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Abstract — Triplet-triplet annihilation upconversion (TTA-UC) is a special photochemical process that converts low
energy photons to higher energy photon via combination of organic chemicals which fulfill specific energetic criteria.
TTA-UC has been known as attractive technology that is able to enhance energy conversion efficiency of the photonic
devices based on sunlight, which is achieved by conversion of wasted low energy photons in solar spectrum into higher
energy photon. In the present paper, we introduced the photochemical mechanism and characteristics of TTA-UC phe-
nomenon, which is yet unfamiliar to the domestic academia, and investigated recent research status, application, and
future research directions of TTA-UC technology.
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Fig. 1. (a) Categories of wavelength conversion mechanisms focused on the inorganic UC. (A) Stokes emission, (B) Excited state absorption
(EST), (C) Energy transfer upconversion (ETU), (D) Downconversion [1]. (b) Inorganic-based UC emission spectra of NaYF, doped

with various lanthanide metals [2].
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Fig. 2. (a) Schematic diagram and (b) Jablonski energy diagram of TTA-UC [7].
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Fig. 4. (a) UC quantum yield of PATPBP/acceptors in PIB/MO as a function of the incident laser power density [10] and (b) Double logarith-
mic plot of the UC intensity of PAOEP/DPA in Ar-degassed toluene [11].
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/\]»_ WTE entrap /\]7]1:;]1\1 :J-x] ;Ho /\]'/\Qﬁﬂ N—ﬂ]ﬁ_ o= 74

A QI o] o] Fol = ol Yol &3} ©helrAart EA4
%_‘ u BAkh T RlolE T E = TTA-UCE 2 A7-Aks} v
AFAFE o8l 3] ATEHIL Lo, FEv] A& AT
TOR Agok gk oS 2 ﬂ1 Ao R 7dlEr21-23].

2016 F ol E01, Ye 52 71 F54 #7147} ohd
OH-group< i?;LOP— =4 gfjollAe] &&4%1 TTA-UC J5Ak
A5 HashaA 184 A Wl A 2] TTA-UC 71%2] 44 7Fs
A& HATh 0]%% &5-&3} B-cyclodextrin (©]3} B-CD)°] &%

(I TR E:
P>

KRN

i

ACETONITRILE BENZENE BENZENE
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736 olefe) - A4

ES £ 2 39S u PATPP/DPA 2] green-to-blue UC7} & o
36%] FAEER dofd 2RISISIH:. OH-groups E8tek= 54
Gl A 8] TTA-UC A A= 7158 2] & dollA] &
TTA-UC A3 o] o] 5013l benzene, DMF, toluene 5o -2 3H4
EAE Ao 5 e 7180} vlawsls o) she 547 3
g o R ek MAA FEld AN B A8 TFs S

HofErhar & 5= Jlth24].
5. TTA-UC 22| encapsulation 7|=

NRA R §7) el AT TTA-UCE Bkt 2
Solg} 2 el A E37] 18T vIAIHR] e TTA-
€

ncapsulation A|7|= 71%0] H @ 3jt} o) &

A =42l polymethyl methacrylate (PMMA)U} polystyrene
(PS) U= entrap Al71E A7-5°] &ds] 3= o] ghrh25-27].
T8 o] 3t AFES TR Akae] 93 quenchingS WA 5}
71 913l w9 A 2l FEH ukellA S E T 2012
W Ak s) 270 FEEE TTA-UCE H 22 Bash 5 =
oA, 2 ITARE TTA-UCTF 785l @47 o v~
714 (microfluidicsy= ©]-8-3l] 47433 112AF U2 encapsulation?]
20 A= BAsISITk. Fig. 6(ayd] Bolskt, AT vAGAY =S
o] &3] &% double emulsion 3 3HHE-S & A A3 7]
(~100 mm) 2] oil-core/polymer-shell -Z5 7} capsule & E} &
RoIFERITH20,23]. 0123t 71& 2 AZ% UC-capsule = €4
sk #Abo] 7hsatar, Eoll ke A el elA = g star
FHEUC @4 BolFalth Yot & o 538 7222] vu]A|
47158 ©]€38F] triple emulsions A|Z3HO 2H = S5 UC
W] Uil £43te] uce] &8 SulghAIFl $5AT st
T = A Th(Fig. 6(b)). ©12} A3 encapsulation 7]% 2 Liu 5
soybean oil-core®} THH2 (BSA) shell2 7% TTA-UC nanocapsule<]
S-S W 313k B} 9l 0 M [21], Askes 52 =0l #2153t unilamellar
vesicle? 48] TTA-UC &/4S B 1181 TH28]. Micro-emulsion 7]
<7} hydro-condensations ©]-23F%] A ¥ oleic acid-core2}t
Si0,-shells 7= UC VheSdAF 5231 2015 2 A7249) -5
TRl &Jsf BarE vE7F QITH29].

6. A& SEUIMS] TTA-UC

TTA-UCE 7|82 © & UC paird] EHlo] Huj3ls= A - 59

(b)

ol - A

A
gl

o
e

2

pu

o

Sl A 71 E&2 0% 9 F Qlvh v]S Theke e
Z UC 9 encapsulationsh= 71&0] 71s] ANk, 2k o
A el EEA 0 & FARE TTA-UC A= 712 714
2874 SHoA £ Aot o & SdEAR S Q)
aAPEe] A4 A elastomer)ell A7E % 0]42] UC pairs &
AN 75 A o)A 1k IFAF Y F-oll A UC pair] it o
YA dgo] 7FsallA] 3, WebA] TTA-UCTT 782 = Qitt. o] 8
& 1A 1A B2 Yol 9] TTA-UCE 2007 Islangulvell
O3] HxE HiH o]F AF7HAE TTA-UC ZofellA] 7 &
3] A7 3L Q= AT Al F s7EAe]Th30]. LA TTA-UCS]
AR 0]4-E = A= th7l PU (polyurethane) A2 &) 143
AR | o] PU A7} 32 cross-linking = Q13 o4
T O Aol vla Abae] Tkl shan Ao A Azt
7FsakH, UC pairs2] BA&0] iAo ® 55 W ofue} At
Tz 2 AN S A7) wlizeltt. o] 5 v o R, 20124 &
AT AR YA O & o] 8 71 E PUSHA 20%017432] UC Ak
£5 71 TTA-UC @73l tisl ZarslSivk(Fig. 7(a)) [31].

TTA-UC @2Fo] gite] 71uket v A4 a3t} vjef A 2]
TTA-UC E&& 257} 715 Fol= 43S Kol [32],
UC pair®] 557} 594 02 =obgl & 7395 PMMALY polystyrene
7} 22 ekok(rigid) T AF Ul A = TTA-UCTE T3 s 2o %
el A Qleh33,34] YWHA] © 2 AR T, (Glass transition temperature)
ool oM = Ak o] e AdHl® EAskaL T olet
o] XA & A9} o] Tkt e EAjsk=d], 2017
Turshatov ‘& 2} Z 912 S-S 3l UC Tl H7he
Poly (olefin sulfone)s /d5ko1 T, (315 Ky} 7 o<l dekst
AEA} AFE A T TTA-UCTE T2 S S8kl TH35]. =t
20161 Monguzzi 5> 2Ht]Z <12) $3WH-8-S 53l TTA-UC7}
7hs & "I AIQ] n-polyacrylate elastomers 973 8ko] T, 2k Ly
(Diffusion length, :FAR])7} UC &0l nx|= Gkl #st A
T2 Buslslth3e).

$hH, Ae)7k(Silica) W= Ake}F 22 7] DAY S22l A
= TTA-UCE Liu 5ol 28] B 9] 0 [37], ol Kamada
&2 &1 THFO! Sens$} AccE LFEE Q1 & w|ZFe] &5
w2 7] SA)7|= 345 743 (Rapid-drying solution casting) S =
W= mA T TTA-UCY} 7V 8hS B skt 38]. gt
2016 Oldenburg 5= 5020 BJIFEE A4 02 AZAA
A3t th34d =421 Surface-anchored metal-organic framework
(SURMOF) “J°ll A Sens®} AccE ©] & 7 TH(Heterojunction)*] 7]
= WS o] g3t gk 1A el A TTAC! 71HESH green-to-blue

nalCi

il

Fig. 6. Microscopic images of the (a) double emulsion and [20] and (b) triple emulsion TTA-UC micro-capsules prepared by microfluidics [22].
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Fig. 7. (a) Images of green-to-blue UC achieved in commercially-available polyurethane [31] and (b) SEM cross-section of a three-layer A-B-
A SURMOF hetero-structure and Schematic of the hetero-structure showing the layers are made from different organic linkers [39].

UCE &AL Fig. 7(b)ellA] B v} o] 0152 SURMOFS
A-B-AS] T2 AT, A AccE BIHERE AAAZ &
ol BT Sens® BFEE AZAAIZ] Folt}, o] 9} 0] SensT&
AccT Aol ol trap-ping Al F .2 M o17] % Sens®] oA 7} Acc
2 G0 R AYH =S st} TTA-UCTE dodg SRIgion,
A 4%°] UC SFATE&S dojulo] gAY & 55 E7]% 3
SITH39]. # < Thevenaz 5 1L A+2} Sens/Ace 7HE] 2] o]
o3t UC 58 A3t #A1E adst7] $13ll A2 backbone?l]
Sens?} AccE 372 &A1 A terpolymerS 33 5}al micro-emulsion
714 o] 83 UC YedAE Aoz gito] A Alste
oM E UC @do] 7-d% AkllE Bash )= aF3itH40].

7. Triplet energy migration0| 7|2kt TTA-UC

kX 7155 50], TTA-UCE EHitef 71418 chromophore 7]
oux] Mo gJaf FHEEE mAFoA L] UC E&S §AA
ol X o} vl wald @A 8] "old <= ghef glok. AR o] g itolzt
SR)etE fgg) o] vk PR Hlel| olsjx= folE vk
g UC @] #EEA] ko, F7AR1 327t D askA |
o} Rk ol el &) Yol EAskE &EAAR e 2§ quenching
AAE ] 8l @aks) 3785 AX7, PIBS) o] A E
encapsulation & 7 & T4 E4-& Hrtste] AEE 7198
Al S7 A Ak 3= 5 231421 TAI = EA S, o] gt 212
shrtel] 7Rk TTA-UCS] A1 52 s amqke 2 20161 Yanai
5 triplet-triplet energy migration®l] 7]RFS UC (TEM-UC)2h=
A2 2] TTA-UC &7 27N8Hlth41]. 71552] aatatell A
chromophore 7F2] olU#] o] UF-ol] 5224 (random)O.Z
% chromophore®] A3 EAatel] o3 dowtthd, TEM-UC]
A= 152 8] (align)¥ chromophores AtolollA] & Agke] gt
TE5 7K a1 dojttt Fig, 804 Kol AF7F227 (Self-assembly)l]
olal UstA ML E Acc A Akl el Sens At S| EHA]
HH, o175 Senst= S Accell TTETE &3l olUA| & A3t

t}. SensZHE] oA E AT Ace B THA] A S Accell
NUAE ddstar, o]2gt Ace {H] ofliA] Hdo] A&z o=
Ashs TEM @7l o) whd 5 7l o2 SAcc+E HFH o7
TTAE 53l UC A Y271t} 7]&8] TTA-UCY} chromophore 2]
ol 2J3} energy transfer®] RIEE A= Etes 7|Hto 2

o35 Aol A 5= Sens?t Ace AFo] E Ace®t Ace Ato]9] oux] W
o] g o dold < Qlvh= A& AlEAl AAKE Zlojtt,

20161 Kouno 5= DPAZ base® 3t %Z:31vllAd (Amphiphilic)
Acc®} PtP,COONas Sens® ©]-g3}o] AbA7} FH-3F Fof A
TEMS 7|HEO 2 3 TTA-UCE HZE B 15 tH42]. Fig. 9(a)
oA B ufel o] &-2] 23t hydrogen bonding network &
A Acc®] Z194d Ftofl o] &l A7FEH (Self-assembly)o] ©]F-01%]
I 2573 Q1 DPAZIE]R= 1S Frk. o1 7]¢] Sens® 7}
g A5 717 T Agol Gl Acel] A I Q1A
TEMel 2]3F TTA-UC7} Lojub, o)l 13% UC 42 green-to-
blue UCE ERIsI3IT, o] ¢} o] MEe] Bika 3785 XA ¢
& E4014 TTA-UCTE Lold 5= 1= ©]+= hydrogen bonding
network 2] Acc®} Sens®] vl|-g- 23 njHo] AkA 2] HFe o)
St barrier 9385 slo] EA4kA0l 93 quenchings E¥H 02
ApAst7] Wi O 2 HofZn), 8 #H o) Mahato 5 A A5
%% Metal-organic frameworks (MOFs)E ©]8-5}0] 3144 ol 4]
9] TEM-UCE A 317 ALl S B 18I tH43). Fig. 9(b)ol A =
= vlel o] F5o) o] Acc’l DPA 2l7t=% A5t MOFsE:
RHS3L Sens?! POEPE Wl §AIA 3T F712 1718 Aces
ZHE oUAE A2E F v FFY S AW ZHE 989
Coumarin 3435 £]¥ o] &4 TEM-UC?]| 2|3 WA B &
F40 7 dojd 4= QA stod ol 2.3% UC &5 green-to-blue
UCE Haaglth TEMe]l 79ket TTA-UCS] A= 2 A
&2 0 F W3l §lom, to] Algke 7ol TTA-UCS] &
& Fdge F Qe AR o] € 2o R 7ldigt
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Fig. 8. Schematic of the concept of triplet energy migration-based upconversion (TEM-UC) [41].

(b)

8. TTA-UCS| MEF0} & AR

8-1. TTA-UC| &0l HtS0ie| HE

TTA-UC 7]522] dAHAR1 A)gtok= 35l wh-g-o]th dnkA]
02 FEAEIER AT F50E 252 HEA oldA](band
gap energy)E 73 QLo WHEZY oI 7] o]ike] FRp7t At
ojolrt EAd3E o] AR} F (electron-hole pairy= A3 s}kar Ak3}/
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Fig. 10. Sub-band gap photo-activation of (a) WO; achieved by PAOEP/DPA upconversion solution [19] and (b) Pt/WO; achieved by green-to-

blue UC microcapsule dispersed in water [20].

(Fig. 10(a)) [19]. ©1& HHAIA & ATA= Green-to-blue UC
microcapsule?} FZF1Ql PYWO,E Eoll FAMA, FANA T3
%] 3= sub-band gap % oleA €] S AL E HEE KIS
thFig. 10(b)) [20]. ©1%F TTA-UCS FEME &3 A= oS
k5] 8 ¥ o] UC nanocapsule/CdS [29], UC film/Ag-SiO,/WO,
[44] 52 91 AAIAT AFEIZF B = Sle} & 2ol Kim Tl 23]
red-to-green UC nanocapsuleZ} Cdsell 2.3 Z vl 4] grapheme
oxide nanodisk (GOND)E &85}, TTA-UCR 71319 green
goll oal] FE/dske Cds7t & ol EAsh= AAE SHAA
Frbslga /0l A w5 st ATANIIE RarE QTH45).

8-2. TTA-UCS| EHUHK[0]|2] X2
TTA-UCS] T T2 23421 & g-Fok= kX ot} F=5u)

(@) (b)

PYF:SnO, glass
Electrolyte
D149[Ti0,
= —~F Sn0, glass

—

TTA-UC solution
A0, reflector
Glass

Fig. 11. Schematic of UC-assisted photovoltaics [46,51].

9] -2} FAFSHA BlF A& At o2 WHEFY o249 oy
ol afdehs FAFE Frste] 71s s ®E, TTA-UCE Bl €]
THPGE FATE BIE Fofate] AR BFdA <] o
YA A3k &S U407 A 7 Qs AEE oA Wk
712 QAL QI tF-22] TTA-UCE Ao £ A171
AT Fig. 11T 22 7325 7HITH46,51]. TTA-UC T2 B
A 9] H Z(back-layer)ol]l IXA17] 2 Fed gk FAE gloFd
A2 FHEwd HUl7] $13F reflectors oFelZoll XA, YA
2AER T A o] FE A Fet FAES )= TTA-UC
Soll elalf M=A] o] o) o] FApw 2dad ghs] ar shel] 914
St reflectors &3l BjFHAZ AFTH o] BFdAe] 585 5
7FA1Z1Ek, TTA-UCS} %2 #] (Si-based photovoltaics, DSSC &)
£ AAS A= EE ARl e dstA ATE I et

ISC: Intersystem crossing
TTET: Triplet-triplet energy transfer
TTA: Triplet-triplet annihilation

TTA-upconversion mechanism
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[46-51] A1 Bl k3 A7 (1 sun)oll A 9] EjFAA 2] && T RES7HA] QQ7dske o vk RS AY AL glo] Adt 20
S opA wln| gt FEolth. o]l SIS 3l $lske] 7t Wz 2] AgtEo] ok AA el F BRE 59 - A9
A F e 50 %"F-ﬂ Sens$}t Accs %ﬁ-f?}oq U5 5l 3ol (UV) =5 F-2 g2 7HA3-E 2Atste] Q7dslehs 33 o]
Hgs Sto w2y glofdA e 288 wolee AlETtolF v] ) (fluorescence imaging)~ T ¥ % Q] Bioimaging 7] ©] A 4k,

o] % ). Cheng %L Sens?l PQ4PANA 2} 2572] Acc?l rubrene
7} BPEAS £33 UC 4912 shato] $1x1A1# TTA-UC] <]
s Eﬂokxﬁ] o] g&57HE TS A, A7) AccE BEOE AL
Alel] Z&et UC 945 AFE-3FE W<
Photocurrent”} 5]EH Wi 7HA] o= A= & ‘ﬂﬁ}‘ﬁ‘:}[ﬂ]. 3t
A Hagstrom 5 Z+7Z} red, green®] 539 %S 71 PtOEP S}
PATPBP 22| SensE perylene?} <3350 Y= UC E5oll 419
red&green-to-blue TTA-UCE K 113}0] gjokd=]o| 9] 48 7S

AAIBFFTH53]. 012} o] TTA-UCE] solar deviceoll 2] 282 9l3
e g o] Hekde S 7 s W TTA-UC A9
TS A s S ATshe Bl 23R &4
3TEE 18 o] AEH 07 o] Folof g Zl o7 FzbEr

8-3. TTA-UC2| Bioimagingdll2| =&

TTA-UCE Bl A =5l of 22 o] ZAf 7iint of
U2} Bioimaging? 2> AA|- 28 Foro| = A& 4 Qi
Bioimaging®] & A Ulel|A] dojuh= A|sh4] = 4 A
 Uoprk A 5ol o5t #g-& ddslshs 7o)ttt o2 7=
2 A delA dojubs @8 BEstaAt NAE g 8A7]
OV AlEEE A Esto] A4 sh= Zlo] ofbd Aolgli= Aol #2t

&
s“bo
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g 0w

Bioimaging in vivo

dye550

=2 oUR] 9 B FARR Qg ML £33} vk T g1
YA WH-2] 24718 F(autofluorescence)ell 2]t W2 S/N 5o &
Ao F R ARk} gt} TTA-UC 7]%2 Bioimaging®] ©]&1t &
ARE S5 T = ol ARl A M o7 F5 vho} 2 S0
kst A7 H Y= 2 Qi

2013'd Liu 5 Fig. 12(a)oll A 9} o] F-af 3t vz el BSA
(Bovine Serum Albumin)®} 21&4] 715l soybean oil 2 484
U784 (UC nanocapsules)y= $H/33k] A Y red-to-green TTA
o “d3aFalrh21]. AR ARAEA ShellA] UC YAk
73| 1A% EF4 22, soybean oilS $1] 2 AFEE
A P A1 UC k&5 BojEthe
2 FEEFITE o] & 3l $4d%¥ UC nanocapsule
Fig. 12(b)¢} 22o] A z=2o| ﬂd B2 TS SNE HojFe
=4 Bioimaging 71%019] 32 2871738 BTk 22 3,
Whonhaas 5= Ui '8 % (nanoemulsion)} &7l 52 (solvent
evaporation techniques)= ©]-8-3t0] SAJo] ¢l A A3 o] H
o red-to-green UC PMMA Y= %S 51438101 Bioimaging®ll
HL7Fs3ti= AMS 1ol th(Fig. 12(c)) [54]. 201651, Kwon 5

71—71— W_ /] Zo‘toﬂ }ﬂEﬂZ‘] o7 @slﬂ.oq TTA-UC% %gﬂ
D}% yzke] W& W&k dual-color S 7Este] A9
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UCL imaging
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Fig. 12. (a) Schematic of water-dispersible red-to-green UC nanocapsule for bioimaging [21], (b) enhancement of penetration depth and S/N of
UC nanocapsule [21], (¢) TEM image and UC spectrum of PATNP/dye555 nanocapsules [54] and (d) bright field and fluorescence image

from target-specific dual emissive UC nanocapsules [55].

Korean Chem. Eng. Res., Vol. 55, No. 6, December, 2017



AETAREE el Qg Fellux] g 7150 Ao Hal A 741
Zgko] QJojA] TTA-UC 7149 6% Z51S 2§ 7VsAS AlA6t 9. VIS-to-UV Upconversion
A THFig. 12(d)) [55]. 178> PATPBP/perylene (SNC-B)2} PATPBP/
BPEA (SNC-G)Z ZH} UC pair® ©]-8-8t0] U748 34338190 TTA-UCE o] &30} 7}A]3441 0 2 BE] 219 41E A= o=

11, SNC-B$} SNC-Gell 247} -39 Mz} cidet Azl Mg
o7 A% - == MUCIF TCP17F A= it 4% uc
el Bioimagings 213l et AR} g}t AlE7E A
Bh= A Uloll 9% 3 635 nm 349] LS AR A3 18
8(d)ell A Holi= kel Zo] Z47he] FoFA Az oA thE 29 (green,
blue) W3-8 glst 4= 93]t
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Aol Al TTAE 7|RFS.E §F VIS-to-UV UCS] Hx9| 4+
2006'd Castellano 5ol &3l T E T ATH L Ir(ppy); =
Sens®, Pyrene ! 3,8-di-tert-butylpyrene= Acc® 3101 £mf| of| A
450 nm2] #lo] A5 FAFIS Wl 360~420 nme] H] o] © 7 9
VIS-to-UV UC7} doldS 1 13k TH59]. 3+ 2009'd SensS}
Acc® biacetyl¥} 2,5-diphenyloxazole (PPO)= ©]-&-5}°1 benzene
ol UC §4& Az, 442 nm 3 A TTA-UCS 2
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