and Tm*" in NaYF4:Yb*",Er’* and NaYF4: Yb*", Tm>".
(B) UCNPs with improved excitation efficiency by Nd*" doping by Ref. [15]. Reprinted with permission
from J. Am. Chem. Soc., 2013, 135, 12608. Copyright (2013) American Chemical Society.

Typical UCNPs use ytterbium (Yb*") as the photosensitizing center, and this has a light
absorption peak around a wavelength of 1000 nm.'? In addition, since erbium (Er**) and
thulium (Tm*"), which are emission centers, emit light in the visible light region (400 nm
to 550 nm), the anti-Stokes shift is very large (Figure 1-1 (A)), and they are easily
distinguished from autofluorescence of cells. Therefore, UCNPs are suitable materials for
bioimaging and have been extensively studied in recent years. On the other hand, UCNPs
have disadvantages in terms of optical functions such as very low emission quantum yield
and difficulty in driving unless it is a high-intensity light source (kW to MW/cm?) with
high coherency such as laser light. Therefore, it is considered to be a material unsuitable
for solar cells and photocatalysts, which are required to be driven by sunlight (~1
mW/cm?). Recently, studies aiming at efficiency improvement of quantum yield of
UCNPs by using neodymium (Nd**) as a substitute of Yb*>* which is a photosensitization
center have been carried out, but UCNPs driven by light intensity of solar light level have
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not been found yet (Figure 1-1 (B)).!>!6
1-1-2. Triplet-Triplet Annihilation-Based Upconversion System in Liquid Phase

Triplet-triplet annihilation-based upconversion (TTA-UC) is a photochemical

phenomenon wherein low energy photons are converted to high energy photons via a

series of energy transfer processes between photofunctional molecules.'”!
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Figure 2-1. (A) Jablonski diagram in the TTA-UC system. (B) Demonstration of Dexter energy transfer via

electron exchange between the sensitizer and emitter in TTET process and between emitters by TTA process.



TTA-UC has attracted much attention because it can tune over a wide spectral range and
can be driven by low excitation light intensity (I mW/cm?) of non-coherent light,
corresponding to AM 1.5 solar irradiance intensities and below.?! The TTA-UC system
was first reported by Parker et al. in 1962 at -66 °C or -72 °C;*? however, the actual
development for its practical application started in the early 2000s after the development
of'heavy metal-organic complexes with long triplet lifetimes at room temperature. In 2003,
Baluschev et al. reported for the first time the TTA-UC system at room temperature as a
sensitizer/emitter pair of Pd (II) octaethylporphyrin/polyfluorene exhibiting green to blue
upconverted emission.?* In addition, they reported it as a potential solution to increase the
efficiency of solar cells beyond Shockley—Queisser limit.>* After this report, TTA-UC has
been extensively studied.

The upconverted emission using TTA can be achieved as follows: ( 1) light absorption
producing an excited singlet state of the sensitizer, ( il) an intersystem crossing (ISC) from
the singlet excited state to the triplet excited state of the sensitizer, (iii) triplet-triplet
energy transfer (TTET) from the triplet excited sensitizer to emitter, producing the excited
triplet state of the emitter, (iv) a TTA process between two emitters with triplet excited
state, producing one excited singlet state of the emitter, and finally, ( v) the radiation of
emission of which the energy is larger than the absorbed energy in (i) from the excited
singlet state of the emitter (Figure 1-2 (A)). The TTET and TTA efficiencies strongly
depend on the collision probability between the triplet excited sensitizer and emitter and
two triplet excited emitters, respectively, because these processes are based on Dexter
energy transfer (electron change), the photofunctional molecules must be present within
the distance of 10 A with respect to each other (Figure 1-2 (B)).!”! The rate of dexter

energy transfer (ker) between the sensitizer and emitter is given by Equation 1,

ker o J exp (=) (1)

where r is the distance between sensitizer and emitter, L is the sum of van der Waals radius

of sensitizer and emitter and J is the spectral overlap integral defined by equation 2,

J= [ o) ea(D) 2* da 2)

A 1s wavelength and ¢ is molar absorption coefficient. The distance between the sensitizer
and emitter (r < 10 A) is the key for an electron exchange to occur. In general, the quantum
yields of fluorescence and phosphorescence, which are one-photon process, are constant

regardless of the excitation light intensity, while the quantum yield of TTA-UC, which



are two-photon process, depend on the collision efficiency between excited species, and
thus depend on the concentration of excited species. That is, when the excitation light
intensity is high, the molecular concentration of the triplet excited state increases, and the
emission quantum yield increases. Monguzzi et al. proposed a method for estimating
threshold excitation intensity (/) required to optimize the TTA-UC process by solving
the rate equation in TTA-UC (equation 3).%°

Iy, = BmagrrerDrag) ™' (1r)™2 (3)

Where a denotes absorption coefficient at the excitation wavelength, @rrer denotes TTET
efficiency from sensitizer to emitter, Dr denotes diffusion constant of triplet excited
emitters, ap denotes the annihilation distance between triplet excited emitters, and zr
denotes the lifetime of triplet excited emitter. Therefore, high TTET efficiency and high
triplet diffusion rate lead to a decrease in /. Experimentally, it is calculated from the
cross section of slopes in quadratic and linear regimes of the double-logarithm plot of
upconverted emission intensity against incident laser intensity. On the other hand, the
emission quantum yield is defined as the ratio of the number of emitted photons to that
of absorbed photons. Therefore, the emission quantum yield of TTA-UC (@uc), which is
a 2-photon process, is up to 50%. However, most reports have standardized that the
obtained upconversion quantum yield is multiplied by 2 to obtain a maximum of 100%.

After all, the upconversion quantum yield is defined by the following equation 4,

¢UC = f d)ISC d)TTET ¢TTA ¢Em (4)

where, @isc, Prrer, Prru and Pgn denote quantum yields of sensitizer’s intersystem
crossing, TTET process from triplet excited sensitizer to triplet excited emitter,
annihilation between two triplet excited emitters, and fluorescence from singlet excited
emitter. f'is the probability that the triplet excited state of the emitter generates a singlet
excited state by TTA calculated from the spin statistics. @s;sc of PtOEP, which is
commonly used in the study of TTA-UC, is approximately 1, and the @g, of DPA is
approximately 1. Further, when the concentrations of molecules are optimized (PtOEP:
100 uM, DPA: 10 mM, laser intensity: 100 mW/cm?), the TTET efficiency and the TTA
efficiency become approximately 1 in the liquid phase TTA-UC system.?® Therefore, the
TTA-UC yield in the liquid phase is determined by the f value. Considering the spin
multiplicity, when two emitters of the triplet excited state T collide, the quintet Q, the
higher excited triplet state T», and the excited singlet state Si are generated at 5:3:1,



respectively. This spin statistic gives an f value of 1/9 (About 11%), but the maximum
reported @yc is much higher at 38%.%” In the emitter typically used in TTA-UC, the
quintet excited state Q is not actually generated because the energy level is too high. If
the energy level of T is lower than sum of that of twice T and kg7 (E(T2) < E(2T1) +
ksT), T2 and S; are generated at a ratio of 3:1, but T> is immediately relaxed to T1 and
reused, so that five T1 produce two Si (f = 2/5). Here, kg shows Boltzmann constant and
T shows Kelvin temperature. Furthermore, if the energy level of T is higher than sum of
that of twice T and kg7 (E(T2) > E(2T1) + kg7), then T> is not generated and only S; is
generated (= 1) (Figure 1-3).2% Regarding the above, an experimental observation of f=
1 in perylene as an emitter has been achieved.?® Although the TTA-UC system in the
liquid phase has been described so far, the TTA-UC system in the liquid phase has several
serious problems. First, in terms of reducing environmental burden and device weight, it
is not practical to incorporate volatile solvents into solar devices, although it is necessary
to use low viscosity solvents that are advantageous for molecular diffusion to achieve
high efficiency TTA-UC. In addition, the triplet excited state is inactivated by dissolved

oxygen in organic solvent, requiring strict deoxidation conditions.

(A) E(T,) < E(2T) + kgT (B) E(T,) > E(2T) + kgT

Figure 1-3. Schematic diagram of the TTA process involving four triplet pairs. (A) Probability of
generation of singlet excited state when T, levels are lower than twice T (E(T2) < E(2T:) + ksT). (B)
Probability of generation of singlet excited states when T, levels are higher than twice T, (E(T2) > E(2T))
+ kgT).
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1-1-3. Triplet-Triplet Annihilation-Based Upconversion System in Solid Phase

In order to develop a TTA-UC system that can be driven in a solid phase, a polymer with
a glass transition temperature (7,) lower than room temperature was used as a nonvolatile
matrix, and TTA-UC was achieved in the atmosphere without using a volatile solvent by
the groups of Castellano and Weder.>*** However, the diffusion rate of the molecules is
small in the matrix with high viscosity, and it is essentially difficult to take out the high-
efficient upconverted emission with low excitation intensity, and it cannot be an ideal
system. To solve the above problem, two major solutions have been proposed up to date.
The first is the development of condensed photofunctional molecules systems. These
systems are achieved by utilizing rapid triplet exciton diffusion in molecular assembly
systems instead of conventional molecular diffusion. Thus, even in a solvent-free system,
efficient TTA-UC can be achieved when the molecules accumulate at high density.!* In
2015, Kimizuka et al. developed a TTA-UC system in which a sensitizer/emitter is
encapsulated in a supramolecular gel matrix, and achieved highly efficient upconverted
emission under air saturation conditions. This system can be driven efficiently even at the
low excitation intensity such as the solar light, and TTA -UC is very close to practical

applications. (Figure 1-4).

Emitter Sensitizer LBG

\ TTA,
\ TTET Triplet Upconverted
migration ission

Figure 1-4. Schematic diagram of aggregation-induced TTA-UC. The unit structure of TTA-UC gel system.
Sensitizer and emitter are incorporated in the nanofibers as extended domains by Ref. [31]. Reprinted with

permission from J. Am. Chem. Soc., 2015, 137, 1887. Copyright (2015) American Chemical Society.



The second is the control of the viscoelastic properties of the solid-state matrix. In a
polymer matrix with a low T, a highly efficient TTA-UC is achieved because of the large
diffusion rate of photofunctional molecules.***® In 2016, Mongzzi et al. achieved a high
upconversion quantum yield (Ouc = 21 %) by using polyoctyl acrylate with a low glass
transition temperature (211 K) as a matrix of the TTA-UC system. As can be seen from
the above research results, many studies were conducted in the 2010s to optimize the
energy transfer efficiency between photofunctional molecules for practical application of
TTA-UC.

Qy, = 21%'

Figure 1-5. Schematic diagram of a sensitizer/emitter doped in a polyacrylate. The pictures show a
DPA:PtOEP (10 M:10* M) doped poly-octylacrylate sample upon excitation at 532 nm by Ref. [36].
Reprinted with permission from J. Phys. Chem. C, 2016, 120, 2609. Copyright (2016) American Chemical

Society.



1-2. Localized Surface Plasmon Resonance of Metal Nanoparticles

Metal nanoparticles, which produce the vivid colors of stained glass, have attracted
much attention as advanced functional materials from a new perspective of
nanotechnology. When a plane wave of light is incident on a metal nanoparticle, the
electromagnetic field is disturbed due to the difference in the electrical permittivity
between the metal and its surroundings. In the inside of metal nanoparticles, free electrons
oscillate collectively in harmony with the incident oscillating electric field. When a
certain condition is satisfied, the incident oscillating electric field resonates with the
oscillation of electrons. This resonance is called localized surface plasmon (LSP)
resonance.’’*% Also, LSP resonance conditions depend on the size and shape of metal
nanoparticles.

E-field Metal nanoparticles Concentration of
(MNPs) light energy

e cloud

Figure 1-6. Schematic diagram of localized surface plasmon (LSP) resonance phenomenon by metal

nanoparticles.

When the metal nanoparticles are spherical and much smaller than the wavelength of
incident light, the electric field generated by the oscillating electrons is equivalent to the
electric field generated by the dipole located at the center of the particle. Now, using the
relative permittivity of the nanoparticles (&,,) and the external medium (eou), the
polarizability (P) of the nanoparticles with a radius (@) can be written as equation (1,
2).3940

P=gqa° (5)
__ Enp— Eout
gd - snp+2£out (6)

Since the electric field outside the nanoparticle (Eou) is approximated as the sum of the
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applied electric field (£9) and the electric field generated by the dipole, when an electric

field in the x-direction is applied to the nanoparticle with radius a, E,.; is given by
~ X O3, o o~ oA
E,,. = EoX — PE, [% - r—’; (xx +yy + zz)] (7)

where x, y and z are unit vectors in Cartesian coordinates. This equation indicates that a
stronger electric field can be obtained than is applied in the vicinity of the nanoparticles.
The electromagnetic field generated by an oscillating electron is defined as a scattering
field. The electric field outside the nanoparticle (E..) is the sum of the incident electric
field (EyX) and the scattering field (second term in Equation 7). However, the power
(Wour) in the medium is not the sum of the powers of the incident (W) and scattering
(Wscea) fields because these values are linear with respect to the square of the field. The
difference between the W, and the sum of the incident power and the scattering power

was defined as extinction (Wex).
Wout = Wine + Wecq — Weye (8)

The energy conservation requires that the reduced amount of energy which was contained

in the incident light must have been absorbed.
Wout = Wine — Waps 9)
Equations 8 and 9 lead to equation 10.

Wext = Wseca + Waps (10)

Taking the lowest order term of a/A from the solution of the exact Mie theory calculation,
the scattering cross section (Cscq), the quenching cross section (Cex) and the absorption

cross section (Caps) are given by

8n
Csca = ?kout4|gd|2 (11)
Cext = Caps = 47Tkout1m[gd] (12)
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where kou is the wavevector outside of the nanoparticle.**** The formulas for E,y¢, Csca,
Cext and C,ps contain the factor g,; and hence all of the electric field, scattering,

extinction and absorption will be maximized under the condition.
gnp = —Zé‘out (13)

This is called the Frolich condition and is a necessary condition for LSP resonance to

occur.
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1-3. Plasmonic Materials
1-3-1. Anisotropic Silver Nanoprisms

The strong electric field intensity generated by LSP resonance changes greatly
depending on the metal species (Au, Ag, Cu), size, and shape (spherical, rod, cube, prism)

of the nanoparticles.*!

Among various plasmonic nanomaterials, anisotropic silver
nanoprisms (AgPRs) are known to exhibit particularly strong electric field intensity at the
corner.*? In addition, the LSP resonance wavelength attributed to in-plane dipole mode of
AgPRs is linearly dependent on the edge length (L) and the inverse of the thickness (7).
The extinction spectrum for the aspect ratio obtained by the boundary element method
(BEM) is shown in Figure 1-7 (refractive index of surrounding medium; 1.33), and the
relation is given by AA;gpr/nm = 52.0 X (L/T).* The facts are derived from the very

small imaginary part (¢,u) of silver in the wavelength regions.**
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Figure 1-7. Calculated extinction spectra with varying aspect ratios (L/T) for the AgPRs by the BEM

framework.
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1-3-2. Chemical Synthesis

The LSP resonance wavelength of AgPRs can be controlled broadly from the visible to
near infrared region by changing the aspect ratio. In general, chemical synthesis is fast
and takes only a few minutes to complete. A chemical protocol to give AgPRs with a
unimodal size distribution was reported by Mirkin Group in 2005.* The synthetic
procedure was simple: AgNO3 was reduced by NaBHj4 in the presence of trisodium citrate,
poly-vinylpyrrolidone and H>O». Also, it was shown that the concentration of NaBH4
significantly affected the size of the formed AgPRs. Aherne, Kelly and co-workers
demonstrated a highly reproducible and fast preparation method of AgPRs.*¢ First, seed
silver nanoparticles were synthesized by the reduction of AgNO3 by NaBH4 in the
presence of trisodium citrate and poly(sodium styrenesulphonate) (as a stabilizer). Next,
various quantities of seed solution containing ascorbic acid are added to an aqueous

solution of AgNO3, leading to the formation of various AgPRs with different aspect ratios.
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1-3-3. Photochemical Synthesis

In 2001, Mirkin, Schatz and co-workers reported a photoinduced method for
synthesizing large quantities of silver nanoparticles in high yield for the first time.*” They
discovered that the spherical shape turned to the triangular one by the photoinduced
growth, when citrate-protected silver nanoparticles below 10 nm diameter were irradiated
with any wavelength light. Reaction mechanism of photoinduced growth of the AgPRs
has been proposed as follows.**-° First, light irradiation on an aqueous colloidal solution
of citrate-stabilized silver nanospheres causes excitation of LSP resonance of silver
nanoparticles. Next, after the deactivation of LSP, hot holes and hot electrons are
generated on the AgPRs surface. Hot holes oxidize citric acid protecting silver
nanoparticles, resulting in electron-rich silver nanoparticles. At the same time, some
silver nanoparticles are photo-oxidized by dissolved oxygen, resulting in Ag" (Ag + 1/2
O, + HO — Ag" + 20H). Finally, Ag" reacts with electron-rich sites of silver
nanoparticles to form Ag’, resulting in the formation of AgPRs. The familiar triangular
shape of nanoprisms results from highly selective lateral growth from the edges. Silver
has a face-centred cubic lattice (fcc), and the fcc crystal has sixfold symmetry around the
[111] axis so a hexagonal platelet could have alternating faces ([100], [111], [100]...).
[100] 1s less stable than [111], so the reaction proceeds more rapidly at [100] resulting in
triangular silver nanoprisms.

Xue, Mirkin and co-authors succeeded in the size control of AgPRs by the change of pH
of silver nanoparticle colloidal aqueous solution and the wavelength change of irradiation
light. By adding NaOH to the colloidal aqueous solution under acidic conditions, the
repulsion between citric acid-protected silver nanoparticles was strong, and the synthesis
of AgPRs with small size was achieved. Furthermore, they found that there was a
relationship between the irradiation light wavelength and the size of synthesized AgPRs.
Using this approach, they succeeded in generating LSP band in a wide wavelength region
from 500 nm to 1200 nm.

15



1-4. Effects of LSP on Optical Properties of Photofunctional Molecules
1-4-1. The emission enhancement by light-harvesting nanoantenna effect

As mentioned above, LSP resonance excitation generates a strong local
electromagnetic field condensed around the metal nanoparticles. In other words,
LSPR-responsive metal nanoparticles can behave as light-harvesting nanoantenna.
The excitation efficiency of photofunctional molecules present in these locally
enhanced electromagnetic fields is significantly enhanced. where the emission

power (Pemission) is given by

Pemission = Cabs N Pemssion (14)

N « |E|? (15)

where Cyps, N, Pomission » and E represent the absorption cross section of the
photofunctional molecules, photon flux at the wavelength of the photoexcitation,
fluorescence quantum yield, and electromagnetic field strength, respectively.’! Therefore,
the emission power depends on the square of the electric field strength. In order to
enhance the excitation efficiency of photofunctional molecules by the light-harvesting
nanoantenna effect, it is necessary to overlap the LSP resonance wavelength of metal

nanoparticles with that of molecules (Figure 1-8).

Photofunctional Metal
Molecule Nanopatrticle S
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Figure 1-8. Mechanism of the excitation enhancement of photofunctional molecules by light-harvesting

nanoantenna effect of metal nanoparticles.
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1-4-2. The emission enhancement by acceleration of radiative decay process

In photofunctional molecules, the radiative decay rate from the excited state can be

described by Fermi's golden rule as follows;

2T 2
krad,Lsp = Wz |Mif| p(w) (16)

where M;r and p(w) are the transition matrix element between the initial and the final
states and the local density of optical states (LDOS), respectively. The LDOS can be
modified by changes in the surrounding environment, resulting in a change of the
radiative decay rate. Next, we would like to consider the radiative decay rate when a
photofunctional molecules are present near a metal nanoparticle that exhibits LSP
resonance. The LDOS can be significantly changed by the strong electric field generated
by plasmons. When the LSP band overlaps with the fluorescence wavelength of the
photofunctional molecule, the LDOS depends on the excitation probability of the LSPR

(Figure 1-9)., so the following equation is obtained

(17)

krad,LSP — 3 (AradQ>
kyqa 412 \ n3V

where k.4, Q, V, and n are the radiative decay rate in the absence of the metal
nanoparticles, quality factor, mode volume of the LSPR, and refractive index of the
surrounding medium, respectively. This formula indicates that a higher Q value and a
lower V value provide a large enhancement factor of radiative decay rate in
photofunctional molecules.

The emission quantum yield of the photofunctional molecules in the absence of the metal

nanoparticles given by,

krad
Domission = 18
emission krad | knonrad ( )

Where kj,onrqq 1 the non-radiative decay rate of the photofunctional molecules. The
quantum yield modified by changing in the presence of LSP resonance-responsive metal
nanoparticles is described follows
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krad + krad,LSP (19)

¢emissi0n,LSP =
krad + krad,LSP + knonrad + knonrad,LSP

where kyqq15p and kyonrqqrsp are increase in the radiative decay rate by the presence

of metal nanoparticles and the nonradiative decay rate through the nonradiative energy

transfer.>?
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Figure 1-9. Mechanism of the emission enhancement of photofunctional molecules by plasmon-exciton

coupling effect of metal nanoparticles.
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1-5. Plasmon-enhanced TTA-UC emission

Recently, the TTA-UC emission was successfully enhanced by the effect of the LSP
resonance of metal nanoparticles. In 2014, Timothy L. Kelly and co-workers report a
plasmon-based enhancement of the TTA-UC process with silver nanoplates embedded in
poly(methyl methacrylate) thin films containing the upconverting materials palladium(II)
octaethylporphyrin as a sensitizer and 9,10-diphenylanthracene as an emitter (Figure 1-
10 (A)).>® In 2016, Jae-Hong. Kim and co-workers report a plasmon-enhanced sub-
bandgap photocatalyst device with a TTA-UC system by using silica (SiO2) spheres
coated with closely assembled silver nanoparticles (AgNPs) as a plasmonic materials
(Figure 1-10 (B)).>* As described above, enhancement of TTA-UC emission has been
achieved by using silver nanoplates and silver nanoparticles as plasmonic materials;
however, the mechanism of enhancement of the TTA-UC system is unclear. The effect of
LSP resonance on TTA-UC is quite complex because TTA-UC includes complicated
multiple photoinduced processes.
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Figure 1-10. Plasmon-enhanced TTA-UC systems using (A) silver nanoplates and (B) silica nanoparticles
doped with silver nanoparticles as a plasmonic materials by Ref. [53, 54]. Reprinted with permission from

J. Phys. Chem. C, 2014, 118, 6398. and Environ. Sci. Technol. 2016, 50, 11184. Copyright (2014 and 2016)

American Chemical Society.

19



1-6. Photon Upconversion-Based Photothermal Conversion in Metal Nanoparticles

Dephasing of LSP resonance of metal nanoparticles leads to absorption of photons.>
This accumulates energy in the electron distribution, creating excited electrons that spread
to different levels in the conduction band.’® Energy can be deposited on the electron
distribution by excitation by inter-band or intra-band metal transitions.>’ The excited
electrons are rapidly equilibrated by electron scattering on a time scale of several 100 fs
to form a hot electron distribution.’® The hot electron distribution relaxes phonons on a
time scale of several picoseconds, resulting in the generation of thermal energy near
nanoparticles.

Gold nanospheres with diameters of several tens of nanometers are activated by light
from the ultraviolet region to the approximately 600 nm region due to strong inter-band
transitions below ~500 nm and strongly excited LSP resonance from 500 to 600 nm.>’
However, irradiation with longer wavelengths of light (> 600 nm) does not produce
efficient heat generation because of its lower light-harvesting ability (Figure 1-11).
Photothermal conversion materials driven by sunlight are required to efficiently convert
sunlight in a wide wavelength range into thermal energy. In nanotherapy, photothermal
conversion should be efficiently induced in the 600~1300 nm wavelength region
corresponding to the biological transparency window. To solve this problem, photon
upconversion phenomena have recently attracted attention. That is, it becomes possible
to broaden the drivable wavelength of the photothermal conversion material by
converting the long wavelength light in which the gold nanoparticle cannot absorb into
the usable short wavelength light. Inorganic nanoparticles composed of rare earth ions
such as Yb**, Er** and Nd*" are often utilized as upconversion nanoparticles (UCNP).
Efficient near-infrared light-driven photothermal conversion has recently been achieved
using a hybrid system of gold nanospheres and UCNP.%° However, the use of UCNP has
several significant problems, including the need for rare earth elements with limited
supply, difficulty in tuning the absorption/emission wavelength, and the narrowness of

d 61-63

the emission/absorption ban Therefore, the development of an alternative

upconversion system for photothermal conversion is an important issue.
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Figure 1-11. Driving wavelength range of gold nanoparticles for photothermal conversion.
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1-7. Object and Outline of This Dissertation

The problems mentioned above are summarized below. TTA-UC has attracted much
attention because it can tune over a wide spectral range and can be driven by low-intensity
non-coherent light, corresponding to AM 1.5 solar irradiance intensities and below. Since
the photoreaction process of TTA-UC proceeds by a dexter mechanism, that is, diffusional
collision of molecules, a high quantum yield is expected in a liquid phase. Considering
the application of TTA-UC to photovoltaic devices, a solid phase system is required from
the viewpoint of reducing environmental load and weight. However, in the solid phase,
the diffusion of molecules is suppressed, and the lowering of the quantum yield is worried.
Recently, the enhancement of TTA-UC emission has been achieved by using plasmonic
materials; however, the mechanism of enhancement of the TTA-UC system is unclear.
The effect of LSP resonance on TTA-UC is quite complex because TTA-UC includes
complicated multiple photoinduced processes.

Also, gold nanospheres with diameters of several tens of nanometers were activated by
light from the ultraviolet region to the approximately 600 nm region due to strong inter-
band transitions below ~500 nm and strongly excited LSP resonance from 500 to 600 nm.
That is, irradiation with longer wavelengths of light (> 600 nm) does not produce efficient
heat generation because of its lower light-harvesting ability.

We tried to solve the above problems by investigating the optical interaction between
plasmonic metal nanoparticles and a TTA-UC system. Specifically, we focused our
research on the following four phenomena.

The first is the enhancement of the excitation efficiency of sensitizer by the light-
harvesting nanoantenna effect of LSP resonance. By making the absorption wavelength
of the sensitizer and LSP resonance wavelength overlapped, the light absorption ability
is significantly enhanced.

The second is to accelerate the fluorescence decay rate of emitter by the plasmon-exciton
coupling effect of LSP resonance. By making the fluorescence of the emitter and LSP
resonance wavelengths overlapped, the radiative process of the emitter is significantly
accelerated, leading to enhancement of the fluorescence quantum yield.

Third, we focused on how to prevent the acceleration of the phosphorescence decay rate
of sensitizers by plasmon-exciton coupling effect of LSP resonance. We revealed the
phosphorescence decay process of the sensitizer is accelerated, leading to the obstruction
of energy transfer (TTET) to the emitter by overlapping the phosphorescence wavelength
of the sensitizer and the LSP resonance wavelength. The effect of phosphorescence
enhancement on the whole TTA-UC system have not been considered in the studies

aiming at the efficiency improvement of TTA-UC by plasmons reported so far. This
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discovery will be an important guideline for improving the efficiency of TTA-UC by
plasmon. These are discussed in detail in chapter 2. In chapter 3, we found a way to
prevent phosphorescence enhancement of the sensitizer, which has a negative effect on
TTA-UC. In particular, the larger the spin-orbit coupling constant of the sensitizer, the
sensitizer is less susceptible to phosphorescence enhancement by plasmon-exciton
coupling, resulting in suppression of upconversion quenching.

The fourth is not an improvement of the TTA-UC system by plasmons of metal
nanoparticles, but a modification of the photothermal conversion characteristics of
plasmon-responsive gold nanoparticles by the TTA-UC system. We succeeded in
broadening the driving wavelength for photothermal conversion of gold nanoparticles by
TTA-UC system. These are discussed in detail in Chapter 4.

In Chapter 5, this thesis is summarized. We found guidelines to optimize plasmon-
enhancement of TTA-UC by investigating in detail how plasmons interact with TTA-UC
systems with complicated photoreactive processes such as TTET and TTA. We also
succeeded in broadening the driving wavelength for photothermal conversion of gold
nanoparticles by introducing the TTA-UC system. Thus, we clarified that the
enhancement and quenching effects coexist in the interaction between TTA-UC and
plasmons. We also showed the possibility of the application of TTA-UC.
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Chapter 2
Improvement of Upconverted Emission Efficiency

by Precisely-Tuning Plasmon Wavelength
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2-0. Abstract

In this study, we demonstrate that the localized surface plasmon (LSP) resonance of metal
nanoparticles, depending strictly on the generating wavelength of LSP resonance, can
have both beneficial enhancement and harmful quenching effects on a triplet—triplet
annihilation-based upconversion (TTA-UC) emission. When the LSP resonance band of
anisotropic silver nanoprisms spectrally overlapped with the photoexcitation wavelength
of a sensitizer and the fluorescence of an emitter, an increase in the photoexcitation
efficiency and an acceleration of the radiative decay rate were respectively induced,
resulting in an effective enhancement in the TTA-UC emission. Furthermore, the
overlapping with the photoexcitation wavelength led to a significant decrease (93%) in
the threshold light excitation intensity, which greatly enhances the figure-of-merit in
TTA-UC systems. However, when the LSP resonance band overlapped with the
phosphorescence band of the sensitizer, the TTA-UC emission was extremely quenched,
accompanied by the enhanced phosphorescence and the decreased phosphorescence
lifetime. These results suggest that the decrease in the TTA-UC emission is a result of the
competition between the triplet—triplet energy transfer to the emitter and the LSP-induced
nonradiative energy transfer to the silver nanoprisms from the triplet-excited sensitizer.
This discovery of the conflicting effects of LSP resonance provides an important
guideline: a precise adjustment of LSP resonance wavelengths is needed for the efficient
enhancement of TTA-UC emission. This requirement is different from those of other
fluorescence systems such as single downconverted fluorophores and lanthanide-based

upconversion nanoparticles.

30



2-1. Introduction

The development of solar-energy-driven photoelectronic devices, including
semiconductor photocatalysts and solar cells, is one of the most promising strategies for
the renewable low carbon society. Active wavelengths of these devices are inherently
limited by the bandgap energy (E;) of the photofunctional materials.'* Recently, photon
upconversion techniques have been proposed as a useful way of overcoming the “bandgap
limit.” In the case where the two photons with low energies are efficiently converted into
a single photon with a high energy, the wide bandgap materials can be utilized.>”’
Currently, upconversion systems consisting of two photofunctional molecules of a
sensitizer and an emitter based on a triplet—triplet annihilation (TTA) phenomenon have
attracted much attention because the upconverted emission can be generated even by the
irradiation of low-intensity noncoherent light such as sunlight.® ' The TTA occurs in the
following sequence: (1) the singlet excited sensitizer, which is generated by irradiating
long-wavelength light, is rapidly converted to a triplet excited sensitizer through the
intersystem crossing, (ii) the triplet excitation energy of the sensitizer transfers to an
emitter through the Dexter-type triplet—triplet energy transfer (TTET) mechanism,
resulting in the formation of a triplet excited emitter, (iii) the TTA between the two
resultant triplet-excited state emitters leads to a single excited state of one emitter, and
finally, (iv) the emission occurs from the singlet excited state. The emitter molecules
should rapidly diffuse and come into collision during their excited state lifetime for
efficient TTET and TTA to occur. In several recent researches, the triplet—triplet
annihilation-based upconversion (TTA-UC) systems in a liquid phase have shown
quantum yields around 30%.'!"!* On the other hand, considering the practical applications
to the above-mentioned optoelectronic devices, the achievement of a high quantum yield
in solventfree TTA-UC systems is essential. However, the quantum yield of TTA-UC
systems in solid matrices suffers from a significant decrease by restricted diffusion of the
emitter molecules. To solve this critical issue, two efficient solutions have been suggested
recently. The first is the development of condensed chromophore systems. In these
systems, the utilization of the high mobility of exciton instead of molecular diffusion
leads to an efficient TTA-UC in solid-state matrices.!!"!*"'® The second solution is the
control of the macroscopic viscoelastic properties of the solid-state matrix. A matrix
having a low glass transition temperature (Tg) was employed to obtain a large translational
diffusivity of molecules, thereby resulting in an efficient TTA-UC.!”"2! While the TTA-
UC efficiency was improved by the above strategies, the efficiency improvement by
strengthening the interplay between the photofunctional molecules and light should also

be attempted as a useful complementary approach. The optical interplay between the
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strong local electromagnetic fields generated by the excitation of localized surface

22-24

plasmon (LSP) resonance of noble metal nanoparticles and photofunctional

molecules has led to a considerable enhance ment of the photocurrent through a

2732 and  downconverted

photoinduced intermolecular electron transfer reaction
fluorescence generated by the relaxation from the singlet excited state.***! The
photocurrent enhancement originates from the enhancement of the photoexcitation
efficiency of a dye molecule by the light-harvesting nanoantenna effect of plasmonic
metal nanoparticles. The fluorescence enhancement can be explained mainly by the
acceleration of the radiative decay rate from the excited state by plasmon—exciton
coupling as well as the photoexcitation enhancement. Recently, the emission generated
via the TTA-UC phenomenon was successfully enhanced by the effect of the LSP
resonance of noble metal nanoparticles.** ¢ Although the enhancement of the
photoexcitation efficiency of sensitizer is expected to enhance the emission,*’ the
mechanism for the enhancement in the case of the TTA-UC systems is still unclear. The
effect of LSP resonance on TTA-UC can be quite complex because TTA-UC includes
complicated multiple photoinduced processes. In this study, we found that the LSP
resonance has a beneficial enhancement and a harmful quenching effects strongly
depending on the generating wavelength in solidstate TTA-UC systems. It was
experimentally evaluated that while the photoexcitation enhancement of the sensitizer as
well as the acceleration in the radiative decay process of the emitter leads to a beneficial
enhancement of the TTA-UC emission, a significant decrease in the emission is induced
by suppressing the TTET process as a result of the competition with the LSPinduced
energy transfer to the plasmonic metal nanoparticles. We suggest that the results obtained
in this study provide important guidelines for the tuning of the optical interplay between
LSP resonance and photofunctional molecules toward the design of highly efficient
plasmonic TTA-UC systems. Furthermore, we succeeded in significantly decreasing the
threshold excitation intensity (In; the useful figure of merit of TTA-UC emission) by 93%
with the light-harvesting nanoantenna effect of LSP resonance, indicating that the LSP
resonance is capable of achieving a highly efficient TTA-UC in a solid-state matrix by

the irradiation of weaker noncoherent excitation light.
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2-2. Experimental Section
Materials.

Milli-Q-grade water was used to prepare all aqueous solutions. Sodium tetrahydroborate
(NaBH4, Wako Pure Chemical Industries), trisodium citrate dihydrate (Kanto Chemical
Co.), silver nitrate (AgNO3, Wako Pure Chemical Industries), sodium hydroxide (NaOH,
Kanto Chemical Co), PEI (MW = 50000—100000), Sigma-Aldrich), ammonium solution
(NHs, 28%, Kanto Chemical Co.), hydrogen peroxide solution (H20., 30%, Kanto
Chemical Co.), Pd-TPTBP (Funakoshi Co.), BPEA (Tokyo Chemical Industry),
N,Ndimethylformamide (DMF, 99.5%, Wako Pure Chemical Industries), ethanol (99.5%,
Kishida Chemical Co.), ODT (Wako), and poly(vinyl alcohol) (PVA, MW: 31000—50000,

Sigma-Aldrich) were used as received.
Synthesis of AgPRs with Different Aspect Ratios.

The AgPRs with 2.7, 4.4, and 6.7 of aspect ratios were synthesized by modified
photochemical growth methods (the 10 nm thick AgPRs were measured by our previous
report).%>0734 First, a colloidal aqueous solution of seeds of Ag nanospheres with a mean
diameter of 11 nm was prepared by our reported procedure.’® Typically, an aqueous
solution of AgNO3 (1 mM, 100 mL) was added to an aqueous solution (100 mL)
containing 0.2 mM of NaBH4 and 5 mM of trisodium citrate under cooling in an ice bath
and then stirring for 1 h. Next, the pH of the obtained colloidal silver solution was
adjusted to 11.2 by the addition of an aqueous solution 0of 0.2 M NaOH. This was followed
by irradiation of the colloidal solution for about 16 h by light-emitting diodes with center
wavelengths 0f 470 and 550 nm, which resulted in the formation of SAgPRs (edge length:
27 £ 5 nm) and MAgPRs (edge length: 44 + 5 nm), respectively. The LAgPRs (edge
length: 67 = 10 nm) were synthesized by the sequential irradiation of light-emitting diode
to the pH-adjusted silver colloidal solution with 470, 550, and 600 nm for 1.5, 0.5, and
15 h, respectively.

Fabrication of Hybrids of AgPRs and TTA-UC Films.

The fabrication scheme of the hybrids consisting of the AgPRs and the thin films of the
TTA-UC systems is shown in Scheme 1. Typically, a glass plate (20 mm % 15 mm) was
treated in a mixture of NH3 aq. (28%)/H20: aq. (30%; 1/1 v/v) at 100 °C, followed by
washing with water. The plate was immersed in an aqueous solution of PEI (4.0 mg
mL—1) for 10 min and washed with water to positively charge the surface. Next, the plate
was immersed in a colloidal solution of negatively charged AgPRs protected with citric
acid for an arbitrary time, followed by washing with water to immobilize the AgPRs on

the surface of the glass plate through the electrostatic interaction. Next, the AgPRs-
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immobilized plate was immersed in an ethanol solution of ODT (1 mM) for 12 h,
producing the SAMs of the ODT on the AgPRs. The hybrids of the AgPRs and the TTA-
UC systems were prepared by spin-coating (3000 rpm for 20 s) a DMF solution
containing EO-EPI (21 mg), Pd-TBTBP (10 uM), and BPEA (200 uM). Finally, an
aqueous solution of PVA (5%, 50 uL) was cast onto the surface of the hybrid thin films
and then dried under vacuum. The hybrids were covered with PVA thin films having a
low oxygen permeability to suppress the quenching effect of the oxygen because the

triplet excited state of the sensitizer can be quenched by the presence of oxygen.
Measurements.

Extinction and absorption spectra were measured by a JASCO V-630 spectrophotometer.
Fluorescence and phosphorescence spectra were measured by a JASCO FP6500 and FP-
8600, respectively. The SEM observations were performed using a HITACHI S4500 and
SU8200 microscopes. The TEM observations were performed using a Hitachi HF2000
system at an acceleration voltage of 200 kV. The AFM (tapping mode) measurements
were conducted using SPA-400 (Hitachi High-Tech Science). The fluorescence lifetime
was measured using a C11367 Quantaurus-Tau (Hamamatsu). Fluorescence quantum
yield measurements were carried out with an Absolute PL. Quantum Yield Spectrometer
(Hamamatsu, C11347—02 Quantaurus-QY). For phosphorescence lifetime measurements,
a He—Ne laser (632.8 nm) equipped with an optical chopper was used as a light source
and phosphorescence was detected with a photomultiplier after being dispersed with a
monochromator. Signals were processed with an oscilloscope and accumulated with a
computer. Electromagnetic field enhancement contours of SAgPRs, MAgPRs, and
LAgPRs were calculated by boundary element method within the QS approximation (QS-
BEM) framework with the MNPBEM 17 program on MATLAB.”® The dielectric function

1.”7 The fabrication and

of silver used was obtained from the previous report by Rakic et a
the optical measurements of all of the hybrids were performed within a day after the

synthesis of AgPRs.
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2-3. Results and Discussion

2-3-1. Design of materials
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Figure 2-1. Introduction of materials used in this study. (A) Molecular structures of (a) Pd-TPTBP and (b)
BPEA. (B) Absorption spectra of DMF solutions of (a) Pd-TPTBP and (b) BPEA, (c) fluorescence spectrum
(Aex = 400 nm) of the BPEA solution, and (d) phosphorescence spectrum (Aex = 627 nm) of Pd-TPTBP. (C)
Extinction spectra of colloidal aqueous solutions of (a) Ag nanospheres, (b) SAgPRs, (¢) MAgPRs, and (d)
LAgPRs. (D) TEM images of (a) Ag nanospheres, (b) SAgPRs, (¢) MAgPRs, and (d) LAgPRs.

In this study, palladium(II) tetraphenyltetrabenzoporphyrin (Pd-TPTBP) and 9,10-bis-
(phenylethynyl)anthracene (BPEA), which have frequently been utilized in well-
established TTA-UC systems,*®*’ were employed as a photosensitizer and an emitter,
respectively; their molecular structures and the absorption and emission spectra are
shown in Figure 2-1A and B, respectively. To investigate in detail the effect of LSP
resonance on each photoinduced process in TTA-UC, we synthesized three types of
anisotropic triangular Ag nanoprisms (AgPRs) by a photoinduced growth method whose
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LSP resonance bands overlap well with the photoexcitation and phosphorescence
wavelengths of the sensitizer and the fluorescence wavelength of the emitter,
respectively.’*>* While a colloidal aqueous solution of Ag nanospheres, which were used
as a seed for the synthesis of these AgPRs, exhibited an LSP resonance peak originating
from the dipole mode at 398 nm, each AgPR showed a defined LSP resonance peak of in-
plane dipole mode at 505, 605, and 735 nm (Figure 2-1C). The edge lengths of the AgPRs
were estimated from transmission electron microscopy (TEM) images to be 27 + 5 (small-
size AgPRs (SAgPRs)), 44 £ 5 (middle-size AgPRs (MAgPRs)), and 67 + 10 nm
(largesize AgPRs (LAgPRs)), as shown in Figure 2-1D.
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Figure 2-2. Preparation of Hybrids Consisting of the AgPRs and the TTA-UC Systems

We prepared the hybridized systems consisting of AgPRs and TTA-UC thin solid films
according to the following procedure. The AgPRs synthesized in this study had a
negatively charged surface because they were protected with citric acid. Therefore, the
AgPRs were immobilized on the surface of a glass plate (20 mm x 15 mm) via the
electrostatic adsorption process by immersing the positively charged polyethylenimine
(PEI)-modified glass plate in the colloidal aqueous solution (Step 1 in Figure 2-2). When
the distance between a fluorophore and a metal nanoparticle is too close, a large
enhancement due to the plasmonic effects would be expected, but the undesirable
quenching owing to the presence of metal cannot be ignored. Therefore, to moderately
increase the distance, self-assembled monolayers (SAMs) of octadecanethiol (ODT,
thickness: approximately 2 nm) were formed on the AgPRs on the glass plate as a
quenching suppression layer.>® Finally, a thin film (estimated thickness of 7.2 = 0.6 nm

by atomic force microscopy (AFM) measurement, Figure 2-3) of ethylene oxide-
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epichlorohydrin copolymer (EO-EPI)*® containing Pd-TPTBP and BPEA was modified
on the AgPR-immobilized glass plate by a spin-coating process (Step 2 in Figure 2-2,
denoted as TTA-UC/ AgPRs(X)/glass, X: immersion time (min) of the glass plate in the
colloidal solution of AgPRs)). In addition, a reference plate without the AgPRs was
prepared by modifying the PEImodified glass plate with the EO-EPI thin films containing
the photofunctional molecules (denoted as TTA-UC/glass).

The scratched
surface

The surface of
EO-EPI thin films

869

[nm]

104
0 [nm] 1641.074

Figure 2-3. AFM image of EO-EPI thin films containing Pd-TPTBP and BPEA.
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2-3-2. Effect on the Decay Process of emitter
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Figure 2-4. Morphological and optical properties of the TTA-UC/SAgPRs(X)/glass. (A) Extinction spectra

of the TTA-UC/SAgPRs(10, 60, and 180)/glass. Inset shows the plots of extinction intensity at 513 nm
against the immersion time in the aqueous solution of SAgPRs. The error bars indicate the standard
deviations of three measurements for each point. (B) Absorption spectra of (a) TTA-UC/glass and DMF
solutions of (b) Pd-TPTBP and (c) BPEA. (C) SEM image of the SAgPRs-immobilized glass plate for the

immersion time of (a) 10min, (b) 60 min, and (c) 180 min.

According to the radiating plasmon model, when the LSP resonance band of metal
nanoparticles spectrally overlaps with a fluorescence band of nearby fluorophore,
nonradiative energy transfer is induced from the fluorophore to the LSP, which in turn,
radiates the emission whose spectral shape is the same as that of the fluorophore. 368
We first investigated the change in the intensity of TTA-UC emission by inserting the
SAgPRs whose LSP resonance band overlapped well with the fluorescence wavelength
of BPEA into the TTA-UC system. The extinction spectra of TTA-UC/SAgPRs(10, 60,
and 180)/glass are shown in Figure 2-4(A). For all of the substrates, the LSP resonance
peak that originated from the in-plane dipole mode of an SAgPR was observed at 513 nm.
As the immersion time increased, the extinction intensity of the LSP resonance linearly
increased from 0.024 (10 min) to 0.105 (180 min), which corresponds to a linear increase
in the coverage of SAgPRs (inset of Figure 2-2(A)). Note that an extinction band
originating from the coupling of LSP resonance between the adjacent SAgPRs was not
observed, suggesting that the immobilized SAgPRs were well-dispersed on the glass
surface without any SAgPR aggregation. In addition, in the extinction spectra shown in
Figure 2-2(A), the absorption peaks attributed to the photoexcitation of PATPTBP and
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BPEA were not observed because the absorbances of these absorption peaks were
significantly weaker than the extinction intensity of the LSP resonance of the SAgPRs
(Figure 2-4(B)). Figure 2-4(B) shows an absorption spectrum of TTA-UC/glass along
with those of DMF solutions of Pd-TPTBP and BPEA. A weak absorption peak at 627
nm and a weak absorption band at 400-500 nm, which corresponds to the Q-band of Pd-
TPTBP and the overlapped band consisting of the Soret band of Pd-TPTBP and the
absorption peaks of BPEA, were observed. These results suggest that the EO-EPI thin
films including PATPTBP and BPEA were modified on the glass plate. The scanning
electron microscopy (SEM) image of the SAgPRs-immobilized glass plate prepared with
an immersion time of 10 min, 60 min, and 180 min are shown in Figure 2-2(C), which
confirmed that the SAgPRs were well-dispersed with a low coverage of 5.5 %, 9.2 %, and
14.9%.
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Figure 2-5. (A) Upconverted emission spectra from the TTA-UC/MAgPRs(0, 10, 120, and 180)/glass (Aex:
627 nm, immersion time of 0 min corresponds to a reference substrate: TTA-UC/glass). Inset shows the
dependence of the extinction intensity of LSP resonance band at 627 nm on enhancement factors of the
upconverted emission intensity. (B) Enhancement mechanism of the upconverted emission in the TTA-
UC/MAgPRs(X)/glass. (C) Electromagnetic field intensity of the MAgPRs at 480 and 627 nm calculated
using BEM.

The emission spectra from TTA-UC/SAgPRs(X)/glass through the TTA-UC process (Aex
= 627 nm) are shown in Figure 2-5(A). The intensity of upconverted emission observed
at 460—530 nm from all of the TTA-UC/SAgPRs(X)/glass was stronger than that from the
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TTA-UC/glass. Furthermore, the emission intensity gradually increased with increase in
the extinction intensity and tended to saturate after an immersion time of 180 min as
shown in the inset in Figure 2-5(A). The maximum enhancement factor, which is based
on the comparison with the TTA-UC/glass, was consequently estimated to be 3.7 times
as a reserved value. It is reasonable that an increase in the radiative decay rate from the
photoexcited state of the emitter was a dominant mechanism in the enhancement in the
TTA-UC emission (Figure 2-5B) because the LSP resonance band of the SAgPRs
overlapped well with the fluorescence wavelengths of BPEA (460—530 nm) but not well
with the photoexcitation wavelengths of PATPTBP (Figure 2-4(A)). To further clarify this
enhancement mechanism, we calculated the intensity of local electromagnetic fields
generated at around the SAgPRs using a boundary element method. As shown in Figure
2-5(C), the calculated maximum field intensity (|Emax/Eof> =
wavelength of BPEA (480 nm) was stronger than that at 627 nm (|Emax/Eo|* = 87), the
excitation wavelength of Pd-TPTBP.
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Figure 2-6. Fluorescence lifetime of the directly-excited BPEA in the TTA-UC/SAgPRs(10, 60, and

180)/glass and TTA-UC/glass (Aex = 405 nm).

The radiative rate increase is also supported by the fluorescence lifetimes by the direct
photoexcitation of BPEA (hex = 405 nm) in the TTA-UC/SAgPRs(10, 60, and 180)/ glass
(Figure 2-6). The LSP-modified fluorescence lifetime (zzspm0) of BPEA is given by eq 1.

1

T = 1
LSP,fluo kafiuot karLspt Kanr M

where k4 fuo, karsp, and k4, are unmodified radiative decay rate, LSP-induced radiative
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decay rate, and nonradiative decay rate, respectively, of the acceptor (A) molecule (i.e.,
BPEA, Figure 2-5(B)). Two possibilities may be invoked for the lifetime to be shortened.
One is the increase of the LSP-induced radiative decay rate (k4 rsp) with the increase of
the coverage of SAgPRs. The other possibility is that ka . gets larger as the coverage of
SAgPRs gets larger due to the quenching effect of the metal. The former mechanism
should dominate over the latter, because the fluorescence quantum yield (¢zspsuo, €q 2)
also increased with the increasing coverage of SAgPRs (Figure 2-4(A) and Figure 2-5(A)).

ka fluo + kaLsp

2)

T =
LSPJIUO ™ ks fruo+ kaLsp+ Kanr

One might argue that the more than 3-fold increase in fluorescence intensity cannot be
explained by the increase in the fluorescence quantum yield of BPEA, which is already
as high as 80—100% in the absence of the LSP resonance effect.’**® However, these high
values of fluorescence quantum yields are those in solution. We measured the
fluorescence quantum yield of BPEA enclosed in the EO-EPI film using an absolute
quantum yield spectrometer, which gave a value of approximately 7% with the excitation
wavelength range between 400 and 470 nm. Thus, the enhancement of TTA-UC emission
observed in this study can be explained by an increase in the decay rate induced by the
LSP resonance of SAgPRs whose wavelength range is overlapped well with the

fluorescence wavelength of BPEA.
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2-3-3. Effect on Photoexcitation Process of sensitizer
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Figure 2-7. Morphological and optical properties of the TTA-UC/MAgPRs(X)/glass. (A) Extinction spectra
of the TTA-UC/MAgPRs(10, 120, and 180)/glass. Inset shows the plots of extinction intensity at 635 nm
upon the immersion time into the aqueous solution of MAgPRs. (B) SEM images of the MAgPRs-

immobilized glass plate for the immersion time of (a) 10 min, (b) 60 min, and (c) 180 min.

Plasmonic nanoparticles, which function as a strong light-harvesting nanoantenna, lead
to the enhancement in the efficiency of the photoexcitation process of nearby dye
molecules.”**? Considering the mechanism in the TTA-UC system, enhancing the
photoexcitation efficiency of the sensitizer is promising for not only the enhancement of
the upconverted emission but also the reduction of the I, which is a well-known figure-
of-merit of TTA-UC (vide infra). We next clarify this enhancement phenomenon by
utilizing the MAgPRs as a plasmonic nanoparticle, because the LSP resonance band from
the MAgPRs effectively overlaps with the photoexcitation wavelength (Q-band) of Pd-
TPTBP. The MAgPRs-immobilized glass plates were prepared according to the process
described in Step 1 in Figure 2-2 (TTA-UC/ MAgPRs(X)/glass, X: 10, 120, and 180 min).
The LSP resonance band of the in-plane dipole mode of the MAgPRs was observed
around 635 nm, which is longer than that of SAgPRs, and the extinction intensity linearly
increased as the immersion time increased (Figure 2-7(A)). Up to the immersion time of
180 min, the coupling mode of LSP resonance by closely deposited MAgPRs was not
observed. This was also confirmed from the SEM image (Figure 2-7(B)) that the MAgPRs
were well dispersed on the glass plate for the immersion time of 10 min, 60 min, 180 min
(coverage: 4.2 %, 9.1 %, and 13.7%).
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Figure 2-8. (A) Upconverted emission spectra from the TTA-UC/MAgPRs(0, 10, 120, and 180)/glass (Aex:
627 nm, immersion time of 0 min corresponds to a reference substrate: TTA-UC/glass). Inset shows the
dependence of the extinction intensity of LSP resonance band at 627 nm on enhancement factors of the
upconverted emission intensity. (B) Enhancement mechanism of the upconverted emission in the TTA-
UC/MAgPRs(X)/glass. (C) Electromagnetic field intensity of the MAgPRs at 480 and 627 nm calculated
using BEM.

Figure 2-8(A) shows the TTA-UC emission spectra obtained from the TTA-
UC/MAgPRs(X)/glass and the TTA-UC/glass (Aex = 627 nm). The upconverted emission
gradually increased with growing the LSP resonance band of the MAgPRs and finally
achieved an enhancement factor of 8.0 from the TTAUC/MAgPRs(180)/glass. The
contribution of enhancement of photoexcitation efficiency to the upconverted emission
enhancement must be large (Figure 2-8(B)) because of the effective overlap between the
main LSP resonance band (inplane dipole mode, center wavelength: ca. 635 nm) of the
MAgPRs and the Q-band wavelength of Pd-TPTBP, as shown in Figure 2-7(A). Although
the in-plane quadrupole mode also overlaps with the 480 nm fluorescence wavelength of
BPEA, the extinction of this mode is quite low. We calculated the distribution of local
electromagnetic fields generated at the MAgPRs at the respective wavelengths. The
maximum local electromagnetic field intensity (|Ema/Eo*> = 5015) at 627 nm
photoexcitation wavelength of Pd-TPTBP was significantly stronger than that (|Emax/Eo|*
= 123) at the 480 nm fluorescence wavelength of BPEA (Figure 2-8(C)). These results
show that the large enhancement of TTA-UC was mainly attributed to the plasmonic
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nanoantenna-induced enhancement of photoexcitation of Pd-TPTBP.

2-3-4. Effect of LSP Resonance on Low Upconversion Excitation Intensity
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Figure 2-9. TTA-UC emission intensities observed for the (a) TTAUC/glass and (b) TTA-
UC/MAgPRs(180)/glass as a function of the power density of 642 nm excitation. The dashed lines are the
fitting results with slopes of (a) 1.27 and 1.78 and (b) 1.17 and 2.00, and Ith was determined as (a) 3500

and (b) 240 mW/cm? from the crossing point of these two lines.

The incident power dependence of TTA-UC emission intensity exhibits a dual behavior:
a quadratic dependence at low excitation powers and a linear dependence at high
excitation powers. While the linear property indicates that the triplet excited state of
emitter relaxed preferentially through the TTA process, the quadratic behavior indicates
that spontaneous relaxation of triplet excited state emitter dominates. The incident power
beyond which the TTA was the dominant mechanism (Iw), is a critical figure of merit
determining the performance of TTA-UC systems.®’®* The enhancement of the
photoexcitation efficiency of the sensitizer through the light-harvesting nanoantenna
effect of LSP resonance is expected to lead to a beneficial decrease of In. To verify this
hypothesis, the I of the TTA-UC/ MAgPRs(180)/glass using a 642 nm CW laser as an
excitation source was measured (Figure 2-9). Consequently, the In of TTA-
UC/MAgPRs(180)/glass (240 mW/cm? ) significantly decreased by 93% as compared
with that of TTA-UC/glass (3500 mW/cm? ). These results strongly suggest that the

enhancement in the photoexcitation efficiency of a sensitizer by the LSP-based light
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harvesting nanoantenna is beneficial for the development of practical solid-based TTA-

UC systems.
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2-3-5. Effect on Decay Process of Sensitizer
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Figure 2-10. Morphological and optical properties of the TTA-UC/ SAgPRs/glass. (A) Extinction spectra
of the TTA-UC/SAgPRs(180, 720, and 1440)/glass. (B) SEM image of the SAgPRs-immobilized glass
plate for the immersion time of 1440 min. (C) Upconverted emission spectra from the TTA-
UC/SAgPRs(180, 720, and 1440)/ glass (Aex: 627 nm, immersion time of 0 min corresponds to a reference
substrate: TTA-UC/glass). Inset shows the dependence of the extinction intensity of LSP resonance band at

627 nm on enhancement factors of the upconverted emission intensity.

Another important result obtained from the upconverted emission behavior by inserting
the SAgPRs and the MAgPRs into a TTA-UC system is that, despite the linear growth of
the LSP resonance band with an increasing immersion time of the colloidal solution of
S(M)AgPRs, the increase in the emission intensity gradually slowed down and the
intensity tended to saturate at an immersion time of 180 min (Figures 2-5(A) and 2-8(A)).
To further investigate the phenomenon, we evaluated the change in the upconverted
emission intensity by further prolonging the immersion time in the colloidal solution of
SAgPRs. Figure 2-10(A) shows the extinction spectra of the TTAUC/SAgPRs(180, 720,
and 1440)/glass. The LSP resonance bands of both TTA-UC/SAgPRs(720 and
1440)/glass broadened and the extinction maximum wavelengths redshifted as compared
with that of the TTA-UC/SAgPRs(/80)/ glass (maximum wavelength of each immersion
time: 180 min, 505 nm; 720 min, 542 nm; and 1440 min, 560 nm). These spectral changes
in the LSP resonance band are derived from the coupling of LSP resonance based on the

dipole—dipole interaction owing to an increase in the coverage of SAgPRs as supported
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by the SEM images with estimated coverages to 34.5 % and 43.5% for the immersion
time of 720 min and 1440 min (Figure 2-10(B). Note that the intensity of upconverted
emissions were significantly lower than that of the TTA-UC/ SAgPRs(180)/glass, as
shown in Figure 2-10(C), even though the extinction intensities of LSP resonance at both
the emission wavelength of BPEA and the photoexcitation wavelength of Pd-TPTBP
increased as compared with the TTA-UC/ SAgPRs(180)/glass. These results suggest that
the effects of LSP resonance on the emission behavior of a TTA-UC system include
beneficial enhancement and harmful quenching. We focused on the spectral overlap
between the LSP resonance bands of TTA-UC/SAgPRs(720 and 1440)/glass, which were
red-shifted by the LSP coupling, as shown in Figure 2-10A, and the phosphorescence
wavelength (ca. 800 nm) of Pd-TPTBP. In the presence of plasmonic metal nanoparticles,
energy transfer from the sensitizer to the plasmonic metal nanoparticles can be induced,
even at a separation distance greater than 10 nm between them through LSP induced
mechanisms including fluorescence resonance energy transfer, nanometal surface energy
transfer, and plasmon-enhanced fluorescence energy transfer.®*%® Since the average
thickness of TTA-UC thin films was measured as 7.2 nm, there is a high possibility that
the TTET and the energy transfer to metal nanoparticles would compete in the
deactivation process of the triplet excited sensitizer in the films. Consequently, by
overlapping the LSP band with the phosphorescence wavelength of the sensitizer, the
appearance of a new pathway of energy transfer to the LSP of metal nanoparticles, kp,rsp,
should effectively suppress the TTET efficiency, thereby resulting in a decrease in the

upconverted emission intensity, as shown in Figure 2-11(A) and eqs 3 and 4. 7%

kprTET

€)

() =
O, TTET
kpphost Kpnr+ KprTET

kprTET

(4)

() =
LSP,TTET
kpphost Kpnr+ KprTET + KD LSP

where ¢or1eT and ¢rsprrer indicate the TTET efficiency to the emitter in the absence and
presence of plasmonic metal nanoparticles, respectively. The rate constants, kp,r7e7, kp,phos,
kpnr, and kprsp, respectively, denote rate constants of TTET decay, phosphorescence
radiative decay, nonradiative decay, and energy transfer to the metal nanoparticles from

the triplet excited sensitizer (donor, D).

47



(A)

Suppression of
TTET

(
{ Triplet excited sensitizer ‘B) Emission band Absorption peak | Phosphorescence
i i OfBPEA | of PA-TPTBP |peak of Pd-TPTBP
LSP-induced /
energy transfer

7
Kot Kpghes Korse i

0+ . -
350 450 550 650 750 B850 950
Wavelength / nm

& (@)

; ie § o i
Figure 2-11. Morphological and optical properties of the TTA-UC/LAgPRs/glass. (A) Suggested quenching
mechanism of upconverted emission by the presence of plasmonic metal nanoparticles. (B) Extinction
spectra of the TTA-UC/LAgPRs(10, 60, and 120)/glass. Inset shows the plots of extinction intensity at 794
nm upon the immersion time into the aqueous solution of LAgPRs. (C) SEM images of the LAgPRs-

immobilized glass plate for the immersion times of 10 min, 60 min, and 120 min.

To verify this hypothesis, we developed hybrids consisting of TTA-UC thin films and
AgPRs with a larger aspect ratio (LAgPRs) that exhibit a main LSP resonance band at
wavelengths of Pd-TPTBP phosphorescence (denoted as TTA-UC/LAgPRs(X)/glass, X:
10, 60, and 120 min). From the extinction spectra of TTA-UC/LAgPRs(X)/glass shown
in Figure 2-11(B), it was confirmed that a strong extinction peak of inplane dipole
resonance at 830 nm with a weak shoulder around 630 nm grew by increasing the
immersion time into the colloidal solution of LAgPRs. The well-dispersed LAgPRs on a
glass plate were observed from the SEM images of TTA-UC/LAgPRs(10, 60, 120)/glass
(coverage: 8.2 %, 14.2 %, and 23.7%, Figure 2-11(C)).
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Figure 2-12. (A) Upconverted emission spectra from the TTA-UC/LAgPRs(0, 10, 60, and 120)/glass (Aex:
627 nm, immersion time of 0 min corresponds to a reference substrate: TTA-UC/glass). Inset shows the
dependence of the extinction intensity of LSP resonance band at 794 nm on enhancement factors of the
upconverted emission intensity. (B) Phosphorescence spectra from the TTA-UC/ LAgPRs(0, 10, 60, and
120)/glass (hex: 627 nm). Inset shows the dependence of the extinction intensity of LSP resonance band at
794 nm on phosphorescence intensity. (C) Electromagnetic field intensity of the LAgPRs at 627 and 794
nm calculated using BEM. (D) Phospherescence lifetime of the excited Pd-TPTBP in the TTA-
UC/LAgPRs(0, 10, 60, and 120)/glass (Aex: 633 nm).

Note that the upconverted emission intensity gradually decreased as the LSP resonance
band of LAgPRs grew, and the intensity of the TTA-UC/LAgPRs(120)/glass decreased
by 85% compared with that of the TTA-UC/glass (Figure 2-12(A)). If the decrease in
upconverted emission is induced by the efficient energy transfer from the triplet excited
state of the sensitizer to the LSP of LAgPRs (kD,LSP), a decrease in the phosphorescence
lifetime as well as an increase in the phosphorescence intensity (generation of plasmon-
coupled phosphorescence)’®®-"" are induced by the addition of a new radiative decay
pathway (eqs 5 and 6 and Figure 2-11(A)).

1
D = (5)
0,Ph
0s kpphost kKpnr+ kKpTTET

1

D,phOS D,n'l D,] TET D,LSP
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The phosphorescence spectra of TTA-UC/LAgPRs(X)/glass (Aex = 627 nm) are shown in
Figure 2-12(B). The phosphorescence intensities around 794 nm from all of the TTA-UC/
LAgPRs(10, 60, and 120)/glass were higher than that from the TTA-UC/glass, and the
intensity gradually increased as the immersion time in the LAgPRs solution increased.
From the calculation results of electromagnetic fields of LAgPRs, the maximum field
intensity at 794 nm, corresponding to the phosphorescence wavelength of PA-TPTBP, was
significantly stronger than that at 627 nm, corresponding to the photoexcitation
wavelength of Pd-TPTBP (Figure 2-12(C)). In addition, all of the average
phosphorescence lifetimes of TTAUC/LAgPRs(X)/glass (Aex = 633 nm) were
significantly shorter than that of TTA-UC/glass (see Figure 2-12(D): TTA-UC/glass, 100
us; TTA-UC/LAgPRs(10)/glass, 60 ps; TTAUC/LAgPRs(60)/glass, 55 ps; and TTA-
UC/LAgPRs(120)/ glass, 55 ps). These results strongly suggest that the energy transfer
from the triplet-excited state of the sensitizer to the LAgPRs through the LSP resonance
excitation largely contributed to the suppression of the generation of upconverted

emission (Figure 2-11(A)).
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2-3-6. Summary of the Beneficial and Detrimental Effects of LSP Resonance
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Figure 2-13. Summary of the relations between the spectral overlap of various sizes of AgPRs, TTA-UC

systems, and the upconverted emission intensities.

For the fluorescence enhancement phenomenon of single downconverted fluorophores,

it is recognized that the effective overlap between the LSP resonance band and both

wavelengths of photoexcitation and fluorescence of fluorophore is important.”!”"?

Therefore, the wider the line width of the LSP resonance band, the more effective the

spectral overlap becomes.
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utilizing metal nanostructures that exhibit broad LSP resonance bands including large-
size Au nanostars,’' Au nanorods,’? and Au bowtie nanoantennas.”® On the contrary, we
demonstrated in this study that a more precise tuning of the generation wavelength of LSP
resonance band is required for the efficient enhancement of TTA-UC emission. Figure 2-
13 summarizes the relations between the spectral overlap of various sizes of AgPRs, TTA-
UC systems, and the upconverted emission intensities. In the hybrids of TTA-UC systems
and SAgPRs exhibiting a main LSP resonance band at 513 nm, the upconverted emission
enhanced up to 3.7% (Figure 2-13(B)) through the increase in the radiative decay rate by
the effective spectral overlap between the LSP resonance band and the fluorescence
wavelengths of BPEA (460—530 nm). Also, the upconverted emission enhanced up to
8.0x by the effective spectral overlap between the LSP resonance band of MAgPRs with
a center wavelength of 635 nm and the photoexcitation wavelength (627 nm) of sensitizer,
Pd-TPTBP (Figure 2-13(D)). This is explained by the strong light-harvesting nanoantenna
effect of MAgPRs. On the other hand, the upconverted emission rather decreased as a
result of generating the coupling modes between the LSP resonance of SAgPRs at the
wavelengths where the phosphorescence of Pd-TPTBP occurs (ca. 800 nm, Figure 2-
13(C)). A similar phenomenon was also observed in the hybrids of the TTA-UC systems
and the LAgPRs having a LSP resonance band (830 nm) at the region of Pd-TPTBP
phosphorescence, as shown in Figure 2-13(E). The effective overlap with the Pd-TPTBP
phosphorescence band leads to the generation of a new pathway of energy transfer from
the triplet excited state of Pd-TPTBP to the LSP and, consequently, the TTET is
effectively suppressed. The anisotropic silver nanoparticles that generate a relatively
sharp LSP resonance band, of which the generating wavelength can be tuned, are
considered to be suitable for the efficient enhancement of TTA-UC emission. In addition,
for the effective fluorescence enhancement of single fluorophores, the utilization of hot
spots generated at an interstitial region between metal nanoparticle dimers is useful
because of the generation of extremely strong local electromagnetic fields.”*”> However,
these nanostructures may not be suitable for the enhancement of TTA-UC emission
because the hot spots are accompanied by a LSP resonance band drastically broadened

over a wide wavelength region.
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2-4. Conclusion

In this study, we have experimentally demonstrated that, depending on the resonance
wavelength, the LSP resonance of anisotropic silver nanoparticles can induce both the
enhancement and the quenching of TTA-UC emission. Precise control of the LSP
resonance wavelength is required: the resonance band should be spectrally overlapped
with the photoexcitation of the sensitizer and the fluorescence of the emitter and should
not be overlapped with the phosphorescence of the sensitizer. We are currently developing
metal nanostructures that fulfill the requirements as well as generate strong local
electromagnetic fields for the significant enhancement of TTA-UC emission. Furthermore,
we experimentally demonstrated that the photoexcitation enhancement contributes
significantly to the reduction of threshold light excitation intensity. Ideally, the threshold
light excitation intensity should be reduced below the intensity of solar irradiance, which
is a great challenge in solid matrices. We conclude from this study that the plasmonic
light-harvesting nanoantenna effect, combined with high-mobility excitons or a matrix
having a lower glass transition temperature, is very promising for the achievement of
TTA-UC-based high performance optical devices.
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Chapter 3
Improvement of Upconverted Emission Efficiency
by  Optimization of Plasmon-Interacting

Sensitizers
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3-0. Abstract

In order to improve the quantum yield of TTA-UC, the use of a strong electric field from
LSP resonance has attracted attention. In previous study, we found that the optical interplay
between the strong local electric fields from the LSP resonance and the photofunctional molecules
used in the TTA-UC systems leads to multiple effects including not only beneficial enhancement
effects but also harmful quenching effect: the former corresponds to the photoexcitation
enhancement of sensitizer and the acceleration of radiative decay rate from the singlet excited
emitter and the latter is the suppression of TTET by accelerating the radiative decay rate from the
triplet excited sensitizer. In this study, we focus on the optimal selection of sensitizer for
extracting the enhancement effects. Surprisingly, the quenching effect was significantly
suppressed by changing the metal centre of phosphorescent porphyrin sensitizer, which governs
the spin-orbital coupling intensity, from Pd to Pt. Namely, a radiative decay rate from the
phosphorescence from Pt porphyrin of which the spin-orbital coupling constant is larger than the
Pd porphyrin was difficult to be accelerated by the LSP resonance, resulting in the improvement
of TTET suppression. The results obtained in this study provide the resolution of nature for the
interaction of LSP resonance with the spin-flip transition-allowed metal complexes as well as the

guideline for the significant plasmonic enhancement of TTA-UC systems.
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3-1. Introduction

The development of solar energy-based optoelectronic devices including photocatalysts
and solar cells are one of the promising strategies for realizing a sustainable society.
However, the efficient utilization of solar light by these devices has rarely been achieved
because the driving wavelengths are limited by the band gap energy of the photoactive
materials for securing the high redox potentials and the high photovoltages.'* Recently,
a photon upconversion techniques of which two photons with a low energy are converted
into one photon with a high energy have been proposed as a useful method to overcome
the bandgap limit because the photoactive materials having a wide bandgap may get a
chance to be efficiently photoexcited by the low energy photons.>” In recent years, the
upconversion system based on a triplet-triplet annihilation (TTA) phenomenon utilizing
two photofunctional molecules, a sensitizer and an emitter, has a significant attention
because it can be driven even by the irradiation with low-intensity incoherent light such
as sunlight.®1? The upconverted emission using TTA can be achieved as follows: (i) a
light absorption producing an excited singlet state of the sensitizer, ( i) an intersystem
crossing (ISC) from the singlet excited state to the triplet excited state of the sensitizer,
(1ii) a triplet-triplet energy transfer (TTET) from the triplet excited sensitizer to emitter,
producing the excited triplet state of the emitter, (iv) a TTA process between two emitters
with triplet excited state, producing one excited singlet state of the emitter, and finally,
( v) the radiation of emission of which the energy is larger than the absorbed energy in (i)
from the excited singlet state of the emitter. The TTET and TTA efficiencies strongly
depend on the collision probability between the triplet excited sensitizer and emitter and
two triplet excited emitters, respectively because these processes are based on Dexter
energy transfer, which is induced only when the molecules are well-approach each other.
Several recent studies have achieved high emission quantum yields of TTA-UC over 30%
in a liquid phase in which the molecular diffusion rate is sufficiently high.!!"'* On the
other hand, for applying of the TTA-UC systems to the solar devices, the development of
TTA-UC systems with a high quantum yield in a solid phase is required for the reduction
of environmental loading, acquisition of environmental tolerance, and weight reduction.
However, in the solid phase system, both TTET and TTA efficiencies are suffered from
being decreased owing to the limitation of the molecular diffusion rate. To solve this
problem, in addition to the utilization of high exciton mobility instead of the molecular
diffusion'#'¢ as well as the use of matrix polymer with a low glass transition temperature

for improving the molecular diffusion rate,'’*!

recently, the improvement of the
upconverted emission from solid-state-based TTA-UC systems has been successful by

inserting metal nanoparticles, which can generate localized surface plasmon (LSP)
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resonance, into the systems (i.e. plasmonic TTA-UC systems).?**® Although the whole
improvement mechanism(s) has been rarely discussed until now, we recently found that
the optical interplay between the strong local electric fields from the LSP resonance and
the photofunctional molecules used in the TTA-UC systems leads to multiple effects
including not only beneficial enhancement effects but also harmful quenching effect: the
former corresponds to the photoexcitation enhancement of sensitizer and the acceleration
of radiative decay rate from the singlet excited emitter (i.e., Purcell effect) and the latter
is the suppression of TTET by accelerating the radiative decay rate from the triplet excited
sensitizer.?” If the harmful effect is avoided, a plasmonic TTA-UC system with a further
improved performance will be achieved. We succeeded in decreasing the TTET
suppression by avoiding the interaction between the LSP resonance and the triplet excited
sensitizer by a precise tuning technique of LSP resonance wavelength, which can make
no allowance for generating the resonance band at the phosphorescence wavelength of
sensitizer. However, the complete avoiding may still be challenging because the
conventional LSP resonance including a radiative damping (i.e., a bright mode) usually
has a largely-broadened extinction band.?®?° In this study, we focus on the optimal
selection of sensitizer to benefit from only the enhancement effects in the plasmonic TTA-
UC systems. Surprisingly, the harmful quenching effect was significantly suppressed by
changing the metal centre of phosphorescent porphyrin sensitizer, which governs the
spin-orbital coupling intensity, from Pd to Pt. The origin was suggested to be attributed
to the unique and systematic change in the optical interaction between the LSP resonance
and the phosphorescent metal complexes with the change in the intrinsic spin-orbital
coupling constant. Namely, a radiative decay rate from the phosphorescence from Pt
octaethylporphyrin of which the spin-orbital coupling constant is larger than that of Pd
octaethylporphyrin was difficult to be accelerated by the LSP resonance, resulting in the
improvement of TTET suppression. The results obtained in this study provide the
resolution of nature for the interaction of LSP resonance with the spin-flip transition-
allowed metal complexes as well as the guideline for the significant plasmonic

enhancement of TTA-UC systems.
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3-2. Experimental section
Materials

Milli-Q-grade water (resistivity: 18.2 MQ cm) was used to prepare all aqueous solutions.
Toluene was purchased from Kishida Chemical (Japan). Sodium tetrahydroborate
(NaBH4), silver nitrate (AgNOs3), PEI (MW: ~10000), and N,Ndimethylformamide
(DMF, 99.5%) from Fujifilm Wako Pure Chemical (Japan). Trisodium citrate dihydrate,
sodium hydroxide (NaOH), and hydrogen peroxide solution (H>0O2, 30%) were purchased
from Kanto Chemical (Japan). PSS (MW: ~70,000), PdOEP, PtOEP, Ru(bpy);, and
Ir(BT)2(acac) were purchased from Sigma-Aldrich (United States). DPA was purchased
from Tokyo Chemical Industry (Japan). Modified polyvinyl alcohol (Exceval) was

purchased from Kuraray (Japan). All chemicals were used without further purification.
Measurements

Extinction and absorption spectra were measured by a JASCO V-770 spectrophotometer.
Fluorescence and phosphorescence spectra were measured by a JASCO FP-8600. The
SEM observations were performed using a HITACHI S4500 microscopes. The TEM
observations were performed using a Hitachi HF2000 system at an acceleration voltage
of 200 kV. The AFM (tapping mode) measurements were conducted using SPA-400
(Hitachi High-Tech Science). Electromagnetic field enhancement contours of the SAgPR
and LAgPR were calculated by boundary element method within the QS approximation
(QS-BEM) framework with the MNPBEM17 program on MATLAB.?° The dielectric
function of silver used was obtained from the previous report by Rakic et al! The
fabrication and the optical measurements of all of the hybrids were performed within a

few days after the synthesis of AgPRs.
Synthesis of AgPRs with Different Aspect Ratios.

The AgPRs with 2.7 and 4.1 of aspect ratio were synthesized by a modified
photochemical growth methods described previously (From our previous report, the
thickness of AgPRs was 10 nm).*?3327 Firstly, a colloidal aqueous solution of silver
nanospheres was prepared by our reported procedure.*? An aqueous solution containing
NaBH4 (0.2 mM, 1 mL) as a reducer and trisodium citrate (5 mM, 100 mL) as a stabilizer
were added to an aqueous solution containing AgNO3; (1 mM, 100 mL) in an ice bath,
followed by stirring for 1 h to synthesize silver nanospheres. Next, the pH of the obtained
colloidal solution of silver nanospheres was adjusted to 11.2 by addition of an aqueous
solution of NaOH (0.2 M). This was followed by irradiation of the colloidal solution for
24 h by light-emitting diodes with center wavelengths of 470 and 525 nm, resulting the
formation of SAgPRs (edge length: 27 + 5 nm) and LAgPRs (edge length: 41 + 5 nm),
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respectively.
Preparation of Hybrids of AgPRs and dye molecule films

The glass substrates (1.5 x 2.0 cm? ) were washed by a mixture solution of H>O (30 %)
and NH3 (28 %) (1/1 = v/v) at 100 °C for 1 h to clean the glass surfaces, followed by
washing with Milli-Q water. Then, the glass substrates were immersed into an aqueous
solution of positively charged PEI (4.0 mg/mL) for 1 min, followed by washing with
Milli-Q water. The obtained PEI-modified glass substrates were immersed into the
aqueous colloidal solution of AgPRs to immobilize the AgPRs onto the glass surfaces by
the electrostatic interaction (SAgPRs/glass and LAgPRs/glass) for an arbitrary time. In
order to suppress the quenching by electron transfer from photofunctional molecules to
AgPRs, polyelectrolyte multilayers consisting of positively charged PEI and negatively
charged PSS were inserted between them following an electrostatic layer-by-layer
process. First, the AgPRs/glass were immersed in an aqueous solution of PEI (0.1 wt %)
for 1 s, followed by washing with Milli-Q water for 10 s. Next, the resultant PEI-modified
AgPRs/glass were immersed into an aqueous solution of PSS (0.2 wt %) for 1 s, followed
by washing with Milli-Q water for 10 s. The hybrids of the AgPRs and the TTA-UC
systems were prepared by spin-coating (3000 rpm for 20 s) a DMF solution containing
EO-EPI (1 wt%), PAOEP (50 uM), PtOEP (50 uM), Ru(bpy); (1 mM), Ir(BT)2(acac) (1
mM), and DPA (2.5 mM). Finally, an aqueous solution of PVA (10 wt%, 50 puL) was cast
onto the surface of the hybrid thin films and then dried under vacuum. The hybrids were
covered with PVA thin films having a low oxygen permeability to suppress the quenching
effect of the oxygen because the triplet excited state of the sensitizer can be quenched by

the presence of oxygen.
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3-3. Results and Discussion
3-3-1. Preparation of Plasmonic TTA-UC Systems.

In this study, Pd and Pt complexes of which the ligand are the same as an
octaethylporphyrin (PAOEP and PtOEP) and 9,10-diphenylanthracene (DPA) were
employed as a sensitizer and an emitter, respectively (molecular structures: Figure 1 (A)).
These photofunctional molecules have conventionally been used in TTA-UC systems.*%
Their absorption and emission spectra of N, N-dimethylformamide (DMF) solutions of
PdOEP, PtOEP, and DPA are shown in Figure 1 (B), (C), and (D). The absorption spectra
of PAOEP and PtOEP solutions are similar; a strong absorption peak attributed to the
Soret band at 391 and 380 nm and relatively weak absorption peak attributed to the Q-
band at 545 and 534 nm with a shoulder at 511 and 500 nm were observed for PAOEP
and PtOEP, respectively. The emission spectrum of PAOEP solution showed a strong
phosphorescence emission band at 665 nm concomitant with a very small fluorescence
band around 550 nm because the complex has a very high ISC efficiency (®isc: ~1)*
owing to the presence of Pd(II) metal centre to exhibit a high spin-orbital coupling
constant. Meanwhile, PtOEP showed only a phosphorescence emission band at 665 nm
without any fluorescence band. This is because that the spin-orbital coupling constant of
Pt(IT) metal centre is further larger than that of Pd(II). In order to investigate in detail the
effect of LSP resonance on each photoinduced process in the TTA-UC, we used triangular
silver nanoplates (silver nanoprisms: AgPRs) as an LSP resonator because of their LSP
resonance-induced strong local electromagnetic fields and the tunability of LSP
resonance wavelengths over a wide visible region by adjusting their aspect ratio (i.e., the
ratio of edge length to thickness).>>3> We synthesized two types of AgPRs by a
photoinduced growth method.*®*” Each AgPRs showed a LSP resonance peak attributed
to in-plane dipole mode at 491 nm and 598 nm, respectively. Furthermore, the LSP
resonance band attributed to the out-of-plane dipole mode was observed around 410 nm
in both SAgPRs and LAgPRs (Figure 1 (D)). The edge lengths of the AgPRs were
estimated from transmission electron microscopy (TEM) images to be 27 + 4 nm (small-
size AgPRs (SAgPRs)) and 41 + 4 nm (large-size AgPRs (LAgPRs)), as shown in Figure
1 (E). We reported previously that the thicknesses of AgPRs, which were estimated
approximately 10 nm regardless of the edge length.*! Therefore, the larger aspect ratio
(SAgPRs: 2.7 and LAgPRs: 4.1) led to the longer wavelength of in-plane dipole resonance,

agreeing with the previous report.*’
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Figure 3-1. Optical properties of the materials used in this study (A) Molecular structures of (a) PAOEP, (b)
PtOEP, and (c) DPA. (B) Normalized absorption and emission (Aex = 390 nm) spectra of DMF solutions of
(a) PAOEP (5 uM), (b) PtOEP (5 uM). (C) Magnified fluorescence spectra of PdAOEP and PtOEP. (D)
Normalized absorption and emission (Aex = 350 nm) spectra of DMF solutions of DPA (25 uM). (E)

Extinction spectra of colloidal aqueous solutions of (a) SAgPRs and (b) LAgPRs. (E) TEM images of (a)
SAgPRs and (b) LAgPRs.

We prepared the hybridized systems consisting of AgPRs and TTA-UC thin solid films
according to the following procedure (Scheme.3-1). The negatively-charged AgPRs were
immobilized on a glass substrate via the electrostatic adsorption process by immersing a
positively-charged polyethylenimine (PEI)-modified glass substrate in the colloidal
aqueous solution (Step 1 in Scheme. 3-1). In STEP 2 in Scheme 1, first, the a couple of
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layers of positively-charged PEI and negatively-charged polystyrenesulfonate (PSS) was
inserted between AgPRs and emissive layer based on TTA-UC to suppress the strong
electron transfer quenching from the photoexcited molecules to AgPRs.** To investigate
the thickness of a PEI-PSS bilayer, the AFM measurements were carried out for the PEI-
PSS(Z)/glass substrate (Z = 10 and 15). The probe needle was scanned over the layer
surfaces scratched by a sharp tweezer. The thickness of PEI-PSS(10)/glass and of PEI-
PSS(15)/glass are estimated to be 25.1 = 0.1 nm and 41.5 £ 0.2 nm, respectively.
Therefore, the thickness of one bilayer was estimated to be ca. 2.7 nm. Second, an
emissive layer of ethylene oxide-epichlorohydrin copolymer (EO-EPI) containing
PdOEP (or PtOEP) and DPA of which the thickness was estimated to be 26.0 + 0.3 nm
by a AFM measurement (Figure 3-3)* was deposited on the AgPRs-immobilized glass
plate by a spin-coating process. Finally, a polyvinyl alcohol film with a gas barrier
property was modified on the top of the hybridized film by a dip-coating process because
it is well known that the triplet excited state of the sensitizer contained in the emissive
layer is harmfully quenched by triplet oxygen in the atmosphere (denoted as X/
AgPRs(Y)/glass, X: the combinations of TTA-UC elements (PAOEP-DPA or PtOEP-
DPA), Y: maximum extinction intensity of in-plane dipole resonance band). In addition,
a reference substrate consisting of an emissive layer without any AgPRs was prepared by
modifying the PEI/PSS-modified glass with the EO-EPI thin films containing the TTA-
UC elements (denoted as X/glass). The substrate was protected with the polyvinyl alcohol
films according to the same manner as X/AgPRs(Y)/glass.
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Scheme 3-1. Schematic diagram for the preparation of plasmonic TTA-UC thin solid films.
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Figure 3-2. AFM images obtained from (A) PEI-PSS(10)/glass and (B) PEI-PSS(15)/glass for the
estimation of the thickness of PEI-PSS bilayers.
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films.

Plasmonic nanoparticles, which function as a light-harvesting nanoantenna, lead to the
enhancement in the efficiency of the photoexcitation process of nearby photofunctional
molecules.*®*' The enhancement of the photoexcitation efficiency of sensitizer is
promising for the enhancement of the upconverted emission in the TTA-UC systems, as
demonstrated by our recent study.?” We first investigated the change in the upconverted
emission intensity by inserting the SAgPRs in the TTA-UC system. As shown in the
extinction spectra of PAOEP-DPA/SAgPRs(Y) (Figure 3-4(A)), the main LSP resonance
band was red-shifted to approximately 540 nm, which was compared with that of
dispersion state in an aqueous phase (Figure 3-1(E)), owing to the increase in the
surrounding refractive index from water (refractive index (n): 1.333) to the
inhomogeneous environment consisting of glass (n: 1.458) and polymers (n: 1.493).
Consequently, the LSP resonance wavelength overlapped well with the Q-band of PAOEP.
The extinction intensity of LSP resonance band was tuned from 0.17 to 0.27 while
maintaining the spectral shape by adjusting the immersion time of the PEI-modified glass
plate into the colloidal solution of SAgPRs ((b) in Figure 3-4(A)), implying that the
increase in the immersion time of led to the increase in the coverage of AgPRs while
maintaining the high dispersibility of SAgPRs on a glass plate. The scanning electron
microscopy (SEM) images of the SAgPRs on a glass plate strongly support the
suggestion; SAgPRs on all plates were well-dispersed without any aggregated AgPRs on
a glass plate and the coverage increased with increasing the extinction intensity (Figure
3-4(B)). The absorption peaks attributed to the photoexcitation of PAOEP and DPA were
not observed for PAOEP-DPA/SAgPRs(Y) because the absorbances of these absorption
peaks were significantly weaker than the extinction intensity of the LSP resonance of the
SAgPRs (Figure 3-5). The upconverted emission spectra of PAOEP-DPA/SAgPRs(Y)
through the TTA-UC process (Aex = 540 nm) are shown in Figure 3-4(C). The upconverted
emission observed at 400—500 nm from all of the PAOEP-DPA/SAgPRs(Y)/glass was
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stronger than that from the PdAOEP-DPA/glass. Furthermore, as shown in Figure 3-4(D),
the upconverted emission intensity at 431 nm was eventually enhanced with increasing
in the extinction intensity of LSP resonance at 540 nm up to 0.27. We concluded that the
enhancement mechanism was mainly governed by the photoexcitation enhancement of
sensitizer (Figure 3-4(E)) due to the following reasons. First, the LSP resonance band
spectrally overlapped with the photoexcitaion wavelength, not with the fluorescence band
of emitter (400-450 nm). Second, the intensity of local electromagnetic fields generated
at around the SAgPRs calculated using a boundary element method (BEM, the geometric
model of SAgPRs is described in Figure 3-6) was very strong at 540 nm (|Emax/Eo* =
3162, Figure 3-4(F)).

On the other hand, for PAOEP-DPA/SAgPRs(0.33 and 0.35) with coverage of SAgPRs
of 37.9 and 43.2 %, respectively, obtained by further increasing the immersion time
(Figure 3-4(B)), the enhancement factor of upconverted emission was rather decreased
despite the increase in the extinction intensity of LSP resonance at the excitation
wavelength (540 nm) ((a) in Figure 3-4(A)). These results suggest that the harmful
quenching effect of upconverted emission overcomes the beneficial enhancement effect.
Both the prominent enhancement at the lower coverage of plasmonic nanoparticles and
the noticeable occurrence of quenching at the higher coverage qualitatively coincide to
our previous results obtained using a plasmonic TTA-UC system employing palladium(II)
tetraphenyltetrabenzoporphyrin (Pd-TPTBP) and 9,10-bis-(phenylethynyl)anthracene as
a sensitizer and emitter, respectively. The singular common point between the present and
previous systems is that the Pd(IT) metal centre was employed for obtaining the high ISC

efficiency.
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Figure 3-4. Upconverted emission properties of PAOEP-DPA/SAgPRs(Y)/glass and the enhancement
mechanism. (A) Extinction spectra of (a) PAOEP-DPA/SAgPRs(0.17, 0.21, 0.27, 0.33, and 0.35) and
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normalized extinction spectra of (b) PdOEP-DPA/SAgPRs(0.17, 0.21, and 0.27) and (c) PdOEP-
DPA/SAgPRs(0.27, 0.33 and 0.35). (B) SEM images of SAgPRs(0.17, 0.21, 0.27, 0.33, and 0.35). (C)
Upconverted emission spectra of (a) PAOEP-DPA/SAgPRs(0, 0.17, 0.21, and 0.27) and (b) PdOEP-
DPA/SAgPRs(0.27, 0.33 and 0.35) (Aex = 540 nm). (D) Plots of upconverted emission intensity against the
extinction intensity of LSP resonance band at 540 nm. (E) Suggested enhancement mechanism of the
upconverted emission of the PAOEP-DPA/SAgPRs(Y). (F) Electromagnetic field contours of the SAgPRs
at 540 nm calculated by a BEM.

Next, we investigated the change in the upconverted emission intensity by inserting the
SAgPRs into the PtOEP sensitizer-based TTA-UC thin solid films (PtOEP-
DPA/SAgPRs(Y)). As shown in Figure 3-5 (A), the extinction spectra of PtOEP-
DPA/SAgPRs(Y) were similar as those of PtOEP-DPA/SAgPRs(Y). The upconverted
emission from PtOEP-DPA/SAgPRs(Y) showed a tendency to enhance with increasing
the extinction intensity of LSP resonance of SAgPRs (i.e., increasing the coverage of
SAgPRs), as the same with the case of PAOEP-DPA/SAgPRs(Y). On the other hand, it is
noted that the conspicuous quenching effect of upconverted emission, which was induced
at the higher SAgPRs coverage for PAOEP-DPA/SAgPRs(Y), was not observed Figure 3-
5 (B, C). The difference between PAOEP-DPA/SAgPRs(Y) and PtOEP-DPA/SAgPRs(Y)
is only the metal centre of sensitizer.
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Figure 3-5. Upconverted emission properties of PtOEP-DPA/SAgPRs(Y)/glass. (A) Extinction spectra of
(a) PtOEP-DPA/SAgPRs(0.17, 0.21, 0.27, 0.33, and 0.35) and normalized extinction spectra of (b) PtOEP-
DPA/SAgPRs(0.17, 0.21, and 0.27) and (c) PtOEP-DPA/SAgPRs(0.27, 0.33 and 0.35). (B) Upconverted
emission spectra of (a) PtOEP-DPA/SAgPRs(0, 0.16, 0.23, and 0.27) and (b) PAOEP-DPA/SAgPRs(0.27,
0.33 and 0.35) (Aex = 540 nm). (C) Plots of upconverted emission intensity against the extinction intensity

of LSP resonance band at 540 nm.
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3-3-2. Mechanism of Quenching Suppression of Upconverted Emission in PtOEP-
Based Plasmonic TTA-UC Systems

From the following Equation (1) for the quantum yield of upconverted emission, any
one of four processes may lead to the quenching of upconverted emission (i.e., ISC, TTET,

TTA, and fluorescence from excited singlet state of emitter).***
Pyc X Prsc " Prrer * Prra” Pem (D

where @uc, Disc, Prrer, Prra, and Pem indicate the quantum yields of upconverted
emission, intersystem crossing of sensitizer, triplet-triplet energy transfer from the triplet-
excited sensitizer to emitter, triplet-triplet annihilation between the triplet-excited emitter,
and fluorescence from the singlet-excited state of emitter, respectively. Both the @TTA,
and Pr, may be changed by interacting the emitter with the SAgPRs. Indeed, it was
experimentally confirmed that the @g, suffered to be decreased by 38% by the electron
and/or FRET-like energy transfers from the singlet-excited emitter to the SAgPRs (Figure
3-6). However, the change in @74 and @, cannot attributed to the difference in the
upconverted emission quenching between PJdOEP-DPA/SAgPRs(Y) and PtOEP-
DPA/SAgPRs(Y) specifically at the higher coverage of SAgPRs because the interaction
between the emitter and SAgPRs should be similar regardless of difference in the
employed sensitizer. Therefore, the difference in upconverted emission quenching can be

attributed to the difference in the @;sc and @r7er induced by interacting the sensitizer with
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Figure 3-6. Emission properties of DPA/SAgPRs(Y)/glass. (A) Extinction spectra of DPA/SAgPRs(0.17,
0.21, 0.27, 0.33, and 0.35) (B) Upconverted emission spectra of DPA/SAgPRs(0.17, 0.21, 0.27, 0.33, and
0.35) (Aex = 350 nm). (C) Plots of fluorescence intensity against the extinction intensity of LSP resonance

band at 540 nm.
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Figure 5(A) shows plots of the extinction intensity of LSP resonance at the wavelengths
of phosphorescence, fluorescence, and photoexcitation as well as the enhancement factors
of upconverted emission for PAOEP-DPA/SAgPRs(Y) and PtOEP-DPA/SAgPRs(Y) with
increasing the coverage of SAgPRs as obtained from Figure 3-7(A) and 3-7(B). While
the extinction intensity at the excitation and fluorescence wavelengths rapidly increased
at the lower coverage (14.9-26.9%) and then began to saturate above 37.9%, that at the
phosphorescence wavelength, which is longer than the former two wavelengths, rapidly
increased above the coverage of 20.6%. This is the result of inducing the plasmon
coupling between the in-plane dipole modes of adjacent SAgPRs at the longer wavelength
(around 650 nm) by the excessive increase in the SAgPR coverage. Thus, the triplet-

excited sensitizer can be coupled with the newly-generated coupling mode of LSP.
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Figure 3-7. Relationship between the upconverted emission intensity and the excitation of LSP resonance.
The upconverted emission intensity and the extinction intensity at 540 nm (the excitation wavelength in
TTA-UC thin solid films) and 665 nm and 647 nm (the phosphorescence wavelengths of PAOEP and PtOEP,
respectively.) for (A) PAOEP-DPA/SAgPRs(Y) and (B) PtOEP-DPA/SAgPRs(Y)
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Figure 3-8. Upconverted emission properties of PAOEP-DPA/LAgPRs(Y)/glass and the quenching
mechanism. (A) Extinction spectra of PAOEP-DPA/LAgPRs(0.09, 0.12, 0.19, 0.25, and 0.30). (B) SEM
images of LAgPRs(0.09, 0.12, 0.19, 0.25, and 0.30). (C) Upconverted emission spectra of PdOEP-
DPA/LAgPRs(0.09, 0.12, 0.19, 0.25, and 0.30) (A = 540 nm). (D) Plots of upconverted emission intensity
against the extinction intensity of LSP resonance band at 665 nm. (E) Suggested quenching mechanism of
the upconverted emission of the PAOEP-DPA/LAgPRs(Y). (F) Electromagnetic field contours of the
LAgPRs at 665 nm calculated by a BEM.
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the newly-generated coupling mode of LSP overlaps well with the phosphorescence
wavelength of the sensitizer (PAOEP/PtOEP). Therefore, we suspected that the
acceleration of the phosphorescence decay rate from the excited triplet state of the
sensitizer by Plasmon-exciton coupling effect inhibits the TTET process. When LSP
interacts on the phosphorescence decay of sennsitizer, the decrease of TTET efficiency is

derived as follows.*®

krrer
Prrgr = (2)
ktriplet,nr + ktriplet,Phos. + kTTET
krrer
(’DTTET,LSP = (3)

ktriplet,nr + ktriplet,Phos. + kTTET + ktriplet,LSP

Here, Kiripietnrs Kiriptet,phos.» Krrer, and Kipipier,sp are the nonradiative decay rate
from the excited triplet state, the phosphorescence decay rate, the TTET rate from the
sensitizer to the emitter, and the phosphorescence decay rate accelerated by plasmon-
exciton coupling effect. Therefore, the difference in TTET efficiency with and without
LSP resonance is dependent on the scale of Kiripier,sp from Equations 2 and 3. We
synthesized LAgPRs which generate strong LSP resonance near the phosphorescence
wavelength of sensitizer (PAOEP/PtOEP), prepared composite substrate (PdOEP or
PtOEP-DPA/LAGPRs (Y)/glass) as well as SAgPRs, and carried out the optical
characteristic evaluation. Figure 3-8 (A) shows that the LSP resonance of PdOEP-
DPA/LAgPRs (7) is strongest around 650 nm and overlaps well with the phosphorescence
wavelength (665 nm) of PAOEP, while the overlap with the excitation wavelength (540
nm) is small. Therefore, plasmons are expected to dominate the phosphorescence
emission process. From SEM images, the coverage densities of LAgPRs (0.09, 0.12, 0.19,
0.25, 0.30)/glass were estimated to be 9.8%, 12.2%, 19.1%, 26.6%, and 34.1%,
respectively (Figure 3-8 (B)). In LAgPRs (0.25, 0.30)/glass, the broadening of the
extinction spectra was observed by the generation of the optical absorption which was
attributed to the LSP coupling mode. The upconverted emission decreased with increasing
the extinction intensity of PAOEP-DPA/LAgPRs (Y), and decrease of up to 29% was
observed compared with the system without LAgPRs (Figure 3-8 (C, D)). We concluded
that the quenching mechanism was mainly governed by suppression of TTET process by
the acceleration of phosphorescence decay rate of sensitizer (Figure 3-8 (E)) due to the
following reasons. First, the LSP resonance band spectrally overlapped with the

phosphorescence wavelength (665 nm), hardly with the excitation band of sensitizer (540
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nm). Second, the intensity of local electromagnetic fields generated at around the LAgPRs
calculated using a BEM, was very strong at 665 nm (|Emax/Eo|> = 4365, Figure 3-8 (F)).
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Figure 3-9. Emission properties of PtOEP-DPA/LAgPRs(Y)/glass. (A) Extinction spectra of PtOEP-
DPA/LAgPRs(0.09, 0.12, 0.19, 0.25, and 0.30) (B) Upconverted emission spectra of PtOEP-
DPA/LAgPRs(0.08, 0.12, 0.19, 0.25, and 0.29) (Aex = 540 nm). (C) Plots of fluorescence intensity against

the extinction intensity of LSP resonance band at 665 nm.

On the other hand, we investigated the change in the upconverted emission intensity by
inserting the LAgPRs into the PtOEP sensitizer-based TTA-UC thin solid films (PtOEP-
DPA/LAgPRs(Y)). As shown in Figure 3-9 (A), the extinction spectra of PtOEP-
DPA/LAgPRs(Y) were similar as those of PAOEP-DPA/LAgPRs(Y). The upconverted
emission from PtOEP-DPA/LAgPRs(Y) showed a constant tendency with increasing the
extinction intensity of LSP resonance of LAgPRs (i.e., increasing the coverage of
LAgPRs). On the other hand, it is noted that the conspicuous quenching effect of
upconverted emission, which was induced at the LAgPRs for PAOEP-DPA/LAgPRs(Y),
was not observed Figure 3-9 (B, C). The difference between PAOEP-DPA/LAgPRs(Y)
and PtOEP-DPA/LAgPRs(Y) is only the metal centre of sensitizer, and this result was
similar to the SAgPRs system (PAOEP-DPA/SAgPRs(Y) and PtOEP-DPA/SAgPRs(Y)).
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Figure 3-10. Evaluation of the TTET efficiency (®rrer) in (A) PAOEP-DPA on glass, (B) PAOEP-DPA on

LAgPRs, (C) PtOEP-DPA on glass, and (D) PtOEP-DPA on LAgPRs. TTET efficiency was obtained by
substituting phosphorescence peak intensity (Io) of sensitizer and phosphorescence peak intensity (I) of
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We estimated the TTET efficiencies of PAOEP-DPA and PtOEP-DPA in the presence
and absence of LAgPRs, and quantitatively investigated whether the change in TTET
efficiency due to the plasmon-exciton coupling effect shown in Equations 2 and 3 actually
occurs. From the phosphorescence peak intensity (Io) of PAOEP in the absence of DPA in
the emitting layer and the phosphorescence peak intensity (I) of PAOEP in the presence
of DPA and Eq. 4,%” the TTET efficiency in PAOEP-DPA on a glass substrate was
estimated experimentally to be 96% (Figure 3-10 (A)).

I
(pTTET,Experiment = (1 - I_) 4)
0

Notably, PAOEP-DPA on LAgPRs also significantly reduced TTET efficiency, estimated
from the measured values of Ip and I and Equation 4, to 79% (Figure 3-10 (B)). The TTET
efficiency of PAOEP-DPA was reduced by 17% by the insertion of LAgPRs. Therefore,
it was quantitatively clarified that TTET was inhibited by the acceleration of the
phosphorescence decay rate, when LSP resonance interacts on the phosphorescence
process of sensitizer. On the other hand, the TTET efficiency of PtOEP-DPA was 95% on
glass substrates (Figure 3-10 (C))and 93% on LAgPRs (Figure 3-10 (D)), with little
change compared with PAOEP-DPA. Little change in TTET efficiency between PtOEP-
DPA/glass and PtOEP-DPA/LAgPRs (Y)/glass was correlated with no upconversion
quenching observed in Figure 3-5 (C) and Figure 3-9 (C).

We recently suggested that the LSP resonance-induced quenching effect of upconverted
emission observed for the TTA-UC system employing Pd-TPTBP as a sensitizer was
attributed to the acceleration of phosphorescence radiative decay rate from the triplet-
excited sensitizer by the strong local electric fields of LSP resonance. At the present
systems, although PdOEP-DPA/SAgPRs(Y) of which the upconverted emission was
prominently quenched with increasing the extinction intensity of LSP resonance at the
phosphorescence wavelength is applied to the suggested mechanism, the upconverted
emission behavior of PtOEP-DPA/SAgPRs(Y) is not applied.
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Figure 3-11. (A) Extinction spectra of the PAdOEP/SAgPRs(Y)/glass. (B) Emission spectra of the
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550 nm) along with the extinction intensities at 550 nm in PAOEP/SAgPRs(Y)/glass. (D) Quenching
mechanism of the wupconverted emission by acceleration of fluorescence decay rate in

PAOEP/SAgPRs(Y)/glass.

Next, we investigated the effect of the decrease of @;sc on the extinction of upconverted
emission. We set up the following hypothesis. By overlapping the LSP band with the
fluorescence wavelength of the sensitizer, the appearance of a new pathway of energy
transfer to the LSP of metal nanoparticles, ksingier,zsp, should effectively suppress the ISC
efficiency, thereby resulting in a decrease in the upconverted emission intensity, as shown
in Equation (5) and (6).

kISC
Pisc = (5)
ksinglet,nr + ksinglet,Fluo. + kISC

kISC
Pisc,Lsp = & Tk T ki + k (6)
singlet,nr singlet,Fluo. ISC singlet,LSP

where Kginglernr 18 the non-radiative decay rate from the excited singlet state, Ksingier Fiuo. 18

the radiative decay rate from the excited singlet state, k;sc is the intersystem crossing rate
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from excited singlet state to excited triplet state, and Agingrer.Lsp is the energy transfer to the
metal nanoparticles from the triplet excited sensitize. To verify this hypothesis, we
developed hybrids consisting of PAOEP/SAgPRs(Y)/glass, and focused the change of
fluorescence intensity by inserting the SAgPRs. The extinction spectra were shown in
Figure 3-11 (A), and well overlaps between the LSP bands of PAOEP/SAgPRs (Y)/glass
and the fluorescence wavelength of PAOEP. Also, the slight overlaps were confirmed
between LSP bands of PAOEP/SAgPRs(Y)/glass and excitation wavelength (soret band;
Aex = 390 nm). The fluorescence peak and phosphorescence peak of PAOEP/glass were
observed at 550 nm and 665 nm, respectively, and were significantly enhanced by the
insertion of SAgPRs (Figure 3-11 (B)). Since the LSP bands of SAgPRs slightly overlap
with the excitation wavelength (390 nm) of PdOEP, the fluorescence/phosphorescence
enhancement includes the enhancement effect of the excitation efficiency by the light-
harvesting nanoantenna effect. If only the enhancement of the excitation efficiency occurs,
the enhancement of fluorescence and phosphorescence have the same value. However,
the maximum enhancement factor of fluorescence (31.9 times) significantly exceeded
the maximum enhancement factor of phosphorescence (4.9 times) (Figure 3-11 (C)). This
means that plasmon-exciton coupling with fluorescence occurred more dominantly than
with phosphorescence. Therefore, in the PdOEP-DPA/SAgPRs(Y) /glass systems,
significant fluorescence enhancement of PAOEP occurs, and it is highly possible that this
suppresses the ISC efficiency and leads to the quenching of the upconverted emission
(Figure 3-11 (D)). We reported in 2018 that the fluorescence of PAOEP, whose ISC
efficiency was nearly 1, was dramatically enhanced by its interaction with SAgPRs. In
the paper, the fluorescence lifetime (15 ps) of PAOEP was shortened to 5 ps by the
insertion of SAgPRs, which was concluded to be due to the plasmon-exciton coupling
effect (Equations 6 and 7).*® From these Equations 5, 6, 7, and 8 the ISC efficiency of
nearly 100% of PAOEP can be reduced to as low as 33%, resulting in the upconversion

quenching.

1
TFluo. = (7)
ksinglet,nr + ksinglet,Fluo. + kISC

1

TFluo.,LSP = (8)
ksinglet,nr + ksinglet,Fluo. + kISC + ksinglet,LSP

These results suggest that when PAOEP is used as a sensitizer, the @;q. and @pppr are
greatly reduced by increasing the fluorescence emission rate and the phosphorescence
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emission rate, respectively. On the other hand, when PtOEP was used as a sensitizer, these
phenomena were hardly observed. Since PAOEP and PtOEP have the same ligand as
octaethylporphyrin, the difference in the central metal must have led to the difference in

this phenomenon.

3-3-3. The Relationship between phosphorescence enhancement and spin-orbital

coupling constant

A @ (b)

Ir/oj/?
AN 4

(B)
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Figure 3-12. (A) Molecular structures of (a) Ru(bpy)s, (b) Ir(BT)2(acac). (B) Normalized (a) absorption and
(b) emission (Aex = 390 nm) spectra of DMF solutions of Ru(bpy)s (10 uM) and Ir(BT)»(acac) (10 uM).

In the previous section, PdOEP induced phosphorescence enhancement and
upconversion quenching by LSP resonance, while PtOEP did not induce phosphorescence
enhancement and upconversion quenching were not observed. We conjectured that this

difference was caused by the difference in the spin-orbital coupling constant of the central
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metal (Molecules with larger spin -orbital coupling constants may be less susceptible to
external electric fields.). Then, the complex with ruthenium (Ru) and iridium (Ir) was
introduced into the central metal, and the possibility of phosphorescence enhancement
was compared.*>° The spin -orbital coupling constants at each atom were reported to be
Ru.; 1042 cm™, Pd; 1460 cm™', Ir; 3909 cm™!, and Pt; 4253 cm™ cm.>'-3

The absorption and the emission spectra of a N, N-dimethylformamide (DMF) solution
(10 uM) of Tris(2,2'-bipyridine)ruthenium(Il) hexafluorophosphate (Ru(bpy)s) and
Bis(2-benzo[b]thiophen-2-ylpyridine)(acetylacetonate)iridium(I1T) (Ir(BT)2(acac))
(molecular structures are Figure 3-12 (A)) are shown in Figure 3-12 (B). In Ru(bpy)s
solution, absorption attributed to metal to ligand charge transfer (MLCT) was observed
at around 450 nm and phosphorescence peak at 622 nm. Ir(BT)2(acac) solution showed
broad absorption spectrum attributed to MLCT was observed at ~ 550 nm, and a

phosphorescence peak at 565 nm.
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Figure 3-13. Evaluation of phosphorescence property in Ru(bpy)s/glass and Ru(bpy)s/LAgPRs(Y)/glass.
(A) Extinction spectra and (B) phosphorescence spectra of Ru(bpy)s/LAgPRs(0.12, 0.19, and 0.29). (C)
Plots of phosphorescence enhancement factors along with the extinction intensities at 587
nm in LAgPRs(0.12, 0.19, and 0.29).
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Figure 3-14. Evaluation of phosphorescence property in PdOEP/glass and PAOEP/LAgPRs(Y)/glass. (A)
Extinction spectra and (B) phosphorescence spectra of PAOEP/LAgPRs(0.11, 0.18, and 0.30). (C) Plots of
phosphorescence enhancement factors along with the extinction intensities at 665 nm in
LAgPRs(0.11, 0.18, and 0.30).
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Figure  3-15. Evaluation of phosphorescence property in  Ir(BT)x(acac)/glass  and
Ir(BT)2(acac)/LAgPRs(Y)/glass. (A) Extinction spectra and (B) phosphorescence spectra of
Ir(BT)x(acac)/LAgPRs(0.12, 0.19, and 0.29). (C) Plots of phosphorescence enhancement factors
along with the extinction intensities at 567 nm in LAgPRs(0.12, 0.19, and 0.29).
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Figure 3-16. Evaluation of phosphorescence property in PtOEP/glass and PtOEP/LAgPRs(Y)/glass. (A)
Extinction spectra and (B) phosphorescence spectra of PtOEP/LAgPRs(0.12, 0.18, and 0.31). (C) Plots of
phosphorescence enhancement factors along with the extinction intensities at 647 nm in
LAgPRs(0.12, 0.18, and 0.31).
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Figure 3-17. Enhancement slope which is slope of the approximate line in Figure 3-13, 3-14,3-15 and 3-16

(C) along with the SOC constant values of the central metal in photofunctional molecules.

The enhancement of the phosphorescence intensity was observed with the increase of
the extinction intensity by LSP resonance in Ru(bpy);/LAgPRs(Y)/glass and
PdOEP/LAgPRs(Y)/glass which have small spin-orbital coupling constant (Figure 3-
13(C), 3-14(C)), while the phosphorescence intensity hardly changed with the increase of
the extinction intensity by LSP resonance in Ir(BT)(acac) /LAgPRs(Y)/glass and
PtOEP/LAgPRs(Y)/glass which have high spin-orbital coupling constant (Figure 3-15(C),
3-16(C)). Plots of phosphorescence intensity versus extinction intensity were taken for 4
complexes, and the slope was defined as Enhancement slope (indicator of the likelihood
of phosphorescence enhancement). Here, when the spin-orbital coupling constant is on
the horizontal axis and the enhancement slope is on the vertical axis, it was shown that
the enhancement slope reduced exponentially as the spin-orbit coupling constant
increases(Figure 3-17). In other words, a complex containing an atom with a large spin-
orbital coupling constant was found to be effective as a sensitizer of TTA-UC because of

difficult to be accelerated to phosphorescence decay rate.
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3-4. Conclusion

We discovered that the quenching effect was significantly suppressed by changing the metal
centre of phosphorescent porphyrin sensitizer, which governs the spin-orbital coupling intensity,
from Pd to Pt. The origin was suggested to be attributed to the unique and systematic change in
the optical interaction between the LSP resonance and the phosphorescent metal complexes with
the change in the intrinsic spin-orbital coupling constant. Actually, we investigated whether
phosphorescence decay rates of organometallic complexes centered on various metallic
elements (Ru( II), Pd( II), Ir(1ll), Pt( II)) are accelerated by plasmon-exciton coupling. As
a result, we found that the phosphorescence enhancement by the plasmon-exciton
coupling occurred in the case where the spin-orbital coupling (SOC) constant of the
central metal of the complex was comparatively small (Ru( I); 1042 cm™, Pd( II); 1460
cm™), and that it hardly occur in the case where SOC constant value was large (Ir(1Il);
3909 cm™!, Pt( II); 4253 cm™). The results obtained in this study provide the resolution of nature
for the interaction of LSP resonance with the spin-flip transition-allowed metal complexes as well

as the guideline for the significant plasmonic enhancement of TTA-UC systems.
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Chapter 4
Efficient Photothermal Conversion of Gold

Nanoparticles by Upconverted Emission
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4-0. Abstract

Low-energy visible light was converted into heat energy through the excitation of the
localized surface plasmon resonance of gold nanospheres excited by upconverted
emission based on triplettriplet annihilation of organic molecules. This system allows
easy tuning of absorption/emission wavelengths, which is difficult with conventional

photothermal conversion using rare-earth elements.
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4-1. Introduction

In recent years, photothermal conversion phenomenon occurring via the deactivation of
the localized surface plasmon resonance (LSPR) of metal nanoparticles are attracting
much attention for application to solar steam generation, seawater desalination, waste
sterilization, and nanotherapy (photothermal therapy and thermal energy-triggered drug
delivery).!? Typically, plasmonic gold nanomaterials are suitable photothermal
conversion materials because of their high light extinction cross-section and high
photothermal conversion efficiency owing to the LSPR excitation,** which are 4-5 orders
of magnitude greater than those of dye molecules and quantum dots.>® Gold nanospheres
with diameters several tens of nanometers can be activated by light from the ultraviolet
region to around 600 nm region because of the strong interband transition below ~500
nm and the LSPR strongly excited from 500 to 600 nm. However, irradiation of longer-
wavelength light (> 600 nm) does not lead to efficient heat generation owing to the low
light harvesting ability.>’” For solar-light driven photothermal conversion materials, it is
required to efficiently convert a wide wavelength range of solar light into thermal energy.
In the nanotherapy, photothermal conversion should be efficiently induced within the
wavelength region of 600-1300 nm, which corresponds to the biological transparency
window. To address this issue, photon upconversion phenomena are being investigated
recently, by which conversion of longer-wavelength light (which photothermal materials
cannot absorb) into shorter wavelength light can lead to efficient photothermal
conversion.®!® Inorganic nanoparticles composed of rare-earth ions such as Yb**, Er*",
and Nd** have often been utilized as upconversion nanoparticles (UCNPs).'*!8 Efficient
near-infrared light-driven photothermal conversion has been recently achieved using
hybrid systems of gold nanospheres and UCNPs.!” However, the use of UCNPs has some
critical problems including a need for rare-earth elements limited in supply, difficulty in
tuning absorption/emission wavelengths, and narrowness of the obtained
emission/absorption band. Therefore, the development of alternative upconversion
systems for photothermal conversion is an important challenge. 2?2 In this study, we
focus on the utilization of upconversion systems based on triplet-triplet annihilation
(TTA-UC) through photoinduced intermolecular energy transfer between organic dye
molecules acting as a sensitizer and an emitter, which eliminates the need for rare-earth
elements. 327 Also, the absorption/emission wavelengths can be simply tuned by
combining appropriate sensitizer and emitter and the obtained emission/absorption bands
is broader than that from UCNPs. The TTA-UC mechanism involves the following
processes (Figure 4-1): 1) light absorption to produce the excited singlet state of the

sensitizer; ii) generation of the triplet state of the sensitizer through intersystem crossing
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from the excited singlet state; iii) generation of the excited triplet state of the emitter by
triplet-triplet energy transfer (TTET) from the sensitizer to the emitter iv) generation of
the excited singlet state of the emitter via TTA occurring upon collision between the two
emitters in the excited triplet state; and v) emission from the excited singlet state of the
emitter.?3?” Application of the TTA-UC to the photothermal conversion with plasmonic
metal nanoparticles to improve the conversion efficiency has never been reported as far
as we are aware of. We herein demonstrate that the temperature increase through the
photothermal conversion with gold nanospheres can be enhanced significantly by
processes involving upconverted emission through TTA-UC under irradiation with long-

wavelength visible light (642 nm).
Se Heat generation

TTET TTA
642 nm \ Ta 510 nm
l < Te

N T /"‘
SO.S — ¥ ¥ ¥ . h 4 SD,E
Sensitizer Emitter
(PdTPTBP) (BPEA)

Figure 4-1. Mechanism of photothermal conversion system utilizing TTA-UC.
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4-2. Experimental section
Chemicals

Milli-Q-grade water was used to prepare all aqueous solutions. Hydrogen
tetrachloroaurate(Ill) tetrahydrate (HAuCls-4H>O, NacalaiTesque), trisodium citrate
dihydrate (Kanto Chemical), polyvinylpyrrolidone (PVP, Mw: 55000, Sigma Aldrich),
palladium(Il)  tetraphenyltetrabenzoporphyrin ~ (PdTPTBP,  Funakoshi), 9,10-
bis(phenylethynyl)anthracene (BPEA, Tokyo Chemical Industry), and N,N-
dimethylformamide (DMF, 99.5 %, Wako) were used as received.

Measurements

Extinction and absorption spectra were measured by a JASCO V-630 spectrophotometer.
Transmission electron microscopy (TEM) observation were carried out using a Hitachi
HF-2000 system at an acceleration voltage of 200 kV. Fluorescence spectra were
measured by a JASCO FP-6500 spectrometer. Temperature changes of sample solutions
irradiated with a CW laser (642 nm, 100 mW) were measured by an OMEGA HH802U
thermometer. Fluorescence lifetimes were measured using a C11367 Quantaurus-Tau

(Hamamatsu) apparatus.
Preparation of Colloidal Aqueous Solution of Gold Nanospheres

A colloidal aqueous solution of gold nanospheres was prepared according to a previously
reported procedure.?® Typically, an aqueous solution of HAuCls+-4H>O (0.01wt%, 100
mL) was refluxed at 100 °C for 30 min. Next, an aqueous solution of trisodium citrate
(1wt%, 1 mL) was injected into the solution and the mixed solution was then refluxed at
100 °C for 60 min to produce an aqueous solution of citrate-capped gold nanospheres.
Next, PVP was coated on the surface of prepared gold nanospheres by stirring for 3 h a
mixed solution of the obtained colloidal gold aqueous solution (4 mL) and an aqueous
solution of PVP (20 mg/mL, 1 mL). Finally, the resultant colloidal solution was
centrifuged for 15 min at 10000 rpm, followed by dispersing the obtained precipitations
of gold nanospheres into DMF (5 mL).
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4-3. Results and Discussion
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Figure 4-2. (a) TEM image of gold nanospheres protected with PVP. (b) Extinction spectrum of colloidal
DMF solution of gold nanospheres protected with PVP. (¢) Molecular structures of (1) PATPTBP and (2)
BPEA. (d) Absorption spectra of DMF solutions of (1) PATPTBP and (2) BPEA and (3) upconverted
emission spectrum (Aex = 642 nm) of UCsol(12.5 pM).

We employed composite solutions of gold nanospheres and TTAUC systems in
dimethylformamide (DMF). A colloidal DMF solution of gold nanospheres with a
diameter of 27 £ 2 nm, protected with polyvinylpyrrolidone (PVP), was prepared
(Supplementary Information). A transmission electron microscopy (TEM) image of the
nanospheres is presented in Figure 4-2(a). The colloidal solution showed an extinction
peak at 525 nm, attributed to the LSPR excitation of the dipole mode (Figure 4-2(b)). A
TTA-UC system comprising a DMF solution containing palladium meso-
tetraphenyltetrabenzoporphyrin ~ (PdTPTBP) as the sensitizer and 9,10-
bis(phenylethynyl)anthracene (BPEA) as the emitter in a 1:100 molar ratio was prepared
(see Figure 4-2(c) for the molecular structures).?”! The component concentrations are
shown in Table 4-1 and the samples are denoted as UCsol(X) (X; concentration of

sensitizer in uM). The absorption spectra of the dye molecules are shown in Figure 4-
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2(d). The absorption peak at 627 nm is attributed to the Q-band of PATPTBP and the Soret
band of PATPTBP and the absorption bands of BPEA both appear in 400-500 nm region.
The upconverted emission from BPEA through TTA-UC is observed in the region of 480-

600 nm under excitation at 642 nm. Note that the upconverted emission band overlapped
well with the LSPR band of the gold nanospheres.

4
3.5
3 ] — AuNSs
c25 \ ---- PdTPTBP
3 ] AuNSs-
£ 2 ' — Ucsol(3.12)
D15 b AUNSS-
! Ucsol(6.25)
1 ! AuNSs-
\ _
05 ! Ucsol(12.5)
0 T -‘—-I-- n T n n T
500 600 700 800

Wavelength/nm

Figure 4-3. Extinction spectra of AuNSs-UCsol(X) (X = 3.12, 6.25, and 12.5), colloidal gold and
sensitizer.

Table 4-1. Concentrations of gold nanospheres, sensitizer, and emitter for UCsol(X) and AuNSs-UCsol(X)

Gold nanospheres Sensitizer/yM Emitter/uM
(x10"" pieces)

Gold nanospheres 2.40 0 0
UCsol(3.12 uM) 0 312 312
UCsol(6.25 pM) 0 6.25 625
UCsol(12.5 uM) 0 12.5 1250

AuNSs-UCsol(3.12 uM) 2.40 3.12 312
AuNSs-UCsol(6.25 pM) 2.40 6.25 625
AuNSs-UCsol(12.5 pM) 240 12.5 1250
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Composite systems were prepared by introducing the gold nanospheres into the TTA-
UC systems, which were denoted as AuNSs-UCsol(X), for which the absorption spectra
are shown in Figure. 4-3. The concentrations of the gold nanospheres and dye molecules
in the AuNSs-UCsol(X) system are summarized in Table 4-1. The photothermal
conversion properties were evaluated by measuring the change in solution temperature
using a digital thermocouple thermometer (OMEGA, HH801A) under irradiation with a
642 nm laser (100 mW) until stationary temperature was reached. Dissolved oxygen of
all the sample solutions were removed by bubbling with nitrogen gas for 20 min before

the measurements.
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Figure 4-4. Temperature increases of colloidal DMF solutions under irradiation with a 642 nm laser (100
mW) (average + standard deviation). (a) DMF solution of gold nanospheres and DMF solvent. (b) UCsol(X)
(X: 3.12, 6.25, and 12.5). (c) Temperature increase of UCsol(X) against the concentration of sensitizer. (d)
AuNSs-UCsol(X) (X: 3.12, 6.25, and 12.5).

The temperature increase of the DMF solvent (47pwmr) and the colloidal gold nanosphere

solution (47T aunss) were measured to be 0.3 £ 0.1 °C and 0.4 0.1 °C, respectively (Figure
4-4(a)). The little margin by the presence of the colloidal gold nanospheres indicates that
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the direct excitation at the tail of the LSPR band of gold nanospheres (Figure 4-2(b)) by
the 642nm laser is ineffective in photothermal conversion due to a small extinction at this
wavelength. The temperature increases for all the UCsol(X) samples without gold
nanospheres under laser irradiation (47 ucsol(x)) were determined to be 0.4 0.1, 0.7 £0.2,
and 1.2 £ 0.1 °C, respectively, for UCsol(3.12), UCsol(6.25), and UCsol(12.5) (Figure 4-
4(b)). As shown in Figure 4-4(c), 4Tucsolx) increased linearly with increasing molecular
concentrations. Possible processes causing the larger temperature increase in the
UCsol(X) compared to that of pure DMF include nonradiative decay processes from the
singlet excited sensitizer, the triplet excited sensitizer, the triplet excited emitter, and the
singlet excited emitter. Among these possibilities, the decay from the singlet excited
sensitizer may be excluded because the intersystem crossing to the triplet is very

efficient.

The decay from the triplet excited sensitizer may also be excluded because the
TTET efficiency in the present system is high as judged from the observation that
phosphorescence from the sensitizer is mostly quenched in all the UCsol(X) systems
(Figure 4-6), although the triplet sensitizer significantly contributes to the temperature
increase in the absence of emitter, Figure 4-5. The nonradiative process decay from the
singlet excited emitter is also excluded because the fluorescence quantum yield of the
singlet excited emitter is typically high (85%-100%).3*** These considerations lead to a
conclusion that the nonradiative decay process from the triplet excited emitter may be the
main contributor to the temperature increase. This claim is consistent with the well-
known low TTA efficiency between triplet-excited BPEA.>**! The temperature increases
of AuNSs-UCsol(X) (4T aunss-ucsol(x)) were larger than any of the components described
above and found to be 1.1 £0.1, 1.7 £ 0.1, and 2.5 £ 0.2 °C, respectively (Figure 4-4(d)
and Table 4-2). If gold nanospheres and dye molecules (UCsol(X)) in AuNSs-UCsol(X)
contributed independently to the temperature increase, expected temperature increase

ATcaiex) would be given by Equation 1,

Extaunss ExXtycsol(X)
ATAuNSs ATUCSOI X) (1)
ExtauNss HEXtycsol(x) Extaunss HEXtycsol(x)

4 TCalc x) =

where Extaunss and Extucsol(x) indicate the extinction intensities of gold nanospheres and
UCsol(X) at 642 nm, respectively. The observed temperature increases for AuNSs-
UCsol(X) were much higher than the corresponding A7 cai(x at all concentrations (Table
4-2).
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Figure 4-5 Temperature increase profiles (average + standard dev.) of (a) PATPTBP(X) (X: 3.12 uM, 6.25
puM, and 12.5 uM) and (b) BPEA(X) (X: 312 uM, 625 pM, and 1250 uM). All solutions were measured

under irradiation with a 642 nm laser (100 mW).
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Figure 4-6. Phosphorescence spectra from PdTPTBP in X uM PdTPTBP solutions and UCsol(X) (X;

concentration of sensitizer in pM) upon excitation at 642 nm.
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Table 4-2. Observed temperature increases (4 Taunss-Ucsol(x)) and calculated temperature increases based on

independent components effect (4 7caicx)) for AuNSs-UCsol(X).

X=312 X=6.25 X=125
ATaunss-ucsopg/ °C 1.1+0.1 1.7+0.1 2.5+0.2
ATecaicpg/ °C 0.40 0.66 1.18

No photochemical reactions between the gold nanospheres and dye molecules
occurred during laser irradiation, as the extinction spectra of AuNSs-UCsol(X) were
unchanged after the laser irradiation (Figure 4-7). Moreover, the change in the diffusion
motion of the dye molecules, which can affect the efficiencies of TTET and TTA, due to
the presence of gold nanospheres is negligible as the concentration of the nanospheres is
too low to affect the solution viscosity in the present system as follows. The solution

viscosity of AuNSs-UCsol(X) was estimated by Einstein’s viscosity formula (Equation 2),
n=1n,(1+25VN) (2)

where no, V, and N are the DMF solution viscosity (9.20 Pa-s), the volume of gold
nanospheres (8.24 x 108 ¢cm®) with the radius of 13.5 nm and the number of the gold
nanospheres (2.40 x 10! pieces/cm?). The VN term is negligibly small, meaning that the
effect of gold nanospheres on the viscosity of the solution can be safely ignored. Thus, it
is reasonable to assume that the larger temperature increase observed for AuNSs-
UCsol(X) than predicted on the basis of independent component effects (A7caicx) 1S
attributed to pumping LSPR of the gold nanospheres by the organic dyes. The 642nm
laser excitation produces the singlet excited state of PATPTBP, which decays into the
triplet state very fast in 97% quantum yield.>? Subsequently, a quite efficient TTET from
the triplet PATPTBP occurs to produce the triplet BPEA as evidenced by a near complete
quenching of phosphorescence of PATPTBP by BPEA as shown in Figure 4-6. The energy
level of the triplet BPEA is too low to pump the LSPR of the gold nanospheres.*
Therefore, the TTA has to be invoked to generate the singlet excited state of BPEA, of
which the energy level matches that of the LSPR of gold nanospheres (compare Figures.
4-4(b) and 4-4(d)). Two mechanisms may be possible for the pumping of the LSPR of
gold nanospheres by the singlet excited state of BPEA: (1) resonance energy transfer
(RET) and (2) reabsorption of the upconverted emission by the LSPR. In this context, we

observed that the upconverted emission intensity from AuNSs-UCsol(X) was attenuated
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by 64%-66% as compared to that of UCsol(X) (Figure 4-8). In order to clarify the
mechanism behind the quenching of upconverted emission, we measured the fluorescence
lifetimes of BPEA directly excited at 405 nm in UCsol(X) and in AuNSs-UCsol(X). As
seen from Figure 4-9 and Table 4-3, the lifetimes for AuNSs-UCsol(X) were hardly
changed from those for UCsol(X). It is therefore concluded that the reabsorption of
upconverted emission induced by TTA-UC mostly contributed to the pumping of the

LSPR of gold nanospheres, which lead to the larger temperature increase observed for

AuNSsUCsol(X).
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Figure 4-7. Extinction spectra of the AuNSs-UCsol(X) (X = (a) 3.12, (b) 6.25, and (c) 12.5) before and

after the irradiation of 642 nm laser.
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Figure 4-8. Upconverted emission spectra (Aex = 642 nm) of UCsol(X) and AuNSs-UCsol(X) with X = (a)
3.12, (b) 6.25, and (c) 12.5uM.
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Figure 4-9. Fluorescence lifetime measurements for BPEA excited at 405 nm (black line) and fit (red line):
(a) UCso0l(3.12), (b) AuNSs-UCsol(3.12), (¢) UCsol(6.25), (d) AuNSs-UCsol(6.25), (e¢) UCsol(12.5), and
(f) AuNSs-UCsol(12.5). The fluorescence decay characteristics were recorded with the time correlated
single photon counting (TCSPC) method with Quantaurus-Tau fluorescence lifetime measurement system

(Hamamatsu Photonics Co.). The fluorescence emission decay was well fitted by a single exponential decay

profile.

Table 4-3. Fluorescence lifetimes of BPEA for UCsol(X) and AuNSs-UCsol(X) and efficiencies of RET

and reabsorption.

UCsol AuNSs- UCsol AuNSs- UCsol AuNSs-
(3.12 UCsol (6.25 UCsol (12.5 UCsol
pM) (3.12 pM) (6.25 pM) (12.5
uM) uM) uM)
Fluorescence 4.64 4.39 4.73 4.58 4.90 4.56
lifetime (ns)
RET - 54 - 3.2 - 6.8
efficiency (%)
Reabsorption - 60.6 - 61.8 - 56.2
efficiency (%)
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4-4, Conclusion

In summary, conversion of 642 nm light into heat energy was achieved through the
LSPR excitation of gold nanospheres, which was made possible by the upconverted
emission based on TTA-UC. Conversion of even longer-wavelength light into heat may
be achieved by developing efficient TTA-UC systems involving sensitizers with larger
anti-Stokes shifts. Also, a more effective temperature increase may be obtained by
employing an emitter with a higher quantum yield of upconverted emission. These lines
of research is under way in our laboratory towards practical upconverted emission-driven

photothermal conversion systems.
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Conclusion

This thesis investigated the interaction between the LSP resonance and the
photophysical processes of TTA-UC through various spectroscopic measurements. The
results obtained in this thesis are summarized below.

First, in Chapter 1, I described the fundamental photoelementary process of photon
upconversion, the basis of LSP resonance, and the present status of the synthesis
technique of AgPRs, which were used in this study, in order to facilitate the understanding
of the contents of this thesis. In addition, TTA-UC systems in liquid and solid phase
systems that have been studied so far are introduced, to place this work into context.

Second, in Chapter 2, we established a targeted synthesis technique for anisotropic silver
nanoparticles that can strongly induce LSP resonance, constructed a composite thin film
with photofunctional molecules leading to TTA-UC emission, and performed various
spectroscopic measurements to evaluate the photophysical properties of TTA-UC
emission. As a result, it was found that the upconverted emission was enhanced when
LSP resonance was applied to the excitation and fluorescence processes of TTA-UC, and
that the harmful quenching of upconverted emission occurred when LSP resonance was
applied to the phosphorescence process.

Third, in Chapter 3, the research was advanced from the viewpoint of preventing the
harmful quenching of upconverted emission by the acceleration of the phosphorescence
decay rate described in Chapter 2. I used octaethylporphyrin (PdOEP, PtOEP) with
palladium or platinum as a central metal as a sensitizing molecule, and prepared
composite thin films similar to those used in Chapter 2. Phosphorescence enhancement
and upconversion quenching were induced for PAOEP, while neither was induced for
PtOEP, by the LSP resonance. We anticipated that this difference was caused by the
difference in the spin-orbit coupling constant of the central metal (a metal atom with
larger spin -orbit coupling constants may be less susceptible to external electric fields.).
Then, the complex with ruthenium (Ru), palladium (Pd), iridium (Ir), and platinum (Pt)
was introduced as the central metal, and the phosphorescence enhancement was compared.
As the result, it was clarified from the experiment that the phosphorescence enhancement
became difficult to occur as the spin-orbital coupling constant increases (Ru; 1042 cm™,
Pd; 1460 cm™, Ir; 3909 cm™, Pt; 4253 cm™ ). Therefore, we concluded that the spin-orbit
coupling constant plays an important role as one of the selection indexes of sensitizer in
the enhancement of TTA-UC emission using plasmons.

Finally, in Chapter 4, conversion of 642 nm light into heat energy was achieved through
the LSP resonance excitation of gold nanospheres, which was made possible by the TTA-

UC-based emission. Conversion of even longer-wavelength light into heat may be
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achieved by developing efficient TTA-UC system involving sensitizers with larger anti-
Stokes shifts. Also, a more effective temperature increase may be obtained by employing
an emitter with a higher quantum yield of upconverted emission. These lines of research
is under way in our laboratory towards practical upconverted emission-driven
photothermal conversion systems.

From these results, of quantitative investigation of the interaction of plasmon and
photofunctional molecules, a possibility was shown to improve the efficiency of the
optical energy conversion system. Therefore, I conclude that the plasmonic light-
harvesting nanoantenna effect, combined with high-mobility excitons or a matrix having
a lower glass transition temperature, is very promising for the achievement of TTA-UC-
based high performance optical devices. Moreover, it was demonstrated that the
photothermal conversion drive wavelength of the metal nanoparticle was broadened by
the upconverted emission. Therefore, the range of application of the TTA-UC system
could be extended. TTA-UC will be close to practical application by the simultaneous
progress of basic research (i.e., Improvement of TTA-UC luminous efficiency) and

applied research (i.e., Application to a variety of applications).
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