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What is TTA-UC 7

»TTA-UC = triplet-triplet annihilation photon upconversion
»Photochemical phenomenon
»Low energy photons are converted to high energy photons.

» Energy transfer processes occur.
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P. Bharmonia et al., Chem. Soc. Rev., 2020, 49, 6529.



Mechanism
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P. Bharmonia et al., Chem. Soc. Rev., 2020, 49, 6529.
D = donor = sensitizer
A = acceptor = annihilator
ISC = intersystem crossing
TTET = triplet-triplet energy transfer
TTA = triplet-triplet annihilation
TTET and TTA occur through electron exchange via Dexter energy transfer mechanism.
Sensitized anti-Stokes delayed fluorescence



History of TTA-UC

1962 Sensitized anti-Stokes delayed fluorescence by Parker and Hatchard

2003 TTA-UC at r.t. by Baluschev

2006 Green to blue UC by non-coherent green sunlight by Baluschev
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P. Bharmonia et al., Chem. Soc. Rev., 2020, 49, 6529.

S. Baluschev et al., Adv. Mater.,2003, 15, 2095.
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PJdOEP PF2/6

2003. Baluschev

2006. Baluschev
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Recent breakthroughs 2015-2020

New directions in NIR to Vis molecular

TTA-UC

» Inorganic-organic hybrid NIR to Vis
molecular TTA-UC

» Lanthanide-organic complex sensitizer
based NIR to Vis molecular TTA-UC

» NIR to Vis molecular TTA-UC in liquid
crystals

» Direct S,-to-T; absorbing sensitizer based
NIR to Vis molecular TTA-UC
introduced by Kimizuka and Yanai’s research
groups at Kyushu Univ. in 2016
SDiscussed later

P. Bharmonia et al., Chem. Soc. Rev., 2020, 49, 6529.

(a) Conventional triplet sensitization routes

Energy Loss S

I ‘// T1 ’ \ T1

TTA S1_Energy Gain

Excitation

So So

3

UC emission

Sensitizer

(b) New triplet sensitization routes

Smaller/ No
Energy Loss . ET
3 Triplet N T
1 |

Emitter

Excitation

So

Larger
Energy Gain

l

UC emission

Sensitizer

N. Yanai and N. Kimizuka, Acc. Chem. Res., 2017, 50, 2487.
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Parameters of evaluating TTA-UC

AS,*
A

AE ¢ : anti-Stokes shift <unit = eV>

UC Emission

DS’*T""iC P _'SfTDs
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@ : upconversion quantum yield  <unit = %> ) @ @ )
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- ’ = ><
Nuc = Qyc =2 % Dyc P. Bharmonia et al., Chem. Soc. Rev., 2020, 49, 6529.
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Han, G. et al., J. Am. Chem. Soc., 2020, 142, 18460.



Advantages and applications

Advantages

v’ Lower excitation intensity of non-coherent light <> conventional UC;
two photon absorption UC, inorganic materials, nanoparticles

v’ Lower energy

v’ Deep-tissue penetration of NIR

TTA-UCL Bright-field

Applications

* Photovoltaics

* Bioimaging g

Reductive solvent (R) ?

Sensitizer » Emitter

* Photocatalysis

* Photodynamic therapy
* Sensing
o Optogenetics P. Bharmonia et al., Chem. Soc. Rev., 2020, 49, 6529.

F. Li et al., ACS Appl. Mater. Interfaces, 2018, 10, 9883.
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Photochemical reactions via TTA-UC

Background

* UV or Vis photoredox reactions
X the penetration depth of visible light is low—> X large-scale reactions.
X Need of high energy.

 TTA-UC
(ODeep penetration

(ONo need of high energy
(OModification of organic chromophores—> tunable electronic

St ru Ct ures are tu na b | e b Conventional photocatalysts Direct substrate reactivity
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D. N. Congreve, T. Rovis, L. M. Campos et al., Nature, 2019, 565, 343. !



PC excited by TTA-UC

Last year, Campos’s group reported photocatalysis via NIR to Vis TTA—UC
and its advantages over Vis or UV photocatalysis though their experiments.

OBu BuO
C4Hg
//\\Q Hs A N\ AN
,N\ BuO \ _ OBu
| / \
O :;’,f'*\\ AN OBu
Cf 15 . /,/"
| Annihilator Sensitizer

et FDPP PdPc
Hydrodehalogenation

f

\

0 EosinY (5 mol%)
DIPEA (2 eq.), FDPP (3 mol%)
PdPc(OBu)g (0.15 mol%)

Diludine
1 DMF/MeCN/CF3-Tol 1:1:2 (0.1M)
0.040 \W NIR dioide, 12h, 21°C

2

61%

H

FDPP upconversion

photoluminescence (AU)

NIR to orange upconversion

1

400

1

PdPc(OBu), absorption (AU)

J

600 700 800
Wavelenath (nm)

Control Reactions:

no Eosin Y: 3%
no DIPEA: 9%
no FDPP: 3%
no Pd(Pc): 2%
no NIR: 3%

40W Blue Lamp: 78%

A large number of ‘lightbulbs’ inside the flask : 1000 times less powerful light
sources achieved similar yields to photoredox standard.

D. N. Congreve, T. Rovis, L. M. Campos et al., Nature, 2019, 565, 343.
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I[A]" as photoredox catalysts

NIR to blue upconversion Direct substrate reactivity
L1

d
t-Bu t-Bu O O O | 4 14
SO L0 . S
t-Bu O t-Bu O O # - k j
. - e, » [An]**
nihilator ensitizer
TTBP ’ Q PtTPTNP — 0 . : " 0 SET
O Q 400 500 600 700 800
Wavelength (nm) 1 [ An]*

Intramolecular [2+2] cyclization

TTBP upconversion
photoluminescence (AU)

PtTPTNP absorption (AU,

O O

Ru(bpy)3(PFg), (5 mol%) Controls Reactions:
PhC OxyPh DIPEA (2'eq.), LiBF, (2 eq.) Ph Ph No IR laser: 29,
PtTPTNP (0.12 mol%) - K ’ No Ru(bpy);(PFe),:  38%
N TTBP (10 mol%) No TTBP: 1%
MeCN/CF5-Tol 1:1 (0.1M) No PtTPTNP: 1%
, NIR diode, 10h, 21°C 48%, 10:1 d.r. 40W Blue Lamp: 63%
8

1{An]" of TTBT itself performs as photoredox catalysis.

PtTPTNP (0.12 mol%) H Controls:
Ph/\/ﬁ/COZMe TTBP (10 mol%) »Ph N No IR laser: 2%
g Ns MeCN/CF5-Tol 1:1 (0.1M) \E/)_COZMe No TTBP: 1%
NIR diode, 8h, 21°C 10 80% No PtTPTNP: 1%
40W Blue Lamp: 88%

3[An]* (~35 kcal/mol, E;/, (PC**/PC*) =-0.78 V)
3Sub*~45 kcal/mol, E;/,(Sub/Sub~)=-1.55 V vs Ag/AgCl in MeCN

TTA-UC mechanism and the reduction by TTBT’s 1[An]*.
D. N. Congreve, T. Rovis, L. M. Campos et al., Nature, 2019, 565, 343.



Deep-penetrating NIR light

Radical polymerization
PtTPTNP (0.0001 mol%)
o PtTPTNP (0.003 mol%) a o] TTBP (0.18 mol%)
TTBP (0.18 mol%) MeO2C Light source 2 h, 21 °C
ﬁ‘)k NIR diode, 2 h, 21 °C R {\){} \“/‘ko/\/O OMe >
OMe > R o
(o] n (o]
12 Br .
11 Br OMe . 14|(5kmol‘26; 11 OMe
_ —1 rosslinker additive Ph
18 pn 13 mol% M, atg,gt:(.)ag mol 18(3mole) ding gl
b Material barriers NIR 730 nm Blue 450 nm
Air Gel Gel
Water Gel Gel
Amber glass Gel No reaction
Bacon Gel No reaction?
Ru(bpy),(PFy), (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
Pig skin (6.4 mm) Gel No reaction
D. N. Congreve, T. Rovis, L. M. Campos
et al., Nature, 2019, 565, 343. y

Experimental set-up with water as the barrier



Scale-up experiments via TTA-UC

The problems of visible-light photoredox reactions

1. Shallow absorption of visible light
2. Low performance in large-scale reactions

30,000
25,000
20,000

15,000

e (lmol-'em™)

10,000
5,000

0

400

d [2+2] Cyclization

——P{TPTNP  —— Ru(bpy)4(PF), —— TTBP

Application of the Beer-Lambert law to
| blue and NIR light.

e =15,376 A = ecl

| | (A, absorbance;

€, molar extinction coefficient;

¢, concentration; /, path length)

Blue light
NIR light

£=2,100

i [Ru(bpy)s]** : € = 15376, c =5 mol%

450 500 550 600 650 700 750 PtTPTNP +£=2100, c=0.12 mol%

Wavelength (nm)

Ph#° Ph DlPEX(ZPY)S(PF6)E'(BSFm2I%) i ! )
D Al A P — NIR light penetrates deeper than blue
X > . . .
TTEP (10 mot%) " " light though the reaction shown in the
NIR diode, 10 h, 21 °C .
8, 48%, 10:1 d.r. right.

D. N. Congreve, T. Rovis, L. M. Campos et al., Nature, 2019, 565, 343.



Scale-up experiments via TTA-UC

PtTPTNP (0.0001 mol%)
TTBP (0.18 mol%)

Light source 2 h, 21 °C
OMe -
o]
14 (5 mol%) 11 \Hkom

Crosslinker additive Ph 13 (13 mol%)

Freestanding gel

B. NIR

A.
‘ | ‘.!
U

Sealed with silicone

Figure S6. (A) 10g scale cross-linked polymerization flip-experiment with IR lamp; (B) Irradiated with NIR lamp
Resulting plastic obtained from IR lamp irradiation (left) and blue lamp irradiation (right).

Gel formation excited with NIR, not with blue light
D. N. Congreve, T. Rovis, L. M. Campos o X‘
etal., Nature, 2019, 565, 343.

multi-gram scale

The defined shapes were
not observed with blue
lamp.
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Biological applications

 Advantages of TTA-UC for biological applications

v' Long-wavelength light utilized in the therapeutic window (600-900
nm) -Deep-tissue penetration

v" Non-invasive o,
S < - s\nR
;'C TTA| | enamm optical L mm
° Applicaﬁons } ISCi’ .(Ducg losses Oyc

" 30

Bioimaging, optogenetics, N N OS

Sy Oxygen quenching

photodynamic therapy ! N

S el - A -

F. N. Castellano et al., ACS Energy Lett., 2020, 5, 2322.

 The challenges to overcome about biological applications

€ Oxygen quenching of triplets, photostability
€ Cytotoxicity of heavy metal in sensitizers

€ Solubility in aqueous environment
P. Bharmonia et al., Chem. Soc. Rev., 2020, 49, 6529.

Han, G. et al., Angew. Chem. Int. Ed., 2017, 56, 14400.



Prodrug activation via TTA-UC

In vivo anticancer prodrug activation though TTA-UC was reported by
Han’s research group in 2017.

® = II @ \\N \N \ |
PEA N/
4
F F
annihilator sensitizer 2,6-diiodio-BODIPY

v Broader and more intense absorption (the far-
red region from 600-700 nm, A, = 615 nm,
e =1.77 X10°> M1cm1) than 2, 6-diiodo-BODIPY
(Aex = 525 nm, € = 85000 M-1cm1)

v’ Long triplet-state lifetime : t7 = 243.6 us

v" High fluorescence quantum
yield in the deep-blue region
from 410-500 nm, peaking
at 432 nm (@ = 87 %)

Han, G. et al., Angew. Chem. Int. Ed., 2017, 56, 14400. 19



i —— BDP-F + PEA > 103
> b PEA only )
' S 10°
v i = 2
& 2x10%4 <] ' = 19.6 mWiem Slope = 1.12
S O 5': !
c D 10 § ;
9 ie) ] 1
w a O ] 1
@ 1x10"] 7 10" |
2 5 -
(] = 1
8 ‘/ = 103_2 Slope = 2.04 |
=% - — e — e
- 0 1 10 100 1000
400 450 500 550 Power intensity (mW/cm?)
Wavelength / nm 650 nm excitation power density

TTA-UC can be observed with the naked eye.

TTA-UC emission spectra of the optimized concentration
BDP-F (20 uM)and PEA (0.2 mM) in degassed toluene,
Aex = 650 nm (100 mWcm™)

Nuc=@’yc=2 X Oyc=3.1%,
AN =0.96 eV (650 nm to 432 nm)
Ity =19.6 mWem- Han, G. et al., Angew. Chem. Int. Ed., 2017, 56, 14400. 20



TTA-CS

in methyl oleate . 430I nm
3x10 —— 0 mW/cm®
— T Prodrug v > ——20 mW/em®
‘ XY loading AT T (] ——— 40 mW/em®
= oo S c
oo — ﬁ 9 5 —— 60 mW/em®
MSNs £ 2x10 80 mW/cm®
TTA-MSNs A ol ——— 100 mW/em?
650 nm LED % 120 mW/cm?
excitation g . 140 mW/em?
8 1x10° 1 —— 160 mW/cm®
OTY ® = BDP-F oS ——— 180 mW/em’
) ,..?i 3 ® = PEA -
it = Cou-C /
0] e

® = Chlorambucil

TTA-UC mediated prodrug activation

T

oM o
WO TTA-UC Y\/\©\
—_— N + OH N/\/Cl
X
Hc " 0" o H
" o

0 | )

Coumarin

390 420 450 480 510 540
Wavelength / nm

Upconversion emission
spectra of TTA-MSNs
at different power
intensities in PBS and
air, 0.5 mg mL?,

A= 650 Nm.

v" TTA-UC in methyl oleate is stable in air.
v ®yc=1.0% (100 MW cm2) in water

v Photostability in air

Cl

Chlorambucil

) Cou-C . . "y
Chlorambucil : tumor inhibitor
TTA-CS = TTA upconversion core-shell structured nanocapsule

MSNs = mesoporous silica nanoparticles

Han, G. et al., Angew. Chem. Int. Ed., 2017, 56, 14400. 21



In vitro effectiveness

a 120 b
= °m TTA-CS_[ TTA-CS + hv B TTACS [ TTACS + hv
) s c
> |8 w of- ¥ O 3
) 90 17 Cou-C / Coumarin Chiorambaa - 904 2
] = =T - -
© il S o =)
P! OFF g E
= >
L 60 - OFF 650 nm LED 8 0l -
8 ’ excitation O
© OFF| ON 0 O
S 2R 0 75 150 225 300 375 0 75 150 225 300 375
o 30 OFF l / ON m Concentration / ug mL™ Concentration / ugmL"
i 8
_g l / \ON Figure 3. Colorimetric MTT assay of Hela. 4T, cell viability with
o) (\ Py different concentrations of TTA-CS with and without light. a) Hela
i 0 J ON o® o5 cells; b) 4T, cells. 1., =650 nm, photon fluence=360 Jcm™.
60 90 120 TTA-MSNs : insignificant toxicity
Time / min TTA-CS : significant toxicity upon irradiation
Figure 2. The TTA-UC regulated activation of Cou-C from TTA-CS with 650 nm (-) 650 nm (+)

650 nm LED irradiation. “ON” and “OFF” indicate the initiation and
termination of LED irradiation, respectively; working power densi-
ty =100 mWcm . Top inset: the photoactivation reaction of Cou-C.

Bottom |'nset: i llustration of a TTA-UC-mediated prodrug activation TTA-MSNs
process in TTA-CS.

100 mWcm2, 60 min

The release dose and duration can be

titrated by using the far-red light. ..

: living cells
Red : dead cells

TTA-CS

Han, G. et al., Angew. Chem. Int. Ed.,

2017, 56, 14400. 22



In vivo effectiveness

1400
b % 120] ::??f.égv
E 1000~ TTAMSNs +hv
£ o e e Group? : TTA-CS itself cannot inhibit tumor growth.
§ 6004 Group3 : The low power of LED has low
ae= photothermal and or other effects for cancer cell
0 living.

12345672891

Time / Days Group4 : The deep-blue upconversion-induced

Acs chlorambucil release from TTA-CS leads to tumor
A-CS + hv . .
| "™ tssue ablation.
. TTA-CS

d
?7;1; - . PBS + hv
() . g .
VA W W st nsignificant weight loss

TR
A

Figure 4. a) lllustration of the photocleavage drug release by TTA-UC. v/ No noticeable Sign of organ damage
b) Tumor-growth inhibition by TTA-CS-mediated drug release in 4T,

tumors; values are mean values + standard error of the mean (n=five v No observable inflammation from a serum
mice per group). ¢) H&E staining of tumor tissue sections from .

different treatment groups 9 days after treatment; scale bar: 50 um. ana IySIS

d) Representative digital photos of tumors for the four groups of mice.

Photon flux=180 Jcm 2 Key: PBS + hv (group 1); TTA-CS (group 2);

TTA-MSNs + hv (group 3); TTA-CS + hv (group 4).

The first example of effective TTA-UC-induced anticancer prodrug photorelease in vivo
and in vitro with a bio-compatible far-red LED light

Han, G. et al., Angew. Chem. Int. Ed., 2017, 56, 14400. 23
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Strategy to achieve efficient TTA-UC

®yc : unconversion quantum yield S,
@ UC Emission % @
. o bS,* ISf E A liCT 0g,*
f : Spin statistical factor } e @ e
the probability of getting excited singlet stat€” | assopion  rrer P orer Absorption
after annihilation of two triplet via TTA : A v :
s n < S'* SA PN . s
0 @ 0 @ 0 @ @ 0

r

.
y

1
Dyc == [ Disc Per Oria Dre _
2 P. Bharmonia et al., Chem. Soc. Rev., 2020, 49, 6529.

Main strategies

1. Facile TTA
2. Facile TTET
- Extend the phosphorescence lifetime of sensitizers

- Tune the energy of the excited states
3. Reduce the energy loss during ISC

25



Tailor annihilators to efficient TTET

Energy

653 nm, 100 mW/cm?

b Se ns |‘['| Zers c General rules for design annihilators:
A T [Sen] >[An]'; 2 x *[An]>"[An]
: |
; 0 Pyl N 27 5 : E
1:2 ~A; 1:2 O 24 ; 51? -i i ;
: A | N s s
+ '[Sen] Q214 5 ' i
Py Py e D ; ; §
Aisc —0 ' 5 SURLE I
Sen] %V, JTA e I
: :rTET ——4-5 Z S Pyl - 15 T Jl ARSI
3 . L T, ' I
; BIPy,] o I A S ' """""" Ty
; [Sen] V y v vY PATNP QIAQ qu\ QQ” Q&”"
Photosensitizer Annihilator ®,,% (650 nmlaser) 0 0.06 0.25 0.24 7.6 16.7
O‘O O‘O @, %(720 nm LED) 6.4 14.1
P2 ) (B3 ) 650 nm : 0.1 W cm??
Annihilators : PyO-Py5 720 nm : 100 mWcm2

theoretical maximum of Q=1
Energy : estimated by TD-DFT

3[Sen]™> 3[An]" & 2 X 3[An]" > 1 [An]"

1 conjugation - red-shifted A, & A,
Py 4 & Py 5 - T, of them lower than T, of PATNP

higher Orrer, Oyc

26
Han, G. et al., J. Am. Chem. Soc., 2020, 142, 18460.



Molecular engineering for TTA

C
©) 2 x E(T4) Energy requirement for TTA-UC, AEs_,+< 0

3.0 AEs_,7<0 _{:

E(S,) Decrease E(S1)
AEs_p7=~ 0 ——fuih thfti AE, o> 0
Relative
Energy AEs_»7< 0
ey E(T:)

O </,ﬁ\§FG
e O — O —_—
¢ ) OIS

/\
Anthracene O Tetracene ¢ \> Pentacene
—7 FG
The definition in this paper (Sen] = sensiizer o
. /[\An]=ann|hllator d)ch ‘[An]* Excited —-> hy
Dyc = Oisc Orer Drp Qp X 100 ‘ én;rgy — F State @y
The limit is 50 % i Sen]*  3[seny’ ':\ "[Sen]*
PR IN . e TTA O\ e ISenie TR
i i \\\‘ ,/‘ ‘\\ uc k\ /, i
Hypothesis B ; i i
By molecular engineering and tuning E(S;), AE[S:- 2T1]<0 e N ey Al /i e |

Y
Two annihilators

high @, will be achieved.
27
M. Y. Sfeir, D. N. Congreve, L. M. Campos et al., J. Am. Chem. Soc., doi:org/10.1021/jacs.0c06386



Tetracene derivatives

< stability, solubility

A) R=--=-TPs . 5
q on Finding
OOOO OOOO -CN ( a strong EWG) can lower E(S;)
1 R 2 R 3

OO O CN NC
b \e |OOOO 400
Emission o Upconver5|on
6 mission & ', ‘ Emission:

1
] / \ 6+PdP PdP
300 Absorptlon ~a) ’ ‘ ¢ ¢
NC CN '
neecroll Y
Pz R ' Absorption
CN 'y .
200 — HEC (a.u.)
e P
Energy (eV ': “u:
e TD-DFT) ' 100 4 o
B) 230 — = . ( - N
2.20 S— _____ —_— e 0 *ﬁj E— | y 0
215 — (Ex;;t.) e— A 500 600 700 800
. | Wavelength (nm)
1.30 Excitation with a 730 nm laser
1.25
o — e— T Figure 3. Absorption of PdPc (red); absorption (blue dashed) and PL
1.20 — (DLPNO-CCSD(T)) (blue solid) of 6. Upconversion experiment (purple dashed) showing
1.15 — ‘ ‘ . | UCPL of 6 between 600 and 700 nm and reabsorption losses between
2 3 4 5 6 ) 7 8 ) 550 and 600 nm.

M. Y. Sfeir, D. N. Congreve, L. M. Campos et al., J. Am. Chem. Soc., doi:org/10.1021/jacs.0c06386



Upconversion quantum vield

Table 1. Triplet—Triplet Annihilation Upconversion
Characteristics of Annihilator Compounds 2—8 (An)

dilute” concentrated”

Dyc,* ®p 7 Dy Dy, Dy, Dy

Duyc = Oisc Orer Orp Op X 100

Dyc. = (Duc/ @p. X 100 = Qy5c Orer Orip

Concentrated : high @, low @p and @

Table 2. Quantum Yields of Triplet Energy Transfer (®1gy)
and Triplet—Triplet Annihilation (®;r,) of Annihilator

QTTAb (%)
021
0.30
026
22
5.0
11

An (%) (%) (% Ge) ) (%) Dilute : low @, high @p and @
2 0.14 824 0.12 0.30 3.6 0.01
3 0.21 79.1 0.17 0.12 2.7 0.00$
4 0.18 78.5 0.15 0.38 33 0.01
S 1.6 83.8 1.3 3.5 2.3 0.1
6 35 714 25 9.0 18 o015 | Compounds2-8 (An)
7 0.65 744 0.5 1.8 25 005 An Drpr (%)
14 724 1.0 0.9 14 002 ) 64
rubrene® 0.13 922 0.12 1.8 3.9 0.07 3 68
“Dilute: [An] = 1 X 107> M, [PdPc] = 1 X 10~° M. ®Concentrated: 4 68
[An] =9 x 1073 M, [PdPc] = 8.1 X 10~* M. Experiments were carried S 70
out on 1 mL samples at the aforementioned concentrations in 1 cm® 6 69
cuvettes at RT. Samples were prepared in a degassed environment ; :;

(N, glovebox) with the use of anhydrous degassed (N,) toluene.
Cuvettes were capped, sealed with Parafilm, and analyzed immediately
on the optics table. The fluence of the incident excitation was such
that the experiment was in the linear regime. “QY limit is 50%. 1Qy
limit is unity. “Aldrich sublimed grade.

Result

1.7

“QY limit is 100%. *QY limit is 50%. Experiments were performed in
degassed (bubbling with argon) toluene on samples where [PdPc] = 1
X 107> M and [An] = 1 X 10~ M at RT with a cuvette having a 2 mm

path length.

6 : the lowest E(S;), the largest AE[S;-2T;],and the highest @, / @yc
M. Y. Sfeir, D. N. Congreve, L. M. Campos et al., J. Am. Chem. Soc., doi:org/10.1021/jacs. Oc06386



TTA-UC based on S—T absorption

» In 2016, direct Sy-to-T, absorbing sensitizer based NIR to Vis molecular TTA-UC

introduced by Kimizuka and Yanai’s research groups at Kyushu Univ. in 2016

Although the S-T absorption is spin forbidden, large spin-orbital coupling occurs for

properly designed Os(ll) complexes, which allows S-T absorption in the NIR region with
large absorption coefficients. (a)

S, TTA _—~_ 51
Advantage . TTET /
Minimize the energy loss during ISC J\& T T
— larger AE ¢ S-T
2016 absorption
. So So v
S Q Q Sensitizer

=

OOOO 2017 a
B
=T v O [

Rubrene Os(bptpy),2* TTBP
() AEyc=0.86 eV (938 nm to 570 nm) () AEyc =

0.97 eV (724 nm to 462 nm)
X low @y =0.0024 % duetotp =12 ns () @yc=1.35% due to Tp = 207 ns

P. Bharmonia et al., Chem. Soc. Rev., 2020, 49, 6529.
N. Yanai and N. Kimizuka, Acc. Chem. Res., 2017, 50, 2487.
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Summary of perspective

» The strategies to improve each process based on the mechanism
can realize efficient TTA-UC.

» Besides adding functional groups or extending the conjugated rt-
system, the novel routes are being developed.

» In addition to achieving the high upconversion quantum yield, the
development of TTA-UC in aqueous solution is required.

(a) New triplet sensitization routes (b) Nextissues (e) New triplet sensitization routes
* Improving energy transfer efficiency +
TADF Nanocrystals S-T absorption « Avoiding back energy transfer Triplet Energy Migration, annihilation and

UPconverted energy COllectioN (TEM-UPCON)

R“NN [/
"CI‘P(CN > - ET Core-shell-shell { . ,.: SCCOGE
el Ay N structure -
& H 5 Ca
back ET - BAE S

» Enhancing S-T absorption coefficient

0000

00!

—
b
]

155D

O>P>PD>D>D>

Upconverted C
(c) Triplet energy migration-based UC (TEM-UC) (d) Nextissues energy collection
(UPCON) Energy collectors with functions
L | * Controlling sensitizer/emitter positions - [ |
. . IICCCCC( . .
0 4 ) * Improving chromophore environments AA 2 S N . Ya nai a nd N . Kl mizu ka'
‘ + Designing interface structures At
truct %
=] 3 stwetreSaedme T Acc. Chem. Res., 2017, 50,
D N -
| | S 2487, -
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summary

» The 21 century have seen tremendous breakthroughs in the field of
TTA-UC, and this trend will go on.

» The highest upconversion quantum yield has been updated
recently.

» By utilizing the advantages of TTA-UC, many applications will be in
use practically, especially in the field of photovoltaics. It may be
able to contribute to energy problems in the future.

» The biggest drawback of TTA-UC is oxygen quenching, and further
developments solving this are required.
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Dexter energy transfer

Dexter energy transfer : a non-radiative electron exchange

C) Dexter Energy Transfer in TTA-UC Electron exchange
| €.

D) Donor @/ (\ overlapping wavefucntions

‘\-...--

(A) Acceptor e
r<1nm

Trer TI' A ____________________________________
A4 : ..'\./
ll’ é Il*
Homo# -’-—% f f HOMO f L4 # N

P. Bharmonia et al., Chem. Soc. Rev., 2020, 49, 6529. 35



Upconversion yield in detail

15”'-_ ET e sen
E ' /\ R
 IC thv_
: TTA| | emmmne OPtical
#1S losses
" FIIsC TET Dy,
"t 5 - \* .
A" s 20,
#vie | EX : [EM oS
H\ : S o
S AV A SNy

F. N. Castellano et al., ACS Energy Lett., 2020, 5, 2322.

#thv
NN
Dy

yield

light harvesting

ISC

3% to 'A TET

TTA

A fluorescence

'A* to S ET

optical outcoupling
UC state

UC photons generated
UC EM observed

!A* to R sen

UC sen

102*

equation
#'5*
LH = #hy,_
#8*
Pise = Yisr
O = #A*
TET = 3os
#5*
O = #A*
TTA = 3 x &
#A*
& #hye,
£ #ax
#'5*
@yp = #A*
- #h%bs
out — o
#hy
gen
_ #aAx
v = g
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Puc, = s
- #hl{)bs
UCT gk
#R'
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_#R
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#0,
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- f:spin statistical factor

2) ® b) YYY
‘ ’ AS1 ‘ AQ1 —
p o o , ‘ o A A
f UC emission A e e
’ e © .o':!Eza AT
. : - 2 . - L
; ® AS =G . , f : spin statistical factor
. 0 : : . X
TTA ' o f voi | »@
/_/v@@’ o % ffearcele
o ot e hd . =0 (7
D ;\I"p‘“ ausion hv S AT, 2 X AT, AT, 3/9
D A TTA
| we o, | AQ; 5/9
‘Excitation TTET , S ,
Theoretical maximum : 11 %
Fig. 2 Artistic presentation of (a) events leading to TTA-UC emission and (b) post TTA But ..

events showing the formation of three different energy states of annihilator with different

spin multiplicities including singlet (AS1), triplet (*T,) and quintet (*Q). AT, & AQ, decay to AS
2 1 1

A+ A (AA)*O A+ A,
A+ A O (AA)*O AT+ A,

3 3 | i |
AP+ AR (AA) Yo A+ A, J. Zhao et al,, RSC Advances, 2011, 1, 937.
P. Bharmonia et al., Chem. Soc. Rev., 2020, 49, 6529.3/



Requirements of efficient TTA-UC

The requirement for sensitizers / annihilators

1. The light harvesting ability of the triplet sensitizer for efficient TTET.
The metal complexes shows weak absorption in the visible region. With
high concentrations of the triplet sensitizers, TTET will be more efficient.

2. The triplet excited state quantum yield of the sensitizer must be high.
Most sensitizers are transition metal complexes. ¢sc is close to 1.

3. The lifetime of the triplet excited state of the sensitizers should be long.
The triplet sensitizers need diffusion in the system and collide with
annihilators. The longer lifetime makes the encounter more likely.

4. The energy levels of the triplet state of sensitizers and the triplet state of
annihilaotrs

5. About annihilators, 2 X E;; > Egq

6. O; of annihilators should be high
J. Zhao et al., RSC Advances, 2011, 1, 937.



Sensitizers

Pd(Il)/Pt(Il) porphyrin complexes

Olntense absorption of the visible region

O the long-lived triplet excited state

X Tuning excitation/absorption wavelength is difficult.

Pt- Pd 1 Transition metal complexes realize efficient ISC due
to the heavy atom effect and population of triplet
excited state.

Organic triplet sensitizers

The n-it* transition facilitates ISC.
)Kr( @/[3\© \ The iodine atom does due to the
HO moderate heavy atom effect.

butadione | A-8 | pro TIHF

X Modification of the molecular structure

J. Zhao et al., RSC Advances, 2011, 1, 937. 39



Sensitizers

Sensitizers of BODIPY derivatives

~ OAbsorption : 510-629 nm
" The variation due to extension of the m-conjugation
® () (OWeak fluorescence
' /_N;N// =1 7 = )N~ OThe lifetime of triplet excited state : ~66.3 ps (long)
FF R O Many derivatives

J. Zhao et al., RSC Advances, 2011, 1, 937. v



Annihilators

Basic annihilators

g oeoe
e
L e cooe

Q
O

Eri < 1 32 eV

O Qo

B ocoo
OC

J. Zhao et al., RSC Advances, 2011, 1, 937.

{

E;,=200eV Ery=~155eV

N CReSe
v

Eri=~155eV Er1=1.27~161eV

The requirements

1.

The energy level : 2 X E¢; > Egy

3.
4. Good photochemical stability

Tunable ETl



Threshold excitation intensity

* | : threshold excitation intensity
lih = (0@¢r 8MDrag) (1)
a : absorption coefficient at the excitation wavelength
@7 : sensitizer to annihilator triplet energy transfer efficiency
D; : diffusion constant of annihilator triplets
ap : annihilation distance between annihilator triplets
77 . lifetime of annihilator triplets

Larger sensitizer absorption, efficient TTET, faster triplet diffusion, longer emitter
triplet lifetime are required to achieve a low /..

slope = 1 low intensity : the emission from TTA exhibits quadratic

high intensity : the TTA becomes dominant for emitter
Iy, = 25 mW/cm?

UC emission intensity (a. u.)

triplet decay, emission intensity.

1 10 100 1000 N. Yanai and N. Kimizuka, Acc. Chem. Res., 2017, 50, 2487.

Excitation intensity (mW/cmz) 1



Concentration

1
Nuc = E f Oisc Oer Ora O,

@¢, : quantum yield of annihilator

fluorescence e
74 % (100 uM) = 66 % (10 mM) , Soa Soa X
Ir(C6),(acac) Donor Acceptor TIPS-Nph

due to the inner filter effect

[Ir(C6)(acac)] = 100 pM, [TIPS-Nph] = 10 mM
in deaerated THF
Nuc =20.5 % (445 nm laser)

The highest Vis-to-UV TTA-UC
Case : the broad absorption of sensitizers

Low sensitizer concentration High sensitizer concentration
—> weak absorption at the UV region —> reabsorption, quenching the upconverted
— high visible absorbance, high nyc emission, back energy tranfer

N. Yanai and N. Kimizuka et al., Angew. Chem. Int. Ed., doi : 10.1002/anie.20201241%



Eosin Y as a photocatalyst

Neumann’s research group reported the reductive dehalogenation.

Eosin Y is used as a photoredox catalyst.
EYH, (2.5 mol %)

@) HEH (1.1 GQUiY) @) EtOOC COOEt
i-Pr,NEt (2 equiv) n
R » R N
X DMF H H
Green LEDs HEH
6.1 78-100% yields 6.2 (Hantzsch ester)
EYH, = Eosin Y Proposed Mechanism : - .
0 O (@)
- Ph)H Ph)H Ph)k,
4 Br Br
6.1 L 67 6.8
.o
I3EY i-ProNEt
111V +0.83V 2
HAT
hv. 189 ev EYHz EYHz >
HEH
EY —> EY—> EY i- PerEt
+078V -1.06V O
Eosin Y EYHZ , . Ph)H
H
I- PerEt 6.9 44

Vishal Srivastavaa and Praveen P. Singh, RSC Adv., 2017, 7, 31377.



Combination TTA-UC with PC

The generality of FDPP/PcPc in TTA-UC

trol Reactions:
Me Rose Bengal (5mol%) SOI}R ?ase:ac ons4(y
FDPP (3 mol%) B @ 0 - o

N PdPc(OBu)s (0.15 mol%) DIOLIES e
b tonitril No FDPP: 4%
S H romoacetonitriie No PdPC(OBU)8: 4%,

MeCN/DCE 1:1(0.1M)

3 24h, NIR d|ode 4 72% 40W Blue Lamp: 82%
H,N N
| Controls Reactions:
N EosinY (3 mol%), tBuONO N/ NS No IR laser: 2%
0, 0,

| FDPP (3 mol%), PdPo(OBu)s (0.1 mol%) | I N .
DMSO/CF3-Tol (0.1M) | N No FDPP: 1%
5 NIR diode, 8h, 21°C N No PdPc(OBu)s : 2%
40W Blue Lamp: 78%

6 55%
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[Ru]-catalyzed [2+2] cyclization

Scheme 1
5 mol% Ru(bipy)sCl, o 0
o o 2 equiv i-ProNEt
iv LiBF ) .
Ph oh ZoA B P o The reduction potential of
MeCN H H * 24 _
| | 1 visible light 2 Ru”(bpy)s?* =-0.89 V vs SCE
50 min
89% yield, >10:1 d.r.
‘ o~ 0

+ e I

i3 Phwph

ref 8) ) |

Scheme 2
~+ Li _+
i-ProNEt o Li+ O
Ru(bi + =_—
i-PngEt %f ( py)S Ph)j\l Ph/“\”\
R R
Ru(bipy)s”** Li

o)
Ph” ™ — roduct
hv\ Ru(bipy)2* )\L P P.etal, J. Am. Chem. Soc., 2008, 130, 12886.
R

E. P. Farney and T. P. Yoon, Angew. Chem. Int. Ed., 2014, 53, 79:



[Ru]-catalyzed azide sensitization

by
/N
This work: Triplet sensitization of azides (Ru(dtbbpy)sf**  [Ru(dtbbpy)s**
visible light /\)_‘4 )
Ru(dtbb a2t . o SN o~ e N, COzMe
Ay, - COMe l.](1 moﬁ:)v A _-COMe R (2) /\/\NC { /\/\Nr
Me g '\T Me ~ Ny Me AL D~ COMe 1 1
N: N N ’ \
3 H
CHCl, N
1 nitrene 2 - ﬂ\sz A i
Scheme 1. Photoreduction versus energy transfer photocatalysis for \ /
activation of organic azides. e N T SO
4
R The reduction potential of 1 =-1.81V vs SCE
/ |(PFa)2 Ru*(bpy)s2* : -0.89 V vs SCE
R A
|08 r . .
N L 1 Triplet excited state of 1 : E; = 45.4 kcal mol?
( T/\ \U Ru*(bpy)s?* : Er = 46 kcal mol?
R” [Nl ~ R —>Not SET, but sensitization of 1 by the long lived
Y Ru*(bpy)s2* triplet state

3C (R = CH\) gu(d;“bt: j(pPFFh)(‘
3d (R = CF3) Ru(dfmb)s(PFg), * 2+ . - -1
3 (R=1Bu) Ru(dtbbpy)s(PFa)s Ru™(dtbbpy);%* : E; = 47 kcal mol

E. P. Farney and T. P. Yoon, Angew. Chem. Int. Ed., 2014, 53, 793. 47



ATRP by perylene as

Cr — Visible Light — PC™

PtTPTNP (0.003 mol%)

TTBP (0.18 mol®
0 (0.18 mol%) MeO,C. Me

M NIR diode, 2h, 21°C - R‘|~)ﬁ’
GTHLOMe R

QOdeatrl]ve . o Q M, = 46,000 g/mol
uencning 11 OMe 13 mol% P=18
®_<x 3 ph
PC(+)X- .
Deactlvatlon Initiation Controls:
No IR laser: No rxn
No TTBP: No rxn
R .
Q P‘impaga Hon No PtTPTNP: No rxn
; —— N .
This Work 1 (E/» (13/13-) = -1.58 V vs Ag/AgCl in MeCN.

MMA poly(MMA) .
ol S r ‘

Figure 1. Proposed mechanism for a photoredox-mediated ATRP
proceeding through an oxidative quenching pathway with alkyl halides
(top) and the use of perylene as an organic photocatalyst for the
polymerization of methyl methacrylate with alkyl bromide initiators
(bottom) and a photograph of this polymerization being mediated by
natural sunlight (bottom right).

Miyake, G. M. and Theriot, J. C,,

Macromolecules, 2014, 47, 8255.

D. N. Congreve, T. Rovis, L. M. Campos et al., Nature, 2019, 565, 343.



Experimental set up

Figure S3. Experimental set up for materials barrier penetration. Shown here with 450 nm laser on, with
1.5mM Ru(bpy); (PFs), solution in DCM as the barrier. Note that the barrier completely blocks the
reaction vial behind it from absorbing any visible light.

D. N. Congreve, T. Rovis, L. M. Campos et al., Nature, 2019, 565, 343.



Perylene derivatives and PATNP

The definition of the upconversion quantum yield

Dyc = f Oisc Orrer cDcp OF

<1

®., : contact pair formation efficiency for annihilator

Dra= (Dcp X f PATNP ) X )
N =2 X Oppa A long triplet excited time
Tr = 65 us
Javs s (am)  EP(10°MTem ) A c(am)  @p(%) ¢
PdTNP 702 1.64 937/ 6.6¢
Py-0 443 0.37 488 83
Py-1 468 0.37 518 70
Py-2 476 048 526 72
Py-3 477 041 529 68
Py-4 498 042 550 74
Py-5 506 0.49 572 76

@ In toluene. » Molar absorption coefficient. ¢ The fluorescence peak wavelengths. ¢ Fluorescence
quantum yield. / Phosphorescence. ¢ Phosphorescence quantum yield.

Han, G. et al., J. Am. Chem. Soc., 2020, 142, 18460.
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Perylene derivatives and PATNP

TTET TTA
a S, ISC Table S4. A summary of the singlet excited/triplet excited state energy level of PyO-PyS5.
¢ T, Singlet Triplet 2xT,-S;
1.55 eV TET‘ Py 0 excited state excited state
—————1 (Sn* (Ty*
Py0 2.78 eV 1.53 eV 028 eV
8 Pyl 2.60 eV 1.39eV 0.18eV
o - — Py2 2.57eV 1.37eV 0.17 eV
Photosensitizer (PdTPBP) Annihilator Py3 256 eV 138 eV 020 eV
Py4 244 eV 124 eV 0.04 eV
b S o Py5  239eV 123 eV 0.07 eV
¢ T, Xy P=y2 ¢S, was calculated the intersection of fluorescence emission and UV-vis absorption spectra;® T,
1.32 eV T?g; : was calculated by TD-DFT.

S

[]

Photosensitizer (PATNP) Annihilator
Fig S18. Simplified jablonski diagram illustration estimates the range of T, state of annihilators

via triplet-triplet energy transfer (TTET) method in toluene.

Han, G. et al., J. Am. Chem. Soc., 2020, 142, 18460.
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Perylene derivatives and PATNP

Duc = f Oisc Orrer O Os
Nra=2 X O =2 X(Dg, X f)

Drra = N1a
Table S8. TTET quantum efficiency (®@rrer) and normalized TTA efficiency (#rra) of PATNP and
annihilators.
D (%) Prrer (%) ? nr1a ()¢ Dyc (%) @

Py0 83 1.82 0 -

Pyl 70 554 1.52 0.06

Py2 72 17.1 2.02 0.25

Py3 68 5.97 592 0.24

Py4 74 33.7 304 7.6

Py5 76 41.1 532 16.6

¢ fluorescence quantum yield of annihilators of Py0-PyS5; ? triplet-triplet energy transfer quantum
efficiency; ¢ normalized triplet-triplet annihilation efficiency, regarded to PATNP, the intersystem
crossing efficiency (®sc) nearly to 100%; ¢ TTA upconversion efficiency.

Table S9. The calculation summary of TTA-UC efficiency under 653 nm laser illumination.

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

52



Photocatalysis utilizing TTA-UC

CHONIR (720 nm) CHO
/©/ PhI(OAC).
—_—
HO, B Photocatalyst o a OH
" K2COs, DMF é\OH PATNP/Py5 OH
0 0Y©/ PhI(OAC), K,CO; OY©/
DMF, 720 LED
b 100 H — = H

PdTNP/Py5/Eosin Y 20 mL Yield: 60%
720 nm

Eosin Y, 530 nm

Product yield (%)

0
S S S 10 20 2 10 20
£

g@“ qgf & Reaction volume (mL)

N

H
PhI(OAC)2, K,CO5

gH OH 5o o
OH B OH [¢)
“OH ~OH PdTNP/Py5 ° DMF, 530 nm LED
PhI(OAc)2, K,CO; ¢ PhiI(OAc)2, K,CO5
(o] [o) 0. H H
DMF DMF

H H H H 20 mL Yield: 28 %
Yield: 10% Yield: 21 %
a b
690 nm long pass filter 690 nm long pass filter
Fig S51. (a) The NIR activated photooxidation of arylboronic acid to arylphenol via TTA-UC; (b)
X PATNP/Py5 + Eosin Y

Eosin Y directly green light driven photooxidation of arylboronic acid to arylphenol. The reaction volume
V \/ Y V is 20 mL, the NIR light or green light power intensity is 20 mW/cm?, the bottom panel is the picture

N vReaction solution . 4 Y Reaction solution of reaction setup for the reaction.

\/VVY VVVV

lawn lawn

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



Proposed mechanism

3Py5° oS SEESE S SSEEISEE SSE SRS S SIS ST SR eSS '
1
Py5 74 H,C0C0, 0COCH,
& % ! é
i MET, MeCOO + Ph-i-OCOMe—T» “CH,
3] * ]
PATNP TTA upconversion  'pys’,  'Eosin Y’ J
1

1

1

1

1

1

1

T Phl +CO, :

1

. H,0-BR3 :

«/ EosinY l H,0-BR3 |

e 1
Yo Py “CH, \ .OH |
v :
1

1

1

1

1

1

1

5 OH
PATNP ' -
: 0
hv d ArB
(720 nm) : "0-

Fig S56. The proposed mechanism of NIR driven TTA-UC mediated photooxidation of aryl

boronic acid.
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Extending the lifetime

Extending the lifetime of triplet excited state of sensitizers

3MLCT/LIL excited state equilibrium

N N— IL = intraligand
N N

J. Zhao et al., RSC Advances, 2011, 1, 937.

Ru-7 Ru-8 | 108.0 us
Rubpy RuPy1 RuPy2 '
N N B = N \
N, | Nz Gl | N | Nz 34 TTA | |
Ru ISC isp |
|‘N/|\ N .‘Nll\\ ,\\ EAn :
> QN)D P ) °" N °" 1 'MLcT SaLer 3 TTET — i :
z ~ 3 \\\ — Py :
o8 () B 2. TS CAn + An |
® gz ° ] A
4532 nm i : : ; g { | 380 nm
T = 0.6 S = 2.6 LS T = 17 9 23eV : : i [3.3ev
AC A 14 : : : ! A |
coo +NHz
e o N N N
Sensitizer Acceptor / Annihilator
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C. Kerzig and O. S. Wenger, Chem. Sci., 2018, 9, 6670.



