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Introduction: What is Upconversion?
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Photon upconversion (UC) is a process in which the sequential absorption of two or 

more photons leads to the emission of light at shorter wavelength than the excitation 
wavelength.

◼ Three Typical Mechanisms

1. Excited-State Absorption

2. Energy Transfer Upconversion

3. Photon Avalanche Upconversion

Chivian, J. S. et. al. Appl. Phys. Lett. 1979, 35, 124–125



TTA-UC
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(sensitizer)

(annihilator)

Castellano, F. N. et. al. Coord. Chem. Rev. 2010, 254, 2560–2573

Poulsen, K. M. et. al. Chem. Soc. Rev. 2020, 49, 6529--6554



Necessary Conditions
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◼ The light harvesting ability of the triplet sensitizer （large 𝜀 value)

◼ Fast and efficient ISC process (large 𝑘𝐼𝑆𝐶 and 𝛷𝐼𝑆𝐶)

◼ Long T1 state lifetime (increasing the diffusion distance)

◼ Energy match of sensitizer and annihilator 

𝑘ET ∝ 𝐽 × 𝑒𝑥𝑝
−2𝑟

𝐿

𝐽 = න𝑓D 𝜆 𝜀A 𝜆 𝜆4d𝜆

For Dexter energy transfer:

◼ For annihilator:

2 × 𝐸T1 > 𝐸𝑆1

Zhao, J. et. al. RSC Adv. 2011, 1, 937–950

𝐸T1,𝑠𝑒𝑛 > 𝐸𝑇1,𝐴𝑛



Quantum Yield
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𝛷𝑈𝐶 =
1

2
𝑓𝛷𝐼𝑆𝐶𝛷𝐸𝑇𝛷𝑇𝑇𝐴𝛷𝐹𝐿

Upconversion efficiency

𝜂𝑈𝐶 = 𝛷𝑈𝐶
′ = 2 × 𝛷𝑈𝐶

◼ Spin-Statistical Factor (𝑓)

5/9 Probability

3/9 Probability

1/9 Probability

The limit for the efficiency of the TTA upconversion is 11.1%.

Charlton, J. L. et. al. J.Am. Chem. Soc. 1981, 103, 7159-7164

Mostly <10%

Zhao, J. et. al. RSC Adv. 2011, 1, 937–950



Development of Sensitizer
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◼ Ru(II) Polyimine Complexes

𝜆m𝑎𝑥 = 450 𝑛𝑚

514 nm Absorption

430 nm Emission

Castellano, F. N. et. al. Chem. Commun. 2005, 3776–3778

Weak absorption in the visible range (<450 nm)

Short T1 lifetime (<1 μs)

Hammarstrom, L. et. al. J. Am. Chem. Soc. 2008, 130, 15533–15542

108 μs

Zhao, J. et. al. J. Mater. Chem., 2010, 20, 1953-1963



Development of Sensitizer
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◼ Pt(II) and Pd(II) Porphyrin Complexes Longer T1 lifetime (>50 μs)

544 nm ~550 nm 

X= OMe

630 nm 
700 nm 611 nm 

Zhao, J. et. al. RSC Adv. 2011, 1, 937–950



Development of Sensitizer
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◼ Os(II) Complexes

Rovis, T. et. al. ACS Cent. Sci. 2020, 6, 2053−2059



Development of Sensitizer
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◼ Os(II) Complexes

𝜏0=19 ns

600 ns for Ru analogue

𝜏0=269 ns

250 ps for Ru analogue

ET1=1.7~1.8 eV

724 nm Absorption (1.71 eV) 462 nm Emission (2.68 eV)

Rovis, T. et. al. ACS Cent. Sci. 2020, 6, 2053−2059

Rovis, T. et. al. Synlett 2022, 33, 247–258

Yanai, N.; Kimizuka, N. et. al. J. Mater. Chem. C, 2017, 5, 5063-5067



Development of Sensitizer
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◼ Organic Sensitizers  (Hard ISC process)

S1 (n,𝜋∗) to T1 (𝜋,𝜋∗) Heavy atom effect 

◼ Boron-Dipyrromethene, BODIPY

Zhao, J. et. al. J. Org. Chem. 2011, 76, 7056–7064



Development of Sensitizer
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◼ Boron-Dipyrromethene, BODIPY

Zhao, J. et. al. J. Org. Chem. 2011, 76, 7056–7064



Development of Sensitizer

14Han, G. et. al. Nat. Rev. Chem. 2024, 8, 238–255



Development of Annihilator

15Han, G. et. al. Nat. Rev. Chem. 2024, 8, 238–255

◼ Mostly commercially available compounds

◼ Few are with tailored design



2ET1 and ES1

16Campos, L. M.; Congreve, D. N.; Sfeir, M. Y. et. al. J. Am. Chem. Soc. 2020, 142, 19917−19925

𝛷𝑈𝐶s =
1

2
𝑓𝛷𝐼𝑆𝐶𝛷𝐸𝑇𝛷𝑇𝑇𝐴 =

𝛷𝑈𝐶

𝛷𝑃𝐿
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General Reaction Systems
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What happens after the upconversion?

Han, G. et. al. Nat. Rev. Chem. 2024, 8, 238–255



NIR TTA-UC for Photocatalysis
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“Triplet Fusion Upconversion”

Congreve, D. N.; Rovis, T.; Campos, L. M. et. al. Nature 2019, 570, E24



Photoreactions
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Penetration is ~300 times greater

Congreve, D. N.; Rovis, T.; Campos, L. M. et. al. Nature 2019, 570, E24



Oxidation of Arylboronic Acid
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Han, G. et. al. J. Am. Chem. Soc. 2020, 142, 18460−18470

𝜂𝑈𝐶 (720 nm LED) 6.4% 14.1%



Oxidation of Arylboronic Acid
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Han, G. et. al. J. Am. Chem. Soc. 2020, 142, 18460−18470

R Me CHO OMe Cl H

Yield 81% 76% 73% 71% 74%



Two-Component Reactions
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◼ Blue Light to UV upconversion in Water

Wenger, O. S.; Kerzig, C. et. al. J. Am. Chem. Soc. 2020, 142, 10468−10476

ET1=2.65 eV

𝜏0=1625 ns

ET1=~2.58 eV

ES1=3.7 eV

𝐸1

2

(NPX·+/NPX*)=-2.5 V (vs NHE)

> -2.0 V for normal PC



Activation of Arylbromide
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Han, G. et. al. Nat. Commun. 2023, 14, 1102



Activation of Arylbromide
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An 𝛷𝐸𝑇 𝛷𝑇𝑇𝐴

Py0 97 4.3

Py1 97.5 6.8

Py2 98.3 14.0

Py3 98.1 11.3

Py4 96.7 15.7

Han, G. et. al. Nat. Commun. 2023, 14, 1102

◼ Triplet lifetime



Activation of Arylbromide
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Han, G. et. al. Nat. Commun. 2023, 14, 1102



Os(II)/DCA System
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Wenger, S. et. al. Chem. Sci. 2023, 14, 149–161

Solvent [DCA]/mM 𝛷𝑈𝐶

MeCN 0.5 0.22

Acetone 0.5 0.13

DCM 3 1.5



Os(II)/DCA System
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Rovis, T. et. al. ACS Catal. 2024, 14, 18515−18522 

Larsen, R. W. et. al. Inorg. Chem. 2020, 59, 7761−7767



C-O Bond Formation
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Rovis, T. et. al. ACS Catal. 2024, 14, 18515−18522 



Mechanism

30
MacMillan, D. W. C. et. al. Nature 2015, 524, 330–334

Rovis, T. et. al. ACS Catal. 2024, 14, 18515−18522 



Reactions of Annihilator
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Castellano, F. N. et. al. Angew. Chem. 2006, 118, 6103–6105 

◼ Dimerization

◼ Photocleavage

Han, G. et. al. Nat. Commun. 2021, 12, 122 



Single Component Reactions
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Castellano, F. N. et. al. Chem 2020, 6, 3071–3085
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Summary
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◼ Bioapplication

◼ Water Splitting ◼ Inorganic Material

◼ 3D Printing

What We Did not Discuss

Hayward, R. C. et. al. J. Am. Chem. Soc. 2022, 144, 5226–5232

Han, G. et. al. Nat. Commun. 2021, 12, 122 

Xu, Z. et. al. Appl. Catal. B 2019, 258, 117762 Kimizuka, N. et. al. Dalton Trans. 2018, 47, 8590–8594 35



Challenges
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◼ The development of high-performance TTA-UC

◼ The harmonious coupling of TTA-UC and Photoreactions

◼ The expansion of TTA-UC-PR application scenarios



Quantum Dots and Nanoparticles
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𝜂𝑈𝐶 = 18.6%

Wu, K. et. al. J. Am. Chem. Soc. 2019, 141, 13033−13037

Tang, M. L. et. al. Acc. Chem. Res. 2021, 54, 1, 70–80

Li, F. et. al. J. Am. Chem. Soc. 2013, 135, 5029−5037


