SES-ZEAsE R EESE (TTA-UC
T2 AU RO o 6 R ]

CIRA: Bl
Slin: ¥ 2%
2l BYWE

AdiaE]: 2024-11-8




. B5) 10O

2. TTA-UCHRISEEGAIFIEE

3. TTA-UCE 5Bt
1 GBS
3 2 E}fsur,%l_

. REEREE







O SRR BRIk

“On the arid lands there will spring up
Industrial colonies without smoke and

without smokestacks glass buildings will
rise everywhere; inside of these will take
place the photochemical processes

Gilacomo Ciamician
1912

G. Ciamician, Science 1912, 36, 385. 4



O SERMBCKTERYA)E

K. |. Booker-Milburn, et al. 2008: 2013:

Ac H
/ \CO,Et
Hg lamp (125 W) Ac Hg lamp N
Pyrex (275 nm) 254nm .
- i/ \ > 41% vyield
MeCN N~ “CO,Et MeCN *
K/\ A
\ 6 h ‘\\H
FEP flow reactor Cl o.c\
50 mg scale system 40%-60% yield BN
>100 mg scale [ 63% yield (20% RSM) <20% vyield 34% yield
1.3 g scale

C. R. J. Stephenson, et al. 2013:

1. PPhs ,l, ,imidazole
MeCN 2 h;

BnO\/\/\/\OH g BnO\/\/\/\H
2. fac-Ir(ppy)s , ‘PrNEt 75% conversion
MeOH
Visible light 18 min 88% vyield
6d via flow

K. I. Booker-Milburn, et al. J. Org. Chem. 2008, 73, 6497; K. I. Booker-Milburn, et al. Angew. Chem. 2013
Commun. 2013, 49, 4352.

> HKEF=EE

>

SIVBEE[S

> KEESR R
> ISEEE

, 125, 1539

; C. R. J. Stephen, et al. Chem.

5



1=IB

— Z A\Nlz> A 24
SR CIRBFEEX
‘;’ %;LI /AN =
X-ray Ultraviolet Visible Light Infared
10 nm . 400 nm: 780 nm
N T T H 254 nm Low pressure Hg lamp
UV-tube: ={loasall
o AR H HH 300, 303 313nm H 546 nm Medium pressure Hg lamp
} | High pressure Hg lamp
\‘__.I.__/
CFL:  ~ 557 I |
4

r—
m
o
=
|‘-
III
|‘_
IE/
:‘_

5% Untraviolet, 43% Visible light, 52% Infared

Solar: [ |

N. Yanai, C. Kerzig, et al. Angew. Chem. Int. Ed. 2023, 62, €202215340; T. Noél, et al. Chem. Rev. 2016, 116, 10276.
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FHIRKIRIKAISOH

1376

L

» Bouguer-Lambert-Beer law

Trasmittance (%)

A= lngm T

= ]ng 0 = gd

100

80

60

40

20 +

I T | ! I
0.5 1.0 15
Distance (mm)

|
2.0

> BOEHAIRERISIA

Z
e E \ l _,
N | X
o | N~
"Ru‘\
/ | \
F * X T 2280 kealemol N
1 N
— 650 nm = 44.0 kcalemol _

Ru(bpy)3**



_F3E#E Upconversion
RN Z M BEE T A S EEE 7 HIT FE

—ES-ZESEKX LR
Triplet=Triplet Annihilation Upconversion (TTA-UC)

F. Li, et al.Chem. Rev. 2015, 115, 395. 8



1.2 ZES-SESER LHEIR(TTA-UC)

> TTA-UCHYSeHIRIdTE

+ TAnn
3*Ann  "™Ann T*Ann

IC, Vib relaxation, etc S
} l kTT/:\T' "o
T*Sen 1*Sen Kisc TTA

S1,0\; 3*Sen

D T1,0
o ° Irradiation /\
% 'Sen L \/ 'Ann

Y
\ a7 'Ann
S S
Sen ! 0,0 Sen 0,0 O
Input light Ph Ph
Sen = Ann= Ph Q Ph

Ph

C. Kerzig, N. Yanai, et al. Angew. Chem. Int. Ed. 2023, 62, e202301506.



1.2 ZES-SESEKR EHEIR(TTA-UC)

> TTA-UCESE5E eI IE

'"Ann | ,T"s > _ P
1. FRET X
Ann 's *
PCywS —=_P

S

2. Radation M(
2X 3*Ann _TTA AR PC

TET *Ann — e (S — F
J >
Ann 3.SET  upr - s
XS —, P
SET
Ann**A\ g

3. SET with donor/acceptor

T*Ann A/D** S, P
XSET SET
Ann**" A/D S

10

C. Kerzig, N. Yanai, et al. Angew. Chem. Int. Ed. 2023, 62, e202301506.
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2. TTA-UCHIRYSEBIFNEER

ZCISe-TCA

Aabs 808 nm Et Et
PtOEP ZnTPP

Aabs 640, 587 nm Aabs 532 Nm

PdPc PtTPBP
Aabs 725 nm Aabs 611,430 nm Pt-1
OBu BuO Aabs 411 nm Re-1
e B doapsA73 NM
co |\
\ fo) OCI"', | ‘\‘\\N = “ NEt,
/ ‘Re’’ |
BuO tBu oc” | N\ N d
et ROl
OBu BuO

K. Wu, et al. Nat. Photon. 2023, 17, 346; T. Tsuboi, et al. Chem. Phys. 2006, 330, 118; R. P.Steer, et al. J. Phys. Chem. A 2009, 113, 8548;F. N.Castellano, et al.
J. Phys. Chem. Lett. 2009, 1, 195;F. N.Castellano, et al. J. Phys. Chem. A 2008, 112, 3550;J. Zhao, et al. Dalton Trans. 2012, 41, 8931, F. N. Castellano, et. al. 1 2
J. Phys. Chem. A 2006, 110, 11440;J. Zhao, et al. Eur. J. Inorg. Chem. 2012, 3183.



2. TTA-UCHIRYSEBIFNEER

Polycyclic Aromatic Hydrocarbons

4 N\
v, ValliaWad
v, v, ) o 97%
\ W,
anthracene DMA DPA
4 A

k Ph Ph

> Solle®s
() (e 0
O emit | py O Ph
O Ph O Ph_Aemit DF 35% 360-420
570 nm - nm )
O O ®r 98% pyrene TPPy

tetracene rubrene Q.O OO‘

perylene anthanthrene

F. Li, et al. Chem. Rev. 2015, 115, 395; S.Tobita, et al. Phys. Chem. Chem. Phys. 2009, 11, 9850; F. Castellano, et al. Phys. Chem. A. 2006, 110, 13
11440.




2. TTA-UCHIRYSEBIFNEER

Heterocyclic Compounds

I
N e
| B, 527nm
Ph/[o»\Ph i/ \i N F
Ph Ph

0 [ )\ ®r 69%
PPO DPBF BDP-1

Oligomers

Polymers

PF2/6 spirobifluorene-anthracene copolymer

F. Castellano, et al. J. Am. Chem. Soc. 2008, 130, 16164; F. Castellano, et al. J. Am. Chem. Soc. 2010, 132, 14203. 14



2. TTA-UCHRIFSSGHIFNERHF
> TEHINE- IR =%SED k5TA > yrrT3 K5TA < yrrT3

k —1
I. = (a -1 {;] k') = (ad “lp. 72
a = (aY1T) k§+ku ( A) (a@reryrr)” Tr

O. S. Wenger, et al. 2023: @ @ m

10"1; \I' : y

10°1 — : =
s Iy, = (@@reryrr) ' 71

UC emission intensity (a.u.)

Ds11A-UC 9% 2.03 3.47

10" orrivir I ——— T ——r
10’ 10 10° 10°
Power density (mW cm™?)

ly/Wecm 1.4 0.71
15

C. Kerzig, N. Yanai, et al. Angew. Chem. Int. Ed. 2023, 62, e202301506; O. S. Wenger, et al. J. Am. Chem. Soc. 2023, 145, 11402.



2. TTA-UCHIRYSEBIFNEER

> JCEGTIE-EKAE

O. S. Wenger, C. Kerzig, et al. 2020:

Ir(sCHoppy)ppy- Irsppy
/M 'em™
E{/ eV 2.50 2.65 2.76 2.81
11/ NS 1560 1625 2165 2110

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

16



2. TTA-UCHIRYSEBIFNER R

O. S. Wenger, C. Kerzig, et al. 2020:

Irsppy (0.1mM) ( )
NPX (20 mM) .
P NaOD (10 mM) | coo-
N > N +
I N /7 \ +
D,O (10 mM) Na
455 nm LED NPX
23 h complete degradation - <

Sz BRI :

. |
*Irsppy NPX NPX™ AN ©/

455 nm LED TET

NPX
Irsppy 3*NPX <340 nm ; GN3<
> *NPX |
S*NPX ' TTA

17

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



2. TTA-UCHRIFS8GRIFER
» BRI -HEERRAY K

B<mlss!
1.Z_§\ DCM NMe,
N ' iperidine
H N NIC (4 equiv.) I~ N pIp
- > | ! ) I
=N___N / DCM =N___N
(0] Cl 2. BF3.Et20, NEts, DCM /B\ ,B\
F*°F FF°F
Aabs 929 Agmit 552
NIC (2 equiv.) (o7 57.1 us E11.50 eVJ
DCM O
NMez
= Aabs 629 Agmit 706
( A THF/NEt, Q N 11 4.0 us E71.15 eV
Pd(PPhs)Clz\/\/ . /
Y  PPhs Cul
/Y Y I N

8

F'°F
Aabs 910 Agmit 532
T 66.3 us E11.51 e\c

Aabs 557 Aemit 631
17 54.6 ps E11.41 eV

J. Zhang, et al. J. Org. Chem. 2011, 76, 7056.



2. TTA-UCHRYSEEUF;

> i

ERFIKIT-5 I NFFERYE

2021, Yanai. et al:

ET =3.9eV
NC
TET
/V Cbz
Er=2.72¢eV
i}\ >/ Design

EXRA

BEZ
A
/
UVB UVA
£ N\
I r
cos 400 nm  Agmit/NM
CN
Cbz
Cbz
4CzIPN

Candidate E;/eV?
QR 3.06
O e |
R
Q 207
R
TIPS

aTD-DFT calculated at
B3LYP/6-311+G(d,p) level.

N. Kimizuka, N.Yanai, et al. Angew. Chem. Int. Ed. 2021, 60, 142;N. Yanai, C. Kerzig, et al. Angew. Chem. Int. Ed. 2023, 62, €202215340;0. S.
Wenger, C. Kerzig, et al. J. Am. Chem. Soc. 2020, 142, 10468.



2. TTA-UCHAIYSBIUFIE R
> BRI 5 I NS ENEREE

6 1
4.15 eV P i
— / N\\ ,/N
"-E :-'%’... 3 > O QQ
o 4- . S S/t o~
il A TIPS o £
e : bTIPS-Bz 4CzIPN 5
= @, = 0.48 Dsc=0.70 £
< 2 - -
o
S
()
o l L J ' L} ' ....'."'H“ ' L) . L} 0
250 300 350 400 450 500
A (nm)

N. Yanai, C. Kerzig, et al. Angew. Chem. Int. Ed. 2023, 62, €202215340. 20
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3. TTA-UCESSRIBHLYE R

O 3.1 EERSHHI AL

» Fluorescent Resonance Energy Transfer

P o
I,, /o
",,2)@. N
’r,f::?’@é x 1 *A EI‘J(DFEX
“0 %,
°, ,0 NVA ] == >
X "ASERYGEEEEEK(DE)
D* A v Stern-Volmeri/|IR3&IE

F. Glorius, et al. Chem. Soc. Rev. 2018, 47, 7190; C. Kerzig, N. Yanai, et al. Angew. Chem. Int. Ed. 2023, 62, €202301506. 22



3. TTA-UCESSRIBHLYE R

N. Yanai, C. Kerzig, et al. 2023:

bTIPS-Bz (10 mol%)

(o)

4CzIPN (1 mol%)
*J\ hexane/toluene = 10/1

>

440 nm LEDs
1h
-
TIPS Cbz
4 NC CN
é Cbz Cbz
TIPS Cbz
bTIPS-Bz 4CzIPN

J

N. Yanai, C. Kerzig, et al. Angew. Chem.

Int. Ed. 2023, 62, €202215340.

>  HIEER

0 Norrish | type

x* /\Y

*bTIPS-Bz bTIPS-Bz
A 4CzIPN
3pTIPS-Bz
3pTIPS-Bz
*4CzIPN

23



3. TTA-UCESSRIBHLYE R

> 1EFIREE(TIE

C. Yang, et al. 2022:

BN-2Cz, 1,4-DTNA nBu\S

in toluene
No /COZM‘* CO,Me
+ 7 r
MeO,C toluene O‘
COZMG
532 nm LEDs
1.3 equiv. 10 h 96% Conversion

BN-2Cz 1,4-DTNA

24

C. Yang, et al. CCS Chem.2022, 4, 3852.



3. TTA-UCESSRIBHLYE R

O 3.2 BAEEYHIrER M

O. S. Wenger, et al. 2023:

[Os(bpy)3](PFg)2 (1 mol%)

O A DCA (5 mol%) O
- - X
¢ - ®

red light

Entry Light souce (nm) Time (h) NMR yield%

1 635 3 80
2 705 18 50
32 440 1 97

aConditions: Acetonitrile(0.1 M), DCA (5 mol%), rt.

O. S. Wenger, et al. Chem. Sci. 2023, 14, 149.

2PFy
[Os(bpy)s](PFe)2

CN

CN
DCA

25



3. TTA-UCESSRIBHLYE R

O AR

1.0 2.2
1.9
2 0.8- 1.6-
n ]
c 1.3
_:.‘I_.') ]
c 0.6 - 1'0_1 T T T T !
0 1 2 3 4 5
E [DCA] / mM
© 0.4 9 po-1 -1
E k-|—|-ET=3'1O M S
| -
S 0.2-
0.0 J I

200 300 400 500
time / ns

|
0 100

krrer **[Os(bpy);](PFs), by DCAin DCM

O. S. Wenger, et al. Chem. Sci. 2023, 14, 149. 26



3. TTA-UCESSRIBHLYE R

40 -
30 - krra=(6.7+0.3) -10°M ' s 2 32 my
A = (165%11) us 40 mJ dA
— = —k;A —Kk;pA2
O 50 - dt T TTA
<
= Aoy (1=B)
ANA =
10 - exp (kr-t)-p
_ kpra[?4],
0 -  krra[3Alo+kr
0 50 100 150
time / us

Power-dependent decay of 3*DCA in DCM

27

O. S. Wenger, et al. Chem. Sci. 2023, 14, 149.



3. TTA-UCESSRIBHLYE R

O FJEerLE

E-P or Z-P
kQ' X E-P**or Z-P**
<10’ in MeCN

3*[OSII]
3*DCA ¢
kQ Annihilation
| . 6.8 x 10°
_\ e TE 1*DCA X _
Irradiation kSET O
1.46 x 1010
DCA SET DCA* O &
o J

ol

O. S. Wenger, et al. Chem. Sci. 2023, 14, 149. 28




3. TTA-UCESSRIBHLYE R

O 3.2 BAEEYHIrER M

O. S. Wenger, et al. 2023:
[Os(bpy)s](PFe)2 (0.5 mol%)
DCA (5 mol%)
| naphthalene (2.0 equiv.) |
TBAPFg (1.0 equiv.)

o_ _N S. N
J: ] s DCM- o
MeO CM-d, MeO

635 nm laser

14 d 88% NMR yield
IE EEEMRA ) .
D. Nicewicz, et al. 2015:
p-tol
I PC (1.0 mol%) |
o_ _N X
T - NS |
b
MeO S MeCN MeO (o) p-tol (0] p-tol
€ Blue LEDs (450 nm) e o2
24 h 95% yield BF,
PC
\. J/

O. S. Wenger, et al. Chem. Sci. 2023, 14, 149; D. Nicewicz, et al. J. Am. Chem. Soc. 2015, 137, 15684. 29



3. TTA-UCESSRIBHLYE R

|‘*51: H
D H Bb J-LE::
3xrAcll |
[Os] o_ _N
3*DCA ¢ \n/ ~N
Nnnihilation S
| MeO
‘!‘ *DCA “OO
EnT SET SET |
O D
Irradiation SET DCA* MeO /©/ Se
e

- D%S\H/rl« - |7 4
T LT T g )
Me0/©/ A MeOS

0. S. Wenger, et al. Chem. Sci. 2023, 14, 149, 30



3. TTA-UCESSRIBHLYE R

7 wEE

50 us
—— no quencher
—— 50 mM naphthalene

AOD
o

—_— |

E [Os(bpy)s]”’ Os(bpy)33+ﬁEH/‘JiIE M

J K\/\/\/U
01—L, . . .

| I I I
400 500 600 700 800
A/ nm

norm. AA norm. AA AAOD

0. S. Wenger, et al. Chem. Sci. 2023, 14, 149, 31



3. TTA-UCESSRIBHLYE R

O 3.2 BFHEBENB RN (EFR-5EE5)
» ZClSe-TCAEF=

Ligated with
TCA

- )n
1. OAm, ODE CRR
Zn(OAm),, OAmM-S e
> W rs® A
2. TCA
R Coated with
| ZnS shell

Zu, Cu, In, Se Core

K. Wu, et al. Nat. Photon. 2023, 17, 346. 32



3. TTA-UCESSRIBHLYE R

O 3.2 BAHEBIELERMN (BFR-75E67)
> BEREBIEBH

808 nm excitation

‘\, g‘"t} ->
T 221eV
TET TET ;
)
1 zciser TIA
1.6 eV i = '
*TCA* *Rub* ! “Rub*
13eV 114 eV
'I
»

K. Wu, et al. Nat. Photon. 2023, 17, 346. 33



3. TTA-UCESSRIBHLYE R

O 3.2 BAEEYLHEG

K. Wu, et al. 2023:

ZCISe-TCA (0.
rubrene (12.8%)

diludine (1.1 equiv.)
DIPEA (1.8 equiv.)

M (EFR-76E05)

008 mol%)

(o]
@km

"Light souce”
DMF/toluene (100/1)

o
H
r

Enrtry Light souce Reaction time  GC-MS Yield(%)
1 808 nm 8 h > 99
2 532 nm "Eosin Y" 8 h > 99
3 Sunlight 1h 91
4 Sunlight "Eosin Y" 1h 18

K. Wu, et al. Nat. Photon. 2023, 17, 346.




3. TTA-UCESSRIBHLYE R

O 3.2 BAHEEHIRN (BFR-76E06)

K. Wu, et al. 2023:
ZCISe-TCA (0.008 mol%)
rubrene (12.8%)

bromoacetonitrile
(1.6 equiv.)

"Light souce”
toluene
Enrtry Light souce Reaction time  GC-MS Yield(%)
1 808 nm 8 h 89
2 532 nm "Rose Bengal" 8 h > 99
3 Sunlight 2h 95
4 Sunlight "Rose Bengal" 2 h 55

K. Wu, et al. Nat. Photon. 2023, 17, 346. 35
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. BESRE

—+
B
—
1 *A N Radative
Et Et TET 2 X
' et
Et Et Photeredox
o) e
’ Q O O mediator
Et Et
T v,
Sensitizer Annihilator
Molecular

Engineering

|
T

Aabs TT Et Kisc Er Krter PF Aemit

37



4. BERERE
 FHEE |

> FAGTHIZEEGH (TeRABREEHEETFR)

S. Ji, et al. 2023:

Q/\/k)\/\@ NIRIB I
OO ISCE

F’B\F

Aabs 691 nm, E1 1.5 eV

G. Han, et al. Nat. Rev.Lett. 2024, 8, 238; S. Ji, et al. Chin. Chem. Lett. 2023, 34, 107515. 38



4. BESRE
> B HTHERAIS B ERL)

=LA

o IR K RIRE R

T. Furuyama, et al. 2022: O o] o] |
ZnPc (1 mol%) Ph Q‘ :::
Ph g L0

Ph
O,, toluene Q
S - =T
Ph Q 810 nm LED Ph Q
Ph rt, 20 h Ph
99% yield

> T-TUEFRRT R GEEK

*

n-1t stacking

VeSe

G. Han, et al. Nat. Rev.Lett. 2024, 8, 238; T. Furuyama, et al. Chem. Eur. J. 2022, 28, e202103223. 39



> FHRETEY s FE
© EEEMERMNIED FIRET

G. Han, et al. 2021:

650 nm 480 nm 650 nm 480 nm

\ B‘zg 8, '/
glucosﬁxndase @

/\ W\... y

D-glu cono-lactone

G. Han, et al. Nat. Rev.Lett. 2024, 8, 238; G. Han , et al. Nat. Commun. 2021, 12, 1898. 40



4. BESREE
> FRERTAY TN hEA AR
o 3 EOZ'T%E'E{ZIK?

F. R. Wurm, et al. 2014:

=SERYIMatrix

A LRRAIRR-BRR™0,

G. Han, et al. Nat. Rev.Lett. 2024, 8, 238; F. R. Wurm, et al. J. Am. Chem. Soc. 2014, 136, 11057. 41
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2. TTA-UCHIRYSEBGIFNZER
> G -EANERE (—)

T 2
OTs)ot = al . — kiTs —k, Ty kaTa <yrrTy
_ T 2 1 K.
OTx/0t = kuTs —kaTa = yriTy SA =05/ 75 [kE " ku] o 0 ben

OSA/0t = 0.5fyr T, — kxSa

_ ke 17 1
Iy, = (ayrr) l[ﬁ} (kbz = (aPreryrr) ]TT ?
ir
kyTa > yriT5 >
i kll’/ T 1?
YTT kA 2 ?)
S, =0.5 I I
A f ki k'g +kn. (a EXC) 0.8 exc

43



