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Chapter 1: General Introduction 

1.1 Near infrared light as an energy source 

Efficient use of near-infrared light is a current challenge in energy and biological 

research fields. Because photon energy is inversely proportional to its wavelength, it is 

difficult to make effective use of the low energy photons associated with long-wavelength 

light in photovoltaics or photo-induced chemical reactions. Approximately 47% of the 

solar spectrum is composed of near-infrared (NIR) light, which is particularly relevant 

for photovoltaic applications, however, photons with lower energy than the bandgap of 

the active layer in a solar cell (e.g., 1.1 eV for silicon-based solar cells) cannot generate 

current. In biological research fields, a combination of light with photochemical or 

photophysical processes has enabled visualization and manipulation of phenomena inside 

cells with high temporal and spatial resolution. However, photons in the blue spectral 

region (< 500 nm) have low tissue transparency and can be absorbed by endogenous 

chromophores, which limits the depth of excitation and complicates the experimental 

setup. To overcome these wavelength limitations, there is a need for photon 

upconversion (UC) materials to convert lower energy photons into higher energy 

photons. 

 

1.2 Photon upconversion (UC) 

There are four main UC methods, namely second harmonic generation (SHG), two-

photon absorption (TPA), multiphoton processes of lanthanide-doped UC nanoparticles 

(UCNPs), and triplet-triplet annihilation-based UC (TTA-UC).  
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1.2.1 Second harmonic generation (SHG) 

SHG is a non-linear optical phenomenon, which is based on an interaction between 

light and asymmetric crystals (Figure 1-1). In this process, coherent photons are 

converted into higher energy photons with half the original wavelength as birefringence. 

Because coherency is most important, this phenomenon is mainly used for wavelength 

tuning of pulsed laser sources. 

 

Fig. 1-1 (a) Energy level diagram and (b) experimental setup describing SHG. 

 

1.2.2 Two-photon absorption (TPA) 

Some molecules simultaneously absorb two photons to produce a singlet that emits a 

higher energy photon (Figure 1-2a). Because both excitation and emission happen in one 

molecule, this process has a high spatial resolution, which enables applications, such as 

bio-imaging (Figure 1-2b), sensing, and 3D data storage [1]. Because two photons must 

reach the same molecule within a short time window, high power irradiation is necessary 

(~GW/cm2). 

Fig. 1-2 (a) Mechanism of TPA. (b) Photograph of intracellular organelles visualized 

with TPA molecules. Adopted with permission from ref. [1]. Copyright 2009, John Wiley 

& Sons.  
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1.2.3 Multiphoton process of lanthanide-doped UC nanoparticles 

Lanthanide-doped UC nanoparticles (UCNPs) convert photon energy based on 

multiple excitation of rare earth cations (Figure 1-3). The UCNPs are composed of two 

components. One is an element to provide light absorption and energy transfer (e.g., 

Yb3+). The other is an element capable of multiple excitation through successive energy 

transfer (e.g., Er3+, Tm3+, and Ho3+). These two components are doped into host crystals 

(e.g., NaYF) that have a low degree of thermal vibration [2]. This UC process requires a 

high excitation intensity (~W/cm2), which can cause tissue damage when the materials 

are used in vivo. 

 

 
Fig. 1-3 (a) Mechanism of multiple excitation of rare earth cations. Adopted with 

permission from ref. [2] Copyright 2015, American Chemical Society. (b) Schematic 

illustration of UC with core-shell lanthanide-doped nanoparticle. Adopted with 

permission from ref. [3]. Copyright 2011, Springer Nature. 
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1.2.4 Triplet-triplet annihilation-based photon upconversion (TTA-UC) 

Unlike the above-mentioned methods, TTA-UC occurs under incoherent weak 

excitation, such as sunlight (mW/cm2) [4-17]. This process is based on collision and 

energy transfer between excited triplets, which have long excited-state lifetimes owing to 

spin-forbidden relaxation from triplet excited states to singlet ground states. Therefore, 

a much lower irradiation density is sufficient to drive UC than for other UC schemes. 

Because singlet-to-triplet excitation is also a spin forbidden transition, a triplet sensitizer 

(donor) is generally used. 

The conventional TTA-UC scheme is composed of five steps (Figure 1-4): (1) 

excitation of donor molecules; (2) intersystem crossing (ISC) of the donors producing 

triplets; (3) triplet energy transfer (TET) from donors to acceptors; (4) triplet-triplet 

annihilation (TTA) between two acceptors; and (5) emission of higher energy photons 

from upconverted singlets. 

 

Fig. 1-4 (a) Mechanism of TTA-UC with a triplet sensitizer (donor) and an UC emitter 

(acceptor). Chemical structures of benchmark donor and acceptor molecules, platinum 

octaethylporphyrin (PtOEP) and 9,10-diphenylanthracene (DPA), are also shown. (b) 

Picture of UC emission obtained from a solution of PtOEP and DPA under excitation at 

532 nm.  
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Fig. 1-13 (a) Crystal structure of (MA)2Pb(SCN)2I2 perovskite. (b) Schematic illustration 

of exciton diffusion and the energy transfer at the (MA)2Pb(SCN)2I2/rubrene interface. 

Adopted with permission from ref. [54]. Copyright 2017, John Wiley & Sons. 

 

 

Three-dimensional (3D) metal-halide perovskites are promising as triplet sensitizers 

because of their strong light absorption and tunable bandgap. The Yanai and Kimizuka 

group reported the triplet sensitization with 3D perovskites for the first time and 

demonstrated its application in TTA-UC [23]. NCs of cesium lead halide perovskite 

CsPb(Br/I)3 were used and the bandgap of the perovskite was tuned for 9,10-

diphenylanthracene (DPA) by exchanging halide ions (Figure 1-14a). To enhance the 

TET process, 2-[4-(10-phenylanthracen-9-yl)phenyl]ethan-1amine (AEDPA) was 

attached to the CsPb(Br/I)3 surface as a triplet transmitter unit. After the modification, 

the photoluminescence lifetime of CsPb(Br/I)3 dropped from 16.1 to 10.0 ns, indicating 

TET from CsPb(Br/I)3 to the surface AEDPA. Upon excitation at 532 or 635 nm, UC 

emission at 434 nm was observed from a toluene solution containing CsPb(Br/I)3-

AEDPA and DPA (Figure 1-14b). Conventional porphyrin-based UC systems cannot 

sensitize DPA under excitation at 635 nm owing to the energy loss during ISC, a 3D 

perovskite sensitizer is a superior sensitizer for TTA-UC with a larger UC spectral shift. 
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1.4.3 Heavy metal complex showing singlet-to-triplet (S-T) absorption  

Molecular-based NIR absorbing triplet sensitizers are desirable for minimizing the 

dissipative energy and optimizing the dispersibility into bulk solid or water environment 

because they can be finely functionalized. However, the development of NIR-absorptive 

molecules with small S1-T1 energy gaps remains challenging. Instead, the Yanai and 

Kimizuka group proposed the use of molecular sensitizers having singlet-to-triplet (S-T, 

S0-to-T1) absorption in the NIR range [13]. In this subsection, the historical and 

theoretical background of S-T absorption, the design strategy of molecules with strong 

S-T absorption, and examples of triplet sensitization with S-T absorption are discussed. 

 

1.4.3.1 History of S-T absorption 

Research on S-T absorption was originally focused on aromatic compounds. After the 

association of phosphorescence with the triplet states in the early 1940s [58], Lewis and 

Kasha investigated the S-T absorption as a reverse process [59]. They showed that the 

lowest absorption peak almost coincides with the highest frequency peak of 

phosphorescence if both the S-T absorption and phosphorescence bands are narrow. 

They also found that the intensity of S-T absorption roughly correlates with the 

phosphorescence lifetime. Singlet-to-triplet transitions are spin-forbidden; however, we 

can expect relatively strong S-T absorption under spin-orbital perturbation by a heavy 

atom. In general, introduction of heavy-atoms into a molecule or use of a solvent with 

heavy atoms is expected to enhance the transition [60].  
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Fig. 2-3 1H NMR (above) and 13C NMR (bottom) spectra (400 MHz, DMSO-d6, TMS) 

of Os(bptpy)2
2+.   
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2.3.3 TTA-UC properties in solid state 

We further achieved the NIR-to-blue STUC in the solid state even in air. In crystalline 

solids, donor and acceptor molecules are prone to segregate and it inhibits the TET event 

[7,13,32]. The Os(bptpy)2
2+-TTBP pair was also the case; we could not observe any UC 

emission from solids prepared by casting the Os(bptpy)2
2+-TTBP mixed DMF solution 

on substrates and sealing them in the Ar atmosphere. In our previous experience, the 

efficient TET was achieved by homogeneously doping the Os complex in amorphous 

nanoparticles of the acceptor [22]. Since it was difficult to avoid crystallization by 

reprecipitation method [22], we adopted a mechanical grinding method to improve the 

mixing of Os(bptpy)2
2+ and TTBP (Os(bptpy)2

2+/TTBP = 0.5 mol%) with consequent 

enhancement of the donor dispersibility. As a result, X-ray powder diffraction (XRPD) 

measurements showed that the crystallinity of TTBP decreased by the solid-state 

grinding (Figure 2-14)[37]. 

 

 

Fig. 2-14. X-ray powder diffraction (XRPD) patterns of Os(bptpy)2
2+-TTBP 

(Os(bptpy)2
2+/TTBP = 0.5 mol%) before (black) and after (red) mechanical grinding in 

the solid state. Peak weakening by grinding indicates the decreased crystallinity of the 

material. 
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Fig. 3-1 (a) Energy diagram of the conventional TTA-UC process with platinum(II) 

tetraphenyltetrabenzoporphyrin (PtTPBP) and perylene [14]. (b) Energy diagram of 

singlet-to-triplet (S-T) absorption-based TTA-UC process between Os(bptpy)2
2+ and 

TTBP. The absence of ISC allows the excitation at a longer wavelength in the NIR region 

and the larger UC spectral shift [13]. 
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Fig. 3-2 A schematic representation of NIR optogenetics based on TTA-UC hydrogels. 

A UC hydrogel consisting of Pluronic F127 micelles and UC dyes was irradiated with a 

continuous-wave NIR laser at 724 nm. The donor Os(peptpy)2
2+ absorbed NIR light, 

and intramolecular energy transfer (IMET) to the triplet pooling phenyl-perylene units 

elongated the net excited-state lifetime of the sensitizer. After the triplet energy transfer 

(TET) to acceptor TTBP, bimolecular annihilation (TTA) between TTBP triplets 

produced a blue upconverted emission. The upconverted blue light induced the 

activation of blue-light-activatable Cre recombinase (PA-Cre). This activation of PA-Cre 

resulted in the gene expression important for dendritic-spine formation from genetically 

engineered hippocampal neurons. 
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3.2.4 DFT calculation results for a model complex Os(tpy)2
2+ 

 

 

To confirm the reliability of DFT calculation, the optimized structure of Os(tpy)2
2+ in 

acetonitrile based on B3LYP/(SDD and 6-311G(d,p)) method was compared with a 

reported structure based on B3LYP/LanL2DZ method and a reported experimental 

structure obtained from a crystal structure analysis [28]. The obtained results based on 

B3LYP/(SDD and 6-311G(d,p)) agree well with the reported calculation and 

experimental results. 
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Fig.3-14 Optogenetic GFP expression using NIR-to-blue TTA-UC hydrogel. (a) 

Photoactivator: PA-Cre consists of two fragments [26]. One fragment is the fusion 

protein of Nterminal of Cre recombinase (CreN59) and negative Magnet (nMag) and 

the other is that of C-terminal of Cre recombinase (CreC60) and positive Magnet (pMag). 

Blue light promotes the heterodimer formation of these fragments and activates PA-Cre. 

(b) Crereporter: GFP starts to be expressed in the presence of activated PA-Cre. (c) 

Transfection-reporter: mCherry is expressed in transfected cells. (d) Experimental 

design: the plasmids were electroporated in cortical cells. After 48 hours in culture, light-

illumination was performed. At 24 hours after light-illumination, cortical cells were fixed. 
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3.5 Conclusion 

We demonstrate NIR optogenetics by NIR-to-blue TTA-UC for the first time. The 

stable TTA-UC emission in the hydrogel is achieved by the combination of two concepts. 

First, the elongated triplet lifetime of the S-T sensitizer by excited-state thermal 

equilibrium with long-lived energy-pooling perylene units allows the triplet energy 

transfer to acceptor molecules even in the viscous hydrogels. Second, although the triplet 

excited state is usually quenched by dissolved oxygen molecules, the heat treatment of 

Pluronic hydrogels induces micelle rearrangement to form more ordered structures, 

endowing the UC hydrogels with an oxygen-blocking property. This simple method to 

protect oxygen-sensitive species with a biocompatible, widely used polymer would be of 

great interest for many biological applications. We prove that the NIR-to-blue TTA-UC 

hydrogels work as a tool for NIR optogenetics. The blue UC emission activates PA-Cre, 

resulting in the expression of Cre-reporter GFP in cortical neurons and the Cre-reporter 

constitutively active Rac1, which promotes the formation of hippocampal spine-like 

structure. Given the possible potential of TTA-UC to offer a variety of soft materials, 

TTA-UC-based NIR optogenetics is one of the ideal tools for deep tissue treatment. This 

study could open a new era of in vivo NIR photochemistry utilizing TTA-UC emission 

as an internal light source for optogenetics in deep tissues. 
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Fig. 4-4 1H NMR spectrum of Ru(peptpy)2(TFSI)2 (400 MHz, DMSO) 
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Fig. 4-11. Cyclic voltammograms for (a) 1mM Os(ptpy)2
2+ and (b) 1mM pPe in DMF+ 

0.1 M LiTFSI (working electrode: glassy carbon, counter electrode: Pt, reference 

electrode: AgAgCl, Sweep: 0.1 V/s for Os(ptpy)2
2+ and 0.5 V/s for pPe, internal standard: 

2mM Ferrocene). 

 

Fig. 4-12. Energy levels of excited singlet and triplet states of Os(peptpy)2
2+. Note that 

1pPe and 1MLCT states were determined by the absorption peaks. IMCT states are 

estimated by cyclic voltammetry. 3MLCT and 3pPe states were determined by the 

phosphorescence peaks. 
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Fig. 4-14 (a) Cyclic (b) Energy levels of excited singlet and triplet states of Ru(peptpy)2
2+. 

Note that 1pPe and 1MLCT states were determined by the absorption peak. IMCT states 

are estimated by cyclic voltammetry. 3MLCT and 3pPe states were determined by the 

phosphorescence peaks. 
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4.3.4 Theoretical calculation of spin density surfaces 

The contributions of Os on the lowest excited triplet (T1) states of Os(petpy)2
2+, 

Os(peptpy)2
2+ and Os(m-peptpy)2

2+ were investigated with theoretical calculations. 

Since the spin-orbit coupling, the interaction which unites an electron spin with its 

momentum at some orbital, becomes effective when the electron is near a heavy atom, 

the contributions of the Os atom in T1 states are considered to be related to the radiative 

and nonradiative decays from 3pPe states. Figure 4-15 shows calculated spin density 

surfaces in T1 optimized structures of the Os complexes. The d orbital of Os atom has 

less contribution in Os(peptpy)2
2+ thanks to the phenyl ring, and the density of meta-

conjugated Os(m-peptpy)2
2+ is further localized at the pPe unit. These results 

correspond with the longer phosphorescence lifetime of Os(peptpy)2
2+, Os(m-peptpy)2

2+ 

than that of Os(petpy)2
2+. Therefore, the suppression of heavy atom effect on combined 

chromophores with proper bridge structures is essential to extend the net excited-state 

lifetime of chromophore-combined Os complexes. 

 

 

Fig. 4-15 Spin density surfaces for Os(petpy)2
2+, Os(peptpy)2

2+ and Os(m-peptpy)2
2+ in 

T1 optimized structures (isovalue = 0.0004). 
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4.4. Conclusion 

In conclusion, heavy atom effect in chromophore-combined Os(II) and Ru(II) 

bisterpyridine complexes was investigated. While intramolecular energy transfer to the 

attached chromophore extends the net excited-state lifetime, the decay from the lowest 

chromophore-localized triplet state can be shortened due to the heavy atom effect of 

Os(II) or Ru(II). The contribution of the metal center can be controlled by introducing 

the phenylene bridge and its substitution position. Remarkably, meta-conjugated 

phenylene bridge showed significant suppression of the heavy atom effect, which resulted 

in 470-fold longer phosphorescence lifetime than the parent Os complex. The 

temperature-dependence of phosphorescence lifetimes also proved the effectiveness of 

the meta-conjugation which significantly reduces the contribution of the heavy atom. 

Those findings would provide an insight for the rational development of efficient NIR 

absorptive triplet sensitizers applicable to triplet-triplet annihilation-based photon 

upconversion, photoredox reactions and phototherapy. 
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