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Development of NIR sensitized iodonium salt-based initiators
and amidinium salt-based photobase generators
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Fig.1-1 : Schematic representation of photo curing system
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Fig.1-2 : Changes in exposure light sources in the semiconductor manufacturing field
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Fig.1-3 : Industrial use of PAG
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Fig.1-5 : Schematic representation of stereolithography precess
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Table 1-1 : Features of photocurable resin for stereolithography

TVUNNERLAT AFHXEBEIAT
Gl vLvEryT s U L—bhR TRFY xS R
& (&) O X
~EREEE X O
I DOFRERFAAL X O
SE T O B TR P O X

TOHNEELATOBIBIIT LT 7 ) b— 2B EREN, 7V IARIEDT-0
BOGEFE DN, BLIAEICER T 2 & SNHERY O CREO R Th T4 v EE
A TNHE D,

DFFLUEEGEA TOBIRIZT RS U RCA X URMEA S, SEERREAR DIy
fRCHERT DI F A U RRIC L DHBREAMSICE > TEIEOB(L SR 5, B FA U EE
ﬁﬁﬁ%%ﬁ%(ﬂﬁm)®t@ HAEEIIRO A, B EIGHED /NS < LA RN 2D
NERIS A ERE LT < SRS OHEREE B T < L BREEEN D0 2 &b ek
%ﬁ%@iﬁ&&oto

BUEIIMHE OREZENT D, 77 IVNLRETRFTVRONAT Uy REA T RER
LlpoTWA,

Table 1-2 (2 Ve 0 E 72 ik & SR OF &~ T,



Table 1-2 :

Application of stereolithography
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Basic properties of curable resin for adhesive
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Table 1-4 : Advantages and disadvantages of UV curable resin for adhesive
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Fig.1-6 : Comparison of reactivity between cationic and radical polymerization
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Fig.1-10 : Global photoinitiator market size by application (M$, Forecast after 2021)
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Fig.1-11 : Typical type I photoinitiator : unimolecular flagmentation
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Fig.1-12 : Typical type II photoinitiator : bimolecular reaction
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Fig.1-13 : Radical generation mechanism of a-hydroxyacetophenone
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Fig.1-14 : Radical generation mechanism of benzophenone/amine pair
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Fig.1-15 : Radical generation mechanism of dye/borate salt pair
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Fig.1-16 : Photo-sensitized electron transfer system for sensitizer/onium salt pair
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Table 1-5 : Classification of PAG 7V
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Table 1-6 : Structure of newly developed PAG
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Fig.1-17 : Mechanism of direct photolysis of triarylsulfonium salt
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Fig.1-18 : Mechanism of direct photolysis of N-Oxyimidosulfonate
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Fig.1-19 : Structures and photochemical reaction of typical PBGs (non-ionic type)
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Fig.1-20 : Structures and photochemical reaction of typical PBGs (ionic type)
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Table 1-7 : Advantages and disadvantages of each photopolymerization mechanism
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Fig.1-21 : Photolithographic patterning process in conventional methods (left side) and using
photosensitive materials (right side).
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Fig.1-22 : Typical imidization of poly(amic acid) and polyisoimide using a PBG 1%
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Table 1-8 : Class of reactions under acidic catalyst
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Fig.1-23 : Mechanism of photoinitiated cationic polymerization of epoxide.
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Fig.1-24 : Monomers used in photoinitiated cationic polymerization
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Table 1-10 : Newly developed novel anion structure for PAG
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k3 (AFE) C(SO,CF,) 5

(2) BFF L DOEE

TERIERRL & 72 % T F 7 v DRFEEREIL, IR ELKMRERESELIOEEL R D, BT
T DI FREREIZOWTIL 1 — 3 — 2 TRREICAN 72D T, K0 AR OB T
fibiv %,

Z ZTE OHALFAZONWT, LT LRI (Grotthuss-Draper ™iEH]) 36 L UYL
55 LA (Stark-Einstein OVER) 25 2 5, HALFHE —IEANT Db P2 TR L7
HEDI L, WNENTHIZ K- TOAREZ D) THDH, £7o. MFHE IEANT Deok
PIIEFEA T, 1EO 23 1 EOXEFZIINL, 2L 1 EEiEENn
UTOGFREGT D (20L& 3 TFRRIST DiERZETICR, E3ETFINEE VD))
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ThO ., AFERE (L) L@EEtmE () LoffRaTrT e TR (1-1) oL Hizn
Do

A= —log(I/ly) = ecd (1-1)
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B, TNHIZE - THEAANS XA T SN ER L 720 5 5,

(3) BEHIOFFH 0

PRI BERAEIED72ODOHRE LT, BRLEHIB S ORINURHEAZ & o8 2, R
ZRAT 2L TE D, =0 DERONRE AR OLGE . KB TBEZ O kT nt
AThdH VDTS, EFBHKCOHBTRLX -2 (AG) BATHLGE.
NFHNAFITH D,

BFEHGEA & A VAR =0 MEB LN — F= 0 AEOHBSIR E B L¥— (AG)
WZOWTE &z, Zixk Table1-11 1339, ANVKR=ULAETIEIT F T2y, XU L
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Table1-11 : Sensitizing effect by combination of sensitizer and onium salt

HUREAN (bR AE*) | B{LEAL | fibfd =k ¥ — PhoI*(i& 5t #E7-0.2e V) PhsS*(& ciENL-1.2eV)
(eV) (kJmol?) AG(kJmol?) | HEZHR | AG(kJmoll) | HEENE

7 v k7S 1.1 318 —193 O —96 O
Y 1 A(S) 0.9 276 —171 O —171 O
7z ) FTV(S) 0.6 239 —159 O —63 O
¥ kAT 1.8 310 —126 O —21 X
FA X FAT) 1.7 276 —92 O +4 X
R 7= ) (T 2.7 289 -9 X +88 X
A ORIECREE S —EIE, T; ZHIHE
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Fig.1-25 : Wavelength and the transmittance of light through a living body
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Fig.1-26 : Power intensity of high-pressure mercury lamp
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Fig.1-27 : Emission spectra and photo intensity of LED light sources
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Fig.1-28 : Onium compounds extended 7z-conjugated system
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Fig.1-29 : Structure of photosensitizer
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Fig.1-30 : Forster resonant energy transfer mechanism

HOMO

3 "
Sens In Sens

Fig.1-31 : Dexter energy transfer mechanism
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Fig.1-32 : Electron transfer mechanism (a) sensitizer=>initiator (b) initiator=sensitizer

EFEABEIORKZ VLT &% Rehm-Weller D3 (1-2) 12 L » THHZ RV F—Z4L (AGe)
ZREL D ENTE, BEAIR X OBHEA OER{LiE T BN & B O i = R L — )
LEFETHZ EMTE D,

AGet = Eo[D/D™] = E o g[ A7 /Al = Ego — €%/€Rpy4 (1-2)

Eox[D/D "] : oxidation potential of photosensitizer
Erd[A " /A] : reduction potential of photoinitiator
Eoo : excitation energy of photosensitizer
€ : dielectric constant of medium

Rpa: intermolecular distance between photosensitizer and photoinitiator
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Fig.1-33 : Electron transfer mechanism (a) sensitizer=>initiator (b) initiator=sensitizer
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Fig.1-34 : Photosensitization mechanism in three-component system
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NWEESATAVEEBFIA SN TEY, TREICEBWTRIBEIZ X 0 g LAR LT
IEVERER OGBS E D, Wb 2 EBRBAINIRINE LD, 26137 U VEEG A
Al o FAEERMEA CEEERAER) LS, 2OFARBOIERIZHEN, < OfF
FERBRR SNER ST 09,

ZIZTHWLRDHRE LTI, ER=r =D N NRRE N EORBEOBLED
B KIRT v TRea AT T RAVLRTE R, L LIEFEOREMEOBLENL,
DX KRN ST TR L, UV-LED 72 & LED YR E 55 v AT ANk
IZIER LT 5, LED HIRITHEROIEE L 0 b bHEMREL . WEENEZMZLZ LT
TV T AR NEMZDIENTEDL, LR, KERT 713 200~500nm (2%
WART ML ZFHLTWADE TR LED T 7 TIIHE—DREZ RN TS, Bz
— %7 395nmLED DA, ARFENIEED 395nm TH Y, DAY F VO PEE T
30~50nm & 72> TW\5, L7z -> T, MERDBIGA] & DRAE DO TIXZE ORI FEEL A 7
N=TERWATREMENRH Y . Z D= NIEDRIEEITA 9 BILEH] S 2T 5 OREELH K D
BILTWD, £z, AT 2HOEEOBMRTIL, IWHFEEEREOLR MR EEBE L, $5
IO K =R F—D/N SR A~ RS (NIR) SEIBIZ W TEOET 2 2 A7 A% K
OONDL LI TET,

—J7, WHAKITEAT D7 4 bRV ~—iF, il 10~15 £ THEHEZED TNDH O,
ZOEBRNNEAND ERAY v b E LTI, SRS 2 A 2 RN (SRR
Fl, M) &, KGERBT 52 R<AVWHIENRTELZLTHDH VRS 19, 4
ZUE, FURIA B B Tl s L — =2 e 5 L= —EfRI L X T LA TH H a2
Fa—% hy7L—h (CtP) OHEBEKS AT ATHHAI TG O,

ZD XD IBRIFIISEILD 7 + bR ~—3 AT H & LT, KBIEEH (P) v AT 4
& U CGERAMEES] (Sens) & 3EPALAAI L LT T P BLAAl (R) O R8HWSRS,
ZOBEOT AR LCEEICTI— F=vaElRHWLND Y, ChETHEA SN
TSI — F=U L OZ% I, ZONRINFERDEE K (<300nm) Th L7z, —fkHY
PRIEIR T B 2 i EKERAT @90, BREEAMKIR OB B IR o T D LED R G 141719 85
T OUEARS L — W — O 11820 2 WD IR IXIEERE (TP h v, h T4y () &RAES
B 5T OICHER 2 AT 2E AT 220500 2 Z THOWBEANX, VW5t
JEOFAFEIRIZ BN CRE I EZ TR TG E AV DLER D D,

ZDVAT ATIHEWFEO AR DT-DIZ, BFBENAZ D HEFRISHFH ST D,
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Z DFOSITBFRIBLRIC L0 | BEFIOMLEN, I — F=7 LA OESTEM, 3 LU
JEAIDJhE = RV F— T J o> T E 5 G020 - F70d5 8, SBIRINIZ K - Tibit Sh iz
HRAIOFhE — ERRREN S 3 — R= v AlE~BFBHNEZD . 7V EEB LT R

KU MSAERT 2 W2 g — N = AT AR TR MR BT EZ TR 07
WEA T 5 12 A~ RAMEI 2 SR R L X — R T L ST 5 Z &N
Tx 5,

F= MWD RT =4 & LTiE, PFe=° SbFe 72 & OMTREE (99fcNiE) 7 =4
YRELHANLND N N F A UEEROLGE, BRETHBOMEEILTH D Z %t
T = ORENEIISOGHEZ SIS 5 ECIHFICEE TH LW, ~FHT7odnl o #gma
— K=o A (PFe) i, FFEDOEKMETIZBWT T v (bkFERE (HF) 2343 2 RN
HHD0, FEEMTHNLN TS UV LY AT A R T AV EE VAT AITEND
TEHEWHAWLRTE 0 it PReHIZ D FA4 v EABALICH LT+ 72 SUsE
R Ly DOREEDMELS . & HITIFBHET /) ~—12xt L CRFREIIEZ R T H7- 0T
bbb, o TT =41 L LTI PFs ERIELL EOMEEEZ AT HT =4 RRDEN TN D,

o, BENMET = A NIREE R T A B RS EDL I ENTEDD, A7 ¢
VEA B) MBEE LTHHERAIN WD X5z, Ny T U —RRICE T 5 EME D
MR & L CHEEH SISV A A AR ORERR T =4 G OB E Y L LT
RSN TS, ZINHDT =F T EEBMEER I o - CHMEEE L BiF, T72bb A 4
YEREAER 2000 S B CRESCRE S T 2%E 03 H 5,

— RN, T=F e hTF A AT —a LB M X . FoRkx Xkl (2-1) Th
ZOND, 7 —a IR A A BRI T A Z e D T A A A DREINK
TVINEEA A URNTB L BINWNNESL R0 07 A A UBENEEZ D EE 2 BN,

1 tq~
U =-—- 42 2-1)

® 471&7 r

r : contact distance between cation and anion
q : electric charge

& : permittivity in vacuum

EAIRRE D A A L fiEdh DA =L F— (U) KT & LT Kapustinskii D (2-2) 73
Ho, X (22 TlE, 7T=FrBLUODF AL DOREENRRELRDIZONT, KFTX
NE =P 2L AR, ST A AR EERN DT 5 2 LT X0 R
ZEUH A ORIE~OEMENRED Z 2 EWT 5, £, $9BAMET =4 U 13KE
WTHY, T=F U BERERTEEICHRIEL L, SBRME RITHIER 57220,
ZOXIBRBEND, Ty RRFELITERDO T v R EEALILEEGT 5T =4
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FIREAIET =4 & LTHENTNWA L EZ DT LN TE 5@

U = KL (g )

rt+r- rt+r-
r: radii of each cation and anion
z: ion charge
v : number of ions
K constant, 1.202x107* J-m-mol™

d: constant, 3.45x107 "' m

IhbEBEEZDE, ERNANEEFIHAT S 74 bR Y ~—ICHWS 3 — =7 AEOXf
T =yl LTI =4 v B Th AR S S, TO—2iF Y 74
RUR(SRu g Tt azF ) U T =4 ([PFs(CoFs)s]) TH Y . 2 DT =42 1% PFs
2k 27 v bkFEBE (HF) ORAEOERMEZ KE MK LTV, Fz, vx (M) 7
AT AF)V) ZAVR=)A 2 RT =42 (THN) 134 A U iRIRE Bk DR T =4 > &
LTHWBNDET =4 DO—2ThY, 2k d— F=U L EORT =4 L LizgE,
< OBHERE /) ~—IZx L CRE RIEMIEZ /R L, RGO T2 74 AR Y ~—#
B Chm WS EE R L2, b7 =4 oft, U AR (R 70t AFL)
ANKR=ZVRAF KT =4 (THC) BRI RKEMEMERWT =4 & LT b, ik
Bt RCHNSTODT = & LT H BBRZEN 021439

FROIICEFER ShOo0b RN AT 27+ MR ~—Th DM, EE
IZEIRIES B B LIS B 2 1E— B2 UV 3 —T ¢ 70 A 7 D K 9 IppEE &I B W)
TIEHBRIZFE A EAN LTV, & Z TR TIE, TR ERIAT 27+ R Y =
—DEERABA~OBEAIERE B L C POl 21T 72,

(1) RL—FT7=F L ZH0TNL DD I — R= 7 LM & HE OBUEHFI 2 - T-
RN LED &R E T 5 7 U NVEE RO DWW THRF Z1T-7 (2 — 34,

(2) B/ ~—HOMEHCARI E B2 OND, WENMET =4 2 (T 53— F=U L
DI & BB & OBMRIZOWTIRET L, 7 =4 OEENZ OV Tilgam L7z (2 — 4 8i),

(3) NIR-LED #7213 UV-LED Z i & LT, Y7 VUV EEMER b ONTERF AR I
BT DR BRI OV TRET 21T 270, WD HDEREDOEWNC L > Ta—F=v
MENDAEREND T HNFEH AT T E U HEOENCOWNTERLE (2 — 5,

(4)3EAR4 LED X2 Hi & 35 0 F A U EE RSO O REMEIZ W TR L7z (2
— 6 Hi),
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2 — 2 : EE
2—2—1 : kB

I ARIMEIEAI CThDSens, I—R = L 1le (XFEW Chemicalstlinb AT L7z, S840
#ThHSens, (2-Isopropylthioxanthone) , I—R=0 AH2hIITCIHENDAF L, I—R=1
Lfi1a, 1d, 1loiZHampfold Researchft b AF L7, ZHHIFEHITH R T2 LM H LT,
finda—R =0 A8 1g, 1h, 1i, 1j. 1k, 1f, 2b, 2¢. 1b. 11, Im, 1piT FREIZEDEERLI,

77U —hE<—TPGDA (KN’ L7 Va— L7 27U —h) 1% Sartomer #:7>5 A F L.
/v —IlEENDESEEIEANL, TR ALOs(Carl Roth #1) D AT LB T 2L ThRE
AToT,

FROMOT R TOFIEL B L OWEEIL, LB C TCI £, FbidE T3, BIs L
T2, T Hh 747 A7 BIO Sigma Aldrich 172 SRS D AT L, ZLL EORERIIAT
2otz

TV ENEERTANTAVEANESLERE/ v—TCHHPZ28 (M) AFrn—L 71
N BM)AQAFNA-TVY) V=T a b dr— 1)) BINPZ-33 (RXFxJRY h—
VU AR@B- (1-7 VY =) 7 r 4 — ~)IL PolyAziridineLLC #1225 AF L7z,

2—2—2 :HlE

NMR H|7E :
NMR:Buruker Fourier 300 (1H NMR : 300MHz), JOEL JNM-ECZ400R (1H NMR : 400MHz,
19F NMR : 376MHz)% FWCHlE L7,

A E

F/)v—HOI—R=y MEOEEE L, EERFH856 EEHEET = —/L :Methrohm #1)%
EH Lz, S—RF=0 A OEEX 10mM TiT-o7-, B/VEEIL. KCl KIEEEFHL TREL
77

SR

790nm : NIR-LED (LED 790-66-60 : Roithner £1:) . 395nm : UV-LED (Nichia SMD LED
UV NVSU233A-D1 : Lumitronix f1) #ZHEHWZ, 26 OHJROF-EE X, £ 60nm
THhot-. BNDOEMBESAHILT 7 A S~V FF v L R4 (USB4000 : Ocean
Optics #) % HAWTHRIE L7=, LED OZE[I5RE 55407 — & 1% Fig.2-1 (2R 7,
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Fig. 2-1 : Emission intensity (taken by a USB 4000 from Ocean Optics) as a function with respect to the

central point of emission (changes were carried out by a micrometer screw). Data were taken at a distance
from 2cm with respect to the LED.

PhotoDSC | :

Jt DSC & v b7 v 7% Fig.2-2 (&g 0 FRIEY T UL, ERTHERT SRS
0.45um A7 L7 4 VE— 2 TEREIT- T2,

LED il & g Xhu7= 361k, DSC (Q2000 : TA-Instruments £5) D~ RiZHzki L7-
THEET s ANRN—FBE L TCERAB L O AN S 9P LED SERE 7 7 AN
—OMIZy ¥ v ¥ —%fidiE L DSC i & A & 872, 728, LED XN 5O IE T 7 A
< IVTFF v R4 R (HR4000 : Ocean Optics #1) Z W TREH& L 7=,

LED yes/l'no

Power- ~ h\i _
supply

_____ w DSC Computer +

(Q2000) Software

open/closed

Microcontroller with programmable
Software

Fig. 2-2 : Set up of PhotoDSC

SRR L DR A S DI

BFA (Fa by HY) OERE, f57~3E ; RhodaminB (Sigma Aldrich 1) (12X Y &
BlbE21To72, 72k, WINAZ FLid UV-VIS-NIR 27 hLHIESE  (Cary 5000 :
Agilent tf) ZHWTHIE L7 (BEHEL CERE =2mm)), FHEEHB IR — =7 A
WEETHTEREDT & b K 10mL %2 30mm RO H F Ay v — L2 A, L5 LED
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7 LA (790nm 3L 395 nm) A L CRRS L, BN INIZERE A AT T A2
IR L. I L DR R A M8 LT, BEHI O SCAERM OWIR AT R v Z2JlE LT
5. Rhodamin B 354N L CTHEREZITV, 556nm TOWRIN A~ MRHIEIC L -
TR L7z, 7ede, AR &R & PEET 2RIUE I3 ELITVEE LT,

SRR L DI T A EHAEVEE )~ —DRISFEORE :

TV VN EEGT DT AEEELERE/ v —DISFEIZONTIT ATRFTIR
(Vector22:Bruker #5) \ZZVHIEZIT 7=, SUGERIT 1720ecmt DAV =V IAFLAEL L | SOt
Hife COT VP UEA DY —27Ths 730-740cm™ DI EIEMHR DT,

FRRIIB A B L NI — F=U A E 2 50T ) v~ —IREMEATA KT T AIZKRY R
RAFT—MELL, ZhEb ) DA TA FH T ATERBIALTE, ZIUZLED 7 LA

(790nm) % AT 10 BPEHE Lz, UV i3-~UL har_ 7K UV BEEE (LH-6 -
Fusion #) ZMHWTEJE L= (500mJem? path X 6path), 24 G EE 12 TERE & D BRI
DONWT EFEHEIC XY KGR RIE L,

2—2-3 : {LAMO AR

TS — R UF T DHE(Lib)D AR

K<L U7 4 S0 S 412 LiIAIHg THF %5#%(1.0M) 25mL & #zf8: kv 150mL %
Mz TRE L, E5IT 1,2-V A hFv =& 459(50mmol) %Nz 7=, i FFRHZ
1,1,1,3,3,3-Hexafluoro-2-metrhyl-2-propanol 24g(132mmol) %z, ISEH#ZE > b L7,

FIRIZTH T 21TV, KFETAOBAELMR L72N D 2 KENT T T21To72, T
% & SICRILT 6 B 21T - 72,

TR O30 D IZHAE Z B0 17, ISR Z R 2 ICHIRZITO, IEGEIE F TS HIZ
10 BFHIRS S8 7e, TOBRERE THAILFFET L2 & T EmlEL 72, Mg (b
JE) ZHHREED, ol Fgd /AR L— & — 0 ORE TARIEEZ e E Lz, 560
7= AEERE S 512 70°C JE FC 10 @RS T2 Z L THRMLIb 2V A hF =X
AR E LT (IR 75%)

Li-b:
| . F3/0‘< cH,  THNMR (400MHz, DMSO-d6) & (ppm) 3.41(s, 4H), 3.23(s,
HyC, CF
% o FoN "OGCFs  6BH), 1.42(s, 12H).
“Li 0-Al-0
[ oH 5 Sccr, 19F NMR (376MHz, DMSO-d6) 8 (ppm) -76.37(s).

0 F4C_O
I Hac L FaC CH
CFs
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Li-a (X (lollitic ) D& O A&HEH L=,

Li-a:
FsC F R (376MH - -72.14
F, F) )<CF3 19F NMR (376MHz, DMSO-d6) 5 (ppm) -72.14(s).

0% CF
F.cX_ Qo CFs
@ 0-AI-Q

FsC )CF3

|

(0]
F3C>|/ FsC CF;

CF4

I— K= LM 1Br D&% :

FOSFE 2T 50mL #EARER 2 N2 CTOKIBIC T 10 CLL FICHEAI L7z, 10°C 22 720 K H 1T
EB LRG3 3% 12.79(50mmol), I VR U v A 16g(75mmol) & Loz, &
HIT 1R Lz, & 2 ~8KEERR 31g(300mmol)% 0-10°C 2R BN bl FLiZ, <
DFEFE 30 LT, HFOoNTmEaRERE & 50 OB ORINEZRT tert-7 F LB
> 34g(250mmol) & Mz, KIRICTHEI L T &, 2 2 ~b Loz 7, 5-15°C 12T 3 I
MR L7, Z D% 100g OIKKBRKZ N % 30 o fiik Uiz, BEkaikiE & ke z oy
HRIZE > THBELT-, BREICfafiRZibs U o 2K 50mL 2% T 1 R L, 87
H U EAEREZ AE L, ZOEKE AF LTV T 3 BEFE2I{To7, KE
(ZEFIEAL D U 7 D KIATE 50mL Z N2 T 1 BRI R L7 AT H L 72 i G ik 2 Al L,
AFNTF T B TIEWEE L, ZROEREZED, i+ T 55°C T—Miz L. HiY
W 1Br 21572 (IR 71%)
1Br:

1H NMR (400MHz, DMSO-d6)  (ppm) 8.09(d, J=8.4Hz,

@ ;
T o
4’—< >—"< >+ Br 4H), 7.48(d, J=8.4Hz, 4H), 1.24(s, 18H).

I— F=0U L If DR :

FOGZZZ, 1Br (11.8g, 25mmol) Nz EFREH L=, £ ~Y 7 mr A% 100mL
Nz ¥ —iRA Liztk. Bli& Potassium Tris(trifluoromethanesulfonyl)methanide (10.9g,
26mmol) ® 170mL KRR Z I F Tl /-, TOF ETHB T 7 RRHEE L, &
EEDIREIC L > TOKBERE L, 50N AHE %K 100mL T 5 [ERES L7-, R\T
FAFN AR 10mL 202 THeis L, BE SR L > TOKEEBRE L, Az = R
L— X —ZTCEME LT, &0 RERE IS A~F % 100mL 2Nz 30 of#k Uiz, #ri
L7 ERZIERI L, 3ok E~34 0 T 5 Myl Lz, PEisik oMk % 8E T 60°C
T—WREET 5 2 L TR I 24572 (IR 93%)
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1f:
< o o_cr, TH NMR (400MHz, DMSO-d6) & (ppm) 8.14(d,
NI

ay O &N’ 0 J=8.4Hz, 4H), 7.53(d, J=8.1Hz, 4H), 1.25(s, 18H).
0=5=0

) 19F NMR (376MHz, DMSO-d6) § (ppm) -73.76 (s).

I— K= L 1g DERK :

FOSESHZ, 1Br (4.7g, 10mmol) i1z 2-7 13 —)L 50mL TR L. BIORFZIZT
Sodium Tetraphenylborate (3.4g, 10mmol) % 2-7"' 1,3/ —)L 50mL THEMR LT-, 1 BRI
ZIRA L, |IE T T REHEE L, T LEBEEREZRERI L, S @RE 2-7 a3/
—/LC 3 [RIPEH LTz, Witk ORERZ L T 55°C CT—Bhid 5 2 & THIIW 1g 21572

(L= 99%)
1g:

1H NMR (300MHz, CDCl3) 5 (ppm) 7.65-7.54 (m, 8H),

I N0 I B%@} 7.33 (s, 8H), 7.02 (t, J = 7.4 Hz, 8H), 6.82 (t, J = 7.2Hz,
* 4H), 1.28 (s, 18H).

I— K= LM 1h DAL :

IS4, 1Br (4.7g, 10mmol) & Lithium Tetrakis(pentafluorophenyl)borate(Diethylether
Complex) (8.7g, 10mmol)&Z N2 EHREHL L 72, & I ~Flfg7 mm AL 50mL &gy =
Fr—7 ) 50mL iRz A, £ O F EER N T 1 RMEEE Lz, i U7z Bz 5805
L. AtfE 2 M Lo, B L72BEIR AL T 40°C C—Miiziid 2 2 & CHRY 1h 215
(U4 80%) .

ay

1h:

1H NMR (300MHz, CDCl3) § (ppm) 7.79 - 7.72 (m, 4H),
7.56 - 7.49 (m, 4H), 1.30 (s, 18H).

m

I— R=vU LM 1i DAL :
BOSFZRT, 1Br (4.7g, 10mmol) ZhNx EHREH L7z, £ Z~27 m i/ 50mL &0
Z¥J—RA L7=t%. Bl Potassium tetracyanoborate (1.6g, 11mmol) @ 50mL /KK 2 ##E T
—FECNA T, FOFEEER T T 1 RFEEHR L7, BEZRSIERIEIC X > TKEZRE
L. oA %7K 50mL T 5 [BIEF L7z, AE LA = SR L—& — |2 CliE L7z, 15
bivio, B oI EIEZ~F P Tl L, PR OB ZRIE FEE T gL, &6
|2 65°C CHzE3 2 Z L CHMM I 21570 (I 82%) .
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1i:
CN 1H NMR (300MHz, CDCI3) 6 (ppm) 7.92 — 7.81 (m, 4H),

@ =
A e Nc—EEON 7.59 — 7.47 (m, 4H), 1.31 (s, 18H).

9— F=1 L4 1§ DA :

FOSAZRT, 1Br (1.6 g, 3.4mmol) =% / —/L 20mL (AR S8, BIOREIZ T Sodium
Tetrakis(3,5-trifluoromethylphenyl) borate (3g, 3.4mmol) % =% / —/L 20mL TiEfif S H7,
INbTF ) —VRKR ARG L, ZOBRIZHGEESHH Lz, 512K 10mL 212 % D
FEEIR N TR L2, BOSEIK A, BARREET ) U L% L TIREZITV, RV
TR Z =R — 2 —ICTRME L2, BGoNTBEREZ~FY T 3 [\l L, etz
DEAERZ T T =R TS5 2 & THIIW 1) 24572 (I 80%) .
1j:

or.] THNMR (300MHz, CDCls) & (ppm) 7.79 — 7.68 (m,

wiﬁ 5 8H), 7.62 (d, J=8.8 Hz, 4H), 7.51 (d, J=8.8 Hz, 8H), 1.28

cFs |, (s, 18H).

I— =7 LK 1k DERL :

SIS % 42 1Br (2.8g, 6mmol) % A % /7 — L 100mL [Z¥fiFE S &, B D2 %512 T Potassium
Tetrakis(4-chlorophenyl) borate (3g, 6mmol) % A % / —/L 100mL TiEfif S t7-, ZhbH A X
J = IVIRIRZIRG L, £ ORI HGEEIHTH L, & 512K 50mL 1% CTE D E FER
T R Lo, ROSEIR A . JEKAREE T R U U A%l LTI 21TV, RO TlEK %
TR L —F — TR L7z, 3OV ERZ~F%3 T 3 B4 Lz, W% oERE
JE FERIR T BT 5 2 & CTHW 1k 2157 (ILFE 82%) .
1k:

1H NMR (300MHz, CDCls) 5 (ppm) 7.40 (m, 16H), 6.98
| 7N (TN B‘%C//Lci (d, J=8.2 Hz, 8H), 1.28 (s, 18H).
4

I— K=o, 1l DEAK :

BOGEZHZ, 1Br (2.1g, 4.4mmol) Z Nz EHREH LT-, £~y 7 mnr A % 50mL
ZINZY—RE L%, B Li-a (4.7g, 4.8mmol) @ 50mL /KIERZ#H#HE T iz
Too TDOFEF=NE T T2 FFEfE#E Lz, FERDRBIEIC L > OKEZBREL, HFohie
A% %7K 50mL T 5 [BIYEE L7z, RO CRIfI &K 10mL 200 % THeif L, §Efk ik
BB L > CKEZREL, AHEZ2 = SR L— & — (TR L, S5k ic~
X 20mL 2% 30 piR#R Lz, Arif L72EiRZEI L, o @iREZ~F ¥ Th
[ LTz, Pl OB ZJRE T C—Bidd 25 2 & THRY 11 21572 (I 60%) .
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1H NMR (400MHz, DMSO-d6) & (ppm) 8.15(d,
J=8.8Hz, 4H), 7.54(d, J=8.8Hz, 4H), 1.25(s, 18H).
4 19F NMR (376MHz, DMSO-d6) 5 (ppm) -74.40 (s).

® — = CF3
| S N\ . o—f—cF,
| = CF;

3— F=U L 1m O :

FOGE R, 1Br (2.1g,4.4mmol) 12 EHREH L=, £ I~ 7 ma 2 % 2 70mL
ZINZY—RE Lz, B Li-b (4.2g, 4.8mmol) @ 75mL KiAK ZHEHE T T Eiomz
Too ZFOFEEEIR T T8 RFMIHR LT, HEZDRIBIEIC L > OKEZREL, FoA
FJE % 7K 50mL T 5 [RIBEyF L=, WV CRIFIRHEK 10mL 2002 CTHeid L, FREfd ok
TEIC ko TKBEREL, AHELZ =KL —% — |2 TEM Lz, 5 b ziRE’E I~
P 20mL A0z 30 e Lic, B L 7o IR 2 R~ 0T 3 [EIBEE L 7o, EETE
DORY) % )L T 60°C T—HEifEd 5 Z L CHRI® Im 2157 (LK 60%) .
1m:

) i o, 1H NMR (400MHz, DMSO-d6) & (ppm) 8.15(d,
«*—QT@—‘— Al octfq J=8.8Hz, 4H), 7.54(d, J=8.4Hz, 4H), 1.42(s, 1H),
4 1.25(s, 18H).
19F NMR (376MHz, DMSO-d6) & (ppm) -76.36 (s).

S— F=U LM 1p DAL

FOG 2% 2 1Br (4.59, 9.5mmol) Z Nz ZEFREW LT, & I~y 7 me 2 % 2 100mL
Nz ¥ —1RE Liztk. Bli& Sodium Tetrakis(pentafluorophenyl)gallate (8.4g, 11mmol) @
70mL KIFEZHEAL T CEICNA T, TOEE=IE T T 6 FEMEL L, BiEk ok
EICL > TKEEREL, BoNTAHEE K/ A S 7 —=3/1 (v/v) 100mL T 5 [A[¥EF
L7z, IRWTCHRIFIAIEK 10mL 2002 THes L, FE%IRIRIEIC L > TKEERREL, A
W 2 /NI L= 2 — (TR L 72 5 DT IR Y 7 m e = 2 L 15mL ISR L
~FH 2 100mL 20Nz 30 fEEE Lo, At LR ZTERI L, 15 OBk 2 ~F%
T 5 RIPEE Uiz, PEftkOBEIAZ KT T 60°C T—MiiEd 52 & TR 1p 257 (L
F94%)
1p:
1H NMR (400MHz, DMSO-d6) & (ppm) 8.15(d,
J=8.4Hz, 4H), 7.53(d, J=8.8Hz, 4H), 1.23(s, 18H).
19F NMR (376MHz, DMSO-d6)  (ppm) -120.16 (dd,
J1=27.8Hz, J2=9.4Hz, 8F), -154.2(t, J=21.1Hz, 4F),
-160.1- -160.3(m, 8F).
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S— R=U L 1b DERK
BOSEEZ, 1Br (11.3g, 24mmol) # Mz EREHR LT, T ~@ETYr7ea 2 X2 v
100mL Nz ¥ —IRE L7=%. Bli& Potassium Tris(pentafluoroethyl)trifluorophosphate(12.7g,
26mmol) @ 100mL KIFIE AT C—EICMA -, ZTDOEERIET T 6 KR L,
BB TTBEIC L > OKBEREL, BoN7-AHE %K 100mL T 5 [FIFEF LZ, &
THEIFNAEEK 10mL 2002 T L, #HERDIREIEIC L > OKEZRE L, AfE L2
R —H — TR LTz, ~F 2 100mL 200z 30 ZFi#k Uiz, A L7z [ER 28 580 L .
1F O AT ER 2~ F % T B [EIpEd L7z, Vel OFEIRZ L T 60°C T4 52 &
THEW b 2157 (I 75%)
1b:
~ 1H NMR (400MHz, DMSO-d6) & (ppm) 8.14(d,
. cstigjcza J=8.4Hz, 4H), 7.53(d, J=8.7Hz, 4H), 1.24(s, 18H).
= ] "Le. 19F NMR (376MHz, DMSO-d6) 5 (ppm) -61.8 (dm,
J=892Hz, 1F), -96.9- -97.3(m, 3F), -98.6- -98.8(m, 6F),
-105.0 (dm, J=900Hz, 2F), -132.8- -134.0(m, 6F).

I— K= L 2b DA :

FOGZ#RZ, 2C1(5.1g, 14mmol) Z IR ERER LT, £~y 7 mr A % 2 100mL
N Z¥)—IRE L7, Bli& Potassium Tris(pentafluoroethyl)trifluorophosphate (12.79,
26mmol) @ 100mL KIFIE = R T CT—EICMZ 7z, ZOFE=IR T T 6 FRRHEHE L,
FEZ DT EIC K > TKEZBRE L, o7 AHE %K 100mL T 5 [BI¥EEH L, kv
THIFIEHEIK 10mL Z % THeF L, BiE% 0 REBIEIC L > TKEERE L, AtE %2 =
R —Z — | THRME LTz, ~FH 2 100mL 200z 30 iRk U=, Ar L 7= ER A2 385 L
O N ERZ A~ T 5 RIS LT, PRk OBEREZ L T 60°C C—Brigd 25 2 &
TH 2b 2572 (R 75%) .
2b:

o 1H NMR (400MHz, DMSO-d6) & (ppm) 8.14(d,
—~ )2 ST J=8.4Hz, 4H), 7.53(d, J=8.7Hz, 4H), 1.24(s, 18H).
“Fs 19F NMR (376MHz, DMSO-d6) 5 (ppm) -61.8 (dm,
J=892Hz, 1F), -96.9- -97.3(m, 3F), -98.6- -98.8(m, 6F),
-105.0 (dm, J=900Hz, 2F), -132.8- -134.0(m, 6F).
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— R=U LM 2¢ DERK

BOSFZHT, 2C1(5.1g, 14mmol) Z Nz ERE\EH L T-, £~ 7 mr 2 % 100mL
N Z ¥ —IRE L1=%. Bli& Potassium Tris(perfluorobutyl)trifluorophosphate (11.9g, 15mmol)
D 150mL AKEE 2R T CT— I AT, £OEEER T T 6 R Lz, BE%RIR
BRI Lo TKBEBREL, GO ARG A K 100mL T 5 [EIBEA L 7o, #E & R
IR o TKREEREL, ﬁ*ﬁ%% I NR L — & —| TR LTz, f bk ~x4 T
5 [Py L, BEE OIS 281 T 55°C C—Bied 5 2 & CHEO 2¢ 2157 (I

76%) .
2¢:
1H NMR (400MHz, DMSO-d6) & (ppm) 8.11(d,
C @ cwgi.\oz,pg J=8.1Hz, 4H), 7.37 (d, J=8.4Hz, 2H), 7.32(d, J=8.4Hz,
&Fe  2H), 2.90(q, J=6.9Hz,1H), 2.32(s, 3H), 1.15(s,
J=7.2Hz, 6H).

19F NMR (376MHz, DMSO-d6) & (ppm) -41.6 (dm, J=904Hz, 1F), -77.4- -77.6(m, 9F), -82.0
(dm, J=924Hz, 2F), 109.2(d, J=84Hz, 2F), 110.1(d, J=96Hz, 4F), -116.7(s, 2F), -118.6(s, 4F),
-121.9(t, J=17Hz, 4F), -122.4(t, J=17Hz 2F).
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2—3 fERLEL
2—3—1 ERIRITEIET DT IIVES T TORGIEEZROBIGEAIK N

IERIMEEAI L 3 — R=7 DED D72 DI RINEIET 5 7 VA NVEERIZONT, 3
— R=U LEDOT =4 HEEIC X 2 ROGBRME~DEE OV THRF 21T o 72, £/~
—LLTE RNV TrEL YT a—LY T 7Y L—k (TPGDA) ZH\ =, UTARIMEHER
AL LTEE ) ~—~DIEfRIENE Sensy & V=12 ZEn o XX Fig.2-3 12
T, oL NS I — = AEOREEICOWT b [FERRIC Fig.2-3 (2 0fEZ Rd, 7
=FNXTVANEEGHEAE LTASIMONDT N7 7 = =LA L — & HLIZNL D
DOBBIRB L ONBBES L LTS MbRd~FH 7 r4dn ) VRT =4 BLO%
DRI AT LT,

)~ —HTOHERN ORI AT hL L LED AR hL% Fig.2-4 I[Z-7,

Sensy AT WXL, NIR-LED J&JHD 790nm DR E K< —HT 52 L 28 LT

(12, 14)
o

/@ﬁviUATQ¢Lyk/

TPGDA

(F—=F=TLHFH)
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Fig. 2-3 : Chemical structure of sensitizer (Sensi), monomer (TPGDA), and iodonium salts
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Fig. 2-4 : Emission spectrum of NIR-LED (normalized, red line) and Absorption spectrum of Sens in
TPGDA (normalized, green dashed line). Emission spectrum was measured by using a fiber optical
spectrometer (USB-4000: Ocean Optics).

S— R=ULEOT =F U EED T VTNV IENE~ DR

WIZ, KEE OIS DUV T PhotoDSC % FAVWCiHli 217> 72, DSC (A& I & 2
THY PhotoDSC TIIHMIIZL - THELHIERAZMET HHOTHDH, KH TICE
AT )~ —EEHZ D OFRBE (mMW/mg) RO LNDLDT, TNNEAEE Rp 12
T 5, FORKMETH D R [ IMEOSIGHEDIRIE L 785, Rp IZE / ~—DE/VE
BEHT, B/ ~—OFEEELVEAT VALY — (727 ) L— b : 84kJ mol1“Y) TERY
DRI SUSHEE ()M LN, INHEEST D EICE D E ) v —DiR{kER (X)
BELND,
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—fFlE LT, B/ v—L LTI TRELY Y a—LYT 7 Y L— |k (TPGDA), Hik

Fl& LT Sensq, 3 — K= A 2b % A\ 7252 PhotoDSC D HIERE B % Fig.2-5 12”77,
BSOHEFTIC L0 AL 372 0 OFBEN K& < EJ7 UEBEFRGEN S 100 H7-0 T
BARME (RpMa ; 12.3mW/mg) %7~ L7z, ZDOBKISOHEITE & HIZHR Y ~—TBIC X Dk
EERBIOT T 2MEOEITHAB 2V 5 FiES) (£ / ~—OBE) HHIRIi, 08 TR
BRI S 2B Sz, BEENLIESNDE ) v~ —0isfkR (X) 1%
#1563% & 7otz

12 —
N 0.5
IOJ ’," /
i Xeo 0.4
Ry
§ 8 ;0.3 >
4
E
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Fig. 2-5 : Radical photopolymerization applying a NIR LED emitting at 790 nm. The sensitizer ([Sens1]
=6.8x107 molg™!, [2b] = 3.7x10”° molg™") were investigated in TPGDA. Light intensity: 30 mWcm™.

PhotoDSC HITEIZ £ 0 15 b 7= BEE DR KM Rpm* & ARRFf CHWfix 03— K=
U LRI OWTHEE LT, TORRE Fig2-6 128 Y, 22T, RL— T =4rBIU0%F
OFRFE (g h i, j, k) ITFAETRTLL, ZOMOT =F 2 (a, b, e) ITRE TR LT,

14

-
N

-
o

R,m2*(mW/mg)

Fig. 2-6 : Comparison of reactivity (Rp™*) of iodonium salts. The sensitizer ([Sensi] = 6.8x10” molg™!,
[IS]= 3.7x107° molg™!) were investigated in TPGDA. Light intensity: 30 mWcm™.
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Fig2-6 L0, 2b (g7 XLl o BEIO (F R 7 /7R b—8) Bkb
BWEIGMHEEZ A L, 1la (NF 704 n ) UER) A BIROWEISEE R T Z LR35, IR
WTC le (MU ZAFdaALEKR=AIR) BDEWEER LT, RL— 7 =42%T
&5 1j, 1k, 2h TIHIIFFEREOOCNEZ R L, T U NVEEGREHE LTabhnd 1g (7
N7 7xz=/WRb— 1) BEW1h TEHISHERORMEVFERTH -7, o, AU FEEIC
BT JEEEALET VT VAR L — N T =40 EAT D 1 ITEFICE OIS E
AL, BBRROEERD ST,

IIT, AL —RrT =4OV TELET D, 77 7x2= VAL — R T =4 (g)dE
FHREEMEDFNT =4 T, A S DFHT 5 2 & TT U AABEAIE LTHW LT
Do DTV IINFEORBEMEIZOWT TR Fig2-7 IR T X9 AT =X LNIEE I T
b\}z) (45a)o

BNt Sens AL Sivd &, Sens*/nDH I — R=U AW TFAUNZEFBEINEID
Sens* LI — K= LT VHNERD, T—R=ULTVHNVIEFERLELSNTNDTED
HOCRABE Y, FUlT VA ETINT IV EALT D, —J7 Senst [ TT KT
Tz VR — T =AU N OBABENCLVEFEZITERY ., TD Sens ([TE LTINS,
BLERHLET F 7 7 2=V R — T =437 UV VRiEL 7e 0 REES L,
RMWCHAHL N T2 = VR T v e T 2= VT VN EAL D,

N

radical
l Sens l

>@4®L

radical

Fig. 2-7 : Mechanism for radical generation from the iodonium tetraphenylborate by photosensitizing based
on electron transfer.
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SHFF BT HARL— MEITET D ABERIE LThm b, FOmWER{EIET
R — T =F L ORRINSELD T 2= F D HANMETEE U THEET D A =X A
DEEIR ST 5 W)

ZIZT, Ab—hr7=Frh, i, j. k DBEFREL KCHEOHBIZOWTE XD, 2h T
e LT K< HMBNHI— R=U A THY , UV LEEZ WD =R F ALEH D
HFF U EEBGHE LTRSS FAENTHWSE W, X7t 7 =37 75k
WZIEET 21 EmWEFRGMEEZ o, JIZ2oD MY 7t AFAERH Y L x T
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Fig.2-8 : Relationship between the solubility of iodonium salts and reactivity (R,™*) in TPGDA.
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Fig. 2-9 : Schematic sketch describing the dissociation of dissolved iodonium salts.

Left part: no dissociation into solvated ions with no contribution to conductivity (blue), the salts dissolves
as dimers, trimers, or higher aggregates; Middle part: partial dissociation of dissolved iodonium salt into
solvated ions (yellow) contributing to conductivity; Right part: complete dissociation of dissolved
iodonium salt into solvated ions (yellow).

DL XML A A U EEBEERT DI I TERWN, B 4 REIXA A&
W Z G A D EEEARET D LICL o TE ) ~v—FTOI— F= 7 L OfiREE
RIEZFHMIICT& %, B.Strehmel 5133 — F=U AEZHGAIE LT 20T PO NAKISHE L
ZOMBIRIZBT 54 4 BEIE (=FEEE) (SHBEREGRNRH D 2 & 2R L7z 125940,

X (2-3) WRT I, A A BBE () EEYE (An) ORICIZLLTOREKRE D 5,
ST (2-4) [TRTEISA T UBEE () BEDA A YA X R ) IKFT D2
LR,

A= NiF(a,z,uy + a_|z_[u.) (2-3)

Na: Avogadro constant
F : Faraday constant
u; : ion mobility of the ith type of ion

zi: charge of the ith type of ion
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zi: charge of the ith type of ion

(2-4)

i

e: elementary charge

n: dynamic viscosity
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Fig.2-10 : Relationship between the reactivity (R,™**) and the conductivity (A) of iodonium salts in TPGDA
([1S]=10mmolL"").
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Fig. 2-11 : Chemical structure of iodonium cations (1and2) and anions (a-p).
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Fig.2-12 : Relationship between the anion size and the conductivity in TPGDA. The conductivity data
showed in Table 1. Each anion size was calculated by the DFT calculation (on Gaussian09“®) according to
the B3LYP/6-31+G (d, p) level except to 11. 11 was calculated using the basis set, BALYP/DGDZVP.
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Fig. 2-13 : Chemical structure of NIR Sensitizer (Sens1) and monomer (TPGDA).
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Table.2-2 : Summary of photopolymerization parameters obtained various iodonium salts and their
comparison data in the monomer (TPGDA). [Sens1]=6.8x107molg™!, [IS]=3.7x10"molg"!, monomer :
TPGDA was used after purification, Light intensity : 30mWecem at 790nm. The conductivity of iodonium
salts ([IS]=0.01molL-") in TPGDA.

1S R,™*(mW/mg) X., A(Scm?/mol)
1a 12.39 0.66 0.24
1b 14.72 0.70 0.92
1d 9.59 0.73 0.08
1e 15.37 0.68 0.36
11 15.49 0.67 0.58
1g 3.78 0.63 0.24
1i 12.85 0.68 0.45
1 14.45 0.62 1.45
1m 13.94 0.62 1.00
10 13.67 0.66 0.36
1p 14.42 0.63 1.00
2b 14.07 0.63 0.89
2¢c 3.81 0.23 0.69
2h 13.49 0.57 0.88

FOSHE (Rpm) & 1g 38 KO 2¢ DIEFITIRVME TH o 7223, DRI 14 mW/mg 72
FEDEE o7z, K2  1le (A I KT =), If (AF RT7 =) OXSBRARRT =4
VIIFFCEWVEE o7, FToE ) v bR (X)) 1 2e ZRTIXBRB L EFRRE (0.6~
0.7) ITTHo7-, BEEE (A) 1IBABEANC X - T 0.24 Scm2mol? 725 1.45 Sem2mol! F T
AR LT, BEEEEN 1.00 Sem2moll 2 57 VI =v AT =42 (Al 1m), F U ¥
LT =7 (1p) ITBEE L A 4 ORBEE OBRDLEOWRISEN IR S 53, AR
T = 1e, If ERIRED D WITETRISHEMENE WS FERTH -T2,

I CEEE L T VNG E ORERE Fig.2-14 12T,
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Fig.2-14 : Relationship between conductivity and radical reactivity
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ZTOHBELTUTFOIICEZIDLIND, 2¢1E2b EHERTESHIZREWRFEH 4 D/ X—7
NAaT A LEE 3 RKELTWS, B/ —T7 a7 503 LIS LIS R mEIETER

73



DHKEE LTRIHSNTE Y, =74 a 7L VIR BKME D SBUME TH 5 729
228K E DREICTEAT LTV, £ 2T 2 FRH/ S— T 4 v 7 VLS A Fm s A
ERBRICRBI O ZER AT 572 803 — F= U AEORENSEZ T2 B 2 Db,
3— F= U LMEMRIET 2 & A & O BAERMET L, 2 ORISR, BBz %
KT L, ISBBENMET LIz EB 2 b5,

2—4—3:FL®

AEITIEZ < OFENANET =4 NCEB L, T=F oA XEBEE BLOT U HIVK
JSHEDBIEMEIC O W TRE 21T o712, TV DNVEENEE/ ~—FTOI— =7 LD
BHELHET DI LIZL ST, EOA T fRBEE AT L, S HICEHEL Z VN VES
P & DEMRMEICHOW Tz, BRALET =A%, Bl 21E PFe=° SbFs, S HI2A 2 K7
=F U AFRT=F A= T =F 0 TAIT=F0% 2G5 F0IeED
FE¥E, ZAUSHEE T D EHEL OFIEZ G L7z,

F =0 LBEOE )~ — P TOEVRBEE I IFFE ) ~—~DOmWIEiEEE V7 LTE
V. HEREATH D, AR TEAIOCITEOE L TR Z S EL Z &2k L, fix D
/v —IZx U CHli Ol 22 iR EERE S A & OB 2 AERZEV 232 nWH Z LN E
HCThDH I enbmote, LU, WERMRETI D T A4 2 & HUEHAI & o 22/ BAF ) 2 4
HHL, FERBE ﬁéﬁﬁ%%%%ﬁﬁﬁk&ofﬁmiﬂ(%ﬁﬁéik)k%<@w’
R oT, FOEDIZT— R lGoRT =4 L LTHEMET =4 D7 —
f@¢ﬁ%ﬁﬂmﬁ$_&@#%LEE&xD%%tﬁ_kﬂ%#oto

74



2 — 5 T PHNVEAMELR S ONTIEERR AR O Fhfd il B
2—5—1: A=A A

FREBOGE(Q2-5)~HQ-DBITHEAI Z W27+ PR Y ~—DOFR O E R LT,

Sens — lSens* (2-5)
Sens* —» Sens+hv’ (2-6)
ISens* — Sens+A 2-7)
1Sens* - 3Sens’ (2-8)
3Sens* - Sens+ hv” (2-9)
3Sens* — Sens+A (2-10)
1Sens* +1S — Sens*' +Ar,I-+ products (2-11)
3Sens* +1S — Sens*  +Ar,I-+ products (2-12)
Senst' > H'+ products (2-13)

FOSIE, £ THEA] (Sens) 2N EWIN LT (TAbLTRAF—%257T) B+ sz
EDPBIREY | RYIONE —EEIREE (1Sens”) BWEK S D (K 2-5),

CORIGENIRPIOBEEINAT v 7 THY ., 226, 2t @y) Z R LN 5RET S
e (2-6), BAHH LR 6 RIET S (iR E ; X2-7) Lo, =¥
— & LR E~ R D AT v 7 72 b N (K 2-8) 1T & o Thihit =&k
HE (3Sens”) ~HEHAd B AT v TINFIET D,

bt = EEREED N DIE, U (V) B R LS AR 2imfe (X 2-9), AR L
RN RIET ik (RIS ; 20 2-10) LW oTo, TR —Z i UILJERIRAE~ & K
DAT v TINBIR %, —MRANITE ARSI, AR EZ VT | [FIERD
e EIERR 2R CROUG R Z 208, HHAZZIZE LTI ARG IEA & S840 e g <
IXZEEN BT > TV D, ITTRAEEEAIE L TREWZRAR Y A F U AFOFR T, ke =&
HADLZHAZFETIZL A LRI T, EE0LIC L 2 KEDOFIGIHE (<15% "), -
T, 2O XD R RINEER 2 AW TGS ICIERIR EN =R VX —DIF E AV EREE L
THHHEND Z &2 5, — T FEAMDEHEAI ClImWaO b E PR Z R L, £om W EH
AR R RT O, RANHEA & L TRENMEEMDO—DTHDL T A XV b
100% DOEIA CHMRAZE Z T Z EnmbnTing®,

I— RF=U LM (S) ITX 5TV ONFEDAERIT, Bk L&Al &3 — R=0 L7
FA L EDBOEFBENCL > TR D, ZOBFHBENEEOK Z VX9 X%, Rehm-Weller
OXUTH D L H T, bl L7EAI S LI — = &Aﬁ%ﬁ/ﬁ@izw%~%fﬁé

o TIRBGITTIRIMNEN T AT DB W THUIERA KOG AT R TR L —EN /NS
WO TEFBEIORRMELS 2D,

75



T WRIC X D 7 U AREOEEIL, —Eﬁﬁt% Bl L OV = HIANEREED &5 57
%%%é#éﬂ%ﬁﬂhé 7o72 L —H AR X =B EIRAE L 0 b b F a2
W2 RIE LT, 207w, il — E@%ﬂ%#é EFBEOERE BT 5720
B BERICAENRT DGR ELNIHIRT 2%, VAT LERARAL ﬁéﬁﬁ%ﬁﬁ
AR EDTRPMEL IR D,

X (2-11) BLORK 2-12) O ELLDORIENS bIEAI OB LT (Sens™™) MWIEK I
%, N (2-13) IZHD LT, ZOBEEIY T ALY REFRE (Fa br ;s HY) B4R
T 5, ZOLFHE (Sens*’) NEIRIZHET HZ L1, Bl 1E Sensy (22O T, ITARIMEN:
VAT L CTOWEALBENZBET DT DEEREME 72509,

AW TIE, BU&RS 2T LD RS % Photo-DSC 12 THIE L. D EAREIEIC S
WTTRRRT L7,

2 —5—2 TV hNVEEMOMERERFNT

fli 2 03— F= 0 LEIZHOW T UG DNE B RAKFEIZ DWW TRET 21T 72, S —F
SULEIRT =AU o TV VRT =AY a~e (BT =42 L32) o7 —7 B
FOAIRT=F el AFRT=Ff AT =FLT2) OZNV—TITHEL, 7
=FUREEIC KD AR OWTH K L7, T Fig.2-15 Ik @& 2= LT,

(HE A
(@]
Sens,
(£ /~—)

O
O\)\ O\)\ J\/
/\([)( O/Y o
TPGDA
(3— K= L hFA)

lodonium cation

OO+ OO0«

1 2

76



Gt 7T =A4)

Organic anion

o, CF
9 o 9 F3C. O@ \:\ 3
FaC-S-N-S—CF; ¢’ \ /0
o= § =0
CFs
e f

Inorganic anion
F °© F F
Fll F CaFs5\ _CaoFs C4Fo \I':/C4F9
F-F~F F-F~F F-|~F
F Cst C4F9

a b c

Fig.2-15 : Chemical structure of sensitizer (Sens1 and Sensz), monomer (TPGDA), and iodonium salts.
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Fig.2-16 : Radical photopolymerization applying a NIR LED emitting at 790 nm.The sensitizer
([Sensi1] = 6.8x107 M; [IS] = 3.7x10”° M) were investigated in TPGDA. Light intensity: 30 mWcm™.
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Fig.2-17 : Radical photopolymerization applying a UV- LED emitting at 395 nm. The sensitizer ([Sens:]
=2.35x10°M; [IS] = 3.7x1075 M) were investigated in TPGDA. Light intensity: 75 mWcm™2.
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Fig.2-18 : Absorption spectrum of thodamine B (colored form; RhB-H)
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Fig.2-19 : Cation activity observed

after exposure of sensitized photopolymerization applying NIR

exposure at 790 nm ([Sensi] = 4.1x105 M; [IS] = 5.57x10* M; Medium acetone, Light intensity: 50

mWcm?).
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Fig.2-20 :

LED exposure at 395 nm ([Sensz] =
200 mWcem?).

t (min)

Cation activity observed after exposure of sensitized photopolymerization applying UV-

1.14x10*M; [IS] = 5.57x10*M; Medium acetone, Light intensity:

81



LB DA RN NBH DS &I 1e & 1f BT DOERFE A ‘ﬁ?rbxﬁwoc
ST, Flo, AHRT =A4 2 (e,) DTN RT =4 (b,e) L0 LREMESLSLUME
M5,

Table.2-1 12, I— F=7 AEOME L BE YLD E (395nm, 790nm) DEWIZ L HE
DO FRFEEERLIRE L TE LD,

Table.2-1 : Comparison of cation activity observed after exposure during sensitized photopolymerization
applying NIR exposure at 790 nm ([Sens1] = 4.1x107° M; [IS] = 5.57x10* M; Medium acetone, Light
intensity: 50 mWcem™), or UV-LED exposure at 395 nm ([Sensz] = 1.14x10* M; [IS] = 5.57x10* M;
Medium acetone, Light intensity: 200 mWcm™).
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Fig.2-21 : Photosensitization mechanism of iodonium salt with thioxanthone as a sensitizer based on
electron and hydrogen transfer.
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Fig.2-22 : Reaction mechanism for NIR-initiated radical polymerization based on electron transfer. The
pathways to generate initiating radicals in the redox system comprising the NIR-dye (Sensi) as electron
donating moiety and the iodonium salt as electron acceptor functioning as radical initiator.
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Fig.2-23 : Possible photoproducts of Sensitizer 4%
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Fig.2-24 : The mechanism of cationic photopolymerization for (a) adiridine and (b) epoxide.
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Fig.2-25: Chemical structure of sensitizer (Sensi), iodonium salt 2b, and aziridine monomers (PZ-28
and PZ-33).
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Fig.2-26: Cationic photopolymerization applying a NIR LED (emitting at 790 nm) and UV (high-pressure
mercury lamp). The sensitizer ([Sensi] = 6.8x107 molg™, [2b]= 2.6x10-° molg™") were investigated in PZ.
Light intensity: NIR-LED:50 mWem™2, UV: 500mWcm™.
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Table.2-2 : Summary of conversion degree on aziridine groups obtained after NIR LED and UV
exposure

light source PZ-28 P7-33

NIR-LED 63 60
Uuv 72 37
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Fig.3-1 : Emission spectra of 805nm NIR-LED(red), Emission spectra of 870nm High-power NIR-
LED(blue), Emission spectra of 395nm NIR-LED(black). The measurement of emission spectra and photo
intensity was carried out by a fiber optical spectrometer from Ocean Optics (USB4000).
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Fig.3-2 : Structure of the NIR sensitizers applied for the investigation of reactivity in cationic
photopolymerization.
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Table 3-1 : Summary of NIR sensitizers used and their respective absorption data in M4a taken at 23°C.

Structure  Anion R! R? Amax(nm)
1 a n-C,Hy N(Ph), 805
1 d n-C,H, N(Ph), 805
1 g n-C,Ho Ph 799
1' b CH; N(Ph), 849
I— RF=U L :

AWiza— R=v AL LTiE, Fig.3-3 I2fiEZz "3, H2 B CHLMFIAWEZYTY
— A= R=TLNFF 2 BOBLOHT =4 a~f 2 HT 5,
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2
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~P< ~P<
F/T\F F | F F | F
F C2F5 C4F9
a b c
F3C\ //O @O\\S/CF3
e CF3 e CF3 N / \\O
A——0—|—CF, Al——0—|—CH; 0" ¢
CFy CFy 0=5=0
4 4 CF3
d e f

Fig.3-3 :  Structure of the iodonium salt
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Fig.3-4 : : The absorption spectra of the sensitizers 1a, 1d, 1g and 1°b in the M4a ([1] = 6x10-3mmolg™).
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Fig.3-5 : Structure of the different monomers used for radical (M1) and cationic (M2-M4)
polymerization initiated by NIR exposure applying a photoinitiator system comprising 1/1’ and 2.
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Table 3-2 : Viscosity data of the monomers used (M2a, M3, M4a, Md4b)and selected conductivity data
for the respective iodonium salts (2) ([2]=3.8 X 102 mmolg™)

Iodonium salt(2) M2a M3 Md4a M4b
Viscosity (mPas) 739 4.4 12.2 3.7
Conductivity 2a 0.003 0.7 005  0.03
(Sem?mol ™)
2b 0.28
2¢ 0.08
2d 0.61
2e 0.11
2f 0.29

3—3—3:%F)<v—OESKGE

ITARAMERA] (1/1°) L& 3 — R=7 A8 (2) DMAEDORTIZ L DKHE /) ~— DS
DNWTUTNEZALFTIRIZCE VKT /) ~—ONXKEEORE (£ ~v—KHH) #1T7-o72, b
I E L L TIE 805nm 35 & 1 870nm (2O T4 LED Y CHRS 24T\, it i = op B2
[ZOWTHR LTz, DR % Fig.3-6. Fig.3-7 3 X' Fig.3-8 (21~

F9., R & LT 805nm DA MG L7 % Fig.3-6 12~ L7z,

106



conversion degree oxetane

conversion degree epoxide

conversion degree vinyl

0.8 8) o
0.6
1d / 2d
-- 1d /2e
0.4 4
— 1d / 2f
0.2+ ---- la /2a
-—- 1b/2b
— 1b/2c
00 T 1 I I I
0 200 400 600 800

0.4+

0.3+

0.2+

time(s)

1 gl

— 1d / 2d
0.1 1 — 1'b/ 2b
—— la / 2a
— 1g / 2d
0.0 -II T T T gl
0 200 400 600 800
time(s)
1.0
c)
0.8 4
0.6
0.4 1 ——1a /2a
—1b/2b
0.2 1 —1d /2d
—1g/2d
OO I I I I
0 20 40 60 80
time(s)

107



0.8+ d)

0.6

0.4+

M2b

monomer conversion M2b

0.2 4 — 1'b/2b M2b 805nm
la/2a M2b 805nm
—— 1g/2d M2b 805nm
Oo T T T T
0 200 400 600 800
time(s)

Fig.3-6 : Real-time FTIR conversion degree—time profiles of NIR-sensitized photopolymerization at
805nm investigated for different combinations of sensitizer 1/1° and iodonium salt 2 in different cationic
polymerizing monomers. a) M4a, b) M2a, ¢c) M3 and d) M2b. Intensity of the 805nm LED device was 1.2

Wem? ([Sens]=6 X 10~ mmolg™!, [2]=3.8 X 102 mmolg™).
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Fig.3-7 : Real-time FTIR conversion degree-time profiles of NIR-sensitized photopolymerization pursued
at 870nm investigated for different combinations of sensitizer (1/1' and 2) in different cationic
polymerizing monomers ¢) M4a, f) M3, g) M2b. Intensity of the 870nm LED device was 1Wcm™
([Sens]=6 X 10-* mmolg™, [2]=3.8 X 10”2 mmolg™).

Fxt & T ~v—Mba OISV T (Fig.3-7e) | KIG7 07 74/L 1% 805nm MEFHEE
IZEFRICCThHoT, T7b5 1d2d OAEDENEBIELAE GBI LERFL, 12, 2a,
1’b,/2b TiX, SUGEEE LT =A 2 a BRI EERIZT =4 b 23 E[Rlo7z, ARIZEWT 1g
2 VISR E IR D o T, FAEBPMED DI W ERER THHEE 2 B,

B =L —7 b /v —M3 ORIV T (Fig.3-7f) . G727 74 /0% 805nm FRETIFE
IFIEFRICL TH T, EOMAEDETHEEZE 100%IZF#ELZ, 1°b,2b %R 1a,2a, 1d.2d,
1g,2d CIHEFITHNIGEEZRL, AR TIE 1g/2d Tb B2 MOGEE 27~ LT, 805nm
PR [FIAR, 1g2d THL 7 =4 N XA VL E/RSEITLIZEE 261D,

TRFE /7 —M2b O SINZ BV T (Fig.3-7g) . 1d,2d TIXXH 707 7A/1i% 805nm i
FRFEFEIL TVDAY, 1a,2a, 1g72d CIRZFFRRE DS L5227 R L7, 1°b,2b (X

110



oS FE MM T UER LT 805nm FRETHRELVBIX F L7, =ARF € /~—M2b T, Jih
FLI R DB TRISPEICZENE LT, FrIZ 1g2d THE THLNERHII R THS,
ZIVETRLIZEINC, VDA BRAGRI O A6 DI Lo TR B LU RIT
A2 LIS HD, UL Fig.3-6 3850 Fig.3-7 ZLblik 5L | I E i\ ChRUb o6
B ZINEERBELE 5 2 TWRWZ EAVRIBEND,

LINURRHE /~—FRICE > T, RS B2 2 AL COhDIich B b3 sk
BIOUR LR NR—L7eb LTz, A% X o F /) ~—M4b OILT, hEREE L
C 805nm 35 KU 870nm D% A L 725 R4 Fig.3-8 12~

1.0
o 0.8
<
=
5
$ 0.6- —— 1d/2d M4b 870nm
Q
g —— 1d/2d M4b 805nm
Q
& 0.4
£
o
c
g
0.2 -
O'O_I_ T T T T 1
0 20 40 60 80 100

time(s)

Fig.3-8 : Real-time FTIR conversion degree-time profiles of NIR-sensitized photopolymerization pursued
at 805nm and 870nm investigated for different combinations of sensitizer (1/1' and 2) in M4b, 805nm ,
870nm. Intensity of the 805 nm LED was 1.2Wcm™ and 870nm device was 1Wcm™? ([Sens] = 6x1073
mmolg™, [2] = 3.8x10mmolg™").
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Fig.3-9 : Q-e plot of vinyl monomers and Aria where each polymerization is likely to occur.
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Fig.3-10 : The FTIR spectra of M3 at around 1610cm™ belonging to the stretching vibration absorption
of the carbon-carbon double bond (C=C) of the vinyl ether in different irradiation (0s,10s) and dark time
(20s, 60s, 120s). The combination of 1a (6x10-3mmolg™') and 2a (3.8x10mmolg™') served as initiator
combination for experiments at 805 nm (1.2Wcm™2).
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Fig.3-11 : Cationic polymerization mechanism of vinyl ether with iodonium salt
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Fig.3-12 : Electrostatic potential surface of the anions d and e showing the efficient shielding of
nucleophilic centers (red) in the anion by the CF3 groups. Calculation results are based on the density
functional theory (B3LYP/6-31G*). Results obtained regarding the volume and surface are as follows: a:
84A3, b: 259A3, ¢: 433A3, d: 582A3, e: 501A°,
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Fig.3-13 : Concentration of conjugated acid of the NIR initiator system ([Sens]=4.1x10"M, [IS]=
5.6x10*M) in BuAc or LMA under NIR exposure using the 805nm LED device (Intensity:1.2 Wxecm™,
exposure time: 1- 20 minutes).
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Fig.3-14 : Profiles for formation of conjugated acid as a function of exposure time at 805nm (Intensity:
1.2Wcem2) according to a previous procedure®” using Rhodamine B lactone to quantitatively probe the
amount of acidic species. Measurements were carried out in lauryl methacrylate (LMA) and butyl acetate
(BuAc) ([Sens] =4.1x107° M, [2] = 5.6x10* M).
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Fig.3-15 : The possible photochemical oxidation mechanism of the cyanine sensitizer; Sens.
The latter competitively results in (a) cleavage of the polymethine chain and formation of basic compounds
or (b) formation of a structure with a fulvene unit(blue).

3—3—7 : A7V v FEAIZBTDSEEF OB
TGN TFFoNA T REAVAT AEFHMET 5720, 1d2d DFfAGHE TS

SITHEE T 5T, TUVHIARE ) v—M1 E{DF AL EEFRE ) v—M2a, M2b 5 L O
Mda & DIRAFZDORISHE (FTIRIZ X 5 FSRAERE) (25T Fig.3-16 (2R 7,

118



conversion degree

conversion degree

conversion degree

0.0-4

T T
0 200 400 600 800
time (s)

s "~ — epoxide in neat M2a
., “—— epoxide of M2a in M1

"~ — double bond in neat M1
—— double bond of M1 in M2a

o /==== oxetane in neat M4a
0.24 |+ " —— oxetane of M4ain M1
("
er » - — double bond in neat M1
e —— double bond of M1 in M4a
0.0 4= T T T T T 1
0 20 40 60 80 100 120
time (s)
0.7
0.6-
0.5-
0.4
0.3 —— epoxide in M2b
’ — - epoxide in M2b in M1
0.2 — double bond in M1
- - -- double bond of M1in M2b
0.1
0.0 I . . r
0 200 400 600 800
time(s)

Real-time FTIR conversion degree—time profiles considering the radical polymerizable
acrylate group of M1 with the conversion degree of cationic polymerizable groups comprising the
respective monomers a)M2a, b) M4a, and c) M2b, respectively. NIRsensitized photopolymerization was
pursued at 805nm investigated by the initiator combination of 1d and 2d ([1d]=6x10~mmolg’,
[2d]=3.8x102mmolg™"). For comparison, polymerization was pursued in the neat monomers M1, M2a,
M4a, and M2b and mixtures of M1/ M2a, M1/M4a and M1/M2b. Intensity of the 805nm LED device was
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Fig.3-17 :  The temperature (T/°C) generated by the samples (thickness is 120um) in different monomers
comprising 1d (6x10-mmolg™") and 2d (3.8x10?mmolg™).
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Fig.3-18 : DMA data (tand) of films (thickness: 120um) exposed at 395nm (1.1 Wem2) and 805nm (1.2
Wem) in the case of the monomers M1 and M2a after 2 min and 10 min exposure at 395nm (1.1 Wem™)
and 805nm (1.2 Wem2), respectively. ITX (0.1wt%) and 2d (3.8x10mmolg™') and the combination of 1d

(6.0x10*mmolg™") and 2d (3.8x10?mmolg™") served as initiator combination for experiments at 395nm and
805nm, respectively.
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Fig.3-19 : DMA data (tand) of films (thickness: 120um) exposed at 395nm (1.1 Wem2) and 805nm (1.2
Wem?) in the case of the monomers after 2 min and 10 min exposure at 395nm (1.1 Wem™) and each
conditions of monomers at 805nm (1.1 Wem), respectively. ITX (0.1wt%) and 2d (3.8x10?mmolg™') and

the combination of 1d (6x10*mmolg™") and 2d (3.8%10mmolg™) served as initiator combination for
experiments at 395nm and 805nm, respectively.
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Table 3-3 : Summary of DMA data (Tg: glass transition temperature determined from the maximum
of tand, E’: storage modulus obtained 40 K above Tg where the system can be seen as relaxed) obtained
after exposure of 2min at 395nm and 10min at 805nm with a radiation source emitting either 395nm (1.1
Wem™2) or 805nm (1.2 Wem™2) while the conversion degree at this time X~ was determined for the
monomer polymerizing according to a cationic polymerization mechanism (cat) and/or radical
polymerization mechanism (rad). Thickness of the films was 120um.

Monomer 805nm exposure 395nm exposure

M1 M2a M2b Mda X. (cat) Xe (rad) tand, T,(C) E'MPa) X. (cat) Xa (rad) tand,, T, (°C) E'(MPa)

'max max

100 0 0 0 — 051 0.099 67 @
0 100 0 0 096 —— 0.55 119 7
0 0 100 0 075 —— 032 139 57
0 0 0 100 091 ——  0.067 77 ® 096 ———  0.084 96
0.030 194 175
50 50 0 0 0.81 0.75 020 113 63 0.89 0.90 0.13 86 60
0.14 134
50 0 50 0 0.78 0.47 023 103 178
50 0 0 50 0.60 0.69 0.048 91 ©) 0.95 0.86 0.059 91 ®)
177 154
183
40 30 0 30 0.67/0.75  0.75 0.079 131 ®)
40 0 30 30 0.81/0.52  0.67 0.093 131 ®)
220

(a) Film was broken, no data available. (b) Curve was not fully relaxed.
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HATE SR AR AR A O BR %

SEABIST, e a—T 4 7R EORRTHER SN D, A= — CTREIZE
LWEATCTod 5, JEBRLAANIL. £ DOEAFUSRICHWV B, SERENZ K - TIEMHERE A ARk
LEEBRMEIO 1 D ThHD, Hx REOGRICEDE T, 2 DX A TOKT ¥ VEREHA
B LU T A U EHAEBAA Ot AR RSN Tn5D, TThs4eAl (Photo
Acid Generator ; PAG) 3-8 RELE (2 R 72 W MEAEER L O 2 b 09 Sffi 2 D YErERE
PEMBHCRIR S hCcwg O FEtma AT e F4 o EABAA (Cationic
Photolnitiator) & L CHRIA SN TR B2 flziFA ¥, a—T 47, BEEAlBX
WEER R ENHGBE LTHETOND, LLERS I 2 TRASES iR ITIEFITEN
MYEEZR L TRBY, ZHUBAMEINIZERGET 5 LRBICR 25608 5, Bl IXEXT /A
272 EIZHWD 56 INLRICZ O X 5 R ikfr+ 5 LAk, BROFRR LRV 557
DRRATERNWZ R DD, Fio, BB CIIBIIEEZ 5| S T 72 OITET 2 Z &0
HLN, TOBIZ LY BIIEEZLGIETCLEI REDHMEND S,

ZOX D M EMRRT D70l ) Ofbvic HEE) 2584 S8 2 el T A Al
(Photo Base Generator ; PBG) 23t S LT\ % @U%) ) SErg AR, JeMEc Ly
JEVERE & U CHREZ AT HBRMGAITH D, AT DHEITEARMIZIIT IVETHY , H
1T 2 o~ 38T IV WEL D (Figa),

NO
O 0, e e O
o) N. NH
Y R:  -co, { 0
o}

h
\N’O\H/R3 — > RyNH, + 0
o} -CO,
Me OMe
Ry hv Ry
O_ _N. —_— NH
MeO \n/ Rs -CO, Rs MeO
o}
OH

o}
LD v |
N hv H N + -
- R-H X s
s
Fig.4-1 : Structures and photochemical reaction of typical PBGs (non-ionic type)
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JEHERFEAANT I E THRAT L TR SN TE LT P H IV BRARAIR IR LA AH
D, B A TERFE LA T HIUTRITEN T 2 @BERECKFICL 2EAHE, 7V LT
HIVTIRF M F-LHALM OINHEENH Y . ZH SR E IR T 5 Wbl ek S 2 9
—MHARDH D, Tabled-11Z, TN LNDOBLHENE TORFRIZHOWTHHEIZE L DT,

INETRE % £ S AL O IR 2 I D RiT, Bl ZIX Y b &2 R ERIE, =R %
AERIIESE, BE LD BRI OZ VBRI SN TETNLZ Enb, P T—2B 60T
% Z T Ko TE < O IEMBESOSIC AR AR DBISHPRETH D LW D,

Table4-1 : Advantages and disadvantages of each photopolymerization mechanism

HAFAUEER STVHhALVEER T—ALERH
BB DELSE SEREER FESREA KGR RLEH
(Photo Acid (Photo Initiator) (Photo Base
Generator) Generator)
A)ybk BREETL =iEEE EEREELL
T by fE /s EREELGL
(g R IE) (BRI
T Ak Ko EE FRMEE ERE
EREE BE b R

L 2> L7 3 & B I8 A AN Fe ~ SR ELF8 AR A D BRI 1T B~ 2 e 13 2 v, FERICN 2
D B\ WVENEZ M & BN AR SR AR & A TENL T DRI AE AN BURIZ L A Ee

L AT, DBU® (18- 7 ¥ L7 u[54.0-7-7>F ) BLODBN(1,5- 7 HF e
7 1[4.3.0]-5-7 X ) I EOBIKRT I DV ALEWIL, MEEREAEERLEHTHY . A &
BV BGOSR & U CREEFUTAEH S TnW b, o7 7 e ikt CirifFic DBU
BROEOREEREZ | EIRG RN A IR, BWiRAR Y 7 L& o R = R % L
Al LCRR L C& I, 2oL REBANDL. ZROHRIRT 2 VU bEw % REIC XL
D RAETEIUTEAEOEOEERERAEAE LTERATHDL LB 27,

BRIRT I DU RRAESHE D IEREAAE LTI, TRd Tabled-2 ® L350 W< D0
ENTW5, —fFlEZF 5L Suyama HIZE VD, XUV RNV A—NET =4 LT 5 48k
T U=y MEAULEMIRRE SN TS B Z oA 254nm OYEIREHZ XV iR
L. 7=/ =)Vl R&EHREL LTDBU OFRAEEZMB L TWDEN, oIz T
IZEA B TR,
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Table4-2 : Some examples of PBG generated cyclic amidine compound

Compound Type Ref.

quaternary ammonium salt

‘)C‘)\‘/\(DQ o )OA\"/@ decarboxylation (23)
N“°N (o)
SACAURS

tertiary ammonium salt

o 6 ® (acid neutralized) (24)

SACR S

tertiary ammonium salt

(acid neutralized) (26)
MOQH %Q

Q tertiary ammonium salt

o He (acid neutralized) (27)
OFO .0
L

J

—J . RNb— NEREEWIII T A AR TR 2 BT 20, b L < ITHEHIFEE T
THRBHT DL T IV EALDLZ ERMOENTNE, AT I LEFIHLT
Fli 2 SOGICHWD 2 E N TE D, Fig.d-2 12K L— NED ik 2 =4,

[ Cfa] [ RB(Ph); ﬁl» [ C)SB]* [ RB(PhkFL’ [ Cﬂ [ RB(Ph)sra

|
[ ey | [ Re@ns ] /

k-bc Ti kbc

[ Cy ] [ R-] B(Ph)s ewe [ Cy ]+[ R-] +B(Ph)s
Fig.4-2 : Photolysis mechanism of dye-borate complex

ZTCONSHEREIL, RIS KR LI TF A A LR L — R T =4 b —
%%%@#t_w WNTHET 5 Z LI L FER T ALEDERT D LG SN T
WA (28—30)O
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Neckers S8 HWRINELE T v E=A KA W TF A U EICAETAELRT =
LR L— NELEWIZONWT, RBEICX VDL 7 VNV FE T I U REKRT D & RE
ENTVWH O Figd-3 1T858 4 7 o E =7 LR L— MEO ik 251,

e : k 4o
+ENBU3:<— | + NBuj

Fig.4-3 : Photolysis mechanism of ammonium borate ¥

CITIENICEBE LT A IR LA L — T =4 b —EBEINE Z B,
ZOBDFA LTI, Vot AMRBEL =T P HNT = LT AR ) T— h
FEVEBE LT ETTIVRAERT D, b LTI TFAUHBADOLGIRIZE D T
VINVERT A EEND, ZOZ 0B, DBUSDBN O XL ) RERIRT I VIOV THE 4
M7 IV=UALRL—MELETHZET, B 4 /T UE=U LRV — MEDOKLTFRIE &
[FRED A T = R E 0 HEREHC L > TDBURDBN 24 TE 5 b D EEZ N5,

ARETIE, HFEETBEH 70t XEH L, LLFORFHEFNI S E T Figd-4 (R
Lo 3MEHORNL— MiZ AR LT,
(1) s rREFBE) CEEAZOFHT 22147
(2) FHNEFBEIO OCWIELE I F A HICEALIZZ A7)
(3) B FHNEFBINQ OEWIEMLE T =4 HICEALIZZ A7)

BRA 2 WD ROSICHOW T, Z 0L = b OERINERAL) 24 FPICEA LTS
DR LY FEEEN RN k#ﬁ%nfwémo%ofﬁ4&7 T AR L— MEIC
BWTER (2) ° (3) OXRIBREFEITO Z LIV, DERAZDLEFBEDIR
NI TELLEEZOLND,

AHFFE CILREE IS L G W 2 38 £ 3 5 et A AE R O BRFE 2 /& BT, IR RN E 1 5
S DBU ZRAETHEART I D=7 LR L— MED AL FRSHE I O\ TR 21T -
7=
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intermolecular: 1a Ar=Ph, X=BPh,
P 1b Ar=Ph, X=BuBPhj;

v o intramolecular | :2a Ar=Tx, X=BPh,
X 2b Ar=Tx, X=BuBPh;
intramolecular ll:1c Ar=Ph, X=c

Fig.4-4 : Chemical structure of each types of borate salts in this study (Tx: 2-Thioxthanthonyl)

BB, KETHONTALEWIZ OV T Fig.4-5 127,

Loy KO
oty @CO oty »£0

0
A o0

1a

K)

e @ 0.2

N CH%@E@

ITX 3

Fig.4-5 : Chemical structure of compounds
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4—2 : EB

4—2—1 :{bBEVDERK

BRUZ W TZ33E, TEIEE, FrICRLE O RV R Y | Feslisk, Bk T2, BRI 7 T
¥ T T AT A7 SigmaAldrich #E&ALO IR 2T 5 2 L 2o F MR LT,

7IV=vL (DBU BFA) RL— MEOERL (1and 2) : —fXAIE RIS

of ) of )
DBU Ar” NPN _ Borate Ar” NPN

Ar—CH,Br ———»
CHCI o o
g e, e

1-Br, Ar=Ph 1a, X=BPh,
2-Br, Ar=Tx 1b, X=BuBPh,

1c, X=c

2a, X=BPh,

2b, X=BuBPh;,

Scheme S1 : Synthesis of amidinium borates

X < HEE U T OSSR EHT Arylmethylbromide (10mmol) & 7 v & 75 /L 24(50-100mL) (2 A i
S, EREHAEIT T2, 20°C 28 % 720 X 9 12 1,8-Diazabicyclo-[5.4.0]-undec-7-ene (DBU,
1.52g, 10mmol) % F LTI Z 7=, i Fik 6 REEMBGRIR 21T 572, TO%R=EIRE THEA]
L. Z AT =F DT O DR V— MEIKEEZMA T2, ZOR L— MEKEHRIZHRY
DT =& E2HT 25700 Y &EH(10.5mmol) % A 4 > 2 #i/k(50-100 mL)TT O IEfE &
Vb DThD, IBREWEZDE F 2~6 FFE =R T CHEE Lz, FHEZRSRBIEIZ LD K
JEEBRE L, AHE%E A A4 2k 50-100 mL T 5 [mIfeF21T-7-, KEZREL, A%
JE & HilE~ 7 32U AT L, AiREITV, T/ NKR L — & — S TSR 2 e & L
Too BHONTFREAIE T 60°C Tz L, HIIOAR L — MEZSZ, NEIZED | FHibd
B (Yrmu AR —~F Y UE) IR AT T,

1a:
1H NMR (300MHz, DMSO-d6) 6 (ppm)7.41-7.31(m, 3H),

O © 7.26(d, J=7.6Hz, 2H), 7.25-7.16(m, 8H), 6.94(t, J=7.2Hz,
\ ’

@b @é@ 8H), 6.80(t, J=7.2Hz, 4H), 4.79(s, 2H), 3.60(m, 2H), 3.46(t,

J=6.0Hz, 2H), 3.41(t, J=6.0Hz, 2H), 2.82(m, 2H), 1.96(m,
2H), 1.67-1.57(br, 4H), 1.47(m, 2H).
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1b:
1H NMR (300MHz, DMSO-d6) § (ppm) 7.41-7.31(m, 3H),
) O 7.27(d, J=7.6Hz, 2H), 7.22(d, J=6.8Hz, 6H), 6.90(t,
N7 "N C4Ho—B @ _
L) J=7.2Hz, 3H), 6.75(t, J=7.2Hz, 3H), 4.80(s, 2H), 3.61(m,
2H), 3.47(t, J=5.8Hz, 2H), 3.41(t, J=5.4Hz, 2H), 2.82(m
2H), 1.96(m,2H), 1.70-1.55(br, 4H), 1.48(m,2H), 1.20(m,2H), 0.98-0.89(br, 2H), 0.89-0.81(br,
2H), 0.76(t, J=7.4Hz, 3H). UL 91%.

1c:
1H NMR (300MHz, DMSO-d6) & (ppm) 8.46(d,

(0]
© J=7.8Hz, 1H), 8.42(s,1H), 7.88-7.68(m,3H), 7.58(t,
s 81®B© J=7.5Hz, 3H), 7.43-7.33(m, 3H), 7.27(d, J=7.2Hz,
Q © 2H), 7.22-7.09(m, 6H), 7.09-7.00(m, 2H), 6.87(t,
N °N
@ (L J=7.2Hz, 6H), 6.82-6.68(m, 5H), 4.82(s, 2H), 3.91(s,
2H), 3.69-3.60(br, 2H), 3.53(t, J=6.0Hz, 2H), 3.46(t,

J=5.6Hz, 2H), 2.84(m, 2H), 2.72-2.53(br, 4H), 2.00(m, 2H), 1.71-1.54(br, 4H), 1.54-1.40(br,
2H).IX 82%.

2a:

(0]

O J=8.1Hz, 1H), 8.37(s, 1H), 7.89(d, J=8.4Hz, 1H),

N °N -
( S) L 4 7.85(d, J=7.8Hz, 1H), 7.77(t, J=7.7Hz, 1H), 7.67(d,
© J=8.7Hz, 1H), 7.58(t, J=7.5Hz, 1H), 7.25-7.08(m
8H), 6.92(t, J=7.2Hz, 8H), 6.78(t, J=7.2Hz, 4H),
4.97(s, 2H), 3.68-3.59(br, 2H), 3.48(m, 4H), 2.88(m, 2H), 1.98(m,2H), 1.72-1.55(br, 4H),

1.55-1.45(br, 2H). X% 86%,

@ 1H NMR (300MHz, DMSO-d6) & (ppm) 8.48(d,

2b:

1H NMR (300MHz, DMSO-d6) & (ppm) 8.47(d,
© J=8.1Hz, 1H), 8.36(s, 1H), 7.91(d, J=8.7Hz, 1H),
“ SR 7.87(d, J=8.1Hz, 1H), 7.77(t, J=7.2Hz, 1H), 7.68(d,
@ J=8.4Hz, 1H), 7.57(t, J=7.5Hz, 1H), 7.15(d, J=6.6Hz,
6H), 6.86(t, J=7.2Hz, 6H), 6.78(t, J=7.7Hz, 3H), 3.70-
3.60(br, 2H), 3.50(m, 4H), 2.91(m, 2H), 2.01(m, 2H), 1.74-1.57(br, 4H), 1.57-1.41(br, 2H),

1.16(m, 2H), 0.95-0.78(br, 4H), 0.74(t, J=7.4Hz, 3H). L=< 86%.
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DFNA AR L — ME 3 OB
i‘%%@ﬂ—; L— ]\Lﬁ3 G:«;ﬂ,\’ﬂj?%ﬂ% %Y‘““A 82 L:%/)\%/ﬁ\ﬁ&; L/71:’—0

K@

F ©
Ras TCr i (I 5cOHO|
| _—
(N: F THF (N> 5

o 0 8 3

Scheme S2 : Synthesis of compound 3.

ATBRAR 8 DERK

KRB LW T WA E ISR 4 12, Potassium  4-((morpholino)methyl)
phenyltrifluoroborate (0.85g, 3.0mmol) %Nz ZEFEW L7, % 2 ~HiEE THF 5mL %1 2 %)
—IRA LIEBEAKIICT O CICHAI L, 7=~ 2 571 2 K THF &iE(12mL,
12.0mmol) % FiHZ T 5°C 2270 L 51T F L7z, 0~5°C 12T 30 oo,
HMIZT 2 KM, & HI250°CICT 2 s & E 7z, £ DORBOSHEZH{#R T, 20mL Dk
~FAL, 5 THF 20mL Z N2 IREW % 1 R Uiz, fafniEK sSmL 2z To
O EESZ TIREBAEIC L > TOKEZRE L, AELZ =/ SR L —& —|ZCTRME L7z, ol
MR IZ~F Y2 20mL 200 % 30 o fii#h Lz, M L7cER AR L, 5 bz EiR%
A~F W T B RIS LT, BERHE OFERZE T C— iz 95 2 L THRM 8 157 (IX
FT79%) .

@@

AL— hE 3 DOER :

MG ZALEY 8 (0.42g, 1.0mmol) & THF (5mL)& iz, ¥—IZBA Lz, £Z~3
vit A F v (0.78g, 5.5mmol) % Nz 7=, SGEH & EIR D R 4 Jﬁtlj L7 BUNREW 2 S
512 50°C T 3 REISUGS S T, RIGENTHZ Al LTz, 5 ba7zER% THF (2T 3 [

Peir L, 50°C Tz T 22 L TR 3 24572 (R 67%) .
3:

1H NMR (300MHz, acetonitrile-d3) 5 (ppm) 7.30-7.19(m, 8H),
6.98(t, J=7.5Hz, 6H), 6.93(d, J=7.8Hz, 2H), 6.83(t, J=7.2Hz,
3 ), 3.59(t, J=4.7Hz, 4H), 3.39(s, 2H), 2.40(t, J=4.5Hz, 4H).

1H NMR (300MHz, DMSO-d6) & (ppm) 7.31(m, 2H), 7.21-
7.08(m, 8H), 6.94(t, J=7.3Hz, 6H), 6.80(t, J=6.3Hz, 3H), 4.49(s,
{ _N) 5 2H), 4.01-3.80(br, 4H), 3.62-3.51(br, 1H), 3.51-3.37(br, 2H),
3.28-3.18 (br, 1H), 3.00(s, 3H).
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b s DERL :
FHEONAW S ODARRITFIEAF—AL S ICHSXER LT,

o) (0]
CH; NBS, BPO Br
—_— =
CLO T e U
4 5

Scheme S3 : Synthesis of compound 5.

TR HVE A & OGRS 2-Methyltioxanthone 4 @' (22.6g,0.10mol), N-7' 12 E£ X7 &
>4 X K (NBS, 19.6g, 0.11mol) . @f{k~<> 1 /L (BPO, 1.2g, 5mmol) . 200mL ® 7 =
BB EINA . YR LT, BOSEEIRZ NMEL L 90°C 12T 3R 21T > T2, i
&% FEHR ¢ 300mL DKAK~NEAL, SHIZ7 madibsz 400mL IZIEEWZ 1 R
PR UTo, BB R B COKEZBRE L, A E Zfafmis) Y o 2Kk chf L
7o SOICHBEEZ 3K LTz, DREMEIC COKEZBREL, AlfELZ = KL —%—(C
TRERE L, &5 EREFR T L CHAEREE 3 [E{TV, 60°C TRIERET 5
Lok, BEEH s 21572 (IR 83%) .
5:
1H NMR (300MHz, CDCl3) & (ppm) 8.58(d, J=7.5Hz, 1H), 8.55(s,
O O Br ), 7.63(t, J=7.2Hz, 1H), 7.60-7.52(m, 3H), 7.46(t, J=7.5Hz, 1H),
4.55(s, 2H).

AL — 7 = RiBRK Na-c DAL
FKEOLEY Na-c X T AT — A S4 IS E/R LT,

i 3
5 _1ACSKIDMF O O SH /©
EEEE——
2) K,CO3/MeOH S /\/©/
° “

1) Mg
2) BPhy/THF | THF
3) Na,COgzaq.

Scheme $4 : Synthesis of compound Na-c.
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2-sulfanylmethyltioxanthone 6 D&% :

SIS A e % SR E L L, 2-Bromomethyltioxanthone 5 (1.53g, 5mmol) & DMF 10mL % /i
2T L=, & Z~F AW U v A (0.68g, 6mmol)? 5mL DMF ¥&iZ &3 F LTz
Too BEEPRZIHTH L, BoltmROE =R T T 1 RFEER L2, RISKEZ K 50mL
FEfE = F /L 50mL ~EEE T CTHRA L, 30 9fiisk Lz, #ERDBERIEIZ LV 8L . K
J& Z W =L 50mL T 2 [AIfhH L7, JelZ EmBE Lo arkfE S L e =T L 2 S
O, KT 3 [HIBEA L S DICEIF &K Tl Lic, AREZREE~ 72 7 AT THE
L. ABZEATV, TR b—F =T TRIERME 21T > 72, 15 DAV BEIRITZ O F FROBIE
W,

FOGCA 421 BV [ER (3.0g, 10mmol) & kg Y o 2 (1.66g, 12mmol)Z iz, & Z
AHLWEA S — v B0mML S THiE, €O F FEIR T T 2 RIS 21T > 72, ROSHRIZ 50mL
D7 arRELLEKIOML ZME THIEL, ZZ~IMERZP-L D 22T, 611
R IR TR EIT o 72, FERDREBEC L > TKBEEREL, AEZKTSRH, &5
R B K T 21T o7, AEEZ = SR L —Z —ICTRME L., 5017z EE % 50°C
THWIERRET 22 2280, Br9 6 2157 (I3 96%, 2step) .

o) 1H NMR (300MHz, CDCls) & (ppm) 8.57(d, J=8.1Hz, 2H), 8.46(s,

SH 1H), 7.65-7.36(m, 5H), 3.84(d, J=7.8Hz, 2H), 1.82(t, J=7.8Hz, 1H).
S

Sodium triphenyl-4-vinylphenyl borate 7 D&k @

Grignard FRIEOFAR © T Hzlg L2 HE | 70 & NS PR & SOSEZRICHIR~ 7%
27 1(1.0g, 42mmol )z iz, B2 F 100°C T 1 Bzt S/, TO%ERETHEIL,
EREWAITORE THF 45mL 2z 72, v~ 7 X3 U LEHE LD T rET Y %
2 N2 L <R L7=, 4-bromostyrene (6.7g, 37mmol) % THF 5mL THAIR L= D% v
Uy O THRAICMZ T, FIGBMBICEVRTEL TWDZ EE2MEGR L, S OISR FT 1 K
MG Z1T o 72,

RL— METOER : KISALC MU 7 ==/ R T THF &i%(0.25M, 300mL) %l 2k
WZTOCITTmA LT, £Z~IEEAR LTz Grignard 8384, &+ X7 —Z2 TN
Z. ZOFEFEO0C TI0HHAELI, ZORKIBEIN LIRAICERE T LA S, EFE T
18 Wi R L7z, MUSIEZ BRI L. £ 2~ 0.3M jKlET b U 7 LKA 250mL % $#
PR TO LT oA Tz, 1 REREEIR T O L, §E Lo, BFERDIREEIC X - THIEE
LOKEEEEL, K8 XY THF100mL T 2 [mliliH&1T -7, iR E AiE & &2 5bt,
BRI BIEK CHERS 21T o T, AHEE Z Wi~ 7 2 v 0 A TR L, =R b — & — (T TIRAE
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L7z, b -EiR%E bl 30mL THEHF L., S HIC~FH 2 30mL T 3 B L. B
J£F 60°C THzlgEd 22 Licky, BEW T 2157 (IR 87%) .

1H NMR (300MHz, DMSO-d6) & (ppm) 7.23-7.08(m, 8H),
N&“y 7.02(d, J=7.8Hz, 2H), 6.91(t, J=7.5Hz, 6H), 6.79(t, J=7.2Hz,

//_Q*B‘@} 3H), 6.57(dd, J=17.7Hz, J=10.8Hz,1H), 5.56(dd, J=17.7Hz,
3

1.5Hz, 1H), 4.72 (dd, J=10.8Hz, 1.2Hz, 1H).

Synthesis of sodium 4-[(thioxanthon-2-yl)methylthioethyl]phenyltriphenylborate Na-c :

K & %% #+ 12 Sodium triphenyl-4-vinylphenyl borate 7 (1.1g, 3mmol) ., 2-
sulfanylmethyltioxanthone 6 (0.85g, 3.3mmol)is LY 2,2' -7V E R (f VY T7Fu=hKU L)
(0.16g, 0.99mmol) Z Mz, & Z ~i#: THF10mL. 2 i 2 %) —IZIRA L=, GiE% 65°C
FETIRAIZHIE L, 65°C T 10 BfAIfUG STz, RONRZiEE L, J8iRE =/ 3R L—& —
TR LT, Bonic@ikz s aakL s,/ YT Lo —7 LT 2 BT 2/Tu0ER L
7oo JHET 70°C THIESEDHZ LIZLY HIIMTH S Na-c 2157 (I 86%) .

Na-c:
1H NMR (300MHz, CDCl3) 5 (ppm) 8.45(d, J=8.4Hz,
Q@/Q 1H), 8.43(s, 1H), 7.85-7.67(m, 4H), 7.56(t, J=6.9Hz,
B@ 1H), 7.23-7.12(m, 6H), 7.12-7.02(m, 2H), 6.90(t,

g T
s e J=7.2Hz, 6H), 6.83-6.66(m, 5H), 3.89(s, 2H), 2.78-
S

2.54(br, 4H).

4—2—2 :HlE

NMR #HIE :
NMR : JOEL JNM-ECA300R (1H NMR : 300MHZ)K“C?E'JHH§ L7,

PRI AT B VRIGE
JEATEL & PR O

AV TrEATFAFF b (TX) THEGER KL VA L b O 2R TIcE0EE
MLz, 78 =RV B 1TEL7 0V LARDEMEEL 0 00t 7 L— RO b o
AU U7z, ED » 7V IRFICRERO 22V R Y 1.0x104M IR L 727 h= |
U VIR Z, BRROREL R TROICTORBIKIEIC LY R L,
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PEWIL AT BV ORIE

WEWRIN A7 MV ORET, T/ BRI R CEREE (atha =y 7 3
UNISOKU TSP-1000) # H 7=, JhiE YePiE Nd:YAG laser (Minilite) ® =% (5ns,
6md/pulse) &\, T =% —JIZIFEH K Xenon lamp (Hamamatsu C8848) % Fv 7=, ifd
EWIIIT =4 —t%EF /) /7 a A—%— (MD200) T/t L. HEFHEEZ2H O THRE
L. A1z =a—F(lwatsu DS-5532A). % VW CRER L 7=,

Nd:YAG Laser

Oscilloscope

Xe lamp |-—-—-—| Sample ‘—-| MC | PM |

Fig.4-6 : Experimental setup of transient absorption measurement: Nd:YAG Laser; 3™ harmonics, pulse
duration of 5ns and pulse energy of 6mJ/pulse, MC: Monochromator, PM: Photo multiplier.

4 —2—3 WA

BOLAWNZDONT, RO RE MR T 572 DIZBERO FIES S 7= )
— /Ly REMREE L, KRN X > TE U LAY REOICED D Z L THEIEETH
DL HER LI, 7=/ — )Ly RIFAE B ALK VBB ATV ER L, 7=/ —LPEK
BIEZAT HIEMTH LN, TRO L D ITHIEMESRGE T TIEM T 7 b oAb A2 TR
W70 REIZERT D (Scheme 1),

Scheme 1 : Chemical structure of Phenolred
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4—3 : fER LB
4 —3—1 : FEREICI T D WRIRHME

Fig.4-7 (a) 1T 1a, le, 2a BELUOHIEHFITH S 2-1 VAT AXH 2 by (ITX &Rk
T5) OWIL AR ML &ERT, 1ald 300nm VL EiZiF & A ERIAE/RE T, W22 355nm
NEREHERN L TR TE RN Enbnd, £2 T, ITX % 1a OEERIHEIZIBIT
DEEA E LCRAT AL L Lie, —F, le, 2a 1ZFAFV 0 b oHEE25FNICAL
THEO . ITX [FkkE L% 380nm (FiTlZHmRKBINE A L TWD Z &13bh %, Figd-7 (b) IZ
£ 300nm~500nm DHIFHIZOWTHLR L2 b DERT, 1e & ITX OFRWIE RIEIZ
ENERITTHDLD, 2a TIEOTNICEREMICS 7 FLTWAHZ EBb0d, 2aldTF4
X hoEE DBU hF AN AF L UERTHEESLTEBY ., BEFW5IED DBU B F 4
COBAIENEEL WD B0 LB,

(a)

2 —1a
X
—1a+TX
1.5
—_—2a
8 —_1c
5 1
o)
o
RA\Y
<05 | \ ‘\\\L
0 \ ! A I |
200 250 300 350 400 450 500
Wavelength (nm)
(b)
0.2
—1a
X
—1a+TX
\\/ )
o
© —_—1c
g 0.1 ¢
2
o)
(7]
Ne)
0 | | L
300 350 400 450 500

Wavelength (nm)

Fig.4-7 : (a) Absorption spectra of 1a, 1¢, 2a, and ITX. The acetonitrile solution concentration is 1.0 x
1075 M. (b) Enlarged area of absorption spectra from 300 to 500 nm.
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4 —3—2 @BPEWIN AT MVRAIED (41 FEER)

FPHEATH D ITX O HIEFRIC OV TREEETT > 72, $72b 5B 355nm Dbt %
FIUR L7 iEWIN A~ 7 SV OREHRAT > 72, Fig.4-8 (ZZ OMEWIN AT bV E R,
FAFH N ARSI LV R U PRI K 0 IFIE 100% O &R T = S E
WEEIZ/2 D Z ERIMBN TV D, Figd-8 £V, 600nm~700nm (FITIZWINEHFT 5 Z &N
3% ZHUTITX O =FEHERBOWINTH D Z L AR L TWVD,

A Absorbance

030

020

015

010

0.00

600 700 800
Wavelength (nm)

Fig.4-8 : Transient absorption spectra of ITX obtained by pumping 1.0x10~* M acetonitrile solution with
355 nm laser pulse. Time delay: red: 0.5 ps; brown: 1.5 ps; green: 2.5 ps; blue: 3.5 ps; purple 4.5 ps.

Fio, vA 7 apA— X —TOREMBE TR LTnD Z ERnnd, £ I 7T,
625nm (235 1T B IEPEW I DOWEFNZ DT, ReffEk = th#k & Fig.4-9 1R~ 7,

Fig.4-9 :

0.6
0.5

04

AAbsorbance
o
(o]

4 6 8 10 12 14 16 18
Time (us)

Time domain decaying curve at 625 nm of 1.0 x 10™* M acetonitrile solution of ITX
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Fig4-9 B XX (4-1) X0, ITX O =HHEBEKEOHFEMITIB L ZE 10us THDH L
o HiLd, TITAEL E0 IR DML, ¢IXREHE, ridhEREOFmE£T,

A(D) = AyeHD (4-1)

WIZ, 1a fF1E F CTO ITX OEPEWILA LT IV ORIEEIT- T2, DR % Fig.4-10

W2,

o
o

o o o
w B w
(_n_lx
mom
o o
w b
%EE

[}]
Q
c
.g \\\\\\
el A e
(7]
so1 | e
() r——
01 T T T T T T T T T 1
2 0 2 o 12 14 16 18

6 8 1
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Fig.4-10 : Transient absorption of ITX; 10 M acetonitrile solution with several concentrations of 1a.
blue: zero; red: 1.0x107* M; green: 5.0x1073 M; yellow: 1.0x1072 M.

ITX O —HIHAFHEIREDFMIL, 1a f7E F TR L TRY ., ZOREIKTET S, Zh
X ITX O = FHIHEFRE CITXY) B lallk-> THESNTWAH Z LaE KT 5, X 4-
1) ZHWT, 1a O 1.0x104M, 5.0x10-3M, 1.0x10-2M T *ITX*D il FH & K
DD EENEI 9.8us, 2.9us, 2.0ps £ 5, T 2T, la DIREIKT D ITX O bkl FH
IZOWTRK (4-2) 2T Stern-Volmer 7' 12 v k%1772, ZOftEHR % Fig.4-11 ITRT,

To/Tq = 1 +k4[Q] (4-2)

Z 2T wlIIEEA Q EE LW & X O ITX i H M. o 1 ZEH Q BWEETH & =
O CITX* A, [QUITEA OENVEE, kq ITELEEEK TH D,
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Tﬂ/tq
O =2 N W Pk O00®
\

1a(M)
Fig.4-11 : Stern-Volmer plots of ITX with 1a

Fig.4-11 XV 1a OMCHEER (kq) (F 4.2x107s 1M1 & RGE L=,

Z ZCLITX Thhi L7256 @ 1a ORALFE IS DWW THEE S35 S H#ERE %2 Scheme 2
2R,

1a

- ﬂ@g@ iy

»
— oo o PF

| |

o L
Ty O

Scheme 2 : Photodegradation mechanism of 1a with ITX.
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JERRSHZ L0 ITX 23 bkl L —E AR RE CITXY) & 725, IRICEEIEIRAED 1a DR L
— h7=Frrb CITXY) ~O—EBFBINILV I INT =A%) AL— K7 =
FATHEDOR L — TN b D, FHEREL RS T T T 2= VAR L — T UT

VTR L, N T 2= VAR TG 7= VI AN EERKRT S, —FH, 9L
T =ArTHDHITX 0D la DATF A UEAICK L—EFBENEZ 0 P07 ik
RBAERTRUOLTTVhLE B TH S DBU BNERT D EEBEZHND,

ZOZENDL, —EFBEBAED ITX OWLHE S LIZFAF Vo b U E0LE N
\CEANLTALEY O NEHEZJIE L, 2N E T 25 2 L3RS EHR] (PBG) OIE
i%r#%ﬁ@ DTHDENZ D, 1> THEFE AR O WL 0 F % 53 11 1&E D8l

T#EmCcZoEEILND,

B BEIORNRIZ OV TIE Rehm-Weller D= (4-3) 12 L » THHZ R LVF—Z4L (AGer)
FREBLAZ ENTE A,

AGe = Eo[D/D™] = Eoql A7 /Al — Eqo — €%/€Rpy  (4-3)

Z I T, Ex[D/D *]: R L— 7 =F > OER{LENL
Ered[A /A @ HHIEF D35 T ENL
Eoo : &K O it =k L% —
e BRDFER
Rpa: P — &7 727 2 —y 1[0 Hi

Wtk DL Y — D/%T&D FHB NS WEEETE D, o TRL— h T =4 )

DEFBHEEZDLHAICIE, BT R —THoIRL— T =4 OBLEMEZ KT
ﬁé\OiDﬁV~F7:ﬁ/®FDMO@EM%L?%MRAZ_ THENMBE DR
R LEEEB N TELLEELZLND (Figd-12),
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Eoo
SET | | I TAGetAZ
_1+ 1 :": y -----Jzi.A.g‘itAl

Sens —> Sens*

Fig.4-12 : EFBEIORE Z VT & 1 4,7 <4,

F L TCEBEONEREL LIFA7-D, nn 7 FA RN TJx= VAR L — T =4 2HFT5
1b ZHEt L7z, £3 1a L[EEE. 1b F/E F COBRMPEWIL AT MV ORIEEIT-T-, D
i B A Fig.4-13 1R,

- I\
0.1 \\\\n
\N,_

2 0 2 4 6 8 10 12 14 16 18

AAbsorbance

Time (us)

Fig.4-13 : Time domain decaying curve at 625 nm of 1.0x10™* M acetonitrile solution of 1b.

ZORER X ITX O NEE ER A RO, HEHEEE (kq) (X 2.0x108sTM 1 & JE L
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7oo ZOfEIZ1a DB LZESHFITHYSETH, ZOHEBIZONTRO LI IZEZBND, 1a L
1b TIET7T =AU HEENBRRDLDOHRTH D, 1la TEIT R TT7 2= VIETEBRINZT T 7
=R L— R THY, 1b TETAFAERNRYEBRAIC—oBR L n- 7TV M) 7=
=R — R T =4 ThHhbH, 2NHT =420 HOMO (il SEiE) OUEN N Y |
1b DA MRE, ZHICE RIS EFBIINTONEE X DD,

Scheme 2 |2/~ 3 SUSMEREIZ ZAUE, DBU ITHEEEEICB W T TF AL "D
CHNPBEEST D Z & TAKT D, ZORIGE, PIIEBTEZS, TR T =R L —
N7 =F v DENESF~D—EFBEER OB T, 7==V T VW NEET D00
DHBIEZDbDEHESND, DFEV, ZOXRVILT D HILOREECHOW TR L — h
T = RS S TWILE, KD ERICE Z 5D TIERWinE BRI,

Z T WA A oEE (AN TF AV EE T =4 Wa2H/T5) 2HT5H 31250
TR EIT> 72, 1aX°1b & FERICEERIN AT MVORIEEIT- T2, = OfEF % Fig.4-
14 |25,

o |
03 \
0.2 \
0.1 \
Nl

0 T T T T T T T I‘ 1
-2 0 2 4 6 8 10 12 14 16 18

Time (us)

AAbsorbance

Fig.4-14 . Time domain decaying curve at 625 nm of 5.0 x 10™* M acetonitrile solution of 3.

ZORER L0 ITX OWENEEEESZ RO, HEEEES (kq) 1$ 1.0x109% M1 ERE L
oo ZOMEIZ1a DB LZE 256, 1b DB LZ 5MFITHYT 5, 70 TORESIGTO
BRTZDEIEPRRALND Z EITHETRE L ThHD, L LANLAEORETIL3
THE AT VE=T L IF AL ThoT, DBU BF A Tldewy, Ak Lo#g s 7
IV=Y MEEOEAZWIE LR, REORMN D B,
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4 —3—3 BERNARY MVIED (+NEEERQO)

WIT, HBHI T 2 FAFY o N B % HFA L ICEA L2 H 5 22 B L
2b IZOVWTHREHZIT-T-, BB, [T =4 LTiE. T F57z2=LRL—} (2a) B
YO n7FAL ) 7= KRL—F (2b) THAH,

FE PRI ALY FLOREET-T2, ZOfHR% Fig.4-15 1277,
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Fig.4-15 : Time domain decaying curve at 625 nm of 1.0 x 107 M acetonitrile solutions of (a) 2a and

(b) 2b.

INOLORELY ITX OENEHEEERZ RO, HAEHEEH (kq) FTZENEN
1.3x109%s 1M1 (2a) BEL U 2.1x109s M1 (2b) ERE L7z, ZDOfEIX 1a DI L% 30~50
FIHY T 5, DRBEERE AR T 2=y M Thbb I F AT A% b gk
FEATLHZLET, RL— 7T =40 b0 —EFBEIZ —BRERED, U< i
RIS DNRICTFG LD EE2 NS, £o, A—T=4rZ2HT251bBLV
2b ([ZOWTHEE ER A T2 & K10 EOERRALND Z LD, N THNETBE
2L A TFREFOEMIEICOWTEMFT TV D LiERTE 5,
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ZIT, FAFRY Y bUBHEDTAICHT S 2a OHALERIEICOWTRES NS
A% % Scheme 3 127”7,

o .
CH, @ + BPhs
T
s N

Scheme 3 : Photodegradation mechanism of 2a

2a X°2b (X TNICHBIGHNL TH DT A XV F B EAT 5720, lREIZL Y =
DFA X2 N ELAMESAIC I X, S EEBERIEE L 72 D, RV BEEIRRED)
RL— 7 =F X0 —EFBEDNEZS, 2LV, FAFH 2 b AL T
CANT =FOREIZ, RL— b T =F I EORL— N T UL E RS EEX DR
Do S FRIBIR OB A LIFEE, THREL 225727 b T 7 == LR L— kT VLTl
WCHfEL, Y 7 == VR T e T 2= VT D HANERT D, — I F A AT T =4
VERWARLEERY, TUANT =F L ThDHTAFH 2 b AL L D DBU I F A4 5
B FBINEZY . ROTH D T DI NARREZ R TR DAL TOYIMAEZ Y |
HiTdH 5 DBU BWEKT D B2 DD,

AMEEY) 2a BEO 2b 1TV FA BRI TH DL T A XV F g2 8A LT,
SFREEOZTH D 1a 0 1b LEHEERDOELZE T 2 L. T oLEMITIEEA
TOA F AR PEEPTRESNA TN EEZOND, 2O ATFFH &7 =
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2 OB FREEEOR LY W EEB 2 DIV, ORI F A L EBICAAIET D bl
SHIEREOTF A XY I A~DR L — N T = F b DO —EBF BRI ERC/ICE
ST-HbDEEZ NS,

4—3—4 BERNARYZ MVRIES® (F+NEEEKO)

4—3—=3I2B\WT, MEKITHLTF ATV N UBREDT A UEMIZEAT S Z L
T, DN OEBALIENHEND BT, 2 2 TIIA AR EERICK Y T4 7=
T PFIAFET DTN REILS —EFBENEZ -T2 EXOND, £ZTHlOT S
B—F L LTTFAIY v b B ELARAETT =4 VEICEAN LT SR AT 5 1e ik
LB AT o720 ETREWIN ALY R ORIEZIT -T2, D54 Fig.4-16 (2777,
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- [\]
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Fig.4-16 : Time domain decaying curve at 625 nm of 1.0 x 107 M acetonitrile solutions of 1e¢.

ZORER IV ITX O ERZ KD, R ER (kq) 13 4.6X109 1M1 & IRE L
Too ZOMEITA FF ARG A EAN L7222 B L2 LD H S HICRELSH2~4 %
ST 5, DV, 7 =4 VIR 2 AR S TEAT L2 E T, AL — 7 =4
KL E DITIE WG Tl ZmIERRED F A0 R UENSFET D 2 L
FERAL— F T =4 Db O—EFBENESCHICEZ T bDEEZ HND,
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SO % Scheme 4 G:mﬁ‘o

SET

A |

D

o Q :
+ BPh,

Scheme 4 : Photodegradation mechanism of 1c.

AMEEY e T, 7 =4V EICHIBIMASE & L TR0 ERIHCE ) FA 9 b
B ARG SHEIEFRRE L A2 Y | BEHICR L — b7 = I b — BT
BN D EEZOND, TNEFNTF AV T =F T S HOT VT T =
SR — T THNERY RERER LT b T 7 2= VRL— N7 U HIVITEREIC
BRLTRY 7 == RS VTR T = =V T WA EERT 5, —HTFAXY
Ny T =AU T OHNIATF A EA~O—EFBBPEZ D, BHIO DBU BERT 5 &5
265,
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4—3—5:FLD
ARRETDO—H OFE R 4 Table 4-3 |27,

Table 4-3 : Summary of the lifetime and the quenching rate constant

JhiEe i Kq
SA7 o=x?
(Ws)! (x109s7'M™)

FE A ITX 10.0 —

1a 9.8 0.042
43 - T HE I 1b 8.3 0.2

3 0.9t 1.0
o3 F RO 2a 4.3 1.3
(chromophore introduced on cation side) 2b 3.2 2.1
Garalak:- V20

1c 1.8 4.6
(chromophore introduced on anion side)

[a] Calculated based on the equation (1), the sample solutions were 1.0x107#M in acetonitrile.
[b] The sample solutions were 5.0x10™* M in acetonitrile.

ITX (X, 1a°1b DL O 2% 4% DBU B F A4 2T 5K L— MLEW D NS
BRNRANCHEET 5, AL — F T =4 B L, R ERLE TP CBBINET T
Trx=)LARL—hr@ XIVYH, AUELFO—ONIENKEE (7L L) TE#IN-TTF
YT 2= AR b— k() DFN LY HRMCEFBEIERENZ R0 oTe, T
%A N L BIGMENE W20 T, Rehm-Weller DRI L 0 EFBEIOH BT XX
—NEVAICKEL, ZXVF—THERTHD Z EIFBETR T2 LB Th 5,

F72. DBU BFFANZF A FH 2 b oML 2 HA L7256 OHCHEERITR L £ 1
~2x109s ML FREE £ THIM L, 50 1N CORBERE OB RB S D, SHICRL—
N =FreF Ao NN ERG I, Thbb T =AU NCEA LG EICE
WTEROIEBRKE N ER otz

— 7 CHESE DIEHHRENITH) 2x109m2st TH D Z LML RTOMELHAET D LI D,
THUEEBHBEMEN TSR DD EEZRBL TR, @ERINA Y MVHENEICB O TR
FOEBLERNT D OICHRERRIEEZ HNTRT A Z2{T-o T\ 5, BRRBE L KFEETBE
i E OBRIC OV IS EIRET 21T > T RNWL DD, BHREAT Y 7 TIEBEDOREL IR
HLEDLZENTET, FFICL > THERNZ R BLZENTE RNz, ZTOI L6,
ERRIFIC L > T T DI VES LR, RELEORE LT, FEMICHEIEFREICRE 2
WEERETAREERS D EEZOND,
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4 — 4 : FEE

AW T, FAHRT I V=7 L4 (DBU) AL — MEOEFBENOMFRIL, RGN DAL
BT 5 2 & 20HIB Uiz, JEMRAHC X v ke U 7 BURE ATt 2 R L— b 7 =4
26 OBF BT, AMEAM ORI OWTEHE R AT v T LD, ZOBFBBITHR
AN R L — R T =4 D, o TT=A L ANCEASND Z ERRLIENTH-
7

—7J7C. [IDBUJ Z U S EL7DIIIATFH AEE LD 2 2 ENARARTHY, £
DFEMTe A T = X AIEA R R E L TH D, 4% 2D [DBU) BHECEIT 2 A0 =X A0
AR T2 D,
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