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B Ao A= Perylene—stable free radical A| 2812 TPs & %
4371 93 7tsAdE Feldr] s Singlet oxygen quantum
vield (SOQY)E =Asla o]k ##3t Radical-enhanced
intersystem crossing (EISC) A4S doln”7] & Time-—
resolved transient absorption ¥} Continuous wave electron
paramagnetic resonance = g3ttt 3 =TG24z
o] oA 9= &7l Y8l DFT calculation & A3k Th
Perylene | 2,2,6,6—tetramethylpiperidinyloxyl free radical,
TEMPO, ©] A% 3}stEoA 30ps "% wE Singlet excited

state quenching ©] ASIF T, 1.8 s @ Triplet lifetime ¥} & A

A =& SOQY (9,=0.89)7F #==gth. =3 Perylene ¥

Radical A}¢] Electronic orbital overlap © 94&S = F S+
Donor moiety (Triphenylamine, TPA)E %3t Donor—

Perylene—Radical (Donor—Acceptor—Radical) ] 7%, w}z7}A



Z ¥ A%t Fluorescence quenching (¢p < 0.01) 3} 2.7us ¢

Triplet lifetime YEFF U EISC 82 743t (¢, = 0.06).

Ay o7 1% Perylene & ©]&3 AaYAFEolA F
g 31%% TPs 2A 28317 TE3A &2 Triplet state
quantum yield & HE$E A3 vlwste], & Ao A4 += Perylene
o] HAA A= dAAsH WstAlA = = 1Al Radical & &=
deisle o EISC #WAYFl o8 I1SC &gl ol HA 7t
T Q= AL FHAsktt. ®3 Chromophore—radical A]Z2~El o
Donor moiety ] £%]© % Charge transfer state 7} A E 11 o] &
- Non-radiative decay 7} @¥Aste] ISC &80 74" F 3l

[e 3K e) S =]
23 7 S s gRlesith

T8 9] : Triplet Photosensitizer, Spin Multiplicity, Intersystem
Crossing, Stable Free Radical, Electron Spin

Polarization. Singlet Oxygen Quantum Yield.
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and (d) species—associated spectra of PT and TPT,
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Table 1. Photophysical parameters of the compounds in toluene



1. A&

Triplet photosensiters (TPs)+ Triplet stateE &84 9%
2 AT F Qe FgtEolH olE ngo® {7]FFuNks [14,
15, 16], 3% 93 X & (Photodynamic Therapy) [11, 12, 13],

Photon upconversion [17, 18, 19] %o &&= 4 Ut} o]zfst

i

TPs9 thg=A o2 <18 Triplet state A 3go] #3 o] &3,
AFAQ AF7F AEHL Yk (3, 4, 5, 6]. TPsell 875+ 54
=2 7MAFG el Ao A3t &%, Triplet excited stateo] A4 2] 11
Lifetime s°| A5, Folwt} S,—T, Intersystem crossing (ISC)
& Adstete 2ol 7k Aotk [10]. ISCE “gtshr] f A
25 F 7P diE A< W2 Chromophoreo] =24 424, #9]
% 59 Heavy atom= E%]3}%] Heavy atom effectE A A]7]
T Zoltk [34, 35]. skAIRE o]¥ g M2k Heavy atomo] #AH%
o] & Chromophoree] =¥ S = ISC Aol thst a37}
E&Aolx FEavt= ®av) 9al [41], Heavy atom? AE 54

o7 AA| §&o] A= 7] witel] #FHtolli= Heavy atome

b

]

AgEA e PHER AT} APH T Ytk o F HEAQ AL

Donor—Acceptor wA7%& ©|&3 Charge transfer—induced

’;r“‘-'! ) C':l -L ]

| &1

1



ISC o]t} [23, 24, 25, 26]. 3FA|¥F o] 9A] ISC Kt} Charge

transfer state 2% E Non-—radiative decay”’} $A&tA Ay 4

9,)\

Fi[‘

7FsAdol 1ar, TPs & Aol &uje] F4o] AXHA dA
SHA = E5A o A Fo] &gkt [23, 24, 42]. ©o] ] ISCE
F3tslr] 9%k W o ®E Spin converterd =9 [28, 29, 301,

]_

I
Y

Zo] 9gAut [31, 32, 33], Heavy

ol

Exciton coupling= %

atom ¢lo] Chromophore® &&ZQl ISCE 7|dst7] & A
A oA F TAZE ek wekA ol st ASARRFS A

3 1SCE FBT F A: AL @ Aol eFH L Uk

iy

FH L Stable free radical, 2,2,6,6—

=

tetramethylpiperidinyloxyl free radical (TEMPO) =
Chromophoree] E¢3te] ISCE 7Z3ets= A7 Z=ia 9ot
[3, 4, 5, 6]. ©]#3 Chromophore—radical A]AEloJA+=
Fluorescnece quenching©] LERL =], o= 7]
Chromophore®} Radical AF¢] Spin interaction®] &3 wWAstr}
ol2Jgt Spin interaction®] ¢J3l Chromophore—radical A|Z®l
MEE ~3 U5 EE (Spin multiplicity) 2ZHAl Hv Axprog
Doublet & Quartet state’} = 4 o+ [2, 3, 4, 5].

Chromophore?® S,—T, ISC+ Singlet excited state°] 3+

-2 -



Chromophore® Non—Boltmann distribution population (Spin
polarization, more populated ¢ T+ B spin) < 2+ Radical
Abo] Electronic orbital overlap©. & <13+ Spin interaction®. % 7
3= 4= ¢9lt} (Radical—enhanced intersystem crossing, EISC)
[2—6]. WA A o]8| 3t Stable free radicals ©] &3t HWH o]
Triplet state @A &A&& Fol= 7| WS s geto =z A
AA =L et [3, 4, 5, 6]. 3FAIRE o] A= @A EISC A
U9 o] &7 114, st W Adwtslrt WEkskAl o] Foy A A kSt
17, Radical ¥} Chromophore AF¢] Spin interaction®] 4 &S F+=
= Abel Ad, x4, AR Qa3 ISC Askele] Aaa
gk ol A 9 o] U Fad AFso]r] wiEel A&AR]
A7 ok

TEAE R Al A Fl, ¢ W3Ad 9 o, st <
e M Aoz & 4#Fl Perylenebisimide (PBDE o] &%
AAEolA [24, 25, 36], Spin Orbit—induced ISC (SO-ISC)
of °]3k Triplet state B4 &E&o] W& AO0Z (K2%) Hilxo|st
th. Tk PBISE Stable radicals ©]83% EISC ZA$-elAk,
Perylene F+X=A52 H 20 Triplet state life time?l 100us
[22, 39] ®t} & 2 Triplet state lifetime (<10 ps) @ FHuj
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31%2 &&3t7]o FESHA %S Triplet state quantum yieldE

Ho] Perylene TPsZ 2] &3l7]el= #4480 ® [SC a&°] ¥
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Perylene +5A9] Bay position®] XZAE ={]st= A
= A AR 54e dAEA WA= Ador deA Sl
t} [37]. w2k Bay position®] Radicale =938t dEke, o)A
AFEoAM A|EH Imide position®] Radical® =43t A= o=
Al, Perylene moiety$} Radical A}©] Spin interactions W% &
A & AL 7|thsle] Perylene—TEMPO dyadE 48ttt 1
2]11 Wasilelwski et al. o 2]t [9], Ring—fused Perylene—
nitroxide?] oA Chromophore® Radical Alo] Y& 7}7F$-
AZ R <Qld| 7$ Spin interaction®] FEFH A=, A= ol& wl%
2 Triplet state lifetimeS 2 o] % 7] wWZel Perylene®}
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Radical Alo]el SpacerE (—0-—, ether linkage) E=%¢3}o] & Alo]
AYE F7HA# A48 Spin interactions FX=3FLAF AT 9]
£ %3 oldmr} Zojx Triplet lifetimes 7]thakicl, F3
Radical®] Chromophore®] 914%¥ $£*]¢] wtf# Bay position ©f
73t Donating powerE 7}Z Triphenylamine (TPA) E=¢3sFo] A
2 &5 Wo]FA ™ Radical®} Chromophore® Electronic
orbital overlap®| <7}8t1, 71 A3 Spin interaction®] ISC &&
7kl s #Aed A= 7Itistel TPA-Perylene—
TEMPO(D-A-R) triadE E/d3F3It}. Radicals =35t &
Perylene X259 #H=8d5A4 =2 UV/vis spectroscopy,
International FP—8500ST spectro—fluorometer, time—resolved

pump—probe  spectroscopy®  continous wave—electronic

M

paramagnetic resonance (CW—EPR) spectroscopy &= %3l

45190k,

&

| 3]



2. A3

2.1 Alek 2 Zh)

] =
2.1.1 Aok

kAo o]g¥ WE A|eRS Sigma—Aldrich, TCI, Alfa
Aesar oA TUFF L, HE AAl glo] A7 o] s}, o]
919l gl BT AbAstEoA F]lste] o] &t BeE HE A

’d4- column chromatography& &3l g% it

t}. vk At d5e] AHAHS  Applied BiosystemsAFE
Matrix—Assisted Laser Desorption Tonization Mass
Spectrometer (MALDI-TOF) & &3] S43tct. 18l 959
UV—visible spectroscopyE H7}st7] $l3to] PerkinElmerA}¢]

Lambda 25, LS 55& ©o]&3slo] 959 33 AHEH dPAAE



< S4st. mpA gt e ® &3F Quantum Yield 54 Jasco

alta)

ALE] International FP—8500ST spectro—fluorometers ©]-83}]
=73 T} Continuous wave electron paramagnetic
spectroscopy (CW—EPR)& BrukerA}? Biospin EMXmicro—
9.5/2.7& &3ty FAHSY.  Femtosecond  transient
absorption spectra += Palitra AF2] Optical Parametric Amplifiers

pump®} Integra—CA}S] White light continuum (WLC) probeE A}

&3kl S =T



2.2 B4 34 U x4
Perylenes 7|¥te 2 3AdE RE 3139 34 HAHS

o} scheme 19 Q9k¥o] Qi)

g+ SR %

Tol, Hi, KsCOy
[Pd{EPhy}), 90°C, 12h

H

2 4%
THF, WaH, r.t, h

Scheme 1. Synthesis of PBI, PBr, PC, PT and TPT

=

2.2.1 PBI &4

Perylene—3,4,9,10—tetracarboxylic dianhydride (3.92 g,
0.01 mol), 2,6—diisopropylaniline (5.65 ml, 0.03mol), m—cresol
(60 ml) 28] 1 isoquinoline (6 ml)E 50° CeollA 2A17F E<F wwh

Sl o] 3 & LT E 190° CE 283 24A17F B¢ 9h-eA

-8 -



Ak, GEE &

s
ofo

M-S 60ml acetoneel il Ice bathel ¥o]
24A17F cooling A Z1th AAES HHE F3l o3y JIF4H
oA 80" CellA Az 3Arh. CHyCl/MeOH(40:1) &  eleuent®
silica gel& ©] €3} column chromatographyS %3 A Asls 2
A wAZ PBIZF fozlt) Yield 56.4%; 'H NMR (CDCls, ppm):
8.80 (d, 4H), 8.75 (d, 4H), 7.50 (t, 2H), 7.36 (d, 4H), 2.75

(septet, 4H), 1.19 (d, 24H); MALDI-TOF MS: m/z 712.10

(100%, [M + 2K1).

2.2.2 PBr 4

do
rE
oo
=2
>
e

o}% PBIS} bromine 683%&& DCMel ¥ il
oA o]E Hot wRksY, o] F ulWkS PBry,(26%), PBr(57%)
a8 3 vakg PBIZF Yol CHyCly/Hexane (4:1) = eleuent®
silica gel& ©]€3}9] column chromatography S E3& A3}
PBr& dojdith. Yield 36.7%; %; 'H NMR (CDCls, ppm): 9.85 (d,
1H), 9.03 (s, 1H), 8.80(m, 3H), 8.72 (d, 1H), 8.71 (d, 1H), 7.51
(t, 2H), 7.36 (d, 4H), 2.76 (septet, 4H), 1.18 (d, 24H); MALDI-

TOF MS: m/z 790.96 (100%, [M + 2KI1").

’;r“‘-'! ) C':l -L ]

| &1

1



2.2.3 PC 34

PBr(0.4g, 0.506mmol) ¥} cyclohexanol(0.202g, 4eq)<
2 A7) A skel A1 50ml DMF ]| Potassium carbonate anhydrous 3eq
E Y31 100" CelA 6A3F &<k wHbsth PCE CH.Clys
eleuent® silica gel¥ ©]&€3}%] column chromatographys %3l
AAstel PCE doldith Yield 72.2%; MALDI-TOF MS: m/z

808.39 (100%, [M + 2K1).

2.24 PT 34

10ml THF®l 4-hydroxy—TEMPO(0.141g, 0.900mmol)

ftlo

-

X0
=

ot

sk glS THF®] sodium hydride (0.764mmol) & 29l

ice—cold suspension &% Mo drop—wise® ¥ 30

=

Zr

e

HEstt), o] % o] g2 PBr(0.4g, 0.506mmol) S THFo] ¢l &
gk gdlo] A4 Thagt A Ya A2oA 6A17F WA 1™

L HMeES B3 DCMOezE AW F=% % tolueneo] ethyl
acetateE 10% =2l elenent® column chromatography& ©|-&3}
o A A s}, Yield 88.9%; MALDI-TOF MS: m/z 880.43 (100%,

[M + 2K]7%). Elemental Analysis: C, 77.70; H, 6.64; N, 4,77; O,

- ’]O -
&

| &1

1



10.89

2.2.5 TPT 34

2.2.5.1 TPA-PBI-Br

PBr& @45k dolxl  dibromo—-PBISt  4-
(diphenylamino) —phenylboronic acid(0.24g, 1.2eq) & &4 7]A)
3loll A toluene 30mlol]l €A 71t o]% 1.5M %2 potassium
carbonate 10ml, [Pd(pph3)4] 0.025g, tetrabutlyammonium
bromide 0.060g & &% &l M7ttt =2 A& 714 o
90" CollA 12A13F &<k WEgAIZIT. °o]F DCM¥ &% FE3H9]
magnusium sulfateE &3 A, HF A ES tolueneol
ethyl acetateE 10% =¢! elenent® column chromatography=

o] &3} AA| sk}, Yield 35.2%; MALDI-TOF MS: m/z 1031.33

(100%, [M + 2K1H).

2.2.5.2 TPT

10ml THF®| 4—hydroxy—TEMPO(0.141g, 0.900mmol)
S =9 &3 NS THF| sodium hydride (0.764mmol) 2 =¢]

7}

L

i
kl

ice—cold suspension =% &N drop—wise® Y il 30
Hskey, o]F o] g9 S TPA-PBI-Br(0.15g, 0.145mmol) <

-11 -
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| &1
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toluene®| ethyl acetate® 10% =% elenent® column
chromatography & ©]-&3}o] A A st} Yield 77.4%; MALDI-TOF
MS: m/z 1123.54 (100%, [M + 2K]"). Elemental Analysis: C,

80.11; H, 6.36;, N, 4.98; O, 8.54

ol 1%x10°5 MY Fos v g 23] HA UV-—vis

ol
ol
N
1o
ol
>
]
o
flo
w
o
o
=
8
l
ﬂ
o
o
=
8
o2
12
ji3
oid
flo
Ol
o
S
5
=)
l
(@0]
o
S
=
8

godoz HAAsHTE FF Quantum Yield 4L JascoAlY
International FP—8500ST spectro—fluorometer& ©]-g3}o] 7%
3t th.  Transient  Absorption 742  Time—Resolved
Spectroscopy pump—probe spectrometerg ©]&3}o] 7 ¥ glt},
A= OPA pulses= Fo] 100fso]al Hyt =¥ 100mW oA

- ’]2 -
&

| &1
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APt 280—-2700nm  pump pulse2t  White  light

continuum (WLC) probe pulse”’} AR5 At}
2.4 Singlet Oxygen Quantum yield &%

sk ®l 571#] =4, PBI, PBr, PC, PT, TPTY Singlet

=

oxygen+ photoluminescence (PL) spectrofluorimeter® 7%
Atk PLAZ= @9 =459 249 99 1272nmellA
singlet oxygen® PL #Hdu] =9 dlHdx 249 3= el st
2 (D& o83t -3t

T
r (1—104P57) 1%

D° =D, =
* (1—104b5%) [,

1

2.5 Electron Paramagnetic Resonance =74

Radicale] ¥3%r¥l PT, TPT+ 1x107*M &%= Bruker

Biospin EMXmicro—9.5/2.4 EPR spectrometer® %3 574 %t}
2.6 DFT calculation

PT¢} TPTO 2+ 4% optimization¥} energy level AAF
S 98] computational calculation(DFT/B3LYP/6—-31G,

Gaussian 09 program) < ©]-&3}3t}.
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3. 484y o =9

3.1 &% 54 4

08

0.4

Absorbance

0.2

0.0 T T T T 4
400 500 600 700

Wavelength /nm
Figure 1. UV/Vis absorption spectra of the
compounds. ¢=1.0 x10-°M, in toluene, rt.

300
—FC
—PT
—TPT

2004

Intensity a.u

1004

e T

T T T
550 800 650 700 750 800

Wavelength / nm
Figure 2. Florescence emission spectra of PC, PT
and TPT. Optically matched solutions were used.
(hex=400 nm). ¢ = 1.0 x105M, in toluene, rt.

Figure 1& 7IA 39 o)A PC, PT, TPTQ & 1S Jehd

ok |A PT, PCx= &t 550nm F91914 Fod F545 Btk

Radicals ¥3Fst PT9} Reference?l PCQ 12> 7))

ot
i)
Ilof
-
i=)

A ogodo] & xpolrt gl AOS=Z Kol Ground stateoll A FF7)

-

WA e = Radical ¥} Perylene AFo] ¢Fgl Electronic interaction

o] MAsl= Aow B &tk TPTS A% 530nm oA F9 &

=7} dAlshY | 600nm T ol A

Iy 5A4%0E 2H=Z JRge] W

Bl 297 Ko}l Donor—Acceptor—Radical(D—A—R) T-ZF°lA

Charge trasnfer (CT) 7} ¥WASte] CT state &7F &S Ao =2
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Holzith Figure 2914 PC, PT A9, PCx &5 1#=s
Mirror image FE|2] 3 T ZE HPA W o] vl Radical®]
Z99 PTE PCHUY @AA3] dolxl FFAZIE HAH. o]zt
Singlet excited state quenching= EISCel| 23t Zlo|g}ta A <kst
2 At} WA Fluorescence quenching=s YO 7]+ o2 7FA v #

=5 £ dly<l Forster =2 Dexter energy transfer:s,
TEMPOZ®] n— r* transition oscillator strength”7} Z+7] wjiol 7}
Ao F7 2 WAskA] ge Bewr e Sl
Perylene? 3333 TEMPOS &4 AFEFHS o] Mz 2
71wzl f4A AL &+ UG [7, 8, 27]. ® HE Jhsdt
Quenching HW# Y52 Photo—induced electron transfer (PET) &
A71sterA Aol Z7ste] dostx o WAty ofHE A=
Aget & 9tk [7, 8], vAHe R, PTE dAdH =2 Singlet
oxygen quantum yield (SOQY, ¢, =0.89) & E3l+=d (Figure 4)
o|= Triplet—triplet energy transfere] <J3] 7] uwjiof
Singlet excited state A}¢] Internal conversion(IC) o ¢]3g+
Quenching @42 & F ¢lth. TPTE A9, WA, Figure 1
600nm F2lollA CT state 4= 2vlshs 5+ ZAHZ7F ek
a1, Figure 34 &% 127} & Stokes shift?} 7 Mirror

- ’]5 -
&

| &]

1



image$t= O E FHE YEeRYr] o] TPTolA CT state

of

e = o mebd TPTY

emission®] A3

o

AOR
Fluorescence quenching< D—A—-R %94 Charge transfer®l
93] A H CT stateol] 4] Non—radiative decay Wj&¢l Z o= A
Qketrt [23, 24, 42]. ol& <laf ISC7F wAsy] AFE tfFie
Excited state’} Quenching® o] W2 33UA-&2 (¢, =0.01)

ISC &&°] Yetd Aoz fAe 5 gl (¢, = 0.06).

T T 7 T T T
1.0 1 PTin TOL - -1.0
—— PTinBCN : Y q"*,

TPT in TOL ! ':
TPT in BCN ! -0.8
: 0.6
0.4
0.2
T T T T T T T T 0.0

400 500 600 700 800 900

Wavelength / nm

Figure 3. Normalized absorption and fluorescence spectra for PT and TPT in
toluene and butyronitrile.
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Table 1. Photophysical parameters of the compounds, in toluene, c=1.0 x10°M, rt.

PBI

PBr

PC

PT

TPT

(a) @r : fluorescence quantum yield,

Aabs/NM

525

526

555

552

535

Aem/NM

542

547

588

582

810

@,
0.91
0.74
0.74
0.01

<0.01

fluorescence lifetime, (d) tr : triplet lifetime

17 -

CloN
0.15
0.05
0.07
0.89

0.06

(C)TF

4.1ns
4.8ns
<30ps

1.3ns

G

1.8us

2.7us

(b) @, : singlet oxygen quantum yield, (c) tr:

&

| &1



3.2 Singlet Oxygen Quantum Yield

Luminescence (a.L.)

1200 1220 1240 1280 1280 1300 1320 1340
Wavelength / nm

Figure 4. Photoluminescence from singlet oxygen in aerated toluene. The sensitizers are PBI, PBr,
PC, PT, TPT and H,TPP (Reference, ¢p, = 0.7 in toluene)

ISC &&% Photodynamic theraphy®2 <& 7}&

o
tlo
(o]

51015} 7]

d

93] Singlet oxtgen quantum vyield (SOQY, ®.) S =43
(Figure 4, Table 1 b). Singlet oxygen< Triplet state®] A Energy
transferol] 23] A% 7] W&o Triplet state quantum yield %}
DAL 2 Ao E dHA Utk weEkA olE Fd ISC EE&S
Fee =t} [3, 4, 6]. SOQY+ Reference =22 AFg3to] 2
(D& &8l FalFth. WA Heavy atomo] E=9%¥ PBro 4% (¢,
= 0.05), Reference?! PBI (¢, = 0.15)°l H]s] SOQYIA <4
H7F eGR4k, o= Perylened o] #ExpFo] &
Chromophore®| A= Heavy atom effect’} @& 201X E&}th= X

o] B3teles Aoz SiAe 4 dn [41]. PT+ (¢, = 0.89)
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3.3 Radical—Enhanced ISC ¢} Electron Spin Polarization

—_— D12 EISC — 1:'2>

_ 2 EISC
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—_— T Q|12 —_ Ta  Di+12
— T @ D)= AT, Rl r:rs D, [-1/2
IC T, quenching
‘ A
— Dy | +1/2 D, = zlsm R] — Do|+1,'2> [ R

—_— — 0,12 Dy

Figure 5. Proposed photophysical processes for EISC and T, quenching
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231, Chromophore—radical A]A~®l #%}29] Electronic state:
Doublet T+ Quartet state’} € 4 313, o]w] Chromophore?]
Spin statet= Singlet =& Triplet stateell /& < It} Figure 5
oA}, Chromophore—radical®] Spin statei= Chromophore%}t

Radical AFe] Spin interaction®] €3} Doublet state’} ¥ a1, 7}A|
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Chromophore:= S; o]H, tA] AA BA7F o] W2 oy Q]
D, ?[T;, RIZ Internal conversion(IC)°] QdojupA ¥ HA
Chromophore= T; ©| #t}. oju AA FZ9 D,—»D;=> A=
Spin state”7} &3 & Akl olHU A 3} o] Di/Dy KBtk 27| el
o]#]3dt Electronic relaxation®] T W27 dojd 4 Qlo]
Chromophore—radical®] Dy—D; IC¢] Chromophore? S,—T,
ISC Z3tz o]oJx4] "t} (Radical—enhanced intersystem
crossing, EISC). o] #4829 Axz A H T, 2 Polarization (e,
B spin state)® Radical®} Spin interaction®® Al 7}#] Spin
state (T41, T-1, Ty) & Polarization ®t}. Exicted triplet state®
FH F49 271732 Radicaldll BHA] d&Fs FA Hi A= olF
Abo] State mixing©] Yoy A Excited quartet states (Q)<= -
33t &= 67019 Energy stateZ} A ®CE [4, 7, 8, 21]. oluf Q
statex= D state®} A% Y% (spin multiplicity) 7} Bt =27] wj&
of Dy,—Dio] D,—QET v d&eA dojuA ol Dif
Populationo] QXU Foid o=z of A dv. o]g3st F7px9] A
o] B4 D1 Q2 ol A] Separation parameter (J=D;—Q) %1 J
o] g3 oA el we} Triplet state population®] 71018 4= 9]

t} [2]. AdAdo® § e Population?! D;°] Q stateR.t} t©] vt
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3.4 EPR spectroscopy 4

ot

L T e e e e T T T T T T T T
3280 3300 3320 3340 3360 3380 3400 3420 3440 3460 3280 3300 3320 3340 3360 3380 3400 3420 3440
Magnetic Field / G Magnetic Field / G

Figure 6. CW-EPR spectra of PT and TPT respectively obtained in toluene at X-
band(9.44GHz), c=1.0x10“M at rt with 1G modulation amplitude and 100kHz modulation
frequency.

A7)l PT, TPTel X>3t" TEMPOZ} Polarization¥ ]
Microwave®] 2]¥ Resonance’} WAsh= Z& stz $8)
Continuous wave electron paramagnetic resonance spectroscopy
(CW—EPR) & =43} t}. Figure 6 224 EPR specraZ®
etk PT, TPTel =J¥ TEMPO ¢ "N-0O oA, A& %19
Unpaired Az} ~3#3 YNol & ~Axzle] Aszge] o3
Hyperfine splitting®® A3 Al A A g—isotropic EPR
spectra’} YWEFRTh [21]. PT, TPTelA 7}7F 15.59G, 15.46G

Hyperfine constant®} 2.0063, 2.00612] g—factor’} 3l % t}.
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AmMOD

(c)

AmMOD

3.5 Nanosecond transient absorption spectroscopy

(ns—TA) : electronic triplet excited states of PT

and TPT

(b)

——0.8us
——1.0us
13us
20ups
3.0us
4.0 us
7.0 s
=10 us
——15us

AMOD

550 600
Wavelength / nm

450 500

650

700

(d)

-44 T T T

— experimental at 550 nm
— fitted (1.8 ps)

AmMOD

0 3 6 9
Time / us

T

12 15

—08us
54 —1.0 ts
——=15us
20us
4 30us
40us
5.0us
31 7.0us
——10us
2 —15us
14
0 /\V vpr\
400 450 500 550 600 650
Wavelength / nm
6

—— experimental at 440 nm
— fitted (2.7 ps)

T T T

6 9 12 15
Time / ps

Figure 7. ns-transient absorption spectrain (2) PT and (b) TPT in the deaerated toluene. Excitation
pump pulse is at 530 nm (PT) and 550 nm (TPT). (c) and (d) decay profiles of the excited triplet
states in PT and TPT at 550 nm and 440 nm, respectively.

PT, TPTelA Triplet state’} 3%+ AS FRIsH]
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91 5]

=9 3h9rh
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state bleaching

(GSB)

band7}  WERRLAL,

420—560nm e A]

Positive signal?l Excited state absorption (ESA) band”} YEFS
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t}. Perylene f-=A& o] &3 Ay AFEA [7, 8, 9], ns—TA
4] 430-500nm A}e] ESA band+ Triplet stateZ} @A % o] T,9
A FFE7E e Aow sjAs Ae Fall, PTY 420-560nm <
oA Triplet state’} @A4¥ Aoz & 4 v} T3k 580nm H-
oA 9] ESA band: T,—T,o%29 Hol& yerdit; [7, 8, 38].
TPTE ZAF%E, 400-530nm 997} 540-630nm I+ ESA
bandE #& WAoo 7 g|Xste] PT, TPTolX =5 Triplt state”}
e A FAg 4 Qlrh. T 550nm¥} 440nme] thulol A

PT, TPTQ Triplet state lifetime?l 1.8 £s® 2.7us7} 24z} &)

o)

=], o]+ Radicale] === &2 xRl Perylene %A
o A2l 100xs® Triplet state lifetimeX.t} W% Zit} [22, 38].
webA Radicale]l ¥3%%¥ PT, TPTY #< lifetimed “PBI ¢}
TEMPO A}e] Spin interaction ©] ¥AY7] wj&Ql Aoz Ayz+st

‘)—F (/)\)\T;} [3; 4’ 5’ 6]
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(a)

AOD

3.6 Femtosecond transient absorption spectroscopy
(fs—TA): vibrational relaxation and singlet excited

state lifetime for PBr, PC, PT and TPT

(b)
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Figure 8 fs-transient absorption spectra in (&) PBr and (b) PC in toluene. Excitation pump pulse

Wavelength / nm

Wavelength / nm

is at 530 nm. (c) and (d) evolution-associated spectra of PBr and PC, respectively.
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PC 2] Photophysical

process & &9ls}7] ¢8| Ultrafast excited—state dynamics =
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Negative signal 91 GSB ¢} Stimulated emission (SE)el 3l &3l=
27} FoUEbstE =3 =t 650nm ©]4ellA] ESA 7F
#HEH AT, o APATFES Fude W "PBI o F4E



ojmst [7,8,39] AlZtel whet gHasst

rlr

AE geEd . =,
S, Population ©¢] 83 FFA3SFA W Triplet state 2] A4S 2Ju|sh=

430—-500nm ©|4] ESA band 7} YER}A] k= o2 Hol ISC 7}

EeHoE WASA e 2% §4% 5 Utk ol PBr (¢, =

Excited stateoll 229l  AJZF A= Species—

HgS F=2AQ0 ol H}AFo=r Jpste] FEHoR dou=
Global anaylsis &3l @oj%th. Figure 8c, 8dolAl, & ps Al
o] LEl= EAS, & Vibrational relaxation® 2 5™, 4= ns
o2l EAS,= Singlet state lifetime°] 3si@sdt=d o] Ay+=
TCSPC (Time—Correlated Single Photon Counting) Z%F doz
Fluorescence lifetime scale?l 5 ns (Table 1c¢)°l t]-§-3tc}. PBr
7} PC2] Singlet state lifetime< Z}Z} 4.1ns$} 4.8ns® #50| I
A3 o]= A& Al Perylene 549 Singlet lifetime scaled

25 [22, 23, 39].
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Figure 9. fs-transient absorption spectra in (a) PT and (b) TPT in toluene. Excitation pump pulse
is at 530 nm. (c) and (d) species-associated spectra of PT and TPT, respectively.
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AE = =2 S0QY ¢F di-gste A= 4 Qloh (¢, = 0.89).
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band o] W8S HYS w CT state 7} FAH Aoz B 4 gt}
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[1, 24, 25]. SE band 7} Quenching ¥%3, 650nm ©]/2
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3.7 Jablonski Energy Diagram
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Figure 10. Jablonski Diagram Illustrating the Photophysical Processes in PT and TPT

Figure 10 & Transient absorption (Figure 8), DFT calculation,
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Charge trasnfer state (CTS) Xt} v & o= o
L =shd A Chromophore ¢ Spin state 7} Triplet state @1 D; & &
Internal conversion ©] WAsHA H=Hl, olwf D, £ Dy 9 o |A]
ME <0.3ev & 1] Zro} o] st ¢ Electronic relaxation ©] t<%
W= A Ay ste] dA 2+ Dy,—D; IC & F3 Chomophore ¢

=32 -



A2

M

S;—T; ISC 7} 743t 9 4 2ok TPT ¢ 4%, D-A-R

m

EAMAF Charge transfer 7} 2Aste] PT o nvlal CTS 2] oA

=

gl (1.28eV)o] | Al WERRtaL Dy 48] o+ 4] (0.57eV)

<

AN Z7}sktE o= %38 TPA 9 Donating &3%5 Q13 4

A

Atk 182l CTS 7F Dy (1.51eV) Htf i w2 oy x| 9 x5},
Ground state ¢} B 7}7FY #7] W&ol Non-—radiative decay
A9 State mixing ©] AT FtsAdo]l AA [23, 24, 42] TPT 2

Fluorescence quenching ¥} W2 ISC &&0°| Yt Z o= Ag

F e,
o e’ e’ 1 1 1 1

*7 4meeRe  8meg E-{—E her £ (2)

Eqs = e[Eox — Erep) + AGs 3)

- 33 -

X 2-1]| 8

]

1

n’



4. 48 9 Q9
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Abstract

Theoretical and experimental studies on Triplet
photosensitizers (TPs) have been carried out consistently so that
TPs with versatility can be widely used in various ways. In this
study, Perylene—2,2,6,6 —tetramethylpiperidinyloxyl free
radical (TEMPO) dyad, PT, and Donor moiety (triphenylamine) —
PT triad, TPT, have been prepared to figure out the potential of
Perylene—radical system as a reagent for photodynamic therapy.
Compared with the previously reported studies, PT showed a
significantly high singlet oxygen quantum vyield(¢, = 0.89),
<30ps fast singlet excited state quenching and 1.8 #s triplet
lifetime. TPT with the introduction of the Donor moiety (TPA),
which can affect the spin interaction by increasing the electronic
orbital overlap between Perylene and Radical, indicated a very
low singlet oxygen quantum yield(¢, = 0.05) with significant
quenching of fluorescence (¢r < 0.01).

As a result, in comparison with previous studies using
Perylene and radical that showed insufficient triplet state

efficiency (8 —31%) to be applied as a triplet photosensitizer, this
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study found that ISC efficiency can increase notably when the
stable radical was introduced to the position that can significantly
modify the electronic property of Perlyene. It was also confirmed
that the non—radiative decay path from CT state may act more

dominant than the ISC path in Donor—Acceptor—Radical system.

Keywords: Triplet Photosensitizer, Intersystem Crossing, Stable
Free Radical, Electron Spin Polarization. Singlet Oxygen

Quantum Yield. Spin Multiplicity

Student Number: 2018—20613
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