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Introduction: What is Upconversion?

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.

B Three Typical Mechanisms
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2. Energy Transfer Upconversion 1
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3. Photon Avalanche Upconversion

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

B The light harvesting ability of the triplet sensitizer (large € value)
B Fast and efficient ISC process (large k;sc and @)
B |Long T, state lifetime (increasing the diffusion distance)

B Energy match of sensitizer and annihilator

—2r

kgt < ] X exp [T]

For Dexter energy transfer:

J = f fio ea(D*dA

B For annihilator:

ETl,sen > ETl,An

2 X Ep; > Egy

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



Quantum Yield
_ 1
chC - EfCDISCCDET(pTTA(pFL

Upconversion efficiency

Nuc = Pyc =2 X Py¢
B Spin-Statistical Factor (f)

AT H3A R - (AA),F - Ay*+1A)  5/9 Probability

SATF AT o (AA) F oA T +1A)  3/9 Probability

AP AT S AA)F < TA +TAy  1/9 Probability
The limit for the efficiency of the TTA upconversion is 11.1%.

Mostly <10%

Charlton, J. L. et. al. J.Am. Chem. Soc. 1981, 103, 7159-7164
Zhao, J. et. al. RSC Adv. 2011, 1, 937-950



Development of Sensitizer

B Ru(ll) Polyimine Complexes

X Weak absorption in the visible range (<450 nm)
X Short T, lifetime (<1 ps)

Amax = 450 nm 430 nm Emission

514 nm Absorption

ZN-Ru-N:158.6 ZN-Ru-N: 173.0° ZN-Ru-N: 179.6°
7=0.25ns T=1.0us t=3.0us

Castellano, F. N. et. al. Chem. Commun. 2005, 3776-3778
Hammarstrom, L. et. al. J. Am. Chem. Soc. 2008, 130, 15533-15542
Zhao, J. et. al. J. Mater. Chem., 2010, 20, 1953-1963



Development of Sensitizer

B Pt(ll) and Pd(Il) Porphyrin Complexes Longer T, lifetime (>50 ps)

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



Development of Sensitizer

B Os(ll) Complexes

a Spin-Allowed Excitation b Spin-Forbidden Excitation
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Rovis, T. et. al. ACS Cent. Sci. 2020, 6, 2053-2059
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Development of Sensitizer

B Os(ll) Complexes

70=19 ns 77=269 ns
600 ns for Ru analogue 250 ps for Ru analogue
_‘ 2+
Br

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

B Organic Sensitizers (Hard ISC process)

i IO
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Sy (") to Ty (m,m™) Heavy atom effect

B Boron-Dipyrromethene, BODIPY

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



Development of Sensitizer

B Boron-Dipyrromethene, BODIPY

Aabs”
503 8.20
510 8.80
529 8.90
629 7.28
539 7.54
557 5.94
576 18.0

575/618 9.09/8.95

Zhao, J. et. al. J. Org. Chem. 2011, 76, 7056—7064
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Development of Sensitizer

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



Development of Annihilator

B Mostly commercially available compounds

———————————————

B Few are with tailored design Ta(ev) ‘

Han, G. et. al. Nat. Rev. Chem. 2024, 8, 238-255
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2E;, and Eg,

ooqc\m-hwug‘

Campos, L. M.; Congreve, D. N.; Sfeir, M. Y. et.

1 = 4=
Pycs = Ef PiscPerPrra = qb—
PL
dilute” concentrated”
Dy, @, 7 Dy Dy, (O3 Dy
® % % % %)
0.14 82.4 0.12 0.30 36 0.01
0.21 79.1 0.17 0.12 27 0.005
0.18 78.5 0.15 0.38 33 0.01
1.6 83.8 1.3 3.5 23 0.1
3.5 714 2.5 9.0 1.8 0.15
0.65 744 0.5 1.8 2.5 0.05
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General Reaction Systems
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NIR TTA-UC for Photocatalysis

“Triplet Fusion Upconversion”
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Photoreactions

o] Eosin Y (5 mol%)
Br DIPEA (2 eq), diludine

DMF/MeCN/PhCF3

Bromoacetonitrile
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PtTPTNP (0.0001 mol%)
TTBP (0.18 mol%)
Light source 2 h, 21 °C

(0]

%OMe

Ph 13 (13 mol%)

Penetration is ~300 times greater

1 )

O 0]
Ph O O Ph Ru(bpy)3(PFg)2 (5 mol%) Ph
DIPEA, LiBF4
N S > 4 H
MeCN/PhCF4
NIR to Blue
NS COoM Ph
Phw 2Me No Photocatalyst -~ ; NH
N, MeCN/PhCF4 P
NIR to Blue CO:Me
Material NIR Blue
Air Gel Gel
Water Gel Gel
Amber glass Gel No reaction
Bacon Gel No reaction?
Ru(bpy),(PF), (1.5 mM) Gel No reaction
700-nm long-pass filter Gel No reaction
White silicone sheet Gel No reaction
3 sheets white paper Gel No reaction
Haemoglobin (0.2 mM) Gel No reaction
Gel No reaction

Pig skin (6.4 mm)

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



Oxidation of Arylboronic Acid
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PyS 76 41.1 53.2 16.6
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Han, G. et. al. J. Am. Chem. Soc. 2020, 142, 18460-18470



Oxidation of Arylboronic Acid

PhI(OAG), (1 €q), KoCO4

R
[Pd] (0.02 mol%), Py5 (0.5 mol%) R
HO\B - v
EosinY HO

|
OH DMF, 720 nm

R Me CHO OMe Cl H
Yield 81% 76% 73% 71% 74%

PdTNP/Py5/Eosin Y

Eosin Y, 530 nm
720 nm OAc
]

Product yield (%)

10 20 2 10 20
Reaction volume (mL)

Han, G. et. al. J. Am. Chem. Soc. 2020, 142, 18460-18470 =



Two-Component Reactions

Blue Light to UV upconversion in Water

SO;Na
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Wenger, O. S.; Kerzig, C. et. al. 3. Am. Chem. Soc. 2020, 142, 10468-10476



Activation of Arylbromide

Py0 Py
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Han, G. et. al. Nat. Commun. 2023, 14, 1102
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Activation of Arylbromide

An Prr Prr4
Py0 97 4.3
Pyl 97.5 6.8
Py2 98.3 14.0
Py3 98.1 11.3
Py4 96.7 15.7
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e D
-] Ix
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1 1 I i I N I N 1 N I 0
0 500 1000 1500 2000 Py1
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Han, G. et. al. Nat. Commun. 2023, 14, 1102
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Activation of Arylbromide

[Pd] (0.01 mol%)

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



Os(I1)/DCA System

2+
_‘ CN Solvent  [DCA]/mM Dyc
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A U
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|
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o~ OH OH
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Wenger, S. et. al. Chem. Sci. 2023, 14, 149-161



Os(I1)/DCA System

2+

Os(BrPh-tpy),
Aex = 840 Nm
T,=1.69eV

7 IMLCT

Ground State

CN
CN
DtB-DCA
T,=1.81eV
S;=2.90eV

Loss to TTA-UC =0.72 eV
Anti-Stokes Shift = 1.25 eV
(values for DCA)

Rovis, T. et. al. ACS Catal. 2024, 14, 18515-18522
Larsen, R. W. et. al. Inorg. Chem. 2020, 59, 7761-7767
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C-O Bond Formation

[Os] (1 mol%)

(o] DtB-DCA (10 mol%) o
NiBr,(dtbbpy) (5 mol%)
+ MeOH >
DABCO (5 equiv.)
Br 5 equiv. 3:1 DMF/DMK OMe

40°C, 24 h, 660 nm

o0 cOo Q.

80%

>99%

Yy

31% 44% 29%

/ N CF3 CF3
_N, [
NIl 0
7N em X
~ CF; FsC CF3
Ni-l
Entry Conditions Yield (%)
1 Ni-l, 427 nm 0
2 Ni-l, 660 nm 0
3 Ni-l1 + [Os], 427 nm 46
4 Ni-l + [Os], 660 nm 0
(<) Ni-l + DtB-DCA, 427 nm > 99
6 Ni-l + DtB-DCA, 660 nm 0
7 Ni-l + [Os] + DtB-DCA, 660 nm 49

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



Mechanism
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MacMillan, D. W. C. et. al. Nature 2015, 524, 330-334



Reactions of Annihilator

B Dimerization

B Photocleavage

An X > | An  +
O PS (1 mol%) ®

73.6% (a)

99580

70.2% (b)

Castellano, F. N. et. al. Angew. Chem. 2006

OOO [Ru(dmb)g,]z"> O.’i

NS

TAn + An > An,

THF/H,0
PtOEP, 530 nm:

a
b
c
d

— N e N

(
(
(
(d) PtTNP, 720 nm.

83.2% (b) 76.0% (c)

Bn
o
o\ﬁo ﬁ)‘HNBoc
OO NHBoc

89.2% (c) 70.9% (c)

, 118, 6103-6105 Han, G. et. al. Nat. Commun. 2021, 12, 122

Ir (ppy),, 476 nm;

PdTPBP, 650 nm;
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Single Component Reactions

A
1ZnTPP*
S S
- 1.67 eV *ZnTPP*
Bl VT T
= -1.2eV
L
' \
0.4 eV 0.4 eV 0.4 eV
ZnTPP ZnTPP ZnTPP

Castellano, F. N. et. al. Chem 2020, 6, 3071-3085
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Summary
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What We Did not Discuss

B 3D Printing

Hayward, R. C. et. al. J. Am. Chem. Soc. 2022, 144, 52265232

B Water Splitting
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B Bioapplication
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Han, G. et. al. Nat. Commun. 2021, 12, 122

B [norganic Material
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Kimizuka, N. et. al. Dalton Trans. 2018, 47, 8590-8594
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Challenges

B The development of high-performance TTA-UC

B The harmonious coupling of TTA-UC and Photoreactions

B The expansion of TTA-UC-PR application scenarios



Quantum Dots and Nanoparticles
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Wu, K. et. al. 3. 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

37



