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B1E Fia

L1801 ##E

BARAERICEB T, AMEOLABREHI R ER N L —JHTHY , AR
TiX 2011 FFOHAAKRE K LUED = 3L X —HAATHOK) 80 %Ll b2 a Bkl
NS> TS, LML, AilEE O b ATk L, A TE <
B ENTREND, AbABREE WD Z & TR L, KEIGYL e & O HERER
RICEREL 525 2 L MEFRFICHER SN TWD, o, TR T Re 7 B
HEEE (SDGs) MBS, COHEHEZ 2050 L TICBRIZT 52 L2 HA
EIXEEEE LTl 2, 2o OFEE MR T 272012, iEkD{baREHZ R D
5 HARR DO XX —MEER(Fig.1-1A) [IZH 5 DR\ U — 7= 2L — 45
VAT LOREERRO N D,

HARDOZ RNV F—ERE AT A E LT, AMOIEEIF & X TRITER
I TR XF =R TH D KGRV F— 2 b Fm RV X — 2T 5 Ak
FOSWER SN TEY . HAERKISOFOREE L TKREBL LEFZ Y M3
OGNS TWD, ATV —%2FH LB O TR I,
ML Z DBEA DN EERFIET TIT->TEYD . KNDREEA~ LB S
N5, BFIXE I BIEBON -~ 7T AR —EEN DR S 5k
FHRAERL TR GEI I, EORIERY & L TEBRELZGKRT 5, KOBERL
WAL TH D IALFR M (PSIIZE 4D P680 77 13T L —Z WU LJih
it - BATEET D, ZOBREMIHESNIZE T BIRO KIS B P680 1L
FHEIVBBERETLTHLIY T TF V7T AZ—TKNLH RN
BT EED, BOMCHWONBE LIZEMIXZ 0RO ONDOETFZHRIEE
BTHALFER T (PS 1) TR N5 Z LT CO, DI b (Fig.1-
1B)Y,

Z D K DK DEAITEA Bl 36 A 8514 (Oxygen evolution complex, OEC) &
MEEN D~ T AR 7 T AL —THEITL TCWOEERBRILTHY . &
%4 B BRI K B K DAL AR G X OEC DEEEET /L & L TV B A%t
BTV D, NTHERRITIEE KD A X — AWK Z2 =k VX —JR, K%
B E L TKBESRAKI O X5 Ipm g v F— K2 5T 265 pOn D —
CThHsH (Fig1-2), ZIUTRIERMDPKESCHREZETHLIEr=I v a VD
TRNF MR AT LA THDL LD, FREXZ DR VF - E LT
EZONEHEZED WD, Y 2D X —REECERERER EOBLE D
N THA R OREFE T K O S % R BN EAT S 5 @R DL E 72
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MR AMIE DO BIEIERH ORENEEN TV D,

Water oxidation catalyst

2H,0 — O,+4e +4H

128 HEESE

TRVX—REE L OREME, B0 OBLE» 5 N TRERRD
EEUIFEFICEHBRRETH D L WA D, TITdh 7= K H I N LA RGR O
FLZIX OBC DET /WALNEETH D, KOB(LAEERE L H 3 2 &R RITH—
RICBW T EICERBREBEERBFIEEIN TV D, FOEBIZIE M, Ry, Ir 72 XD
BB ITHEDIENITITETI Co, Fe & W o m BB ITHETONR LB Z b
TV 5 (Fig.1-4)'®, Mn 1 ZKERHEA KD PSIL #HED OEC DIEMEY A FTH Y |
RIRFEERDIKDIEAL A T1 = X L% AT 572 DI B IR FIEN R STV 5,
Ir, Co SR DRI T 72 D MFFEBIN 2 < BT AL, S8R E L TOREMED &
WEWIEDRIN TS, Ru id OEC OIEMHY A MIITHW STV eI
RTHDIN, TP A EIEY BT 2Bk~ 2% B2 M2 53— &
LTI ZRD 27Dl TN s Lve ., A LEA OB
Tl b BWEH O EZ Z OISO 72 DIZ/EY EIFChb 2R, Z oI
DNTIVT =7 AEHRIFK OB L CEmWVIEEZ R T2 LM LHIETYH
IR WL E N TN D, FRTVT =7 AEEHRIZIE O T Meyer 12 L0 @5 S
72 7blue dimer” & FEIXN 5 A4 % VB L7 = U L85 IK [cis,cis-
{Ru(bpy)2(OH»)},01*" Z Iz, 7o I VBN F 2 AT DA% VG =L T
S U LERRLE VY D URM A AT AR VBT =T A TSR B
WMESNTND M), Fo, 1999 FI2JUK, KEBICK Y, MU 7 m a8 &L
T = LEERDNETEIE K O LR L LT Z L2 RE L. ZHUTBER
HEINTWDEHEADO T TR EBUVIEEZ R LTV D O, JTFEOWFSE TIL, Llobet
BOEREY DAY T Y L— MNEE LT = 7 AEEAR Thummel 5 O S D
XL — ML TFEATDE/ 7av, /X I VEE LT =0 LK,
Sun SOMHBED T HANVREFLEE ) V2RO o7 ak Fax YR ELTr=y
LR 72 EAUKOEREAEE & L CE W EE M 2 R T Z LB S TERY
P SE R ZEREAEIZ B U C IR TSI GE M T AL T 5 (Fig.1-5)7 3% 10),

VT =T DR E W ERRARRICE T D 0-0 #EATEAROME L L CidEI
3ODBENREEINTWD, — DRI Meyer HRREL TWDHILT =17 A(V)
% YV FERu(V)=0)NTx L TR FORREREL TL7 =7 A1) /S—Ek FH
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¥  FRIARuID)-O0H) & k95 WNA B Ch 5 1D,
v
(1) Nucleophilic attack of H2O to Ru =0

\% I11
Ru =0+ OH === Ru -0-OH + H

> H ¥ Masaoka, Sakai 53 E L TWHEMLAIE LT Y v AAVILEY &
AW TH Y . Ru(V)=0 £7213VvT =0 LAAV) 4%V T VI (Ru(IV)-0")
EV T AMDICEAN L2 RRS$Y T UL (Ce(lll)-OH ) DT PN v
TV T LD 0-0 FERTEEECTH D 12,

I A Y
(2) Radical coupling between Ce -HO-and Ru =0 (or Ru -0

v I v I
Ru =0 + ‘HO-Ce ) R -0-OH + Ce

3> H OEME & L CTid Llobert, Sun, Tanaka 72 12 X W Ru(V)=0 % 7=1% Ru(IV)-
OMDTHNH TV L XD 2 OD4& R OO AENEH2M)BRE N SR
ShTwn3 9,13, 14)0

v v
(3) Radical coupling between Ru =0 (or Ru -O ) oxoes

v v v v
Ru =0 + O=Ruy - =———— Ru -O-O-Ru

Meyer H4EZE L TV 5 Ru(V)=0 FE~D K1 OREBEAE TIX. .04
BCTHHINVT = LOEFBEZHINSESZ LI12XY Ru(V)=0 BEOERE R
GIZTHZEFARETH L0, ZOHEITITARM L7z Ru(V)=0 FOKE M
KT 2720KDFOREHEIZLD 0-0 #EEHEHEEMET L, Ok R4
KL L CORERBRAEFEIITRAMENECTCLE)MERERSNA WD, —
FT, ZBAVT =0T Atk LT Al A AT A, e b
> A% T 7B H) (Proton-coupled electron transfer, PCET)(Z & ¥ £k X 415 @RIk
RED Ru(V)=0 FEMI D+ v 7 U 712k D 0-0 fATEE A, LV
BHRB 2K DAL LTI EE 2 b T\ 5,

F 7o, 2M BERE TIEL Ru™=0 PO OREFIRILT N v 7D o T B %
FIFE7eWnWEeEB 2 b, VT =0 AOEEEZENS® T Ru(V)=0 DA%
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BHIZLTH 0-0 fFEAERHEENMET LAVWEEZLND, EHIZ RU(V)ET
WA LAV DN T = DA VL TH T Uy 7 TR IR S
b,

1.3 & EEDOERERSEEIT X 5 KDE LA DFFZE 19

1973 550> A i HH [EREA% (OPEC) 3 38 % L 7= A Jifliks 05| & LiF 12 & R Lz,
WD —IRAA N a3y 7 I, 1980 FRITIEL, KO (LAtEE 2
T D& BRI ONTOIENRZTIINZAT DI DO JE R I iF e 3 R £
SNz, EOHFTHIEICR LT Meyer 512 &> T 4172 blue dimer” & '
XD A%V BRER —Bv T = 7 AGEIR cis,cis- {Ru(bpy)2(OH2) } 01" $H AR IL K
ERBALEED T 10T 2 LIk, KOBALAEE O — BE DA E & A
WA, BREMBEOERINMESS 1997 4 12 A2 S 7z HiskIRME LR 1k il
B CEIR SN AR EE D COx Bk HAER FBED—o & LT, KOmmbfil
BEOMTEICH ORI LNAFE LD L )T/ o7z, T, Mn $5KF5 L O Ru $&1K
ZIXU D & LT Ir 5, Cugb{K, Fe $&{K7n & DBLERZE K DR AR AN HE <
ILTWAHTIET T, FRCAT =0 LEERTIBFEREDTZHD 0-0 G THRKIC
BT 28 NN IER ST 5,

Brudvig © 1% [(H20)(tpy)Mn(u-O)Mn(tpy)(H20)]** (tpy = 2,2°:6°,2”-terpyridine)
(Mn-dimen)$5{A & WHIIEREE T R Y U LAR0FF Y (VA F T —WEE T U U L)
D& D BB HEEH & OGS CHRBENFAET H T LaWE L 20, kil
WM % 2D Mn-dimer D % — > A — S —$(TN)IE, SUSHERE 6 B T 4
B T&H Y | Fig.1-6 [T~ & 9 BRI AE N ZE I T 5, Mn(u-0); Mn'Y
DWHIERIE T R U 7 A X 0 e E i, MnY(u-0), Mn!Y % & C(H.0)Mn" (u-
0)Mn"V=0 WA T %, ZO~ 2 T AF VM =0) (D KB LA A
VHREEBICBEE LT 0-0 fEA DB S UIEE N AR T AN IR ST
Do ZOBMIIRERBLZED, ZHUTHESWNT, AT T LITEML L2 KR
F578 MnV=0 |2 REZBIICIKE T 5 OEC OMEBER/EMBENIREZINL TS, L
L, HESERE T R U LARdF Y U7 EOMBIRFHEHIoRbYIZ, —&ET
BRI CTH D Ce'V A A & 7= 328k Tld IR B3 E D MR S 7223 . Mn-dimer
@ TN X 0.54 [A](250 uM Mn-dimer, 30mM Ce' ) T&H ¥ . Mn-dimer (FflfE & L C
B0 e otz 2D, Ce'V B LAl Z W [AER 2 BRI DD WL Do 7 v—7
THEM SN2, BERAITRE STy 22 celV BRbAlZ2 - & &
Mn-dimer 23 & U CTHERE L TR W X B EMFZE T X CT—&% L TWb, =
O ORERIL, Celv D X 5 22 EFERLANIE Mn-dimer (2 X 5 /KDOBELIZAE R TiE
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PN EAIRT A, T AT Mn-dimer (2 K B fREEY 1 7 L O HEFE TR R R T
HE5 K225 Mn-dimer ~DERFFBEIZES 72O LB LNLE, ZD X DI,

n'=0 ~OKEEIEDOREEEIZ LD 0-0 F#EETRITA 1) el E 3 A TIx
HOHN, TNEFERT DT NARINTIEL, EEERIEINL TN D,

&L, Meyer 512K o T RuY¥=0 ~DK5FDREZBLEIZ L 5 0-0 fEA TR
SN T, Meyer HANVIRE LI-HELT =0 L7 3R Xk D iEHER AT
IZ[Ru(tpy)(bpm)(OH2)]*(bpm = 2,2’-bipyrimidine)33 & U\[Ru(Mebimpy)(bpy)OH2]**
(Mebimpy = 2,6-bis(1-methylbenzimidazol-2-yl)pyridine)iZ /K O E{ il & L Tl <
1L24) - g K - R T AR RS & Fig. 1-7 1077, RU-OH i 2%E 2 7 b
W T RuY=0 4K+ 5, EHITH I —E LI NAR LT RuV=0 IZ H0
S FDVREAICHE LT, @b A Ru™-O0H 248+ 5, Zd 0-0
BICRPBRREOHEER & 2 D5E1 2, BIC—E kS RuY-00 %
e CEER 23R L [RIRFIC K23 D GA F 41T Ru-OH 2343 5, Ru¥Y=0 & H,0O
1 & DD 0-0 FEETERDERZ, H0 53O 7 1 kv &I1END H0 43 1125
FEFTZEIZLED, 0-0 FEEERO= RN —REZKTFTIEDZENET N
FHEN DR I N, ERFEKERTPICY CVIBROERR R E O T e b SR
BAFAE S 7= & & [Ru(Mebimpy)(bpy)OHa > $E 1K I1Z X 2 7K D K A EAL 21
ERFLIEEEND Z N &N, 7o b ZRREFESE L X
Ru¥=0 & H,0 431 & @ 0-0 fEATK E 28 LT HoO 0 b 7' b UK

WZEhRmC 7 e U BEIMEE S L2720, KON L R L7z &k
CIVESY (W

IT, Sun HLIXTABWMEN FE AT OHEBALT =T LT afik,
[Ru(bpydc)(pic)2] (bpyde = 2,2’-bipyridine-6,6’-dicarboxylate acid, pic = 4-picoline) %
BECL, KOBEAREE L LTE< 2 L 2@E LT 2105, ceV 2 i3 51k
F & N T2 K DER AL BUG C[Ru(bpyde)(pic)2] 00 ik 36 3 A2 o FE I XS FE O — kI
KAE L, “WRHEER 7.83x10°M s 2 5. 272, 2L v, 85K 03 e
2 < 2 EDIRES T, Eo MBLEOST A L B 2 B Ru'Y HHEES i,
X MRREEMENTIC K 0 KB 2Nz 72 7 BANEE 2 H 5 2 E Ntz
(Fig.1-8) L& V| KENLF2MREIEMES L 720 . 0 7RIT 0-0 fEA NS
NOMENEREINTZ, S5, TV ¥ VN OENL T % 4-picoline 7> 5
isoquinoline ([Z&Z =& Z A, X —2 A —R_—HENK M KT D Z L a2@s
LTW3 29 ZiiE, 7F v VOB ToH 5 isoquinoline [ n—mn FHA.
TERNZ X 0 o RO B A E N E S T o o= L isimfhiT b vz,

L4 H HIRENE
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RUAEED DU AT =0 A(IDERICRESNDEZ ORI EY DT
=7 A(IDEERD MLCT SRR EED & DR Sehs M, B B8, = 3/ X —B#)
B X BN OHFERESOS 2 1L CDBETH A FREIN TS 2, —FHTHh
BNEALDOBFZEIT AN A 72 < | IK DR AR P 2 R 3 Bk « VT =0 A
PEROAFTRICI T, KB E AW TFER S IEF I D7 B, F7, B
VT = MEEROBFEEE BIIBAE b i Skt TV 2 A5 1% DTSR O
RENHE LV, 5B OBRBIEEHIITN L OO ER L INTEY , TOFTE
HEREHOT L 72 & D D38 RS IR D ZAL-CBINL -~ D B HA I D AIZ K D HERED
] b - BRRASOREEM e I L DAL —F~DIGH R ERFTF LD,

YAFFEE TIE2,2:6027-2 — ) P UFEREAET L HBLT = U LR X
OBMBMEERE AT LRV T =7 AEEREZ G L. 2D OKDEELARGETE
Pz R L7z, S6IZ= F U EAEA L7285 RITK OB ARBEIE 23 e b 0]
b5z bR LEEFigl-9)Y, £7-, #—E VI eI IS TF YD
ZFFOHEZ Ru SERZ ERYE(RIC X0 Bk LK O R LAl M Lok 2 TEEIC
L 7= (Fig.1-10y93V, — 5T, 226’ 27- 22—V Do L7 U F U D UMM A AT 5
ZEKGECNL 1 % F7D distal () LDONT =0 LB T 2Rk a2 G Lo, distal Y
DIVT =7 KT RIS — U O UENL T ONRBEEIZ X0 B OE
2ATO ZEDBWEETH o7, & 2 THREMACEISZ T distal 187> & proximal
PIE~ESBMELT 2 2 L CRBEELZME L, 7 e 8G0o LTy =v
LEEIK p, p-[Ru(tpy)2(L)(u-C1)] (L= 5-phenyl-2,8-Bis(2-pyridyl)-anthyridine) D4 A% (2
) L7z (Fig.1-11), 7 v m 8@ o ek E2 7 afb S8 7 a2k Frx v #l
D BT = U AEEIRITE LA TR 22K OFR LI B W THESERIZ LT
I WARBEE 2 RO Z L3y TN D ),

ZOT7 ak FuXk YR TGRSR TKOB b S LTEH <, B—%
TILIRIE T 2 9 $E Ay F N ERUT YA BRIC L W T S B E 2@ L CEF
ZEMICZ TS Z & TR+ bS5, — A% R CIEE# b EfF
BEDOBTOBRZRLERND, BRI THBERENE L 25, AR
P CIIEEEL um (ZEERDFAET D 72 SEIRDOIEFRIZHIBR D & 53— R
HARTRET ERWIRETHIET 2 & A5, 2O DRI L7 fil
BIMENEVME S 725, RE—FRTKOBILKIGEIT) TE TR EREE X T
Yitr. BEE TH DK & MEENIE G 0BT & D 12 O B E R oy 1 23
FESNTERABO ANBRZDBRGICTEDE VS22 EREZILND, 2D KX
D RBLENDYE R Th LR T A ) v —CEMICHFFIE 52 LT
AY—=RIIEHT 5 Z EITEETH 5,
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DM TCIZ 2 208 BE—F4 X2 VTN MY 0D v 7 T F21%
1ODOMYLO LTV INFEZ= Y FOH TV 7IZHD . N—FF Y Hf
A M™-00-M"" Z 454 %, 12M B T M™=0 F.0 D m WO ERIREEAS 437 L
HMBE T, L LKW EREAIRBE TOD M™=0 (e.g. Ru>" 3 NYD A v 7V v 7%
FIEES N TV, RWERLIREE TD M™=0 (e.g. Ru* "D A v 7 U v 7 )3F
T L L VIR EE TROBRLIS A EITT D Enis M 22 ki O B3 EE
RN EON D, BEROERLIREE TO M™=0 (e.g. Ru> "D H v 7Y )
WEINTWRNWDOIEFEREZ S < RuCTI"CiE OH, & 5\ ik OH B4 & L Tl
FERIIAE L Ru®=0fli L L THEMFELRNZ EBX—HflE LTHETbND,
R 7a hrERETDHHESE LT pH EFICX D7 e b FIH T
LHeEBZEBE LI e YRNMNTE2H T2 BEALVT =T L5 pp-
[Ru'>(tpy)2L(OH)2** (RuM2(OH)2) DG FEME S COZEENCBR AR - 5,

ANLHERTRY HEND 0 Y — FAIOKESL CO, EiLAIT= x L ¥ —JRE
T AbEME L L CAEHATH D, —HTT /— RAIOKDOELEIG TR Y H &S
HMEIZONWTE 2D, KOG THONIWEILEICE Kaxr T U0
JV(HOY), BELKFER X OKEBENEZ H5ND, ZONHOILEDREZE S
O ERMGFETCETHERMEEYE & L TERTE v, g bksE LRz
FTEFHTL20ICHDLERMETHY ., ZO_SOWERRY HEhbd &
ERHIND, MBRITKKFIT 21% b FE LZERD I K o TEfliEEER 2 L
EMBEOND =D, KOBRGENOOEBEFEEZFEHT DI LiTa A METHR
gk L, — 05 OEER bk FITHRANE A | S8R0 PR STl S 4.
WRREAR L INXR 72 VEREMIIAKNBRE TH D Z &N LRE~DEN D
WESHITEMAPNER L TV D, TREMRGIEFHRRT b Fa¥
JUDESIL LT N T X B bKRERN "N DS KISEHWD, 0
FOSTIET U R I Rax /) U OnFReT v 87 F ) OB ENR THEST
T A0 EICHRENIE - TV D, o, i EITIIMBERAKET > =7 LKERD
BRI THELC D VLA XY THilRA A (208 DIK RS 5 Z & THAERE
SNTWEENENHERENLBRIEITH E 0 IThIL TV, ~ULAd XY Hi
FeA A2 6 DRIEI IR EA 4 L~ UL A Y iR A A D FEUERR LR
JLEEALAY 2.1 Vvs. SHE (D) THLZ ENENHENENZ EDRKTH D
EZZbD, BRALFIINKOBAL CRBIL KR EZIEL LA Ak D~ L 4%
Y ZHRERA A DK G RE & AR TROG — B TH U | /K &b /KED
PEYERRALIETCENLIL 1.8 V vs. SHE (Q)=0)TH Y 0.3 VEMIMENZ &b LD
BEITHEENTEDLZEDNRBIND, NTHEKROEKREZ X T-5E. KE
35 DOIEUERR LR TTENIT 1.2V vs. SHE (B)Z)TH 0 | b kFEx2EH L b
0.6V HLIREN TH D Z &D ABRINIKOBRLiEEZ WD LENH D EF 2
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50

2 HSO, S0gZ +2H " +26  21Vvs SHE (1)
2H,0 ——= H,0,+2H"+26 18Vvs.SHE (2)
2H,0 =—— O,+4H" +4¢ 12Vvs. SHE  (3)

AP LFR TR, B —RICBW TR AEME L L THICEH LT =
U L8R (Ru2(OH)(OH2)) D 2 EEFFRUIRDS I ES: & SRS TR D Z
& R Uz, SRR CII ki 4 7 VIRTFE L. 2 DERM G LT,
F I R A R RIEAT 52 E H#BINE L TRV VR RY v
N—%FEO RN T = U AERTHERAE G L, BRLT ¥ BRI A S
B AN A B O BRI BRI ML . U COMBBE R L, £
TRAT =0 AERBEAROEMm ETORBMN TOBRILIREEFHE TS Z LI
LV BT A A HEE LT,

# 2 BECIIRRMEERWCTT U F U O UL & O RAEEL & 2 — )
DD PR DNV R IR BN LT VT =0 AERE SR L.
fRlb T & o AR 1 % S IRRIRICIRIE S § 5 2 LT X » TR S B A ERk
L7o. TERR LT8R BB L T &% AR DK OB LA & L COMBED KR %
1T-7,

%3 T TIHbFM 2 E LA Ru"y(OH): & Ru';(u-OOH) (22U T 'THNMR,
UV-vis absorption, resonance Raman spectrum <> ESI-MS (2 & Y [A7E L, {KER(LIRAE
TD 0-0 B TERMEREIC OWTHEREIEIC L 0 BE 21T 7,

% 4 FTIX Ru2(OH)(OH) D EXALFEN 2 ZFE O pH 2K EAL CHET
HALFFEDOHEEC AT M VRITE 21T\ O FE AR L1 72 1 e Al /K 35 56 A= fi g
& L COEBEDHET 21T 72,

% 5 T Tl Ru2(u-O0H) DR bk S5 IERERCIE JT O FT RS20 Tl EE Rm i
(e Ll E bk AR AR B I DWW THB R LTz,

HF 6 ETIET / UVAY—AHNWEBLOXRNAE T L — MNMl(Hex) DERILZ 7
AT A (WO3)DF / #EEFE L 7 BT EZ ML L, TN D EMmE /ER L %
DI SRAGTF R 2 K DFRALARIERE (- DU THRET L 72,

FBITETII2- 62 L O TERLASBOREL R,

158 Z2F#HmX
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7,
%,

B 7 +
HsN.  NH3 H3I\I\ NH; H3N\ NH;3 6+ HaN < NH, 2

N
8
S
s~\

HaN——RU——O——Ru——0——Ru——NHs

. / H3N|||||n---Ru;CI"';Ru--ullllllNH3
H3N NH3 H3N T\ng H3N "NH3 NH3 ,/////\\\\\\ NH3
1 v 11 6+
[(NH3)sRu"ORuU " (NH3)4ORu ™ (NH3)s] [(NH3)sRu(p— CDRu(NHs)s]2+

M. Kaneko et al, Angew. Chem. Int. Ed. Engl., 1986, 25,1009 M. Yagi, et al., Langumuir, 1999, 15, 7406

\

[(bpy)2(OH2)Ru-(u-O)-Ru(OH2)(bpy)2]4+ cis-[{Ru" (trpy) (H20)}2(u-bpp)]3+
T. J. Meyer et al, J. Am. Chem. Soc. 1985, 107, 3855.  A. Llobetetal, J. Am. Chem. Soc. 2005, 126, 7789.

1 3

[Rup (bnpp)(4-CHg-py),CII>*
(bnpp = 3,6-bis-[6'-(1",8"-naphthyrid-2"-yl)-pyrid-2'-yl] pyridazine
py = pyridine)
Randolph P. Thummel, et a., J. Am. Chem. Soc., 2005, 127, 12802
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Fig.1-10

photoisomerization of &*[Ru(tpy)(pynp)OH2]**
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BB BMLF Y UERCHFLEZEAT U LAEERIZE D
0-O FfEETHRL
2.1 =
VT =0 LAEERITK OB AL & U CIAS e ST Y | BIfE S B,
BT =0 AEEROMFRITEAIATOILTWD, SUIFEE T, B -
&7 Ru SHARICEI T 2098 21T > TE Y . Ru(tpy)(pynp)(OH2) A3 7K D
{EAREEWOC) & LT & | 2 DAk P iEamiIIC distal RD> 5 proximal 1R~ &
BMALT 5 Z & Z2#sE LT D (scheme 2-1 top), FUT TIEZ DR ZIEN L
TEOICmETEER RO G L T D, 7 F UV rFb— M
AR ORIBEN & M) 7rad—E Y DU T U AN BT =
LT agiiRE G L, ZONERMEACEFIH LT distal HLOVT =7 LEEIK
% proximal L 35 Z L T VT = U MK proximal proximal-
[Ruz(tpy)2L(OH)(OH2)]** (tpy = 2,2°;6°,2”-terpyridine) % A ik 325 Z LTI L
TU 5 (scheme 2-1 bottom), = DEEHAILRERES 5 OHy & OH B FIZHISRT
HAF VO TNO-OFEETEREN L TO AT D2 ENMESINT
WET, 2M B TH TR EZ N L TERT 559 7 WOC 132h=1)7e
WOC 7/ — B DO DOFLEREM TH S, Ll ML HOE
FRAREELZ K 2 KOFLORRIIBIL DT 0 Lz, 2T, tpy Bl i
BN SN 4-carboxyphenyl U > —HL &I LT ) RN—T AT &
(TiO) B AL LN E SED Z L2 HE LEZFH LW LT =7 Ak
IRFERZ AR L7z, Rua(OH)2 IE Rux(u-Cl) & Lhi L C TiO, #EAR_E o> EEfih
BT XD KROBBACIZNFRINAERT A2 L 2R L, KOBIEDO A T = L&
B FN 2 A U CRME I OTEM: 72 Ru'V2(O)(OH)IRRE Z & o 5 2 72 fif
LR 22 B & 22 LTz,

2.2 HEBr

221 K- AR
* Trimethyl orthobenzoate ( F.W. 182.22)

R LEMRASE A OBAL b 02 Z 0 MW

* malononitrile ( F.W. 66.06)
B LA St DAL 72b D2 IIERE LT b vz

+ pyridine ( E.W. 79.10 : ¥§fk)
MIE PRt e ALz 022D E THWE

- ¥iE(HCI) ( F.W. 36.46 : Hik)
MIE RSt ALz 022z TV
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-« 7 ¥E=T/K(NHsaq) (FW. 17.03 : i)

MIE LR A2t DAL 2 b D2 2D L w7z
- 7Y (EW.58.08: Fifk)

MIE LR A2t DAL 2 b D2 2D L w7z
+ 7\ B F L L(CHCL) (FW. 119.38 : FFik)

MIE LR A2t DAL 2 b D2 2D L w7z
« XX —(MeOH) (EW. 32.04 : £#f)

MIE LR A2t DAL 2 b D2 2D L w7z
- palladium 10% on carbon ( F.W. 106.42 * 55% water &)

HRfb LAt oA LZb D220 EH W
+ 2-acetylpyridine ( F.W. 121.14)

Hrfb LAt oA LZb D220 EH W
- KEE{L AV 7 2 (KOH) (EW. 56.11 : FF#k)

MIE R ASE 2 OALZZb D22 DL W
« X /) —(EtOH) (EW. 46.07 : F#f))

MIE R ASHE 2 OBALZZb D22 DL W
* Terephthalaldehydic acid ( M.W. 150.13)

Hrfbt LAt oA LZb D220 EH W
- Ti0, ~¢—Z } (PST-18NR)

JGC Catalyst and Chemicals Ltd. 2> A L 72 D% Z D FHW 72
- ITO #E /7 7 A (v — MEHL <10 Q/sq))
AGC Fabritech Co.Ltd. 2> bfA L 72b D% Z D F FH W72

222 BB IONVT =7 LARuEEERDE R

A) 2-Amino-6-choloro-3,5-dicyano-4-phenylpyridine D& 5%

o— MU A MR RZEFM(8.74 g, 48 mmol) IZE U (6ml) L~/ =h U/ (635g 96
mmol) Z 1z T 100°CT 6h s S, ZDOH=EWRE THAIL7Z, R HCIA 18 ml 212 T
100 °CC 2h SUG S ¥, ZTO%R=ERE THEI L, Kntk, HEZTRE LD EOKTHROE
ZeR M U=, (INE 2.230 g, UNER 18.4%)

'HNMR (400MHz, d-DMSO) &: ppm 8.00-9.00 (2H, NH>), 7.60 (5H, Ph-H).

B) 2,6-diamino-3,5-dicyano-4phenylpyridine D55k
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methodA

2-Amino-6-choloro-3,5-dicyano-4-phenylpyridine ( 2.217 g, 8.71 mmol) (Z7 & k(35 ml), 30%
7 UE=T KA M) EMMAZ, A— 7 L—7"T105°C « 12h (b &8, i 7e 5 ¢+
Gy TRIREE 22 23 TR U7, TRB Z i@ L, K& 78 b o Tl L ISR S MR 2 157,
(U5 1.855 g, UL 90.4%)

"H NMR (400MHz, d-DMSO) &: ppm 7.55 (3H, Ha,Hs), 7.45 (2H, Hc), 7.10-7.40 (4H, NH>).
methodB

RYZXTN7 e F (1.02mL, 10.0 mmol)& =v 7 =} UL (1.98 g, 30.0 mmol), 30%7 v E
=7/K((2.34¢,20.0mmol), A%/ —N60ml, /K 10mL Zfl%T40°CT4h#@HL 72, LB

UG L, A& T & b TS L EERE S EMAE 57, (IE 731.4 mg, UK 311 %)

C) 2,6-diamino-3,5-dialdehydic-4-phenylpyridine D& 5%

2,6-diamino-3,5-dicyano-4phenylpyridine (1.000 g, 4.25 mmol), 10%Pd/C ( 70 mg)., MeOH ( 200
ml). 2NHCI(200ml) ZH1zx T, 30°CT IhH2 X7V 7 Lz, A2 HAWTH2 A F
{ZL. 40°CT2 HEUGEHT-, EHIZPA/C(30mg) MMz, SHICH2 HATFT2 HE
SET, BONTEIRZIEE L, J8KZ =/ 3R L— 2 —ClRHE L7z, M L 72 iR o
TUEZTIKEMAT—BGH Lz, 507t 28 - 28RS, Afaohkz5

7o (NE 1.124g, IR 73.1%)

'H NMR (400MHz, d-DMSO) &: ppm 9.05 (2H, Ha) ,8.70 (2H, H.),7.90 (2H, Hy), 7.50 (3H,
H., Hy), 7.40 (2H, H.)

D) 5-phenyl-2,8-Bis(2-pyridyl)-anthyridine (A F L &%) DA
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2,6-diamino-3,5-dialdehydic-4-phenylpyridine (0.893 mg, 3.7mmol) , 2 —7EF/LE Y T (1.3
ml, 11.6mmol) , =4 /—/L(40 ml), KOH 10wt% in EtOH (1 ml)% /il 2. 3hreflux L7=%% ., =il
FTHH L7, BN EZEE L, =% /) —/L CHifk B2 S, a0k (L)
AT, (IE : 1.188 g, V=R : 78.1%)

"HNMR (700MHz, CDCl3) &: ppm 9.10 (dt, J = 7.9, 0.9 Hz, 2H), 8.80 (ddd, J = 4.7, 1.9, 0.9 Hz,
2H), 8.70 (d, T=9.1 Hz, 2H), 8.25 (d, ] = 9.1Hz, 2H), 7.95 (t, ] = 7.6, 7.9 Hz, 2H), 7.70 (m, 3H), 7.50
(m, 2H), 7.40 (m, 2H).

Bt A F—2b % Scheme 2-2 [Z/R LT-,

E) 4’-(4-carboxyphenyl)-tpy D& 2,3)

2-7HFNE Y (269 ul, 2.4 mmol) & Terephthalaldehydic acid (180 mg, 1.2mmol)% A % /
—/(Sm)ZINZ Smin Hi# L CTEN LT, 15wt%KOH KIEHE(7.2ml) & 7 > & =7 7K(0.8ml)
Z A TR TR L2235 2 HRE L7z, IR ICA U7 IiB 238 L. CHCI3(4 ml),
W72 MeOH/ZK(1:1) IR CHEr Lz, |IR CTHEEGREIE, AaomiEafi=, foni:
B 2 MeOH/7ZK(80 : 20) ¥IR(B0m)IZARE S, 9 35°CTHIAE L7222 HIRIR N — DOIRIR
(272 % £ CEBE RIS 1T - 72, F O HEAORIRIZ IMHCI 2% pH=2 |2 %%
HU, WEA TS, RBAIEE LAK TS %, |IR CHEZERE S S, AROBRk%

B7-, (2245 mg, LK 52.9%)

'HNMR (400MHz, D,O : TFA=2: 1) &: ppm 8.24 (d, J = 5.7 Hz 2H), 8.08 (d, ] = 8.4 Hz,
2H), 8.01 (t, J = 7.5 Hz, 2H), 7.94(s, 2H), 7.41 (t, ] = 6.3 Hz, 2H), 7.36 (d, ] = 8.5 Hz, 2H), 7.14 (d,
J=8.5 Hz, 2H)
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F) 4’-(4-Ethylcarbonylphenyl)-tpy D&

2-7EF /LB Y T (538 ul, 4.8 mmol) & Terephthalaldehydic acid (360 mg, 2.4mmol)% A % /
—/L(16 m)IZANZ 5 min #7#E L T2 L2, 15wt%KOH KIEHE (14 ml) & 77 > & =7 7K(2 ml)
EMA TEIRTHIE LN S 3 HFKE U, WRHPICAE Uik EiE L, CHCI3(4 ml),
720 MeOH/ZK(1:1) YRR CYEH L7, H|IE CHZEMBS Y, AROBEEE, HHhiz
Wz % 7 —/v (50ml), 18M Fiifg (2.5ml) Z % = HH reflux L7z, %572k o
FRIRIC NaOH /KIEIR 2 N % pH Z HPERHT & O Uz, A U7 b A I8 L7 & h v T
L AEBROMIAEZST, (456.0 mg, I 49.9%)

"THNMR (400MHz, CDCl; ) &:ppm 8.76(s, 2H), 8.74 (d, J=4.8 Hz 2H), 8.69 (d, ] = 8.1 Hz, 2H),
8.18 (d, J = 8.6 Hz, 2H), 7.97(d, J = 8.6 Hz, 2H), 7.90 (t, J = 7.5 Hz, 2H), 7.38 (dd, J = 4.8 Hz, 2H),

4.46(dd, ] =17.2 Hz, 2H) , 1.48 (d, ] = 7.2 Hz, 3H)

G) Ru[4’-(4-carboxyphenyl)-tpy|CI3 D& 5K
RuClI3 (81 mg, 0.39 mmol) & 4°-(4-carboxyphenyl)-tpy (100 mg, 0.28 mmol) % EtOH (50 ml)
[ZINA T 4h reflux L7z, BRETHA LK, EEEZ®BL. EtOH, V= F LT —F LT

Bk Ll-, EZREBREE, REAORELE~, (100 mg, V=R 63.1%)

UV-vis (DMSO) A/ nm (¢ / 10° mol* L cm): 407 (5.9).

H) Ru(4’-(4- Ethylcarbonylphenyl)-tpy)CI3 D&%
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RuCl3 (73 mg, 0.35 mmol) & 4’-(4- Ethoxycarbonylphenyl)-tpy (102 mg, 0.27 mmol) % EtOH (50
ml) [ZIA T 4hreflux L7z, SiRE THAIL %, EEZIEH L, EtOH, Y =F /)L=—7 )L
TUH Lo, B2 S, RAAOBKEZSZ, (123.0 mg, IR 77.8%)

UV-vis (DMSO) 4/ nm (g / 10° molt L cm™Y): 421 (5.7).

1) Ru(DMSO)4CI12 (LLF DMSO $&) DA Fk 4)

DMSO % 1hN2 /37 U > 7 L 7=, RuClI3 * nH20 (325mg, 1.2 mmol) /X7 Y > 7 L 7= DMSO

(ImD (IZN2 FTHHE L TN LIz, 4 Y 75—/ (3.5ml) Z1Z 85°C * N2 T T 30h
R LT, WiRZ IR E TmA LEAOR M2 S, I RE2 TV EI L7z, (603.2mg,
103.7%) UX=Ri% RuCl3 + 3H20 & L7-HEDETH B,

UV-vis (acetonitrile) 2 / nm (¢ / mol™ L cmY): 354 (350).

J) Ru[4’-(4- carbonxyphenyl)-tpy](DMSO)CI2 D &Rk

DMSO &K (484 mg, 1.0 mmol) & #i)> < #E\ 7= 4°-(4-carbonxyphenyl)-tpy (353 mg, 1.0 mmol)

X ) —(50m)IZHNZ N2 FC4hreflux L7, 55N 721K & =il £ THEI LILE A T8

W L7th, MAKEMIZWEOH « Y= FLE—F )L THF Lz, BRI, LAk

Z157-, (516 mg, UK 85.6%)

UV-vis (DMSO) A/ nm (e / 10° mol™* L cm™): 402 (5.3), 531 (7.2).

K) Ru[4’-(4- ethylcarbonylphenyl)-tpy](DMSO)CI2 DO &K
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4’-(4-ethoxycarbonylphenyl)-tpy (386 mg, 1.0 mmol) % = % ./ — /L (100 mI)IZ/N &0 L7z,
DMSO #&5{K (484 mg, 1.0 mmol)% 2T N2 FC 2hreflux L7z, 5N 7-AEKZREE TH
KUk 2608 U7zt /K & 720 EOH P = F V= — 7 )L Tl Uiz, EER R S,
REOMIEEST-, (497.5 mg, I 78.8%)

UV-vis (DMSO) A/ nm (g / 10° mol™* L cm™): 400 (6.1), 536 (7.2).

L) distal -[Ru(4-carboxyphenyl-tpy)LCI|Cl (PAF d -[Ru(Hept)Cl] ) DEHER

Ru[4’-(4-carboxyphenyl)-tpy]CI3 (56.1 mg, 0.1 mmol), L (41.1 mg, 0.1 mmol), LiCl (10 mg),
EtOH/H20 (9/1 ml), 7 A 2 /L & F£(100 mg) Z 1 X, overnightreflux L7z, %672k D
REBND BRI L, WIREE L, VTN~ 87T 7 4 —21T0 (HFEHEE
CHCI3:MeOH=9:1) , " FHADfk A/ R & i LIz, 5kt N N2 gLl S8, fEaok
x5, (61 mg, 65%)

Anal. calcd. for d-[RuCl]Cl-1.8 H>0O, C49H3:N3O>Cl,Ru-1.8H,0: C, 60.72; H, 3.70; N,
11.56. Found: C, 60.52; H, 3.41, N, 11.47. '"H NMR (399.937 MHz, 10 % CDsOD / 90 %
CDCl3) 6 ppm: 10.52 (d, J = 5.2 Hz, 1H, Hj), 8.96 (d, J = 8.2 Hz, 1H, Hy), 8.83 (s, 2H,
H.), 8.48 (d, ] = 5.3 Hz, 2H, Hw), 8.47 (d, J = 7.7 Hz, 1H, Hy), 8.40 (d, J = 9.3 Hz, 1H,
He or Ha), 8.30 (t, J = 7.3 Hz, 1H, Hu), 8.29 (d, ] = 9.2 Hz, 2H, He,or Ha'), 8.19 (d, J =
7.9 Hz, 1H, Hy), 8.04 (d,J=8.6 Hz, 2H, Hoor H;), 8.00 (t, J = 6.7 Hz, 1H, Hy), 7.97 (d,
J=9.2Hz, 1H, He ,or Hq), 7.94 (d, J =9.2 Hz, 1H, He:or He'), 7.86 (d, J = 8.3 Hz, 2H,
H, or Hp), 7.70 (t, J = 8.2 Hz, 2H, H)), 7.56-7.50 (m, 3H, Ha, Hv, Hy*), 7.41 (d, J = 5.3 Hz,
2H, Hj), 7.24 (d,J = 7.0 Hz, 2H, Hc Hc"), 7.16 (t, J = 5.2 Hz, 1H, Hy'), 7.09 (t, J = 6.8 Hz,

2H, Hy) 6.93 (t, J = 7.7 Hz, 1H, Hy). UV-Vis (methanol) 2 / nm (¢ / 10° mol* L cm™?) :
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318(34.8), 370 (32.6), 478 (5.7), 646 (6.5). ESI M'S (methanol), m/z (calcd): 900.9 (901.1,
d-[RUCIT). F 7=, X #AE AR EARAT IO 7248 1 MeOH/CHCL IRATAIEIC IR R L, W o

SO LIRIEZRFRRITEHZ L TN E VT To 7,

M) distal -[Ru(4’-(4- Ethoxycarbonylphenyl)-tpy)LCI] (EAF distal -[Ru(Etcpt)Cl] ) DEK

Ru[4’-(4-Ethoxycarbonylphenyl)-tpy]CI3 ( 59.0 mg, 0.1 mmol), L (41.1 mg, 0.1
mmol), LiC1 (20 mg), EtOH (15ml), s U =F /L7 I > (Iml)Z N %, 4hreflux L7z,
BN REAOEIKICKEZ M T AR L —Z — Tl L. 21T WO Eaol
Rztgle, Vv u< b7 77 4 =247 (R CHCI3:MeOH=9:1)
B—hkta Ny R il S S0k z57-, (23 mg, 25 %)

"H-NMR (400MHz, CDCl5:CD30OD =9:1 )é:ppm  10.53 (d, J = 5.3 Hz, 1H, H;), 9.15
(d, J=8.1 Hz, 1H, Hy), 8.59 (s, 2H, Hn.), 8.52 (d, ] = 8.9 Hz, 1H, Hy> or Hy'), 8.51 (d, J =
4.4 Hz, 1H, Hy), 8.36 (t, J =8.3 Hz, 1H, Hy), 8.33 (d, ] = 8.9 Hz, 1H, H, or Hp), 8.28 (d,
J =83 Hz, 2H, Hn ), 8.12 (d,J = 7.1 Hz, 1H, Hr), 7.11 (d, J = 8.3 Hz, 2H, Hqor He),
8.04 (d,J=8.9Hgz, 1H, Hy or Hy'), 7.97 (d, ] =8.9 Hz, 1H, Hoor Hp), 7.94 (t, ] = 6.1 Hz,
1H, Hn ), 7.82 (d, J = 8.3 Hz, 2H, Hq or He), 7.71 (t, J = 7.9 Hz, 2H, H)), 7.59-7.49 (m,
3H, Ha, Hp, Hy*), 7.46 (d, ] = 5.2 Hz, 2H, H;), 7.19 (d, J = 7.5 Hz, 2H, Hc He), 7.14 (t, ] =
5.2 Hz, 1H, Hy’), 7.13 (t, J = 5.2 Hz, 1H, Hx), 6.86 (t, J = 7.5 Hz, 2H, Hy’) 4.44 (dd, J =
7.1 Hz, 2H, Hy), 1.44 (t, ] = 7.1 Hz, 3H, H,) UV-Vis. 4, nm ([J, 103 mol* L cm?) in
methanol, 482 (6.8), 645(7.0). ESI MS (solvent: methanol), (mVz) : 929.26 (929.15, [distal
-[Ru(Etcpt)CI]]").

N) distal-[Ru(Hcptpy)L(OH3)](NO3); (d-[RuOH](NO3)2) DE L

10 mL 7 7 A =2{Z d-[RuCl]Cl (18.0 mg, 0.019 mmol), 7K 1.5mL, 7% t ¥ 1.5 mL
& 0.1 M AgNO3 /KiE#(0.4 mL, 0.040 mmol)Z Ml 2.7z, T DREEW % REGATT 8
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0°CT 12 FFE#EIR L 721 AgCl Z A L 72, A WICHIA] NaNOs /KW % Il 2. T
FREBY Al L., 500C CEZRGEL -, (183 mg 7272 L 11% d-

[Ru(Heptpy)L(NO3)](NO3) % & )

"H NMR (399.937 MHz, 50 % ds-acetone / 50 % D,0) § ppm: 10.09 (d, J = 5.21 Hz,
1H), 9.39 (d, J= 8.27 Hz, 1H), 9.30 (s, 2H), 8.89 (d, J = 8.03 Hz, 2H), 8.81-8.77 (m, 2H),
8.73 (t, J = 7.26 Hz, 2H), 8.47 (t, J = 9.13, 9.13 Hz, 2H), 8.43 (t, J = 6.01 Hz, 1H), 8.30
(dd, J = 8.94, 5.69 Hz, 2H), 8.24 (d, J = 8.22 Hz, 2H), 8.18-8.14 (m, 4H), 7.97 (d, J =
4.95 Hz, 2H), 7.85 (m,, 3H), 7.57 (ddd, J = 7.52, 4.85, 1.11 Hz, 1H), 7.53 (ddd, J = 7.13,
5.80, 1.12 Hz, 2H), 7.51-7.46 (m, 3H). UV-vis (20 % methanol / 80 % water) 1 / nm (¢ /
10° mol* L cm?) :386 (31.0), 467 (6.0), 618 (7.0). ESI M'S (methanol) mvz (calcd): 433.1

(433.1, [d-RUOH2 — H2Q]?"), 442.1 (442.1, [d-RUOH2]?".

O) proximal-[Ru(Hcptpy)L(OH>)](ClO4): (p-[RuOH:](ClOy)5) D E5/K

Method A: 50 mL 7 7 A 21T d-[RuOH2](NO3), (19 mg, including 11% distal-

[Ru(Heptpy)L(NO3)](NOs)), NaClO4 (88 mg, 0.64 mmol), 7K (18 mL), & X X/ —

(18 mL)Z il 2 C. Y¢St 24 Wil % L 72, LED (A > 380 nm, 92 mW cm?) J¢&HA4T

TRk Z R L. Az BT 12 RFEDEHRST L 72 2 ok @ik b gkl L

50°CCTHEZE M L 72, Yield: 18 mg.

Caution! Perchlorate salts of metal complexes with organic ligands are potentially

explosive and must be handled with care.
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Method B: 50 mL 7 7 A 21T d d-[RuCl]CI (20.0 mg, 0.021 mmol), 7K (18 mL), and
7 v (18mL)%Z /2T 80°C T 6 h INEMEHE L 72, £ D% NaClO4 (88 mg, 0.64
mmol)fll 2. [RIERIC LIRSS 24 e[ L 72. Method A & [RIER DAk LB Z JE s L |

50°C T H 24, L 72, Yield: 195 mg (85 %). Anal. caled. for p-

[RuOH:2](ClO4)2-1.7H20, C49H34NsgO11CIbRu-1.7H,0: C, 52.77; H, 3.40; N, 10.05.
Found: C, 53.06; H, 3.38, N, 9.74. 'TH NMR (399.937 MHz, 50 % ds-acetone / 50 % D20 )
0 ppm: 9.32 (s, 2H), 9.12 (d, J = 9.52 Hz, 1H), 9.07 (d, J = 8.12 Hz, 1H), 9.00 (d, J =
9.13 Hz, 1H), 8.99 (d, J = 8.01 Hz, 2H), 8.93 (ddd, J = 4.60, 1.59, 0.96 Hz, 1H), 8.88 (d,
J = 9.10 Hz, 1H), 8.81 (d, J = 9.04 Hz, 1H), 8.71 (d, J = 8.07 Hz, 1H), 8.49 (dd, J =
19.74, 8.33 Hz, 4H), 8.25 (dt, J = 7.97, 7.89, 1.41 Hz, 2H), 8.16-8.13 (m, 2H), 8.12-8.08
(m, 3H), 8.08-8.04 (m, 1H), 7.99 (dd, J = 7.44, 1.65 Hz, 2H), 7.79 (ddd, J = 7.67, 4.61,
1.17 Hz, 1H), 7.49-7.44 (m, 3H). UV-vis (50 % acetone / 50 % water) A /nm (¢ / 10° mol-
1L emh): 321 (24.6), 388 (21.2), 465 (4.7), 624 (5.7). ESI MS (methanol) m/z (calcd):

433.1 (433.1, [p-RUOH2 — H20]?"), 442.1 (442.1, [p-RUOH2]?").

P) proximal proximal-[Ruz(Heptpy):L(p-CH** ([Ruz(p-CDH ) DSk

Method A

[Ruz(p-C1)]Cl3: p-[RuOH,](ClO4), (28.5 mg, 26.3 umol) & 7 = 4 > & # #f flg
(Amberlite IRA-400, CI~ form, 300 mg)% & ¢¢ acetone (4 mL), ethanol (4 mL), and
water (4 mL)DIRGTAKICRB Sz, ZOMEREZ 6 h RE\HEL, 7=4
G A A L C A E S0mL 7 7 222 % L7z, [Ru(Heptpy)Cls] (29.5 mg,
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52.6 umol), ascorbic acid (18 mg, 0.10 mmol) & LiCI (20 mg, 0.48 mmol) % /12T 6
hiBiE LT, fkAARE A X ) — /L ZREER & LT Sephadex LH-20 (column size:
1.5x20em?) T 3 EFR L7z, BTt T< DFkEaD /N RaREI L, ZRFEHE
B L7, DEOAY ) —NVIEN LTV T L —T NV ELEIINAHT LT
A £ U S8, ik KOV S50°C TEZE M L2, Yield: 15.3 mg (40%). 'HNMR
(700 MHz, CD;0D) & (ppm): 8.91 (d, 2H, Hy), 8.86-8.82 (m, 4H, H,, and H,), 8.79 (s,
4H, H,), 8.50 (d, 4H, H,,), 8.13-8.10 (d, 4H, H,), 8.04-7.96 (m, 6H, He, and Ho), 7.94—
7.90 (m, 3H, Hy, and H,), 7.85 (t, 2H, Hy), 7.78 (dt, J = 7.97, 7.96, 1.45 Hz, 4H, H)), 7.62
(dd, 2H, Hj), 7.53 (dd, 4H, H;), 7.12 (t, 2H, Hy), 7.04 (t, 4H, Hx). UV—vis (methanol) A/nm
(¢/10° mol™' L em™): 370 (33.0), 392 (33.5), 472 (12.6), 635 (14.0). ESI MS (methanol)
m/z (caled): 452.15 (452.05, [Ruz(u-C1 ).

[Ruz(p-C1)](CF3COO0)3: [Rux(p-C1]Cl; (29 mg, 20 pmol) % & B (2 ml.
containing 80% chloroform, 20% methanol, and 0.1% trifluoroacetic acid){Z¥& 7> L T,
PUATNTT HTIEDH & THRICKER LT, fkED/ > Rz R LRk T
IR ¢ H B ¥ % [Rua(u-C)J(CF3CO0); & L T 15 7=, Anal. caled for [Rux(u-
CD](CF3C0O0)s3-6H20, C77H42Cl1FoN11Na2010Ru2-6H20: C, 50.07; H, 3.11; N, 8.34;
found: C, 50.00; H, 3.14; N, 8.36.

[Ruz2(p-C1)](PFs)3: [Ru2(n-C1)]Cls (37 mg, 25 pmol) & A % / —/b (1.5 mDIZIEN L
7z BAFN NH4PFs KSR A2 BRI 2 5 Lkl a2 A U, ZhaiEn L
50°C TELZLH T D 2 L T [Rua(u-Cl)] (PFe)s 275%7-, '3C NMR (101 MHz, solvent
CD:;CN) & (ppm): 167.11 (Cap), 161.88 (Ci), 160.10(C;), 159.24-159.22 (Cy, C), 158.40
(Co), 154.70 (Cn), 154.49 (Cp), 148.07 (Ce), 141.44 (Cy), 139.00 (Cy), 137.18 (Cy), 136.90
(C1), 132.49 (Cq), 131.66 (Cy), 131.35 (Ca, Cs, Caa), 130.47 (Cb), 128.50 (Cc), 128.45 (Cy),

128.21 (Cum), 128.11 (Cx), 125.05 (Cs), 124.85 (Cy), 121.90 (C), 121.64 (Cy, Cy).
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Method B

T AT 7 A 2T Ru[4’-(4-Ethyl-carbonxyphenyl)-tpy[(DMSO)CI2 ( 31.0 mg, 0.05
mmol), L (20 mg, 0.05 mmol)% EtOH/H20 (7.5/2.5m)IZAl %, 3hreflux L7z, 4%
O RREDOTEIRIZK(12.5ml) Z I 2 & 51T 6hreflux L7z, 15 5L WIRIZ®T L
Xt/ 77 HWT overnight RN Z1T o7, ZD% S HIZ Ru[4-(4-
Ethoxycarbonxyphenyl)-tpy](DMSO)CI2 ( 31.0 mg, 0.05 mmol)% /Jl 2. T 6h reflux L
2o BONTREOWRZ IR - F2E Lo, 5507281k % MeOH # VT &
77T w7 A LH-20 [Z8(eldE L —fkta N> R& | - §2E L72, (40 mg, p,p-
[Ru2(4’-(4-Ethoxycarbonylphenyl)-tpy)2(L)(u-C1)]CI3 N BT T\ 5 ERE LT
5 DL 26 %)
B ONTEMAZ 6M HCIQ2mI)IZVEfFE St overnight reflux U= A7 VIS & 1T
ST, LN EIRIZAKQR~4 ml) 2 N 2 PR AR CHEI LT, & Uikl %
WL, DPEOKTHE T2, S HITHEEZTT O 5E1E MeOH Z W Tk 7 77

v 7 AZEEET Z & TR L2, (29 mg, 20 %)

Method C

A 7 U 2 —RIZ[Ru(Hept)(DMSO)Cl2] 120 mg (0.2 mmol) & L 82.2 mg (0.2 mmol) %
AFVEtOH 15mL, 7K 5mL Z Iz TRHETRIKIC U724 F§#] 80°C THEL L 72,
X 512K % 25 mL A2 T 6 IREfE 100 °C THNEA L 7=,

LED 7 > 7% T 2 HREDERST LCEMALEOS 2 T ST,
RO &2 /N L— % —CHz[E L, [Ru(Hept)(DMSO)CL:] 180 mg (0.3 mmol),
EtOH SmL &7K ImL Z/A12T 1 H 80°C THIEL L 7=,

BONTWE 2 /SR L — 2 —THE S, A X ) — VIR S, N3y
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B &SR CRRZ L Sephadex LH-20 # W CIABEIR A % / — Nt LT T L7 1
~ N5 T 4 —F Tl —FKBONAY RERT 5 REREEAZEHETTS =

& CHEMA1ST-, Yield 46.1 mg (32.4 pmol, 16.2 %)

Q) proximal proximal-[Ruz(cptpy):L(n-OH)] * ([Ruz(p-OH)|") D AR,
[Ruz(p-C1)]Cl3 (20.0 mg, 13.6 umol) % 0.1 M bicarbonate buffer (7.5 mL, pH 10.7) (Z
WL T40°C T2h B L7z, Z D& Z[Rua(p-OH)] % 90%LL D ULER CTHRY,
L7230 % F. 25 72 D HiE L CTuh 720y TH NMR (700 MHz, bicarbonate buffer
D0 solution, pD 10.5) & (ppm): 8.97-8.84 (2H), 8.71-8.63 (2H), 8.61-8.54 (2H), 8.53—
8.48 (4H), 8.24-8.18 (4H), 8.05-8.00 (2H), 7.98-7.90 (m, 3H), 7.83—7.74 (4H), 7.69—
7.61 (m, 10H), 7.59-7.54 (2H), 7.20-7.16 (4H), 6.87-6.82 (2H), 6.82-6.77 (4H). UV—
vis (0.1 M bicarbonate buffer, pH 10.7) A/nm (¢/10° mol ™' L cm™): 389 (30.2), 508 (9.90),
642 (10.8).

R) proximal,proximal-|Ruz(cptpy):L(OH)(OH2)|(PFs) (|[Ru2(OH)(OH2)]|(PFs))
DE R

[Ruz(pu-C1)]Cls (37 mg, 25 umol) % pH 10.5 @ bicarbonate buffer {Z¥57> L T 70°CC
1 HRENEL L 7=, I O BITRR ) B AR~ & 2816 L [Ru(OH)(OH2) " 23 A2 RK L 7=,
"H NMR (700 MHz, bicarbonate buffer D,O solution, pD 10.5) & (ppm): 8.51 (s, 4H, H,),
8.30 (t,J = 7.71 Hz, 4H, Hu), 8.19 (t, J = 8.14 Hz, 4H, Hg and He), 8.14 (d, J = 9.33 Hz,
2H, Hy), 7.87-7.78 (m, 10H, Hp, Hy, and He), 7.74 (d,J = 8.32 Hz, 4H, H,), 7.69 (d, J
— 478 Hz, 2H, H;), 7.62 (t, J = 7.72 Hz, 2H, Hy), 7.56-7.47 (m, 5H, Hy, Hy, and Hy), 7.18
(d,J = 6.28 Hz, 2H, Hy), 7.13-7.04 (m, 4H, Hy, and Hy), 6.68 (t,J = 6.47, 6.47 Hz, 2H,
Hp). *C NMR (101 MHz, bicarbonate buffer D>O solution, pD 10.5) § (ppm): 174.02

(Cab), 159.24 (Cj), 158.39 (Cu), 157.83(Cy), 156.27(C4 or Ci), 154.39 (Ce), 153.63 (Co),
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153.25 (Cp), 152.98 (Cn), 152.54 (Cy), 152.06 (Ci), 146.88 (Cw), 138.00 (C.), 137.64 (Cx),
137.17 (Cg), 136.79 (Ca), 135.39 (Ca or Cy), 129.85 (C), 129.76 (C,), 129.61 (Caa), 128.17
(Cv), 127.61 (Cy), 127.29 (Cs), 126.50 (Cy), 125.05 (Cm), 123.75 (Cy), 122.80 (Cx), 119.55
(Cy), 116.47 (Cr). UV—vis (0.1 M bicarbonate buffer, pH 10.5) A/nm (/10> mol™! L cm™
1): 499 (15.0). ESI MS (solvent: phosphate buffer solution, pH 10.5) m/z (calcd): 460.76
(460.71, [Ruz(OH)(OH2) + 2Na-H,01*"), 466.74 (466.72, [Ruz(OH)(OH2) + 2Na]*").

HEES % 72 9O B30 NHaPFe KR 2 K T U R te (P & 8 LK Tokid L.
50°C CHEZEH M LTz, Yield: 22.8 mg (61%). Anal. calcd for [Ruz(OH)(OH2)](PFe)-2
H>0O, C71HasFsN110OsPRu2-:2H>0: C, 55.58; H, 3.42; N, 10.04. found: C, 55.52; H, 3.58,

N, 10.08.

S) SEAR A BB OIER

fe{bF % = R % ITO BRI 1.0em? 1272 D X HIZ_X—H—T 7V r—2T
R 100 pm TH&AT L72, 2% 60 43285 T TRz S E 727 450°C T 60 43 fH]
BefE 95 2 & T TiO: #78 1TO A /ER L7-, Z O&EM%Z Ru(OH)(OH2)% K
(1.0 mM, in 0.1 M bicarbonate buffer pH 10.5) % 7= 1% Ruz2(u-Cl) in methanol | 12 I
BRI 2 2 & CHAM S B A 1ER U7z, SEIRWE B35 25 /i # 0 B
DWSHEZEND AR S bz, £ DENEIAREL 400 = 15000 M cm ™! at
499 nm in a NaHCO3 buffer solution for Ru2(OH)(OH2) or g635 = 14 000 M~ cm ™ at 635
nm in methanol for Ruz(u-C)/> 5 7 > 73—k « XR— L OXNLRD B D,

A=gx'x10°

223 HEFIE
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NMR A~ 7 kv (H, 13C, 'H-'H COSY, 'H-"*C HMQC, and HMBC)(Z Varian 400
or 700 MHz spectrometer CHIE L 7zo 'HNMR A7 b L DT I ALY 7 F DN
R R HE X B VA I T 13 TMS(tetramethylsilane) . /K & #i% T 1% sodium 3-
(trimethylsilyl)-1-propanesulfonic acid % F\>7z, pD (-log[D*) D fE i3 X3 : pD = pH
+0.4 DEARD b pH A — 2 —CHIE L 72l S HEH L 72,

Electrospray ionization mass spectra (ESI MS) (X Waters/Micromass, ZQ 4000
spectrometer % I\ CHIE L 7z, The conditions were: complex concentration, 5-50
uM; cone voltage, 15-20 V; capillary voltage, 3.5 kV.

WA THGEINZ =7 P AViE 7 4+ F XA A+ — FT7 L 4 A5 %3 (Shimadzu
Multispec-1500)% FH > CTHIE L 7=,

d-RuOH: D YEEM:AL D 72 0 OS¢ iEET X 500 W xenon lamp (Ushio Inc., Optical
ModuleX) with aUV-cut-filter (L42) X% LED irradiation apparatus (volxjapan Co. Ltd,
GLRXI122/RF)% FH\»T{T» 7=,

EXUEFERE I 2 BV TV, 1R Z S5 8 TiO2 £ 7213 bare TiO,, ZM
FEAMR Y saturated calomel electrode (SCE) X% Ag/AgCl electrode X} #EARIZ platinum
wire & WV, B9 BT 24 1E 13 Hokuto Denko, HZ-3000 or HZ-7000 % {# FH L 7=,
Ag/AgCl ZHRBIRENT (Eagaec)) % SCE ZMREMREEN(Esce) |2 H T 5 BRITK
A THEL L7z, Esce = Eagagci - 0.045 V.

Cyclic voltammograms (CVs)i3# 5| ZE 100 mV s THIE L7z, AEEIE /b
fbL. X VBB CISE ZBMNT 5 7=, Osteryoung square-wave voltammograms
(OSWVs)Z IR D 244 CHIE L 7= step potential (AE), 5 mV; amplitude, 25 mV; pulse
width 25 ms.

BRI A LT RUR DM IE T A 7 o~ |~ 77F 7 (Shimadzu, GC-8A) equipped

with a molecular sieve 5A column using argon carrier gas (flow rate is 40 cm® min™!) at
50°C Ti1o 7=,
B e X SAERENT IS B W T, X BROEHTT — # 1% 25°C T graphite-monochromated MoKa
T #-(0.71075A) % F U C Rigaku CCD diffractometer (XtaLAB mini) itk L7z, fEdaid Al 7
AT 7 A N—DEEIZIRY AT T, MEITEEETHITL, 7— V=7 7 =y 7 W TR
B U7eo ARFERFLSMIER T TREL LT, b Z3RIEIZ X 2 Bf& i 22 it o R 381
L7 BH (> 2.00 6(D), FIZE/NT A —4 IRAER B LRy EHEAL LTITo T2,

DFT calculation. Density functional theory (DFT) calculations were performed using the
Gaussian 09 program package.>® The molecular geometry was optimized at the B3LYP>*
level of DFT using the LanL2DZ basis set, which is implemented in Gaussian 09. A
polarizable continuum model (PCM) was used to account for solvation effects of
methanol.
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23 FER - BE

231  HEZ Ru 8K (distal 1K) DEAT & H S0
[Ru(Hept)Cli]& L % LiCl & 7 2 a L fgagiem % ) —uK (9:1viv)H T
BN 2 LIBRINIZ d-RuCl 3G S iu7c (IER 65%., 1% step in bottom of
Scheme 1), Z AUITHEEE HASE R (distal-[Ru(tpy)LCIH & [FEIC T o F VU ¥ U BRO
10 fZD N OINZEEF-*F & 7 v o AL OSARAEIZ X 5, EK/d6-acotone
2L, 'THNMR IZT=ER T TO Y 702 &BH L7 O % Fig.2-50
IZ7R L7, 10.6 ppm @ d-RuCl OB — 7 1352 KT L, Z1Ulftk-> T 10.1
ppm @ d-RuOH; O B — 7 NHER L7273, d-RuCl O B — 7 23§ 460 h #%iH L
THIAFEL T2, Z DORFD [T O E EHUE kapp=2.4x10°s! TH -7,
WRIE N 72 B 72 O IEREIZ IR X T E 22028 2 O fif 13 6 3 2 D % (kapp =
7.9x10° sHDFI 131X TH -T2,
d-RuCl % 2 ZE 8D AgNO; T Cl A A > #RET D LALFEFRMIIZ d-RuOH2 ~
& 7 24k L 7= (2nd step in bottom of Scheme 1), = DEFD 'THNMR A7 | LZE
{b.% Fig.2-51 IZ/k L7z, 10.6 ppm @ d-RuCl D v — 7 [ It 2 [ZIKF L, £
££> T 10.1 ppm @ d-RuOH2 D E'— 7 3B K L, 480 43 C d-RuCl O & — 7 |%
ERICIEA L7z, d-RuCl, d-RuOH: (% 'THNMR, ESI-MS |2 L ¥ [FIE L7z, (Fig.
2 15-17,23 and24) ¥ 7o, A BLFFIC NaNOs 22 T2 A L S A L v
HEEAZ1T 9 & d-[Ru(Hept)L(NO3)] & bl b B — 27 BNESMEDO LT 11%DE|

ETHIR L, HEHIIIES ol

232  HEZ RuSEEO Y BMAL G
I B HABER L [FREIC d-RuOH:2 - Hept B+ & [Ru(Hept)Cla] i 00 37 A4 2

D72, d-RuOHz IE[Ru(Hept)Cls] & 8RO 3 H @ Ru .l & L THEAIA
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T ERTERN, MAEEOMRIE SN VT =7 MEREERT D & T
N7z p-RuOH2 % d-RuOH: DIEEMALZFIH L THMR LT, &/ T
T K0 AR BB (5420 nm) 2 & D D2O/de-acetone D d-RuOHz2 D
'"HNMR A7 s VAL % Fig. 2-52 1277 L7, 10.1 ppm @ d-RuOH; D &'— 7
DIYEHRETIRERT & & B2 L 2 2 BRI TR L7z, 2SRV ETT21Z 9.1 ppm
IZ p-RuOH2 D E— 7 N HBL L 7=, p-RuOH: DA E L 'THNMR, ESI-MS T{T-

72(Fig.2-25,26), ¥ 72 HIZSER DWW A7 V% Fig.2-27, Table2-2 |27~ L7,

2.3.3  Rua(Hept)(u-Cly (1) $EED A 1 (p-RuOH, 7> 5) & 1-pot A&

p-RuOH:2 & Ru(Hept)Cls & =% / —/V/7k (1:1v/v) TiEHT 5 & Rua(p-Cl)23
BT 5 (N 40%), "HNMR AT MUE Coy RIFRCTH D Z ERRBI N
D Z E1X 2 DD Hept BN T FHICHEM TH DL Z LA EHR L TWVWD, =
D Z LIX DFT FHRIC X 2R bEEND S Co IR ThH D Z &R ST
W5,

7 R RINT d-RuCl, d-RuOH,, p-RuOH, & Bt &8, Rua(p-Cl) & A k95
FEERFT LTz & 2 A, I 16% T B B9 % 15 7= (Method C), = AUId k& a5k
KOU LRy REKTIE 60%REETHDLZ L E2E XD EBHLMNITIEVY, Hept
DARFTTa b oM LREMMET TS 2 EICK DK, = F ) — D
Wb & Hept B O NAKEEIC L S b0 & bivd, £ 2T Hept Z-F )L
T X7 )Wk L7z Btept B F 2 HWTHKT 5 LR 26% THEK S LT
(Method B), Method B TIiE _#Z b7 % & & OIEHRIRE Ol kA T
Wb BEEHAGE IR OIF D[RR B T DR 2 5 2 FUITASK 40~60% D URIZ 72
LERAEND, LL, 2T /ALRIED 9 £<HEIT LR 2720 | &5
ERENTLE S THERELR2TIER G722V E3H Y | Method B 135
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a2 S DICT D HEND D,

234 EEPLEAEYE (DFT) #HHIC X 5 Rua(u-ChHEE R D Fei{b i s
AL )=/ TO Rua(p-CHFE AR DG 2 Fig2-40 IR LTc, HLARF T T ==
IVIEDFAET D M EEE HAEE IR & RIERIZ tpy FOLIFIFRAVICEINL L TR D . Cy R TH D

ZLEEREBLTWD,

235  PEROBNLT-E G
Ruz(p-Cl)Z NaDCO3/NaOD buffer(pD10.5) (ZIEN L7 L& & D 'H NMR AX7”
VA% Fig. 2-55 108 LT, fRIEZIZ T v — R T2~ MR ELAT
( black square), 40 °C T—KfHIINZAT % & Rua(u-C)D > 7 F /L3 H K LT 7=
2 — 27 NHEL L 7= (green triangle), B — 727 ORI Coy R ZFF-> T D
EBERZDNRIN AT MVTEIR DS EEHREEA L O LIHBL TWD 2 enb
Ru(p-OH)EECTH L EBEZDOND, ZOEERE I HIZ 60CTMET 5 Z &
THERDT b2 A5 & Ru(n-OH)|HKE L Z 2 SN D D@V E— 27
MIETERIZHER L, Fl GRBEO AT MARGELNT, 7T U
V¥ L— MEROGERTIL Cl2UER) 5 OH 4455 4 #% T(OH)(OHy) R~ &
BT ENMALE LTELNATWD, > T, Ru(n-C)H Ruz(u-OH) %
% T Ruz(OH)(OH2)ITHEEZ L LT & B X b D,
[FAE D S DRI A~ s )VZEAK % NaHCO3/NaOH buffer(pD10.5) " CH|E L
720 40°C T—HFRMENT % & Ruz(u-C)? 627 nm 738> L Rua(n-OH)73 AR,
Lz, 20 L X HWILR 490,566,643 nm ([ZFF> TNz, D% O 1 NG
4 FFREID 40°C & 12 KD 60°C MNELTIE Ruz(p-OH)?D 641 nm 23R L

Ru2(OH)(OHz) @ 500 nm DWW HENRHER L=, Z DAY FVEL O
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HEHRG RO A7 M2k —F L, CI'722H OH~, & HIZ OH_ OHy ~&
DB FEBEMGHPRE 722 E 2P LN L, (Fig2-56)F 7=, ThEh
DALFFED I AT kL% Fig2-57, table 2-5 |2 F & 7z, MEHLEER DR
R R & i35 & 650 nm 3T OWIATEE nm ORI 7 R TlE e
o EE D> TE BT 500nm I ORI 13~10nm RIEE S 7 FLTWe, Z
AUIE 650 nm AFUT DU A Ru to anthyridine ligand ¢ MLCT 72 DIZ%F L T,
500nm 3T O 1L Ru to anthyridine ligand and both tpy ¢ MLCT |Z & [X]
THWMNTHD EWESNTEY ., tpy 23 cptpy (ZEHR SN D & Z ORIEHK
THILF—~T 7 L Ru-cptpy BEZRAF =P/ 2D 2 L TRERY
TERBEZDEEZOND,

2.3.6  Ru(cpt)(OH)(OH:) (Ruz(OH)(OH2)) #&{A D pH &
Ruz(OH)(OH2)? pH i i % KOH % FiV T pH7.1-13.6 TWIN A7 b VAL Z2HIE LT,
Ruz(OH)(OH2)?D 500nm DWW ULEE pH10.5 £ TIXIE & A EZBLN 20 A, Z I LARRIER
FHENBA L Cnole, Ziud7 e b fEEZ X5 Ruy(OH), OAERIZHN L, pH (Zx)
9% 500 nm OV Asog DZEAL% sigmoidal T7 4 v T 4 > 7T 5 L pKald 12.5 & FLFE

H O, TAVUTIEEBEE RO [ERR D UL D pK=12.7 IZITV ),

237 SEAROBEBSALFRE
¥)— /KR T D Rux(OH)(OHy) (pH7.0) & Rux(p-Cl) (pH3.)DYA 7V » 7R )VEZ TS
7 A(CV)% Fig2-59 IZR L7z, 1.3V vs Ag/AgClIZH51T 2 B i £ X Rua(OH)(OH2) 23 7
77D 40 %, Ruy(p-CD 2 %5 < K OBRACAREETE M 2 7R L72, Ruz(OH)(OHy) &
[Rux(tpy).L(OH)(OH)** 5 & TF Rua(p-Cl) & [Rux(tpy)>L(u-C1)]Cls Dtk % Fig.2-60 127 L

7. Fig.2-60(A)DIEALIRTTENM 2 T2 S IZIELE DL RN ERR S, IV RF v
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7 = = )VEEOB MG WO IRRITRM LR CEM I E L KE L TN EB X bild,
Ruz(p-Cl)/Z[Rua(tpy)L(p-C)]Cls D CV 237 1 — R LTV D 2D IEREICIZ D0 B 720 MK

WEN TRRLETEMNBBENL TS X HICR X%, Ru(OH)(OHz) & Rux(u-Cl) D

Osteryoung square-wave voltammograms (OSWVs) % Fig.2-61,62 {Z 7~ L 72, OSWV

RARERENE T 52 LT L ) BILEEEIE B2 T T 3 R0fTo 7,

Ru(OH)(OH) Tid 2 SOt — 7 ERBHISNIEEMETOR R LD v —2 &tk
TORRENDE—7 D4 SO E— 27 MFELE LT-, Rux(p-Cl)— 5 Tl 0.86,1.11V
vs. SCE 1T b ' — 2 23Ul S 4L pH IS T —EDOEAL THBL L 72, £ ZE 4L Ru
5 Ru™, RuM 25 RuY ~ORL72E Lz, ZOROBLEY—27 % pHIZXH L TF e v b
L7z 7 — X% Fig2-63 1Z/r L7z, pH6-9 Tl 3 D& — 7 N 2 5 03 MEEHashiko >
— N EEE L TRENMAD 2 D1 Ra"~OF(LE—27 TH Y | SEMAO E— 271X
RuV ~Ofgfbe—27 & L7z, pH9-12 T 3 Db — 7 BB LIKEMMOE— 27 1%
Ru',(HOOH)~D (b, Z AL LA IIZMERE 2 & SR WSRO FRE L [ — 0 b D0

MRILLTWnDEEZLND,

238 Rw(OH)(OH:)DiEfilkT ~ U v LI X D bR b AU
Ruy(OH), D A7 kL& FH4 T % 728 20 uM Rua(OH)(OHy) in PBS pH 7 12%F L T 1 %
EOWEMET N U AEMZ RO AT MVE L% Fig2-64 (2R L7, 717nm |
Ru'">(OH), OWINAF 231 72\ HEBL L 7=,

239 SRS RO (Y
SEIRRAE BABDWIN A7 K V% Fig.2-65 1R LTz, IWIRHPTOAY bV EFEEILT-
AT RIVBIRTH Y . ENZFNOWAE EIL Ru(OH)(OH,)7A 51 nmol cm? Ruy(p-Cl)iE

58 nmol cm? & RAED H L7,
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2310 Ruz(p-Cl)EEARW A& AR 0D 22 & MEREAlh

Ruz(u-Cl)/TiO2 % 0.1 M KNO3 7KiATR & 0.1 M KPR /KIGICIRIBE L 72 & & DA
W~k RE 2 E ST 2 2 &L CWAERS ©LEME %M L 7= (Fig.2-
66,67), KNO3 TSR DA B ER S L7z ImM HCHlE X & 72 72 KR
EDOHKRRRT CRLEICRETER VW EEZLNS, —JF KPR /KA H T
AN & A STER I N o T2, THIFEHEADHKIEIED PRedi & LT

e LKISI P ~DEH Az b v E 26N 5,

2311 SRS B O ESLERE

YAV I RNVE TS T M Fig-68 (R Lz, TiOy HEM L N Bk T
LT DT ) — NEMMFGSITIEY a vy bR —ERBEOT-»T /) — RERILRI
20N, 1272 L, mEEAL TR ITO A b Co/h S BRI D 729
7/ — FERMABI Sz, SEARYE B T TiO2 & #H{ARH T electron
hopping %} 9 EHFHEN TIO2 7 4 LA ZE L TR Z 57, KOELIT
DA E IR AY . 1.1 VvsSCE LA _E THIZ2 & 11, Rua(OH)(OHa)/ TiO; A D
LA EIX 1.6V TS5 1mAem? 2 L7Z, 1.6V TOfBLERIL, Ru2(u-
Cl)/ TiO2 ¥ L U bare @ TiO2 FEARDARELEG L W b ZH L 9.5 58 LT 36
T <. Ru2(OH)(OH2) (FE7-21% Rua(OH)2 ) Rua(u-Cl) & Hris L C., MR

(2 X D ROBAIZHHRIAEN Lz, ZHUd, TiO2 Zifi D Rux(OH)(OH,) (&
721X Ruz(OH)2) D4 Ru HFULMZBHES % OH2 F 7213 OH-BUNL 1 & FF > FZHE
WEDNRH KO ERICE s TEETH L Z LA LTWD, $k
KEN7z CV Ix, K4 OFFABRNI R Sd, Al o BliaENL L 0 AREAL D

fRfbiE e & %~ L7z, Rux(OH)(OH,)/TiO2 & CV 1%, SCEIZxFLTO0

2-42



~ 1.0V O#iPH T 0.8V T ICi(bK 27~ L7, Ru2(OH)(OH,)/ TiO2 &ERD 7 A
TN TR ARV ZE ST 5 (OSWV) 1E, 0.73 Vvs. SCE CTHARE/2 21l
v—7 # s LE L7z (Fig2-69A),

Pourbaix [X|® pH6.0~9.0 O#iFACTlE, 0.73 V TOE— 7 EBNLIL pH 1T L
FHATLE (Fig. 2-71), ZHiEEIC, TiO, £l D pH FEEHRESIC XL B
Ru>(OH), / Ru"»(OH), V' Ky 7 AT O v v By 7 7 L2 E
b7 a2k > TATE 5, 25\ E, Ru,(OH)(OH2)® Ru,(OH), ~
D 2 B & HEERINEES - T e b U E LTV B ATREREDS
H 5,

Rux(u-Cl) / TiO, RO OSWV 1%, 091 BL N 122V T2 SOBLE AR L

(Fig. 2-69B), CV 7 —# & —H L CWEd, WITOHEOE— 7 EMIT, 2.0
~5.0 DFPFH T pH ITIKGFE T, 7o by 7V 7 L TCWRWEF etk
Az LTS, 551 B bk &5 2 B bk iE, 24 Ru'y(u-Cl) / Ru'(p-
CH~X7 & Ruh(u-Cl)/ RuVo(u-CH X7 D X 572 HER(LICE I ¥ THI 5D, pH
7.0 O OSWV T, 1.4 V THELEFIZMO pH O & 2 KIgIZ LR . 2o
Rup(pu-CYDER LI 23K > Tz, ZAUE, Rua(p-ClYDOZRAEEN T E LI K D
pH 7.0 ® TiO2 TOKDEELIZHR L THEMTH 5 Rua(p-Cl)72> 5 Ru(OH)(OHz)

~DOFRGHIREBDIRIZ EEZ BN D,

2.3.12 Rux(OH)(OH2)EE AW 45 AR D 47 B LA b7 I E(0.86 V vs SCE)
0.73 Vvs. SCE TOHfERRIL Y — 7 ZH 5T 572912, 0.86Vvs SCE D
TENL % /T CTEMO UV-A[ 7RI A~ VB ZRIE LT (Fig.2-70), 720

nm CTOWHE (A720) (X, A720 DX A La—R 2 K-> TOREND L HIT,
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BERRRF & & I L., 50 pRicfafn Lz, 50 7 ORIZ LB
BATEIL 9.4mC em-2 TH Y . ZHUTNLEERE D 97 nmol ecm IZHY T 5,
Rux(OH)(OH,)W % & T'cov (49 nmol cm-2) (23 D EFDHRIL 2.0 THY |
073V TO2E Tt 7 rE 2% RZ L TVET, &5 IZ Ruz(OH)(OH>)

DALFIACIC X » THHEMF BN THVE T (Fig.2-64),

2313 BRI E B OB LA F K OB SO
7NV EARIZ. Rua(OH)(OH2)/ TiO2, Rua(p-Cl)/ TiO2, 35 X ¥ bare @ TiO, EG %
i L C. pH7.0 DV »EEFEEZ$ T 1.36V vs. SCE THEfi L7=, Rua(OH)(OHa)
/ TiO, FEMR D EILE BT (5437) T 0.53 mA em? 72> 7273, 3 I
a2 022mAem-2 12 LE L7z (Fig2-72), 7NV 7 BRI RAL T B &
(Q=3.6C) IZ. Rux(u-Cl)/TiO2 (Q=0.26C) # LKV bare ® TiO, EH (Q=0.36
C) Ll L C1HEM L7 ( Fig2-72 & Tablel) ®ffi A, Ruz(OH)(OHz)/TiO2
B 3 R OBRETIZ, 8.2umol (77 77 —%h% 87%) @ 02 WFAEL
F L7, Rw(OH)(OH,)/TiO, D ¥ — > A — 3—% (TON) (%, 1.36 V T 3 Kl
DELNRTRE LT 02 I2HSNT 416 THoT-, ERHOBRSMRICLY

1.36 V C 24 FFfi] 1040 ® TON 23& HivE L7 (Fig.2-73,Table2-7),

1.1 Vvs SCE DT / — REIRONH LRV EMEBZT- 116 V TE LIV
WM & 91T L T2 (Fig.2-74), 2.6umol (7 7 77 —Zh# 86%) D 0273 1.16 V T3
42U (Table2-7). 1.1V %8 X 2 GBI KOBRGICER T 2 Z & # =15 T
W%, Rux(OH)(OHa) / TiO, MDD OSWV F— 4  (Fig.2-71) Z ®.5 & Eomset I&
OSWV 7 —4 T 10pA cm? O&EALE L TEZ IS4, pH7.0 TP Eonset |£ 1.11 V

T, 02D 053V IS LET, T D n0flI%, BT EICEE(L S A7 i de i
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D53 WOC DFEDONEDTH Y | FiLD Review & ZDBIHEZZH L TWET
B, NOTIE S ESERFMHFEERNBEH SN TWDH 2D, nO BHIE O FeE 72
b IZRE#ECH D, pH O EFIZHED Eonset THOWAIZ LV | TiO, EHE LD
Rw(OH)OH)IZ L D7 e b w7 v 7 LI BB ER 238 5, Eonse 238
DFEE (30mVpH!) (X, 1> bty V7 Liz2&E Rtk
AU & 5T RUM(OH, SREN SR EINT=T 7 7 « 772 RuY2(O)(OH)IREEA /K
DOIRLIZBE S L TW\WD Z L &R LT 5, 1.16 V vs SCE T3 B L7 &
fif#fii#% © Ruz(OH)(OHz) / TiO2 DERAMAIHHMRIN A~ 2 V% Fig.2-75(A) IZ/R L
oo BRI DAY RV, Rua(OH)(OH,) (F 7213 Ru'>(OH)) IREED 499
nm (2~ A F— 72NN 2 T RuT(OH)2 IR AED 717nm (& W4y 27~ L7z,
Rt OEM o> Rul,(OH)(OH2)H L& O Ruly,(OH ) IREEDOHE = (T4 X
O (3 SRA AR A~ A B ERTZ, 499 B X T 7170m O
£ ) 2B+ 2XK7 0L h_— Lkl
A%y = (&7 M x I g2 LI ALY 03
Ay, M b g M 2 BB O WS EE | Ruy(OH)(OH,) & Ru™»(OH), ™
E/VRARE M em™)
TSR E N TIATE T O 2 ) LTV 5 (Fig.2-64, table 2-6), ' L ormim
TZENZN 44 BEO 334 nmol em? & L CTH X b, EM%OEMEO
Ru'2(OH)(OH2)¥ & O Ruy(OH), IRHE DB IL 37.8 nmol cm? TL 7=, T4
I3 L7 Ru'»(OH)(OH2)/TiO2 FEAR D #E B Teov(50.7 nmol cm™?)D 75%\Z & 7=
%, BIREH% OBEMBERE S BME D D OEE DO HIZ SV TR~ 72 (Fig.2-
75(B), EBfEE DWRIE D AT kL6 Ruy(OH)(OH)E L O Ru>(OH), IREED
FEE BT bz, 2 Ru'(OH), 3 XL RuY2(0)OH)D L 0 & O ER bk
RECOSERDEE M AR L T\ D, [AERICHH Lo gE R B2 Bl o CilR
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5 &
Ay = (M0 x M1 gD ¢ (LI o

MBI X, #HFH 01 BLO2.6uM 4.0mL AERE) LHRE I, B’
o Ru'2(OH)(OH2)F & O Ru'>(OH), IREED#R BT 1lnmol TL72, Teow @
21% (50.7nmol em-2) \ZAHY L7z, Ziuid, Al o EM - Ru G
DR (25%) L—BLTnD, ZHbOFEFRIL. Ruy(OH)(OH)IZHKT 5
RuOx (T X 27KDEEbD FREM: % HEFR L. Ru2(OH)(OH2) N BARE AR I Z T &
AVRWER Y | EEXALFRIK DEERL D 7 8 O BRI TR =R 7 il it & L CHEEE

HZ bRz,
TiO> i £ Ruz(OH)(OH2)IZ K % ERAREEK DL DTRRE I T2 A =X A
BEAX—NL 25 - LET, 073Vvs SCE T2 B 7rERIZLD,
Ru'>(OH)(OH,) (& 721% Ru',(OH),) fRAEIX Ru'L(OH) IRk &b, & 5121
v hUAES 2 B e R L0 IEE RuY(0)OHMREEICER(L S LD ATREMEDS
HYFET, LRTOWE TIAL, ITA7-[Rua(tpy)2L(OH)(OH2)] **® 0-0 FE A TE KD
WBEINTZA D =X LZFESNT, 0-0 FEEIE RuY2(0)OH) LD AF VD41
WA 7V I Ko TSN D /RN & 5, Ruy(u-00) A Z B L
T O R L, 2 DDAy FZMAIAA T Ruy(OH)OH2) (F 721% Ru'»(OH),)
WCRY £9, I2M A0 =X 20#EM RuV2(O)OHIRETH 0-0 AKX
RuY-0 LUV NEE A EDNLVT =0 DGR OIEHIRETH D LB BT
WD T AR & L THRIRYY, WNA AN =X LIZBT LBV T =
v h (ID) #AED RuY-0 L~L TOREETERHA < DD TIRE ST

Do

24 ¥EE
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FLW LT =v A (D) 85K, Ru(p-C1)E L O Ru2(OH)(OH2)lE. d-Ru(OH>)
DALF R R ML OB)T 250 T, &Sz, Rux(p-Cl)D/KEEHE T TD
Rux(p-OH) % /1 L 72 Ru2(OH)(OH2) ZRFEELAL T EM IS Z R E L7e, R
Ruz(OH)(OH2)iZ. 7/ R— T X TiOy BARITAL AN AE S v, BRI X 2
IKDBACI N ZFRANAEH T 2, BRI LV | IEMERED Ru'v2(0)(OH)IKRE %
B e BB R LRI I 2 B © 23T L7z, Rulvo(O)OH)IRBEIXEMF i CTDAF
DHyFNI >y 7Y 718D 0-0 fEBTROEKN TH L LAz biLd, Bl
7ED Ruz(OH)(OH2) / TiO, ML, AN THARKREEDOHE T /— F& L THIRF
SNTWET, 12720 ZOMERIT, 2R+ WOC X—2AD7 /) — KDB
FENZRBIT HHEERME L LT, St o X0 &g ke T o B E Rk
DR D Ruz(OH)(OH) DER IR i H 2 F8 i L T k3, Thid, B
AR T BRI IS WOC Z i€ L CIEE T 5 728 DFr LW J7 ikdm H ik
W2 BHIE T D LEN D D,
25 BEIWR
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Stoichiometric Photoisomerization

o, 1z 2 N7
=~ hv @E =~
>—N,| )\ Y » >—NI N g
N\//N\ (/ij
I \
— . =

d-1H,0 p-1H,0

Synthesis of dinuclear ruthenium complex

HO 2+
OH,
%ﬂu 2 O)@Qﬁ?ﬁ\
N AgNO3ag " >—N 'l\‘
% ~ A S eS
=~ bn <~/

Ph
distal-[Ru(Hcptpy)(L)CIl* distal—[Ru(Hcptpy)(L)(OH2)]2+
d-RuCl d-RuOH,
:'NCF\ cl
3-Rug
= Cl
EtOH, LiCl,
Ascorbic acid
A
proximal-[Ru(Hcptpy)(L)(OH)]?* proximal, proximaI-[Ruz(Hcptpy)z(L)(p-CI)]3+
p-RUOH, Ru,(u -Cl)

Scheme.2-1  (Top) photoisomerization reaction of d-1H20.
(Bottom) Synthetic Scheme of a diruthenium complex Ruz-(OH)(OHz)

by using photoisomerization of mononuclear precursor.
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ne” en 30 % NH3 solution Pd/C, H2

%
NC cN
1. pyridine, 100°C, 6h ‘ = acetone, 100°C MeOH, 2N HC'
MeO OMe 0
OMe 2. HCI, 100°C, 2h HoN N autoclave
18% 1 90% 2 50%
(@]
Me | X
N =~
_— >
OHC X CHO KOH/EtOH
| reflux, 3h
Pz
HoN N NHa 78%
3 L

Scheme.2-2  Synthetic scheme of L
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= NJ&/
- OH, et

+OH, -CI N X
—_— 4 _ H,O N/ A\ oh
(pH = 10.5) (pH = 10.5) HO, z Y
0 O»/Q,C{’%U?N\
o o Zy/\N \
Ruy(pu -Cl) Ruy(n -OH) Ru,(OH)(OHy)

Scheme.2-3 Reaction scheme of bridging ligand substitution of Ruz2(p-Cl) in aqueous solution.

2-51



H,N” N7 cl
1
]
L ; 1 I_'_l

oo

ppm (i1}

Fig.2-1 H NMR spectrum of 2-Amino-6-choloro-3,5-dicyano-4-phenylpyridine in d-DMSO

'H NMR (400MHz, d-DMSO) 6 : ppm 8.00-9.00 (2H, NHy), 7.60 (5H, Ph-H)
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Ha, Hb

He

ppm {t1})

9.00

NH:

L9E

Fig.2-2 1H NMR spectrum of 2,6-diamino-3,5-dicyano-4phenylpyridine in d-DMSO

'H NMR (400MHz, d-DMSO) § :ppm 7.55 (3H, Ha,Hp), 7.45 (2H, He), 7.10-7.40 (4H, NH>)
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H
e
%
||'|d Hc Ha
0% I\ X0
I v
H;\I N ||\1’H
Hf 3 H
Ha, Hb
[ He Hf HC
7
L T 1 L T 1 _'_I |_'_“_'_|
T T T T I T T T T | T T T T | T T T T I T T T T I T T T T
.50 5.00 8.50 8.00 7.50
ppm {f1}
Fig.2-3

1H NMR spectrum of 2,6-diamino-3,5-dialdehydic-4-phenylpyridine in d-DMSO

'H NMR (400MHz, d-DMSO) 6 :ppm 9.05 (2H, Ha) ,8.70 (2H, He),7.90 (2H, Hp),
7.50 (3H, Ha, Hy), 7.40 (2H, H.)
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Hq or He Ha or He

Ha, Hy or He
CDCls
Hg
Hy or He
Hxn
-
JM B,
L — [
- X b
w o o o o
o o (=] (%) (=]
| T T T T T
9.50 2.00 8.50 8.00 7.50

ppm {f1}

Fig.2-4 'H NMR spectrum of 5-phenyl-2,8-Bis(2-pyridyl)-anthyridine (L) in d-CDCls

'"HNMR (700MHz, CDCls) §:ppm 9.10 (dt, J = 7.9, 0.9 Hz, 2H),
8.80 (ddd, J = 4.7, 1.9, 0.9 Hz, 2H), 8.70 (d, J = 9.1 Hz, 2H),
8.25 (d, J = 9.1Hz, 2H), 7.95 (t, J = 7.6, 7.9 Hz, 2H), 7.70 (m, 3H),
7.50 (m, 2H), 7.40 (m, 2H)
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d/e d/e
a, b/c
g bl e
| b [
7 L_"W
a o2 |90 aq |8 ea [e2 ol 78 |76| Pt T2
o 5 >
& — S -
e
o
g
2.;

o/P

g
3
2
= =
g.. ] ] i ] ] ] ?:i" —
$8 2B B R R B R G OXON

Fig.2-5 1H-1H COSY spectrum of L in CDCls
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X
| P +
COOH
Ac
X
| P +
CHO

COOCH

CHO

1. MeOH, 5min

2. KOH, NH,OH

1. MeOH, 5min

2. KOH, NH4OH, 3d r.t.

3. MeOH/H,0(80:20)

4. HCI, pH=2

EtOH, H,SO,

Scheme.2-4 Synthetic scheme of 4’-(4-carboxyphenyl)-tpy and 4’-(4-Ethoxycarbonylphenyl)-tpy
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d
tlg f/
a g
C
b
| E— [T | E— [ E— [E—
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Fig.2-6 1H NMR spectrum of 4*-(4-carboxyphenyl)-tpy : 'H NMR (400MHz, D20 : TFA=2:1) §:
ppm 8.24 (d, J =5.7 Hz 2H), 8.08 (d, J = 8.4 Hz, 2H), 8.01 (t, J = 7.5 Hz, 2H), 7.94(s, 2H),
7.41 (t,J = 6.3 Hz, 2H), 7.36 (d, J = 8.5 Hz, 2H), 7.14 (d, J = 8.5 Hz, 2H)
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Fig.2-7 'H-'H COSY spectrum of 4-(4-carboxyphenyl)-tpy in D20 : TFA=2: 1
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o
Fig.2-8 1H NMR spectrum of 4’-(4-Ethoxycarbonylphenyl)-tpy in CDCls) : 'H NMR (400MHz,
CDCls)
6 :ppm 8.76(s, 2H), 8.74 (d, J = 4.8 Hz 2H), 8.69 (d, J = 8.1 Hz, 2H), 8.18 (d, J = 8.6 Hz, 2H),
7.97(d, J = 8.6 Hz, 2H), 7.90 (t, J = 7.5 Hz, 2H), 7.38 (dd, J = 4.8 Hz, 2H), 4.46(dd, J = 7.2 Hz,
2H), 1.48 (d, J = 7.2 Hz, 3H)
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Fig.2-9 1H-'H COSY spectrum of 4-(4-Ethoxycarbonylphenyl)-tpy in CDCls
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Fig.2-10 UV-visible absorption spectrum of [Ru(4’-caroboxyphenyl-tpy)Cl;] in DMSO
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Fig.2-11 UV-visible absorption spectrum of Ru(4’-Ethylcarobonylphenyl-tpy)Cls in DMSO
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Fig.2-12 UV-visible absorption spectrum of Ru(DMS0)4Cl2in CH3CN
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Fig.2-13 UV-visible absorption spectrum of
Ru[4’-(4-carbonxyphenyl)-tpy]l (DMSO)Clz in DMSO
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Fig.2-14 UV-visible absorption spectrum of
Rul4’-(4-Ethylcarbonylphenyl)-tpy] (DMSO)Cl: in DMSO
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Fig.2-15 'H-NMR spectrum of distal -[Ru(cpt)Cl] in CDCls: CDsOD=9 : 1

'H-NMR (400MHz, CDCl5:CD;0D = 9:1 )d:ppm al
10.52 (d, J = 5.2 Hz, 1H, H;), 8.96 (d, ] = 8.2 Hz, IH,
Hy), 8.83 (s, 2H, H,), 8.48 (d, J = 5.3 Hz, 2H, Hy),
8.47 (d, J=7.7 Hz, 1H, Hy), 8.40 (d, J = 9.3 Hz, 1H,
He or Hy), 8.30 (t, J = 7.3 Hz, 1H, Hy), 8.29 (d, J =
9.2 Hz, 2H, He .or Hy'), 8.19 (d, T = 7.9 Hz, 1H, Hy),
8.04 (d, J=8.6 Hz, 2H, Hoor H,), 8.00 (t, ] = 6.7 Hz,
1H, Hy), 7.97 (d, J=9.2 Hz, 1H, He or Hyq), 7.94 (d,
J=9.2Hz, 1H, Heor Hy'), 7.86 (d, ] = 8.3 Hz, 2H, H,
or Hy), 7.70 (t, ] = 8.2 Hz, 2H, H)), 7.56-7.50 (m, 3H,
H., Hp Hy), 7.41 (d, J = 5.3 Hz, 2H, H)), 7.24 (d, ] =
7.0 Hz, 2H, He He'), 7.16 (t, T = 5.2 Hz, 1H, Hy), 7.09
(t,J=6.8 Hz, 2H, Hy) 6.93 (t, ] = 7.7 Hz, 1H, Hy))
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Fig.2-16 'H-1H COSY spectrum of distal-[Ru(cpt)CI] in CDCls
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Fig2-17 ESI-MS of distal-[Ru(Hept)LCIICl in MeOH containing acetic acid.
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Fig.2-18 ORTEP view of distal{Ru(cpt)Cll H:0 CH;0H (30 %

probability). Counter anions and solvent are omitted for clarity
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Table 2-1. crystallographic parameters of distal-[Ru(cpt)Cl] ‘H20 -CHsOH

compounds distal -[Ru(cpt)Cl] ‘H20 -CH;0H
empirical formula RuClO4NsCs0H3s7
fw 950.40

radiation Mo Ka

crystal system Triclinic

space group j2

a, A 9.260(5)

b, A 16.31(9)

¢, A 17.661(11)

a, deg 87.290(16)

B, deg 84.639(15)

y; deg 77.767(13)

V, As 2596(3)

Z 2

RIP2 > 20(P)] 0.0598

wR(F?) 0.1884

GOF 0.983
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Fig.2-19 'H-NMR spectrum of distal -Ru(EtOcpt)LCl in CDCls: CD30OD=9 : 1

IH-NMR (400MHz) 6 ppm 10.53 (d, J =
5.3 Hz, 1H, Hj), 9.15 (d, J = 8.1 Hz, 1H, Hy),
8.59 (s, 2H, Hu), 8.52 (d, J = 8.9 Hz, 1H, Hy
or Hy), 8.51 (d, J = 4.4 Hz, 1H, Hy), 8.36 (t,
J=8.3Hz, 1H, Hy), 8.33 (d, J = 8.9 Hz, 1H,
Hoor Hy), 8.28 (d, J =8.3 Hz, 2H, Hw ), 8.12
(d, J =7.1 Hz, 1H, Hr), 7.11 (d, J = 8.3 Hz,
2H, Haor He), 8.04 (d, J = 8.9 Hz, 1H, Ho
or Hy), 7.97 (d, J = 8.9 Hz, 1H, Hoor Hp),
7.94 (t,J =6.1 Hz, 1H, Hy ), 7.82 (d, J = 8.3
Hz, 2H, Ha or He), 7.71 (t, J = 7.9 Hz, 2H,
Hy, 7.59-7.49 (m, 3H, Ha, Hy, Hy'), 7.46 (d,
J =5.2 Hz, 2H, Hy, 7.19 (d, J = 7.5 Hz, 2H,
Hc He), 7.14 (t, J = 5.2 Hz, 1H, Hy), 7.13 (¢,
J =5.2 Hz, 1H, Hy), 6.86 (t, J = 7.5 Hz, 2H,
Hy) 4.44 (dd, J = 7.1 Hz, 2H, Hy),

1.44 (t,J = 7.1 Hz, 3H, H,)

Hq

Hr /\O
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Fig.2-20 'H-'H COSY spectrum of distal -Ru(EtOcpt)LCl in CDCls: CDsOD=9 : 1
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Fig2-21 ESI-MS of distal -Ru(Etcpt)L.Cl in MeOH
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Fig2-22 UV-visible absorption spectrum of distal -Ru(Etcpt)LCl in MeOH
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Fig. 2-23

1H NMR spectrum of d-RuOHz in 50% d-acetone and 50 % D20.

Intensity (a.u.)

HO 2+ 2+
{  [RuOH**-H,0 o d[RuOH,]
428 432 436 440 444 448
obsd
433.108
B S
& 442.118
442.1 2z
(%)
c
L
- 433.1 =
[RUOH*-OH,  [RUOH,J*
calcd.| 5075 442.085
i 432575 441.585
I T ‘4
428 432 436 440 444 448
m/z
‘ e S
1 1 1 " 1 " 1 " 1

300 400 500 600 700 800 900 1000

m/z

Fig. 2-24 ESI-MS spectrum of d-[RuOH2](NO3)2 in 50% methanol / 50% H>O.
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Fig. 2-25 TH NMR spectrum of p- [Ru(Hept) LIOH2)](C104)2 in 50% d-acetone and 50 % D20

428 432 436 440 444 448 452
I obsd.
. 442.118 |
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~ ST 1
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cU. ‘? T T T T T
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"? % L 433075 442,085 ]
U) _—
C
Q calcd. " 441585 ]
— - .
C
| I Y ‘J .
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m/z
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Fig. 2-26 ESI-MS spectrum of p-[Ru(Hept)L(OH2)](C104)2

2-76



— d-RucptCl in MeOH
— d-RucptOH, in MeOH/H_O (2/8 v/v)
4 — p-RucptOH, in Acetone/H,O (1/1v/v)
e sl
(]
=
<rO o |
—
X
o
1+

O N 1 N 1 N 1 N 1
300 400 500 600 700
Wavelength / nm

Fig 2-27 UV-vis. absorption spectra of Ru monomer.

Table 2-2 Molar extinction coefficient of Ru monomer

A/nm(e/10°  d-RucCl d-RuOH, p-RUOH
molLcm®  (MeOH)  (MeOH/H,0:2/8) (Acetone/H,0: 1/1)
1 646 (6.5) 618 (7.0) 624 (5.7)
2 478 (5.7) 467 (6.0) 465 (4.7)
3 370(32.6)  386(31.0) 388 (21.2)
4 318 ( 34.8) - 321( 24.6)
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Fig.2-28 'H NMR spectrum of
p.r-[Ruz(4’-(4-ethyl-carbonxyphenyl)-tpy)2@L) (u-CD]Clsin CDsOD

1H NMR (700 MHz, CD0OD) & ppm 8.88 (d, J = 9.36 Hz, 1H), 8.80 (dd, J = 8.52, 4.87 Hz, 1H), 8.75 (s, 1H), 8.47
(d, J = 7.95 Hz, 1H), 8.04-8.02 (m, 1H), 7.99-7.93 (m, 1H) , 7.91 (d, J = 7.32 Hz, 1H), 7.83-7.80 (m, 1H), 7.77-7.74 (m,
1H), 7.62 (dd, J = 6.06, 0.72 Hz, 1H), 7.47 (dd, J = 5.57, 0.78 Hz, 1H), 7.10-7.06 (m, 1H), 7.01-6.98 (M, 1H), 4.46 (g, J

= 7.30, 7.23, 7.23 Hz, 1H), 1.48 (t, J = 7.22, 7.22 Hz, 1H)
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Fig.2-29 'H-1H COSY of p,p-[Ruz(4’-(4-ethoxycarbonylphenyl)-tpy)2@L)(u-CDICls

in CD3OD
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Fig.2-30 ESI-MS of p,p-[Ruz(4’-(4-ehoxycarbonylphenyl)-tpy)2d)(u-CDICls
in CHsOH
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Fig.2-31 'H NMR spectrum of p,p -[Ruz(4’-(4-carboxyphenyl)-tpy)2@L)(u-CDICls
in CD3OD

IH NMR (700 MHz, CD30D) & ppm 8.91 (d, 2H, Hq or He), 8.86-8.82 (M, 4H, Ha or Heand Hr ), 8.79 (s, 4H,
Hy), 8.50 (d, 4H, Hm), 8.13-8.10 (d, 4H, Ho or Hp), 8.04-7.96 (m, 6H, Hcand Ho or Hy), 7.94-7.90 (m, 3H, Hp and
Ha), 7.85 (t, 2H, H), 7.78 (dt, = 7.97, 7.96, 1.45 Hz, 4H, Hy), 7.62 (dd, 2H, Hi), 7.53 (dd, 4H, H;), 7.12 (t, 2H,
Hp), 7.04 (t, 4H, Hy)
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Fig.2-33

1H NMR spectrum of [RusHeptpy)2)(u-CDI(PFe)3in CDsCN.
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Fig.2-34 1H-1H COSY of [RusHeptpy)2L)(u-CDI(PFe¢)sin CDsCN.
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Fig.2-35 13C NMR spectrum of [RuzHeptpy)2@L)(u-CD](PFe)sin CDsCN.
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1H-13C HMQC of [RuzHeptpy)2)(u-CD](PFe)3in CDsCN
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Fig.2-37 1H-13C HMBC of [RusHeptpy)2L)(u-CDI(PFe)sin CDsCN
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Wavelength / nm

Fig.2-38 UV-visible absorption spectrum of
.0 [Ruz2(4-(4-carboxyphenyl)-tpy)2L)(u-CD]Cls in MeOH

Table.2-3 molar absorbance coefficient of
p.r [Ru2(4-(4-carboxyphenyl)-tpy)2d)(u-CDICls in MeOH

complex Amax, nm (g, M'em™)
Rua(car)-Cl 472 (12600), 635 (14000)
Ru,-Cl 467 (10200), 630 (10500)
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Fig.2-39 ESI-MS of p,p[Ruz(4’-(4-carboxyphenyl)-tpy)2@L)(u-CDICls in

MeOH
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Fig.2-40 DFT optimized structure of [Ruz(u-Cl)]3* in methanol.
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B0 850 8.00 r.a0 To0 630 00
Fig.2-41 H NMR spectrum of of proximal proximal-[Ruz(cptpy).L(u-OH)]" ([Ruz(u-OH)]") (green

triangles) in a 0.1 M bicarbonate buffer D20 solution (pD 10.5). The resonances marked by black
squares are due to proximal,proximal-[Rux(cptpy)2L(u-CD)]".
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Fig.2-42 'H NMR spectrum of
p.o-[Ruz(4-(4-carboxyphenyl)-tpy)2.)(OH)(OH2)] in phosphate buffer solution

(pD 7.0)

IH NMR (700 MHz, Phosphate buffer solution (pD7.0)) 5 ppm 8.57-8.49 (d, 4H, Hn or Hy’), 8.31-8.26 (m, 4H,
Hmand Hq or He), 8.26-8.24 (d, 2H, Hi’), 8.23-8.20 (d, 2H, Hq or He), 8.19-8.15 (d, 2H, Hr), 7.84-7.72 (m, 13H, /&
75 Ho or Hp He, Hi, H”, Ho or Hp), 7.67-7.63 (t, 2H, Hy), 7.62-7.60 (d, 2H, H;), 7.58-7.54 (t, 1H, Ha), 7.54-7.51
(t, 2H, Hg), 7.51-7.48 (d, 1H, H;), 7.26-7.23 (d, 2H, H;), 7.08-7.04 (t, 2H, Hy), 7.04-7.00 (t, 2H, Hx’), 6.73-6.69 (t,

2H, Hy).
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Fig.2-43 1H-1H COSY of p,p-[Ru2(4’-(4-carboxyphenyl)-tpy)2L) (OH)(OH2)]
in phosphate buffer solution (pD 7.0)
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Fig.2-44 1H NMR spectrum of [Ru2(OH)(OH2)]* in a bicarbonate buffer D20 solution at pD 10.5. The
spectrum was taken from the [Ru2(u-C1)]Cls solution dissolved in 0.1 M bicarbonate buffer (1.5 mL,

pH 10.7)
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Fig.2-45 'H-'H COSY spectrum of [Ru2(OH)(OH2)I* in a bicarbonate buffer solution at pD 10.5.
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Fig.2-47 1H-13C HMQC spectrum of [Ruz(OH)(OH2)]* in a bicarbonate buffer solution at pD 10.5.
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1H-13C HMBC spectrum of [Ruz(OH)(OH2)]* in a bicarbonate buffer solution at pD 10.5.
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Fig.2-49 UV-visible absorption spectrum of
p.r-[Rus(4’-(4-carboxyphenyl)-tpy)2d,)(OH)(OH2)] in phosphate buffer
solution (pH 10.5)
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Fig.2-50 ESI-MS spectrum of [Ruz(OH)(OH2)]* in a phosphate buffer solution at pH10.5.
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Fig.2-51 'H NMR change during an aquation reaction of distaF
[Ru(cpt)Cl] to give distal {Ru(cpt)OHz] in D20/d6-acetone = 4:3
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Fig.2-52 'H NMR spectral change during an aquation reaction of d-RuCl
to give d-RuOH:2 in D,O/ds-acetone (1:1 v/v) with 2 equivalents of AgNO:s.
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Fig2-53 'HNMR change of &-RuOH: to p-RuOH: in D>O/ds-acetone (1:1

v/v) with visible light irradiation (> 420 nm) using a 500 W xenon lamp.
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Fig.2-54  Time course change of distaF[Ru(cpt)OHz] during
photoisomerization in D20/d6-acetone (Single exponential fitting )
Table.2-4 Appearance kinetic constant of distal{Ru(cpt)] during
photoisomerization
Complex kobs | 81

distal- Ru(cpt)(OHz)

distal- Ru(OHbs)

9.8x10° s (NMR)

(D20O: d6-acetone = 1: 1)
4.00x 10* (UV)

(sol. CDsOD: D20 = 20:80)
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Fig.2-55 '"H NMR spectral change of Rux(u-Cl) in bicarbonate buffer solution (pD 10.5). The time and temperature
are indicated on respective spectra. Black squares, green triangles and red circles are resonances assigned to Rux(p-

CI), Ruz(n-OH) and Ruz(OH)(OHy), respectively.
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Fig. 2-56 UV-visible absorption spectral change of Ruz(p-Cl) in an aqueous NaHCO3 buffer solution
(pH 10.5) for initial 1 h at 40 °C (A) and (B) the subsequent change from 1 to 4 h at 40 °C (black) and

further to 12 h at 60 °C (red). The spectra were taken every 10 min (A) and 30 min (B).
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Fig.2-57 UV-visible absorption spectrum of
Ruthenium complexes in NaCOs /NaOH (pH 7)

0.0

Table.2-5 molar absorption coefficient of Ruthenium complexes in NaCOs /NaOH (pH 7)

complexes Amax, nm (g1, M cm™) Amax, nm (g2 M! cm™)

Rux(u-Cl) 486 (10600) 627 (12200)
Rux(OH)(OH)) 499 (15000)

Rux(u-OH) 508 (9900) 641 (10800)
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Fig. 2-58 (A) UV-visible absorption spectral change of Ru2(OH)(OH2) in an aqueous solution and
(B) plots of the absorbance (Asoo) a 500 nm in pH titration with KOH from pH 7.1 to 13.6.
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Fig.2-59 Cyclic voltammograms (CVs) of 0.5 mM solution of Ru2(OH)(OH2) in 0.1 M phosphate

buffer at a pH of 7.0 (red), Ruz(p-Cl) in 0.1 M phosphate buffer at a pH of 3.1 (green) and blank glassy

carbon electrodes (back) from -0.2 to 1.3 V vs. Ag/AgCl as measured at 50 mV s! of a scan rate.
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Fig.2-60 Comparison of CVs of 0.5 mM solution of Rux(cpt)(OH)(OHz) and Rux(OH)(OHz) in 0.1 M
phosphate buffer ata pH of 7.0 (A) and 0.5 mM solution of Rux(Hept)(n-Cl) and Rux(p-Cl) in 0.1 M
phosphate buffer at a pH of 3.1 (B) from -0.2 to 1.4 V vs. Ag/AgCl as measured at 50 mV s™! of a scan

rate.

2-110



(o]
o

(FE L (A — pH 12.109
5 70 *) —— pH 11.813
< 60} — pH 11.510
} 50 —— pH 11.120
‘o 40+
T 30[
o |
2 20¢
D 10f
S|
O O L + 1 L 1 " 1 " 1 . 1
02 00 02 04 06 08 10 1.2
~ 30 Potential / VV vs. SCE
'  (B) pH 10.750
© 25 pH 10.300
< ——pH9.974
< 201 —— pH 9.512
P
B
[
(3]}
©
I=
Qo
5
@) 0 * * L . 1 L L L I " 1 . 1
02 00 02 04 06 08 10 1.2
~ 30 Potential / V vs, SCE
= (C) pH 8.774
< 251 — pH 8.327
Zaol — pH 7.998
> ———pH 7.615
B
c
(]
®)
I=
Qo
S o= - ; . . . .
-02 00 o 2 o 4 o 6 10 1.2
40 Potential / V vs. SCE
(D pH 7.313
35 (D) |
. — pH 6.962 j
30T ~——— pH 6.650
25t ——— pH 6.312 /
I —— pH 5.976

il
o o
T T 7

o Ol
——

Current density / pA cm’™
N
o

-02 00 02 04 06 038 10 12 14
, Potential / V vs. SC
Fig.2-61 Osteryoung square-wave voltammograms (OSWVs) of 0.5 mM solution of Ru2(OH)(OH2)

in 0.1 M phosphate buffer solution at different pH.
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Fig.2-62 OSWVs of 0.5 mM solution of Ruz2(u-Cl) in 0.1 M phosphate buffer solution at different
pH.
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Fig.2-63 Pourbaix diagram of Ru2(OH)(OH2>) (red) and Ruz(p-Cl) (blue).
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Fig. 2-64 UV-visible absorption spectral change of 20 uM Ru2(OH)(OH32) adding 1.0 eq Na;S>0g in
a 0.1 M phosphate buffer solution at pH 7.0.

Table.2-6 molar absorption coefficient of Ruthenium complexes in NaCOs /NaOH (pH 7)

€499 €717
complex

M1 em™) M em™)
Ru-Ru" 1.50x10* 870
Ru™-Ru™ 9.00x103 9.53x103
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Fig.2-65 UV-visible absorption spectra of Ruz(OH)(OH2)/TiO2 (Icov = 51 nmol cm™, red solid
line), Ruz(u-Cl)/TiO2 (I'cov = 58 nmol cm™, green solid line) electrodes, and Ru2(OH)(OHz) (20
uM, red dash-dot line) in a 0.1 M NaHCOj3 buffer solution at pH 10.5, and Ruz2(p-Cl) (20 uM, green
dashed line) in methanol. The blank spectra of a TiO; electrode was subtracted for the spectra of

Ru2(OH)(OH2)/TiO2 and Ruz2(p-Cl)/TiO; electrodes.
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Fig.2-66 UV-visible absorption spectra of solution before Ruz2(p-Cl)/TiO>
immersion in 0.1M KNOs aq. (pH6.6) (blank)and after Ruz(p-Cl)/TiO:
immersion in 0.1M KNOs; aq. (pH6.6) (red)
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Fig.2-67 UV-visible absorption spectra of solution before Ruz2(pu-Cl)/TiO;
(black) and after Ruz(u-Cl)/TiO> immersion in 0.1M KPFs aq. (pH4.0)
(red).
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Fig.2-68 Cyclic voltammograms (CVs) of (a) Ru2(OH)(OH2)/TiO;
(red), (b) Ruz2(p-Cl)/TiO; (green) and (c) TiO: electrodes (back) in 0.1
M phosphate buffer containing 0.1M KPFs at pH 7.0 from 0.0 to 1.6 V
vs. SCE as measured at 100 mV s™! of a scan rate. Inset shows magnified
CV for the small current density less than 0.15 mA cm™.
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Fig.2-69 Osteryoung square-wave voltammograms (OSWVs) of (A) Ru2(OH)(OH2)/TiO; and (B)
Ruz(p-Cl1)/TiO; electrodes in 0.1 M phosphate buffer solution containing 0.1M KPFg at different pH.
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Fig2-70 UV-visible absorption spectral change of Ru2(OH)(OH2)/TiO2 (Itov = 49 nmol cm™)
electrode in 0.1 M phosphate buffer containing 0.1 M KPFs at pH 7.0 on applying the potential of 0.86
V vs SCE. The spectra were measured each 5 minutes. Inset shows the time course of the absorbance
(A720) at 720 nm.
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Fig. 2-71 Pourbaix diagram of Ru2(OH)(OH2)/TiO: (closed red plots) and Ruz2(p-Cl)/TiO: (closed
green plots) electrodes. Open red circles represent the onset potentials (Eonset) 0f the catalytic current
for by Ruz2(OH)(OH2)/TiO;. Eonset Were defined as the potential for 10 pA cm™.
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Fig. 2-72  Current density-time curve in bulk electrolysis in 0.1 M phosphate buffer containing 0.1M
KPFs (pH 7.0) at 1.36 V vs SCE for 3 h using (a) Ru2(OH)(OH2)/TiO: (red), (b) Ruz2(p-Cl)/TiO2
(green) and (c) bare TiO> (black) electrodes. Inset shows the corresponding time course of the charge
amount (Q / C) required for the electrolysis.
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Fig. 2-73  Current density-time curve in bulk electrolysis in 0.1 M phosphate buffer containing 0.1M
KPFs (pH 7.0) at 1.36 V vs SCE for 24 h using Ru2(OH)(OH2)/TiO; (red) and bare TiO; (black)
electrodes. Inset shows the corresponding time course of the charge amount (Q / C) required for the
electrolysis.
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Fig. 2-74 (A) Current density-time curve in bulk electrolysis in 0.1 M phosphate buffer containing
0.1M KPFs (pH 7.0) at 1.16 V vs SCE for 3 h using Ru2(OH)(OH2)/TiO2 (/ cov = 50.7 nmol) (red) and
bare TiO; (black) electrodes.(B) shows the corresponding time course of the charge amount (Q / C)
required for the electrolysis. Complex: 5.07x10-¥ mol cm
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Fig.2-75 (A) UV-visible absorption spectra of the Ruz(OH)(OH2)/TiO> electrode (black) before and
(red) after the bulk electrolysisin 0.1 M phosphate buffer containing 0.1M KPFs (pH 7.0) at 1.16 V vs
SCE. The blank spectra of a TiO2 electrode was subtracted for the spectra of Ruz(OH)(OH2)/TiO-.

(B) UV-visible absorption spectrum of the electrolyte solution (0.1 M phosphate buffer containing
0.1M KPFg) after the bulk electrolysis.

Table 2-7. Summary of bulk electrolysis for water oxidation in 0.1 M phosphate buffer containing
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0.1M KPFg at pH 7.0.

Applied ) 02
_ Electrolysis Tcov O, F.E®
Electrode potential ) Q/C evolved TON
time/h / nmol cm2 (%)
[V vs SCE / pmol
Ruz(OH)(OH,)/TiO2 1.16 3 50.7 1.1 2.6 86 50
1.36 3 19.7 3.6 8.2 87 416
1.36 24 42.3 195 44 87 1040
Ruz(p-C1)/TiOz 1.36 3 28.6 0.26 0.64 94 22
TiO; 1.16 3 - 0.013 0.033 97 -
1.36 3 - 0.36 0.93 100 -

9 0 F.E. (%) is Faraday efficiency.
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Scheme. 2-5 Proposed mechanism of electrocatalytic water oxidation by Ru2(OH)(OH2) on the TiO:

electrode at 1.16 V vs SCE and at pH 7.0.
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L. ZNLUAOREITA LI b DO EDOEEMH LT,

3.2.2 VT = BEERD AR
(1) Rux(p-CD Ak
Pyan(164.6 mg, 0.400 mmol) & Ru(tpy)(DMSO)CI (193.8 mg 0.4 mmol) % EtOH/H,O (20 mL:20
mL)IZIED LT 4 BERERETEE L7-, H0 (80 mL)Z Nz CHIZ 12 FEMEiiEs L,
LED (Volxjapan Co., Ltd., GLRX122/RF)% VTS 2 HfT - 72, WikAE =/ \R L —
Z —THz[E L. Ru(tpy)(DMSO)Cl (193.8 mg 0.4 mmol), EtOH/H,O (10 mL:10 mL) % 1 2. T

BB Lz, BONIEEE = R L — 2 —THE L, A% ) — VST TR

TRW) % A ThrZE L7=D % Sephadex LH-20(eluent:methanol)Z W CH Z A7 v~ h 7T

7 4 — N TWERNCH T E ok an > REEIR Lz, IEE 60%, 279 mg.

(2) Rux(OH)(OH,) DA%

[Ruz(p-C1)]Cl5 (24 mg, 20 pmol)% 0.1 M phosphate buffer (5 mL, pH 12.0)IC7& 2> L
T 70°C 8 h MNEMRHFE L 720 15 5 727848 (AT NaNOs /KA %2 I 2 TULIR
ZEL I, R ZIEN L 50°C 2L 72, Bon-kitkt A 2/ —n:

7\ ua kv L822I L CHEIE % k2% L 7z, Yield: 16.5 mg (63%).Anal.

Calcd for xxx.

'H NMR (700 MHz, D>0) & ppm: 8.18-7.98 (m, 16H), 7.67 (d, J = 7.4 Hz, 2H), 7.62—
7.50 (m, 6H), 7.47-7.38 (m, 5H), 7.36 (d, J = 5.2 Hz, 2H), 7.14 (d, J = 6.0 Hz, 2H),
6.92-6.83 (m, 4H), 6.60 (t, J = 7.0 Hz, 2H). UV-vis (water) >/ nm (¢ / 10° mol! L cm’
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1): 313 (70.7), 490 (13.0). Electrospray ionization mass spectra (ESI MS) (water) m/z
(caled):  366.1 (366.0, [Ru'>(OH)OH,) - H>0]*) and 372.1 (372.1,
[Ru'>(OH)(OH,)]**.2¢

(3) proximal proximal-[Ru™(tpy)2(pyan)(OH)2](PFe)s ([Ru™2(OH)2)|(PFe)s) DA

[Ruz(pn-CD]Cl; (16.9 mg, 13.8 umol) % 0.1 M phosphate buffer (7.0 mL, pH 7.0){Z¥&7> L
T at70°C 12 h JIZL L T Ru'"(OH)(OHL)IR ik % #5372, NaxS:0s (3.3 mg, 13.8 pmol) 7K
A INA TRIRFEZ 1 R EIT ORI 21572, #0F0 NHaPFs KIRE 22 I0 2 CULRE
L S, FALBZIER] Uiz, MK TS LIEZEE% 50°C 12h L7z, Yield:
18.0 mg (79.2%). Anal. calcd. for [Ru™,(OH),](PFs)s, Cs7HaiF2aN110,P4Ruy: C, 40.41; H,
2.44; N, 9.10. Found: C, 40.38; H, 2.60, N, 9.12. 'H NMR (700 MHz, D,0O) & ppm:18.27 (d, J
=5.69 Hz, 2H), 16.15 (s, 2H), 11.62-11.40 (m, 6H), 11.14 (s, 2H), 11.01 (s, 2H), 9.77 (d, J =
6.77 Hz, 2H), 8.81 (t, J = 7.09 Hz, 2H), 8.28 (t, J = 7.60 Hz, 1H), 7.76 (s, 2H), 6.66 (s, 2H),
0.26 (s, 2H), -0.06 (s, 2H), -1.33 (s, 2H), -4.06 (s, 2H), -7.30 (s, 2H), -10.34 (s, 2H), -24.27 (s,
2H), -43.21 (s, 2H). Total 39H. UV-vis (0.1 M PBS pH 7.0) A/ nm (¢ / 10* mol! L cm™): 315
(38.1), 699 (15.2). ESI MS (water) m/z (calcd): 278.7 (278.8, [Ru,(OH),]*"), 371.4 (371.4,

[Ru";(OH), — H*).

(4) proximal proximal-[Ru"(tpy)2(pyan)(u-OOH)] (PFe)s ([Ru" 2(n-OOH)] (PFe)3) DA 1k

[Ru2(u-C)]Cl3 (24.4 mg, 20.0 umol)Z 1 M NaOH (5.0 mL, pH 13.9)I2¥7> L T 40
°C, 3 h INEVE#E L T proximal,proximal-[Ru’'2(tpy)2(pyan)(OH)2]%" (Ru''2(OH)2)%
#2772, NaS0s (4.8 mg, 20 umol)/KIAHR 2 I 2. TR T 5 /M L Tk
TRR 245 7-, B8N NH4PFs KIAIE 2N 2 Tk 24 S, fskeibB a2 i85 Lz,
FK TYRG LB 2SR A 40 °C 3 h #28: LT D% IR T 12 B E e Lz,

Yidd: 218 mg (704%). And. cdcd. for [Ru'au-OOH)](PFe)s-H 20,
Cs7H40N1102PsF18RU2-H20: C, 43.70; H, 2.70; N, 9.84. Found: C, 43.61; H, 2.66, N,
9.74. 'H NMR(700 MHz, CDsCN) & ppm: 8.75 (d, J = 9.19 Hz,1H), 8.65 (d, J = 9.27
Hz,1H), 8.59 (d, J = 7.83 Hz,1H), 8.27 (d, J = 8.15 Hz,2H), 8.24-8.20 (m,3H), 8.15-
8.11 (m,2H), 8.09 (d, J = 8.03 Hz,1H), 8.07 (d, J = 7.96 Hz,2H), 8.05-8.01 (m,3H),
7.99-7.90 (m,3H), 7.86 (dd, J = 8.30, 1.09 Hz,1H), 7.77-7.72 (m,2H), 7.69-7.63
(m,3H), 7.63-7.59 (m,2H), 7.53 (t, J = 7.74, 7.74 Hz,1H), 7.41 (d, J = 5.55 Hz,2H),
7.36 (d, J =5.48 Hz,1H), 7.28 (dd, J = 5.98, 0.58 Hz,1H), 7.05 (ddd, J = 7.00, 5.60,
1.01 Hz,1H), 7.01 (ddd, J = 7.29, 6.15, 1.27 Hz,1H), 6.99 (d, J = 5.95 Hz,1H), 6.95

3-130



(ddd, J = 7.08, 5.56, 1.15 Hz,1H), 6.92 (ddd, J = 7.06, 5.66, 1.16 Hz,2H), 6.71 (ddd, J
= 7.33, 6.21, 1.25 Hz,1H).UV-vis (CHzCN) % / nm (¢ / 103 mol™X L cml): 314 (38.2),
484 (7.7), 655 (5.2). ES| MS (CHsCN) mvz (calcd): 371.4 (371.4, [Ru''2(u-O0H)]®H).

323 HIE 714
NMR A% 2 } L% Varian 400 or 700 MHz spectrometer CHI7E L 72, 'THNMR &
RZ MDY I ANy 7 b ONEEERE LA T lX TMS(tetramethylsilane).
H/KIEHE Tl sodium 3-(trimethylsilyl)-1-propanesulfonic acid % F\>7z, pD (-
log[D ) DfE 13X 3 pD = pH + 0.4°° DR 2> & pH A — X —CTHIE L 72l 2> 5
B L 72,
Electrospray ionization mass spectra (ESI MS) % Waters/Micromass, ZQ 4000

spectrometer % FJ\>CHI[ZE L 7z, The conditions were: complex concentration, 5-
50 uM; cone voltage, 15-20 V; capillary voltage, 3.5 kV.
EHAHBINA 7 P iz 7+ P X A4 —F 7 L A4 85K E (Shimadzu

Multispec-1500) % 7z 13 & 7 v € — AKX D43 M ER(TASCO V670)% FH W CHIE L
720 Raman JLIB X~ 7 kv 7 = v 43 dR(Horiba-Jobin-Yvon LabRaM HR)C
532 nm S, VY 3 (5207 cem) & BB OERE L LW,

HEmat &

ZRENEAEC (DFT) FIHLIE Gaussian09 F 7z 13 Gaussianl6 7' 0 7" 7 LoX w7 —
23 % v JLBIEL B3LY P2 JREKBEE4L LanL2DZ & L CHE odifl 217 - 72,
JiESIRAE X TD-DFT £ CHRMRICEIE L 72, $ X CTOFHRTKOBERE L LTo
#2213 integral equation formalism variant polarizable continuum model (IEFPCM)
VT, 7 — 2911 Gaussum® & F v, W& D XIRIC 1 Avogadro % F

7zo DFT &tBIC X % Ru K pK R L IZ LA T DI 2-5 2 v 72 34,

Ka
RUH 2 Ru + H (2

Karef
AH =2 A" + H' 3
RUH + A 2 Ru + A 4)
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_ _ A6 ref
pKa = In(10)RT PKq ®)

RUH (3T =0 L8R, HAIZV 77 LU A L7 B TH D, AG L RuH &
HA O7' 0 b U BRED T 7 A 2L X =2 4), R T iXEhEnA
REE EHFHEE TH D, V77 L ADEE L L CHIFR(pK. = 4.76) % H W
77,

3.3 FER - BE
331 ST 2 BE LS

2 BTEEAITH D NarS0s & 1 &, 20uM Ru2(OH)(OH2) % %¢e 0.1 M U
> AR TR (pHT.O)WZ AN 2 T2 R DRI A~ 7 s )V L% Fig.3-8 IZR L7z, 490
nm OV A5 DITLEV 699 nm OV SR Lz, Z OB L%
14 FER T 699 nm OWIJE (Aeoe) EF-IFEAFI L T2, Z D 2 WS D SOGHE JE E
BaRDODHE3ZIM! s Tholo, NaxS:Os IINEIT3 T 2 WRILA 7 N4l
% Fig.3-9,10 |2/~ L7z, Fig2-10B 7»5 1 L. E 0 NaxS:0s T Aeoo [FHE R L
winolc, TOIZEND Y UEFERER T (pH7.0) T Ru2(OH)(OH2) & NaxS»0s
DEOSNE 2 BFRERISTH Y | JTLHRESITHER D Ru2(OH)2 234RL L,
[Ru™2(OH)2](PFe)s % HiFff L 7=, 'H NMR spectrum ZH|ET % & tpy, pyan H3E
D7 vk H 39 13-45 ~ 20 ppm D JRWEEFRIZ L L 72 (Fig.3-2) A7 X v
T MY T FANHBLLUTE Z LD ERNED d 2 IRRED Ru™ UL MRS
52 L ERELTWDLESI-MS 7 — ¥ 13 m/z=278.74,371.38, (fragment:274.01)
WCE—7BHEBL, ZNENT N2 ATFF U BILR NI AFF U EoTz, B
KGR TIE m/z=37138 28 371.58 127 b LTz, il &b 1 oD b
MEKFITERR S T2, UL [Ru(tpy)2(pyan)(O)OH) " & EID YT, m/z=
278.74 DAY FJVITFREMEW - OFTE T E DT BT ARV, B —7
DN RIEOHFOLE X EAKEFTT05Q 72 b OAZHITHY)Y 7 b Lz,
L7=73-> T, [Ruz(tpy)Q(L)(OH)z]‘“c‘:i' DEToNTe, 777 A ME—7 X
[Rua(tpy)2((O)]4HIZE] V) Y T H R FREZ2 7" 1 b D372\ D CHKIATR
HFTHE—27 7 b Liﬁiﬂoto

3.32 HHNMET O 2 BB G

pH11.5 TIAERIZ NaxS208 & DS Z2 WL A7 k)L TiBBF L 72 (Fig.3-11). 1 Ff
il & TiE 490 nm OWLIA 23 L7223 6 655 nm ORI MK LTz, £
PIBEIX T 655 nm DOWRIE A3 L7235 490 nm OV 23K L7=,

Ru2(OH)(OH2) & NayS08 DEJHEED '"H NMR A7 R VAV Z V) o eiEfE
W (pH11.5) THIET 5 & Fig.3-12 D L 9127257, Ru2(OH)(OH2)D > 7 F
JV(green triangle)’’ 5 min T/ L7272 7 F /L(blue circle) M HHBL L7, =
DY TF DT b BiE 39 T 6.7-8.8 ppm [ZIFLET 5 (Fig.3-5), Ziuix
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Ru"2(OH)2 73-45 ~ 20 ppm DJRWEIFHIZ S 7 FIVBNIFEES D T & &Ikt IR
TRBEED 2 EABIE(Ru)ox) THH Z L 2R L TW5D, Bi4s Smin
VIR IE(Ru2)ox D> 7 F L0 L 24 B #1213 Ru2(OH)(OH2) D2 7L
PFITERICENE Lz, ESI-MS 7 — % TliE m/z=371.41( b U B FF ) D IR
B =N Z AUE [Rua(tpy)2(L)(p-O0H) P (Ru'l2(u-OOH)) D [FINL A /R 2 — o & —
L7, [Rua(tpy)2(L)(-OOH)PHEL T < v A7 M ABIERER NS Z DX 5 7
EE L L=, EAKEIERT CIEIE— 271X miz=371.74 12033 7 L7z, Zhix
1 7o homdEnT-Z & & L Ruly(m-OOM)EE 2 FH> Z L 2 4fisid 5,

3.33 2 B LR DILE T < 4 HlE

(Ru)ox # [AET % 72912 Ru2(OH)(OH2) & 1 255D NaxS:0s D SRl D3
W7~ AT MVEGE ) BERRETR H (pH11.5) THIES 5 & Fig3-13 @
X 9172 o 7=, KISHIt T 663 (tpy, pyan), 1348 (anthyridine moiety in pyan), 1379
(anthyridine moiety in pyan), 1597 (pyridine moiety in pyan) cm™ OfififfEHENIXIF
ENEBL L7220k LT 527 em IZHiT=2 e — 7 "B L7z, D
B — 713 pH7.0 TOIEERD FER TIFBLH S 72 h - 72 (Fig.3-14), [FAIERDEER
B0 RNLARSMECHIET D & 510 em™ I 7 R Lz, B —27 7 FET 17
cm’! TZNiE Ru™-0 OFfEIREEN T, /A Fa/8—4F% VFED Ru'-O0H & &
F<—FH L7, (620-480 cm™ D Ru-O H#fEfEE) 222 10-30 em™ OKHEL S~ k
25 B8O [AINLIARKESIR P CRIAIS 5 0%, ) F~v o A7 R Ru' T/A
Ra—FF ViiEEZFOTD b o &6 6 LG & LT OOHZEMEHEE %
1,2 Rulb(un-OOH) 35 2. Hiv 5,

3.34 2 B AL D pH i E

Ru">(OH): & Ru'(p-OOH)IX NaxS:0s (2L > CTZZE4 pH 7.0, 11.5 T
Ru'2(OH)(OH2)/8 2 BB b &5 Z & THERT 5., Rul,(OH): [2%F9 % pD
TERED 'THNMR A7 R VAL % Fig.3-15-17 1278 LTz, pD7.4 7 HHHME
IZL TV & Ruy(OH): 238 LZE DDV IZ Ruly(p-O0OH)D v 7 F /LA
AL, ZOBRSIIERENSHIEICE LIRS Alifiic 2B b Lz, Z O
® Ru"2(OH)2 & Ru'(u-OOH) D tL3R % pD IZxf L C7'm v % & Fig.3-17B
DX 91272V . Ruy(OH): & Ru'a(p-OOH)DEIZ 7 1 b L g BNFIEST D Z
EEBHLMNT LTz, EEER pKa 1X(6)X 5 > 74 FE% A HW T Fig.3-
1TBa27 4 v T 47352 ETpKa=9.7 L AEDL BT,

pKa = 9.7
Ru'"2(OH)2 2 RuU'2(u-OOH) + H* (6)

2 OB % Schemel (277 L7z, pH7.0 Tid Ru''2(OH)(OH2)72% 1 7'+
k> 2 &L L Ru"2(OH)2 (Ru F iz &S < @gfk)ic 72 5, —J5 pH1L5 T
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I% RU"2(OH)(OH2)72% 2 7'm ko 2 B fb Lar#E L7z OH, HoO DA% VY @
DTWNH 7V 7 LTz RuM2(u-O0H) (45 VB 1 D) 72 % . Ru2(p-
OOH)IZ RuU'"2(OH)2 71 b iR T & RIERICAERK T 5 (pKa = 9.7), T DK
SNSRI T v A ThHDH, E RuXx YO tRNIy 7V o TETL
Te7'm b URBEA R O-O A THY . TN TRUMNDLE Rk Y ~0D
2 EBLOBEILE LTS, RU'a(u-OOH)IZERMIIZ Ru'2(OH)(OH)IZERE S
Z EMNH NMR AN ATRRIN AT VIS fiE> T D, % Z Ttk
FNERLTWD EE X T, WBLKFILI39HTEREL TV,

3.35 DFT #H51C & 2 i bk s
7'r h URBEHIE O-0 fE AT~ DHER A2 RO 5 72D, DFT #H5RIZ X 2 HH
W 7E 21T > 72, B %2 5 25 Ru(OH)OH2)D 2 BEFBRLMOF 7 AHH
FNF— AVULEE, b RaXxyoro hrOmE EEEICANRNS
R EITo 7o, TG O % Fig3-18 IR LTz,

336 RECHEIEDF 7 AT RV F— A UBE FRAREEERCT HIE K OWFRH]

A8 FELB2LIE  (TD-DFT) (2 K WA~ kLTl

AGl(—FLE LT RN F—%FiD Ruy(OH): & DFE), AV LEE,
B E L AV EELF L O H D% Table 3-1 B L O /L X —Lbik%
Fig.3-19,fA A 22515125V € Fig.3-20 (2R L7z,

- Ru";(OH)(OH:)

RARR) 7eiE & L C Ru™2(OH)(OH2) % 5 2.5 & triplet O 57 singlet £ 0 87.2
kKImol! ZZE Th 5, % D b IIEHOKFEAEHALEM 2 OH2 & OH
f(OH2---OH, 141 A)L OH, 7 > F VU > DHLOD N JFF(Ne)E(OHz: N,
145 )25, Z OREEIZLIETHE L7z singlet @ Ru'2(OH)(OH2)HEE & FEH
ESETWs, L L& EIX R0, 0-0 MINELS 2o To7o®diT
Ru'(OH)OH2) D T Mg Z F o 7oiEZ L CWnb, Ll Z ol
Ru™2(OH)2 £V % 78.8 kJ mol! N&LETH D, FHIAIGMIN AT F V&K
[i47fi# DFT(TD-DFT)IZ L » CatH L 72 (Fig.3-21,22 and Table 3-2,3), A-XZ7 kK
LT Rul,(OH)(OH) 2T W G DR TRl S d 7=,

* Ru'"';(OH);

Ru'">»(OH):, D& OH O & N8 2% 3 FEOME Ru>(OHin)(OHin),
Ru>(OHin)(OHout) and Ru™>(OHou)(OHouw) % B 5 AIREMEA 8 5, OHin & OHout 2
ZNENNREEZT TV VU EKRERET HME L L, FmEiI A LrIc
EHT DM E L L7, Triplet Ik € @ SRu>(OHin)(OHi) IX singlet @
'Ru™y(OHin)(OHin) £ ¥ & 94.6kImol! 2 LT 5, £72. *Ru"2(OHin)(OHow)
& SRuM(OHow)(OHow) £V 6 4.1, 511 kI mol ' Z/E L T\ 5, ZHUTE—DK
FHEOCMAMEREE L & T 2 EOKERE A AENEM Hin - Ne, 1.94 A)23H
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LHZliZkrEEBZOND, ZOZENLRENMDIZDIZT VF VP B
D NJR T DOEFINEETHDL Z ENRBINT, 00 HHHEX 3.17, 2.85,
BILO38A TH Y lRILAKFENS0A) LD R EL ORTD7 7T
VT — )L ZAEPE(2.8 ANTHTVY, L7=28-> T O---0 HEfEA %< L, 0-0 fiaE
REMRET 2R U XA E—WICEH LY, AV UVEEIIEED
Ru"(OH): T Ru .03 LTV O JRFITALE L T e, 7272 L OH *Ne D/KR
WAEMBEERNELS 225 & Rl LD A B BT 0.728 725 0.650 (2D
L OJF{ DAY R 0261 205 0345 ([ZHEN L7,
Brp B 7 v b EL A A RO 3 D0 Ruly(OH)2 TEESNRIHIIN AT kL% I
[f/3f# DFT(TD-DFT)IZ & » Tat# L 7= (Fig.3-23-28, Table 3-4-9), Fig. 3-29 |
F Lok HcHE SN 3 2O Ruy(OH): TR AT ALY kL
OH BT F DELAIC K X <KAEL TV D Z & AAEBEZEVY, 3Ru™y(OHin)(OHouw)
& PRu™y(OHou)(OHow) TIL 600 nm Z i X 53 R&E TR Lo T2, —%&
27 72 SRuM>(OHin)(OHin)iZ LMCT(pyan-Ru), m-m*&& (pyan)H 3 658 nm M
7 81— RIS TRl S 72, Z4uE pH7.0 @ Ru'"(OH): CTHEHI S vz
699 nm OWINH L —FH L7, ZnbDOFENDS Ru™(OHim)(OHn) &
SRUMy(OHin)(OHow) 1% AG®23 4.1 kJ mol™! D072 EWNIT & 230 597,
Ru'™>(OH)2 X 312 *Ru™y(OHim)(OHin) & L THEAET D Z L ZRIB L T 5D,

- Ru"(u-OHOH)
Ru';(u-OHOH) (% O-O & &#FRiH, a7 WNIZ Ru™y(OH), LRI U D7 m kv
RO 2 AL RE & OE L 7o MEEC, —HE I 'Ru'y(w-OHOH)IR AR I, 63.4~
67.9 kJ mol! ® u-OHOH ® 7' & b+ BN BfR7e < . —HHH *Ru',(u-OHOH) K
REL D HLEL TS, —HEH 'Ruy(u-OHinOHin)KAED AG™EIT. 'Ruy(p-
OHinOHou)IKBED AGE & 1F & A R TZ 572 (0.9kI mol! RZ&E) . "Ru'y(p-
OH;nOHin) D iz i b S 4172 2 7 &E X, Hin''Ne O BH— DO /KFE K& HH A AEH

(1.11A) ZFf> TV DM, D Hin 113 O-0 A1 L > TIARFAE &4 Ne
EKRFEREAEEETE 22V, '"Ru'y(u-OHinOHin) & 'Ru'a(u-OHinOHou) D AGfE
& A ETRIETE ST DOIKER A TE /W Hin 28 How & RERZRIREICH 2
b &EFE 2 bid, TD-DFT FtHEFER Fig3-34 TR~ MARHE> TS

ZELINEXFT S, L, E LI ZEME O 'Rul,(u-OHinOHouw) T

& Z 3Ru'™y(OHin)(OHin) & Eri LT 78.1 kI mol! RZE T D, ZiE 0-0 #i

A 0% Ru"(OHin)(OHin) 725 AFRHICIER S NLRWZ & &2 THIT 5, T,
pH7.0 TOIIET < 2T f LT — X TD 0-0 FEA T D FEBRIIBIZ )N n
W2l —EHLTWA,

* Ru'";,(0)(0OH)

Ru'">(0)(OH) /X Ru">2(OH): Dl 7" & k2 AbFlE & L CHERE 4L, FIEkO HFIET
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FHE X172, *Ruy(0)(OHin) 38 &£ OV Ru™y(0O)OHew)IX W00 H 7' B B m N
] & Hin Chclifl &iz, 3R & 72 A G *Ru™2(OHin)(OHin) &9 13.7kJ
mol! H< 7> TWb, a7 ND Hin--Ne FEEE (2.03A) TR KERES
F (~2.0A) kv $HE<, Hin JBF23KEMEZI LT Ne EAHAEEH L2 L
720 OH BNz - H IR AIREIZ 72 5 & & &2 LTV 5, *Ru™y(0)(OHin)
® 00 PEEE (3.05A) 1%, Hin"Nc ® —HKEMAHEAEIERZ SO,
SRUM,(OHum)(OHin) D O---O i (3.17A) kv L 2->TW5, =72 L,
SRu';(0)(OHin) TP 0-0 kR T 7= DICHIHTEZ 5 0-0 fEE=> ¥ L
B3z E A EH D 1AL RUM(0)OHin) D UV-RIHEILIL A7 K Lid, TD-
DFT ([Z k> CTRtAE SN F L= (Fig3-3536 B XN Table.3-14,15), —HEIH
RuL(O)(OHim) DA . AGHEIE *Ru™(O)OHim)DE L Y 9.6 kJ mol-1 &< 72
%o 'Ru(O)(OHin) D 2 7 i E A EEIRS 5 & Hin & Nc O DKFERE
AMEER (1.454), FEFIZHEV O---0 #HEf (1.53A) THDHZ ERX0hDd,
COHEETIE 00 BAMNEHRINTWDL EEZLND, TOREE,
'Ru™»(O)(OHin)l&. AG®fE & = THEIEDFFE (TRES M) D AT 'Ru'y(u-OOHin)
EARBINZHFE L,

* Ru'ly(u-OOH)
pH 11.5 TEBRAICEIE SN Ruh(p-O0H) D b S - b R0 )7
ETEHESNE Lz, —EHIREEOSS . Hin - Ne ODKFEHREES (1.45A) FHA
TERIZ LD, "Ruy(u-O0Hin) i "Ru>(n-O0How) & ik L C 52.1 kJ mol™! Z2%E L
TW5, 0-0 fEAEEEL 'Ru>(u-O0OHi) & '"Ruz(u-OOHow) D 57 C 1.53A T
HO . WEILKFEOZN (1.50A) &—FH L TWET, —HIH *Ruy(u-OOHin)
O AG*EIX, T H B.1kImol!) DiEWVT 'Ru,(u-OOHim) DfE L VD ZE Th
%, 1272 L. *Ru'h(u-OOHin)D = 7 N @ Hin---Nc FEEfE (1.04A) (%, Hin 28t R
%Y /5 Ne (CBE) L C O---Hin-Nc OfES 2T 5 70 X 912, O-Hin fE
AR (1454A) L0 HREICELS 20 £9, ZofERIZ, Ru(n-O0OH)D 27
B =EERE L —EEREOM O ZED ., Ne (Hin-Nc #i GO
) L0 (B RaxVEA) O A MO Hin ORI L > TEZICH LS
D EEREL TS, 'Ruy(u-O0Hi) & *Ru'>(u-OOHin)® TD-DFT FH5LIC
KO EEAN TR AT L& F#l L 7=(Fig.3-37-40 33 & U8 Table 3-17-20),
SRuy(u-OOHin) DEHE S 172 A7 h Vi 533 nm D n-n* (pyan)i&Ff% & 795 nm
® MLCT(Ru-pyan) & m-* (pyan)i&# O R\ IS &2 P L 7=, —J5 @ 'Ru'y(u-
OOHin) TiX 667 nm @ MLCT(Ru-pyan)i#Ef 4 Tl L7z, %ED AT L
pH11.5 THESNTZFERALY Mk K<i#EA L THEY ., Ru'2(u-O0H)
(% pH 11.5 O FIZ "Ru2(ui-OOHim)D1F 9 23 3.1 kI mol! RZEITH H2db
57 Ruy(p-O0Hin) TI1E72 < 'Ruy(p-O0Him) & L CIFHET HZ L 2 RB L T
W5,

* Ru',(u-00)
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Ru'(p-OOH) 7> & 7' 11 b fEEE L 7= Ru'y(n-00) Dl S - & R
DOFETHE S, —EHE Rub(u-00)kEEIX, =& RuL(u-O0)IREE &
bl LT 48.6 kI mol!' ZE L TV ET, 4L, *Ruy(u-00)D 0-0 54 R
MIEFIZENTZOTINE, BIEFRTOLEDAE VEENEWZOICHEAET
LHAREMED N 5 01 (1.017)FB L (0 02(0.815), LA>L. 'Ruh(u-00)D AG i
Ru'>(u-OOHm) D Z 4 L Y 50.6 kI mol! @&V, 'Ru'y(u-00) & = 7 # 3 14,
"Ru'>(p-O0OH;) D Ru'™-0 fEA (2.14-2.11A) BEL W 0-0 fEA (1.53A) & Lbig
LT RuNMO #EE (2.05A) BLU0-0 (1.46A) FEANEL 2D L O ITHi/h &
AT %, Ruy(p-OOHin)id p-00 2845 Bz 7 1 hiAvbd 2 2 & Ta 7 s
B 7 LORET D,

Ru'2(OH)(OH2) D 2 FE{-FRLFEDIRREZ B 0 iA A 72, Rull;(OH)2 7> 5 Ru'lz(p-
OOH)~D 7' 11 b MRBEFHIL /YN 0-0 Fi A TR At 2 A % — L 2 IR L T2,
SRu>;(OH)(OH2) 2> 5 SRu™y(OHin)(OHin) ~D 7 2 FEAL 1D 7 7 b i Bl & 4K
(K 8)D pKa 1T Z3 5 D 78.8 kI mol™! D AGeDFEMN D pKap®™ =-9.05 & L T
BENTz, EFEIT/NE pKa fllE pH7.0 T Ru2(OH): 2N FE(ET 5 BRI 22
L —H LTV,

Ka

SRu'z(OH)(OH2) 2  °RU'(OHin)(OHin) + H’ (8)
Kas

Ru'z(u-O0Hin) 2 Ru'2(u-00) + H 9)

—77. 'Ru'y(u-00) & %7 5 'Ru's(u-OOHin) £ p-O0Hin U 77 KD pKas
i (K9 1., ZNHDRD AGDZ 50.6 kI mol! 705 pKas®=13.6 & L T3l
B3, ZoOEX, HinTr —% LERT —ZOMOLEDO =T —ZRFET
LA ERL/KTFE D pKa fE(11.62)* 12TV, 7272 L, FEEBRAYES X OEERIC
Rt 7z pKa EDORIIKE A F 2 LW — P D F AT ONWTERE T 54
ERNDLGERH 5,

Ru">(OHin)(OHin) & '"Ru'a(u-OOHin) D i D AGe D7 4.1 kI mol™ ¢ OH BN+
D7 b REEESIEL pKa® =55 IZHYS T 5, Z OfEIXEERE pKa = 9.7 (eq
6). L0 HIKL o TS, 7272 L, HREfEE LT Ru",(0)(OHin) 248 7E L7245
AL pKa I AGCDZE 137 kI mol! 705 pKy ¥ =72 LERE I,
Ru™>(OHin)(OHin) & 'Ru's(u-O0Hin) D[] D AGe D ZE|ZFES W TH A S iz
pKa® =55 X0 HERME pKa = 9.7 ICHEMITWVVETH D, ZORERIT
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Ru™>(OHin)(OHin) 2> 6D 7 11 b v D fi A *Ruy(0)(OHin) T A A2 Az %4~ 2 7]
REMENEWZ & 2R LTV 5D,

SRuMy(O)(OHin) D A BB L3 AR 7 — & 1X1E @ Rull HRuls & bhig LT A%
VB (02, 1.087) & FDAF VITHA L7 Rulll .00 (Ru2, 0.861) I
JFEL. 7=, FEWIc2z=—7 REXZ RS, & FaXx YELL T (01, 0.012)
EEXNITHES L7 Ru (Rul, -0.015) [ZIZAEUCEBEMNMIW, i
SRu,(0)(OHin) 2 7 7 Ru™-OH : Ru™-0O" & ¥ % RuOH;, : Ru™-O« DX 7212
BIREEZ D Z L2 EWT 5, B3F 5 <. R (OHin)(OHin) 22 H D7 1 | i
B o b oAb LA % VENL 0 BAES L2 RuT Po~D 0 F+NEFB
Aol L, o Rulll F.OL~DFEFA v B 72 LT Rull A
L 9 Ru™-OHi, : Ru"™-0¢, 2 % — A 2B @ 2nd step), 7 P HNH 7V T
X B5F0H%D O-0FEBEMATIE, XTI HINR, B Rax VENND
FHUCHEA L7z Ru PO~ wiE BN K-> T Ru-OHjp, == v b _EIZTEAK
X AO Rulll FMZHER LT DA XTI T P hN b & bIchROICKZ
5o T2 L, ZHIREED O —BHIVRBICAZ AT H ML ZD = RV X —[F
E£ ('Ru'>(u-OOHin) & *Ru'l,(u-OOHin)® AG®= 3.1 kJ mol™!) %, Nc (Hin-Nc #%
B DOEA) & O (Hin-Nc #&EEERO%EE) O A MED Hin LKHIZ L >
Th/MbEE b, ZHuE, 517N 0-0 fEETEAKIZ X 5 Rul2(OH)(OH2) D T
YTV VBB OEERERZHRF L TOET, EORE. Ruly(p-
OOHin) TP 0-0 FEAEAIL. 7' u b UifBEC X > T Ru">(OHin)(OHim) 2 5 4E
% S35 SRuS(0)OHm) FEERZ N L= 2o O +NEF/7 e B
Bafk) Z iz o TERESND,

3.3.7 FHURNT 4 ) AKX DR LK E &

i 2k K 25 Ru2(u-OOH) 7> & B L C/AK 2+ 2 BV AT & T
RuL(OHYOH) AT H ERE L, ZTOZ L EZRIETHDIC
[TiO(tpypH4)]*" (tpyp = 5,10,15,20-tetra(4-pyridyl)porphyrinate) complex (Ti-TPyP
reagent)! Z ] L7220 WV EEVEIC &0 VIR IZERE L 72 iR bk FE & o8 L
7o
Analysis of hydrogen peroxide.

REAMER TIX 0.05~1 mM OiEfER{L/KFE K250 pl), 4.8 M OREFE(250 pL) &
50 uM D[TiO(tpypHa)|* % & e 50 MM DIEFRVAIR (Ti-TPyP #k3E) 250 uL DR
Bl (GRE 750 ul) ZFi%E L, £ D% =R T 10 0 RHFFE Lz, ot EEH
EANCIIRZ /K CRIZ2.5mL 2725 X9 MR L7z, S I ERBEOEEL
KFE (cmo) & B LTEIR DI AR AT~ L% Fig3-42A, 2D & DR
BRI 433 nm TOWNE DR (AA33) E cmor D BEFR D B 157 (Fig.3-42B),

RU''2(OH)(OH2) Db ki K % ik /K 35 2 #1032 0.5 mM Ru''2(OH)(OH2) &
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1.0 HED NaeS0s & T U » FEREEIK (PH11.5, 5mL) 1 THRA L 7o, RISEIK
D—H#R(25 uL) &R L, KT I0f5ICAIRLE Lz, #IRLEZT v
TVATR (250pL) &, 4.8M filiE (250pL) & 50uM Ti-TPyP #3E (250 L)
DIRATRIRIZIN Z (k750 L) Z89R C 10 4y P ALE L7z, sl @ & ARk
(2 EERE ORI Y 7RI & K TE B 26mL ISR L E LTz,
YU T NEROROVIZFEOKEZMZ D Z EIZEY, REOFIETT 7 v
IR E R U, Y 7 VIR 2 RN L 72 % OVRIR (2.5 mL) DSR4 Al ik
WARY V% Fig3-43A TR LE T, RuEROWRINA A~ Fuid, RO
B SINTI AT PANBELGIWZ, YU T VEIRD cmoy EIZ, 7
VISR D AAgss Il & BB D & 3 ST E L7z, Ru''2(OH)(OH2) & NaxS08 D
Bt CAE RS S 40 2 i ER bk 58 O & O IRF % % Fig.3-43B IZR L7z,

20 434, 0.11pmol (I 4.3%) OE{LKFENHEEICHRILS iz, L
L. #Ee{kk3E L RU2(OH)(OH2) DRI D T & 2 53RO 1= 1 i bk 3%
OEIFRF & & BITIRA D L, ZOSIZE L TIEE S E TRV,

34 o

12M F§## C O-0O fE AT EITT 2 RuSEATIXE W ERLIREES 9 L H LB T
RN HE 2 5T RUY=0 5D O-0 fiGTERAEHI ST\ e, SlElo#ms T
Ru2(OH)(OH2)DiEH2 L72 OHa & OH B 72 & D1 =—7 72 RLIZIZE R 24 T,
571 O-0 fE BRI T 2 MR 72152 2 57—, Ru"»(OHR =2 7D 1 >0 71
N DOFRBEIC K > THEEEINTZ T » 7V o T & LTz O-O /BT DML &
U Ru(u-OOH) M ERL T 5 Z E DR E T2, ZHUT R H.LOKERLIREE L~ LT
D O-0OFEETHDERMDOBI EZ 2 Hivd, ZORKISTEGwHRFRICE > TEHEED
b SN B EN»SEL L, Ruy(OHn)OHn) IZ 7 v ~ U ifBET 2 &
SRu™,(O)(OHin) F AN Ak L A DI X A E 1T A B UV EE~ v B 7D
Ru'-OHj : Ru"-Oe TH D Z EWNRE I NIz, SHICAF LT U, B FrF
YV EALD B EUTHES LTz Ru L~ D 7 EZ L > T Ru-OHjp == ~ EiZ
B S, o RuMHFLICHA LT OLF I LT h0 e & HICHREMICEZ S
Z & T Ruy(-OOM)NAERKT 5 Z EN TSN, ZOMNTIZEEKREND — &
HURRBIC AR AT DR ZE B HWME T RN X —ZNRKREND, LT rF I
B EONEF N & i-OOH LD O TFu b ORZNEEHZ & TEDTRILT
—PEEEA 31 kI mol! E/NE L b Z EMHAL Moz, LT ab b0 dE
Rex VN 28752 EBLOT v FIUPUEKRO NeOXo 7 b7 o
T H—DFIED 0-0 FEERICEERERHZRIELTWALAZ EEZHLMNT LT,

il
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Fig.3-1 'H NMR spectrum of 1 mM proximal, proximal-[Rua(tpy).L(OH)(OH2)](NO3)3
([Ruz2(OH)(OH2)](NOs3)3) in D20 containing 0.1 M phasphate buffer at pD 7.0.
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Figure 3-2 'H NMR spectrum of Ru'z(OH): in D,O containing 0.1M PBS (700MHz, pD 7.4)
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Fig.3-4 ESI-MS data of Ru'""2(OH): in a phosphate buffer solution in H,O (middle) and D>O (top)
media at pH and pD 7.0, respectively, and corresponding simulated isotopic patterns (bottom) of the
assigned species. The structures and peak m/z values of the assigned species are indicated on the top

of figures.
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Fig. 3-5

"H NMR spectrum of [Ru'2(u-OOH)](PFs); in CD;CN
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Fig. 3-6  UV-vis. absorption spectra of [Ru2(OH)(OH2)](NO3)3 in 0.1 M phosphate buffer at pH 7.0.
and [Ru'"2(u-OOH)] (PFe)s in acetonitrile.
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Fig.3-7 ESI MSdataof Ru''2(n-OOH) ((Ruz2)ox) in a phosphate buffer solution in H>O (middle) and
D20 (top) media at pH and pD 11.5, respectively, and the corresponding simulated isotopic patterns
(bottom) of the assigned [Rua(tpy)2(L)(u-OOH)]** species (considering resonance Raman spectral
data). The structures and peak m/z values of the assigned species areindicated in the figures.
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Fig. 3-8  (A) UV-visible absorption spectral change of 20 uM Ru'2(OH)(OH2) in a 0.1M
phosphate buffer solution at pH 7.0 in adding 1.0 equivalent of Na>S20s. The spectra were recorded

each 30 min. (B) Time course of the absorbance (Ag99) at 699 nm (inset: plots of ¢! versus time; ¢ is
the concentration of Ru'2(OH)(OH2).).
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Figure 3-9 20 uM Ru'"2(OH)(OH2) in a 0.1M phosphate buffer solution at pH 7.0 in adding various
equivalent NaoS;0s. The spectra are taken with saturation of the spectral change. The spectraat O
min and saturated are indicated by green and red, respectively.
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Fig.3-11 UV-visible absorption spectral change of 20 uM p,p-Ru'2(OH)(OHz) in a 0.1M phosphate
buffer solution at pH 11.5 in adding 1 equivalent of Na>S>Og from 0 to 1 h (A) and from 1 h to 15 h

(B). The spectra were recorded each 15 min.
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Fig.3-12 (A) 'H NMR (700MHz) spectral change of 0.1 mM Ru'2(OH)(OH:z) (marked by green
triangles) in the reaction with 1.0 equivalent of Na;S>0Og in D20 containing 0.1M PBS at pD = 11.7.
The signals for the oxidized product of (Ruz)ox are marked by the blue circles in the 5 min spectrum.
(B) The time courses of concentrations of Ru'2(OH)(OH2) (green triangles) and (Ruz)ox (blue circles).
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Fig.3-13 Resonance Raman spectra of 1.0 mM Ru''2(OH)(OH2) before (black line) and after (red
and blue lines) adding 1.0 equivalent Na»S>Os in 0.1 M phosphate buffer in H»'%0 (black and red lines)
and H>'30 (blue line) media at pH 11.5. The inset shows the corresponding spectra in a range of 400 ~
700 cm’!.
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Fig.3-14 Resonance Raman spectra of 1 mM Ru'2(OH)(OH2) before (black line) and after (red and
blue lines) adding 1.0 equivalent of Na2S>Os in 0.1 M phosphate buffer in H2'%0 (black and red lines)

and H>'®0 (blue line) media at pH and pD 7.0. The inset shows the corresponding spectra in a range
of 300 ~ 700 cm™.
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Fig.3-15 'H-NMR spectral change of 2 mM Ru'"2(OH): in DO in titration with NaOD. p,p-
Ru'""2(OH)2 was formed by oxidation of Ru'2(OH)(OH2) by 1 equivalent of Na>S,Os at pD 7.4.
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Fig.3-16 'H-NMR spectral change of 2 mM Ru"2(OH)2 in DO in reversible titration with sulfuric
acid to pD ofa 11.5 to 7.4.
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Fig. 3-17 (A) 'H-NMR spectral change of 2 mM Ru;(OH): in D,O in titration with NaOD.
Ru'""2(OH)2 was formed by oxidation of Ru'2(OH)(OH2) by 1 equivalent of Na>S>0s at pD 7.4. (B)
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Scheme 1 Scheme of oxidation reactions of Ru'2(OH)(OHz) at pH 7.0 and 11.5.
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Fig.3-18 DFT-optimized Ruz core-geometry of the ruthenium complexes listed in Table 1. Color
code: hydrogen; white, carbon; gray, nitrogen; blue, oxygen; red, ruthenium; green.
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Table 3-1 Summary of AG®, marked structural features and spin densities provided by DFT calculations ®

Complex spin H AG Distance/A ¢ Spin density
multiplicity  orientation /kJ mol RuU1-01 Ru2-02 0-0 N,-H Rul RU2 o1 02
Ru",(OH)(OH,) Singlet — +166.0 1.83 2.15 2.48 1.07 — — — —
Triplet — +78.8 2.01 2.01 2.40 1.45 0.860 0.845 0.097 0.135
Ru",(OH), Singlet Hon +94.6 1.96 1.98 2.40 1.84 — — — —
2.02
Triplet Hoin 0 1.96 1.96 3.17 1.94 0.701 0701 0292 0.292
1.94
H,. ., +51.1 1.95 1.96 2.85 1.83 0.650 0724 0345 0.266
H., .. +4.1 1.95 1.96 3.88 — 0.728 0728 0261 0.261
Ru',(u-OHOH ) Singlet H, .. +79.0 2.18 2.07 1.54 1.11 — — — —
H_ . +78.1 2.11 2.18 1.55 1.11 — — — —
Triplet H, . +146.9 1.97 2.20 1.54 1.03 0.754 0015 0212 0012
H_ +141.5 1.96 2.22 1.55 1.03 0.820 0018 0158 -0.010
Ru" (O)(OH) Singlet H,_ +4.1 2.14 211 1.53 1.45 — — — —
Triplet H__O +13.7 2.06 1.82 3.05 2.03 -0015 0861 0012 1.087
Ru'(u-OOH) Singlet H,_ +4.1 2.14 211 1.53 1.45 — — — —
H_ +56.2 2.17 2.09 1.53 — — — — —
Triplet H, +1.0 2.09 2.08 1.44 1.04 0100 0272 0244 0416
H_ +117.9 2.19 1.94 1.54 — 0.017 0745 -0017 0.256
Ru" (u-00) Singlet — +54.7 2.05 2.05 1.46 — — — — —
Triplet — +103.3 1.83 1.93 3.94 — 0.812 0248 1017 0.815

3 The correspond core structures are shown in Figure S5. ® Gibbs free energies were represented to be relative to *Ru">(OHin)(OHin). © Rul was defined as one with
the hydroxo or aquo interacting with N via a hydrogen bond, otherwise as one with a proton for Ru'’,(O)(OH) and Ru'»(u-OOH).
d) The calculation for Ru',(O)(OHoy) was converged to the same parameters as Ru'">(O)(OHj,).
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Fig.3-19 Profile of the Gibbs free energies (kJ mol') of a series of possible 2-electron oxidized
species of Ru2(OH)(OH?2) based on DFT calculations. All energies are indicated on the basis of
SRu™(OHin)(OHin) (T-Hinjin). S and T represent singlet and triplet spin multiplicities and are marked
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Fig.3-21 The calculated UV-visible absorption spectrum of *Ru',(OH)(OH>) by using the time-
dependent DFT calculations in water. The triplet excitations, simulated with Gaussian functions, are
shown as vertical bars with heights equal to oscillator strength.
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Table 3-2 Selected list of TD-DFT energies of *Ru'',(OH)(OHz) in water with corresponding
oscillator strengths (f) and major contributions of transitions.

A /nm f Transitions Contribution Types of transitions
(%)
500.93 0.1217 HOMO(0) — LUMO(a) 27 n-n¥(pyan)
HOMO-4(B) —» LUMO+1(pB) 19 LMCT(pyan-Ru2)
HOMO(B) — LUMO+2(B) 17 n-n¥(pyan)
485.77 0.0806 HOMO-6(a)—>LUMO(a) 10 n-1¥(pyan)
HOMO-4(B)—LUMO+2(B) 34 n-*(pyan)
HOMO(B)—LUMO+2(pB) 19 n-n*(pyan)

408.10 0.0929 HOMO-10(a)—LUMO(a) 12 n-n*(pyan), MLCT(Rul-pyan)
HOMO-9(0)—LUMO(a) 10 MLCT(Rul,Ru2-pyan)
HOMO-7(0)—LUMO(a) 16 n-n*(pyan)

HOMO-8(B)—LUMO+2(B) 11 n-n*(pyan)
39226 0.3691 HOMO-10(a)—»LUMO(a) 29 n-n*(pyan), MLCT(Rul—pyan)
HOMO-8(B)—LUMO+2(B) 17 n-n*(pyan)

Table 3-3  Contribution of each part of *Ru"">(OH)(OH>) to the selected transitions.

MO Rul Ru2 O1H O2H L tpyl tpy2 8-MO Rul Ru2 O1H O2H L %tpyl tpy2
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

LUMO 1 1 0 0 98 0 O LUMoO+22 4 0 1 92 0 1
HOMO 4 4 O 0 91 1 1 LUMO+11 62 0 11 112 0 15
HOMO-6 21 16 2 0 49 6 5 HOMO 15 14 0 O 65 3 2
HOMO-7 7 15 O 4 57 4 12 HOMO-416 15 O 5 6
HOMO-9 36 23 3 0 17 14 6 HOMO81 1 O 0 98 0 O
HOMO-10 23 16 6 1 31 16 8
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Fig. 3-22 Frontier molecular orbitals of *Ru''’,(OH)(OH.) in water.
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Fig.3-23 The calculated UV-visible absorption spectrum of *Ru''’,(OHi)(OHin) by using the time-
dependent DFT calculations in water. The triplet excitations, simulated with Gaussian functions, are
shown as vertical bars with heights equal to oscillator strength.

3-169



Table 3-4 Selected list of TD-DFT energies of *Ru>(OHin)(OHin) in water with corresponding
oscillator strengths (f) and major contributions of transitions.

A/ nm f Transitions Cont(r(:/tg )u tion Types of transitions
65847 0.089 HOMO-4(B) — LUMO(B) 33 n-*(pyan)
HOMO-4(B) — LUMO+1(B) 11 LMCT(pyan-Ru)
HOMO-2(B) — LUMO(B) 14 MLCT(Ru-pyan), n-t*(pyan)
648.96 0.040 HOMO-4(B) — LUMO(B) 16 n-*(pyan)
HOMO-2(B) — LUMO+1(B) 37 d-d, LMCT(pyan-Ru)
HOMO-1(B) — LUMO+1(B) 22 LMCT(pyan-Ru)
523.23 0.091 HOMO-4(a) —» LUMO(a) 13 n-*(pyan), MLCT(Ru-pyan)
HOMO-4(B) — LUMO(B) 15 n-n*(pyan)
HOMO-4(B) — LUMO+1(B) 37 LMCT(pyan-Ru)
45695 0.048 HOMO-6(a) — LUMO() 21 n-*(pyan)
HOMO-5(B) — LUMO(B) 13 n-*(tpy-pyan)
HOMO-4(B) — LUMO+2(B) 27 n-*(pyan), LMCT(pyan-Ru)
401.02 0194 HOMO-10(a) — LUMO(w) 15 n-*(pyan)
HOMO-1(a) — LUMO+1(a) 10 n-n*(pyan), MLCT(Ru-pyan)
HOMO-1(a) — LUMO+3(a) 21 n-*(pyan), MLCT(Ru-pyan)
397.18 0.108 HOMO-1(o) — LUMO+3(a) 13 n-n*(pyan), MLCT(Ru-pyan)

Table 3-5 Contribution of each part of *Ru">(OHin)(OHin) to the selected transitions.

a-MO  Rul Ru2 O1H O2H L tpyl tpy2 B-MO Rul Ru2 OI1H O2HL (%) tpyl tpy2

(%) () (%) (%) (%) (%) (%) () (%) (%) (%) (0 (%)
LUMO+3 2 2 0 0O 51 23 23 LUMO+2 51 91 11 11 19 8 8
LUMO+1 1 1 0 0 47 25 25 LUMO+L 57 o7 10 10 9 8 8
LUMO 1 1 0 0 97 O 0 LUMO 5 5 2 2 84 2 2
HOMO-1 27 27 4 4 28 5 5 HOMO-1 35 33 ¢ 6 11 6 6
HOMO-4 28 28 3 3 27 6 6 HOMO-2 31 31 2 2 25 4 4
HOMO-5 33 33 O 0 22 5 5 HOMO-3 35 33 1 1 13 4 4
HOMO-6 10 10 O o 77 2 2 HOMO-4 4 4 2 2 83 2 2
HOMO-10 1 1 0 O 97 1 1 HOMO5 o g 2 2 0o 48 48
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Fig. 3-24 Frontier molecular orbitals of *Ru’,(OH;n)(OHin) in water.
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Fig.3-25 The calculated UV-visible absorption spectrum of *Ru''’,(OHin)(OHou) by using the time-
dependent DFT calculations in water. The triplet excitations, simulated with Gaussian functions, are
shown as vertical bars with heights equal to oscillator strength.

3-172



Table 3-6 Selected list of TD-DFT energies of *Ru>(OHin)(OHou) in water with corresponding
oscillator strengths (f) and major contributions of transitions.

A/nm - f Transitions cont(r(%))utlon Types of transitions

526.83 0.122 HOMO-2(a)—LUMO(«t) 38 n-n*(pyan), MLCT(Rul-pyan)
HOMO-1(B)—LUMO+1(B) 22 n-n*(pyan), MLCT(Rul, Ru2-pyan)

486.44 0.027 HOMO-4(B)—LUMO(P) 29 T-n*( pyan)

482.17 0.017 HOMO-7(B)—LUMO(p) 10 T-T*(tpy2-pyan)
HOMO-2(B)—LUMO+3(B) 20 MLCT(Ru2-tpy2)

469.55 0.034 HOMO-10(0)—LUMO(ar) 12 m-m*(pyan)
HOMO-5(a)—LUMO(0) 11 n-n*(pyan) , MLCT(Rul-pyan)
HOMO-9(B)—LUMO(B) 12 n-n¥(pyan)
HOMO-3(B)—LUMO+2(B) 25 d-d 7 *(Ru2-RulO1H)

463.01 0.027 HOMO-10(a)—>LUMO(a) 21 n-n*(pyan)
HOMO-5(0)—LUMO(a) 26 n-n*(pyan), MLCT(Rul-pyan)
HOMO-9(B)—LUMO(B) 12 n-m*(pyan)

44323 0.022 HOMO-7(a)—LUMO(a) 10 n-m*(pyan)
HOMO-6(0)—LUMO(at) 10 n-n*(pyan)
HOMO(0)—»LUMO+2(«) 27 MLCT(Rul-tpy1)
HOMO-4(B)—LUMO(B) 10 n-1*(pyan)

436.66 0.029 HOMO-6(c)—LUMO(a) 21 m-m*(pyan)
HOMO-4(B)—LUMO+1(B) 31 n-m*(pyan)

434770 0.014 HOMO-7(a)—LUMO(a) 38 n-m*(pyan)
HOMO-6(0)—LUMO(at) 23 n-n*(pyan)
HOMO-6(B)—LUMO(B) 18 n-1*(pyan)

397.18 0.090 HOMO(a)—»>LUMO+3(at) 14 MLCT(Rul-pyan)

393.81 0.108 HOMO(a)—LUMO+3(a) 12 MLCT(Rul-pyan)
HOMO-9(B)—LUMO+1(B) 10 n-1*(pyan)

Table 3-7 Contribution of each part of *Ru’,(OH;n)(OHou) to the selected transitions.

a-MO Rul Ru2 O1H O2H L tpyl tpy2 B-MO Rul Ru2 O1H O2H L tpyl tpy2
) ) (0 () (6 (%) (%) 0 () () (0 0 %) ()

LUMO+3 2 1 0 0 84 11 2 LUMO+3 0 4 0 O 4 0 Ol
LUMO+2 4 0 0O 0 10 8 1 LUMO+2 32 8 20 5 17 14 4
LUMO+1 0 4 0 0 3 0 93 LUMO+1 15 21 7 7 41 5 6
LuMO 1 1 0 0 097 0 LUMO 1 27 0 9 5 0 9
HOMO 45 5 26 6 5 11 2 HOMO-1 38 21 1 4 28 4 3
HOMO-2 32 12 0 2 47 4 2 HOMO-2 16 56 0 8 7 2 10
HOMO5 28 23 0 1 40 4 4 HOMO3 17 53 0 2 19 2 7
HOMO6 2 9 0 0 8 0 2 HOMO-4 5 8 6 2 638 9 1
HOMO-7 0 26 0 0 67 1 6 HOMO6 0 1 0 0 9 0 0
HOMO-10 1 1 0 0 97 1 1 HOMO-7 0 1 0 4 1 0 9%
HOMO9 0 0 O 0 9 0 0
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Fig. 3-27 The calculated UV-visible absorption spectrum of *Ru>(OHout)(OHout) by using the time-
dependent DFT calculations in water. The triplet excitations, simulated with Gaussian functions, are
shown as vertical bars with heights equal to oscillator strength.
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Table 3-8 Selected list of TD-DFT energies of *Ru'™>(OHou)(OHou) in water with corresponding

oscillator strengths (f) and major contributions of transitions.

A/am f Transitions Cont(r(%) )u tion Types of transitions
524.98 0.039 HOMO-1(a) — LUMO(a) 16 dr*-m*(RUOH- pyan)
HOMO(a)—LUMO(a) 31 n-m*(pyan)
HOMO-2(B)—LUMO(B) 10 MLCT(Ru-pyan)
HOMO(B)—LUMO(B) 11 n-t*(pyan), MLCT(Ru-pyan)
499.41 0114 HOMO-1(e)—»LUMO(0) 16 dr*-n*( RuOH-pyan)
HOMO(a)—LUMO(a) 14 n-m*(pyan)
HOMO-3(B)—~LUMO-+1(B) 11 d-d
HOMO-2(B)—~LUMO-+2(B) 17 MLCT(Ru-pyan)
HOMO(B)—LUMO+2(B) 27 n-n*(pyan), MLCT(Ru-pyan)
467.60 0.048 HOMO-6(c)—~LUMO(0) 16 T-*(pyan)
HOMO-4(B)—LUMO(p) 46 T-m*(pyan)
HOMO-4(B)—LUMO+2(p) 10 n-m*(pyan)
42164 0.044 HOMO-7(a)—»LUMO(0) 51 n-m*(pyan)
HOMO-11(B)—»LUMO+1(B) 10 LMCT(OH, tpy-Ru)
417.40 0.044 HOMO-11(c)—LUMO(a) 21 n-m*(pyan)
HOMO-10(a)—LUMO(0) 12 n-m*(pyan)
HOMO-7(0)—»LUMO(0) 10 m-m*(pyan)
HOMO-7(B)—LUMO(B) 10 n-m*(tpy-pyan)
404.41 0.127 HOMO-9(B)—LUMO(B) 19 n-m*(pyan)
HOMO-8(B)—LUMO(B) 20 m-m*(pyan)
388.97 0.038 HOMO-5(B)—LUMO+2(B) 31 n-m*(pyan)
379.16 0.168 HOMO-10(c)—LUMO(a) 12 n-m*(pyan)
HOMO-9(B)—LUMO+2(B) 16 m-m*(pyan)
HOMO-8(B)—LUMO+2(B) 13 n-*(pyan)
354.22 0.145 HOMO-1(a)—>LUMO+3() 32 dr*-m*(RuOH-pyan)

Table 3-9  Contribution of each part of *Ru3(OHou)(OHou) to the selected transitions.

a-MO  Rul Ru2 O1H O2H L tpyl tpy2
(%) (%) (%) (%) (%) (%) (%)

LUMO+3 1 1 O 0 93 2 2

LuMoO 1 1 O 0O 97 0 O

HOMO 16 16 1 1 58 3 3
HOMO-1 24 24 15 15 12 6 6
HOMO-6 14 14 O 0 67 2 2
HOMO-7 12 12 O o 71 2 2
HOMO-10 1 1 1 1 79 8 8
HOMO-11 3 3 1 1 86 3 3

B-MO  Rul Ru2 OIHO2H L tpyl tpy2

(%) (%) (%) (%) (%) (%) (%)
LUMO+2 14 14 6 6 52 5 5
LUMO+#1 27 27 10 10 9 9 9
LUMO 14 15 5 5 50 5 5
HOMO 25 25 3 3 37 3 3
HOMO2 34 34 4 4 12 6 6
HOMO-3 37 37 2 2 12 5 5
HOMO-4 9 9 1 1 78 1 1
HOMO5 1 1 0 0 9 0 O
HOMO-7 0 0 2 2 6 45 45
HOMO-8 1 1 2 2 87 4 4
HOMO-9 2 2 3 3 8 3 3
HOMO-11 10 10 24 24 6 13 13
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Fig. 3-30 The calculated UV-visible absorption spectrum of 'Ru'»(u-OHinOHin) by using the time-
dependent DFT calculations in water. The triplet excitations, simulated with Gaussian functions, are
shown as vertical bars with heights equal to oscillator strength.
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Table 3-10 Selected list of TD-DFT energies of 'Ru'>(u-OHinOHin) in water with corresponding
oscillator strengths (f) and major contributions of transitions.

A/nm f Transitions Contribution Types of transitions
(%)
725.1386  0.0892 HOMO-5—LUMO 49 MLCT(Ru2-pyan)
HOMO-3—LUMO 43 MLCT(Ru2-pyan)
469.4593  0.0933 HOMO-8—LUMO 19 n-n*(pyan)
HOMO-7—-LUMO 11 n-* (tpyl-pyan)
HOMO-1—-LUMO+1 45 MLCT(Rul-pyan)
465.1442  0.1021 HOMO-8—LUMO 60 n-n*(pyan)
HOMO-2—LUMO+1 14 MLCT(Rul,Ru2-pyan)
404.4106  0.1906 HOMO-10—LUMO 24 n-m*(pyan)
HOMO—LUMO+7 10 MLCT(Rul-pyan)
402.0631  0.1268  HOMO-5—LUMO+4 11 MLCT(Ru2-tpy1,tpy2)
HOMO-3—LUMO+5 22 MLCT(Ru2-tpy1,tpy2)
HOMO-1-LUMO+5 12 MLCT(Rul-tpyl,tpy2)
HOMO—LUMO+4 10 MLCT(Rul-tpyl,tpy2)
400.906 0.1527  HOMO-4—LUMO+3 17 MLCT(Rul-tpy2)
397.7805  0.1309 HOMO-5—LUMO+3 15 MLCT(Ru2-tpy2)
HOMO-4—LUMO+3 29 MLCT(Rul-tpy2)
HOMO-3—LUMO+3 15 MLCT(Ru2-tpy2)
369.8812  0.0631 HOMO-3—LUMO+6 18 MLCT(Ru2-pyan)
HOMO-2—LUMO+6 13 MLCT(Rul,Ru2-pyan)
349.2217  0.0819 HOMO-15—LUMO 13 n-n*(pyan)
HOMO-12—LUMO 22 n-* (pyan)
HOMO-4—LUMO+6 39 MLCT(Rul-pyan)
304.2184  0.1959  HOMO-7—LUMO+3 41 n-n*(tpyl-tpy2)
301.3787  0.2098 HOMO-1-LUMO+12 15 MLCT(Rul-tpyl)
2753613  0.1547 HOMO-11-LUMO+1 16 drn*-n*(Rul O1H-pyan), n-n* (tpy1-pyan)

HOMO-8—LUMO+6
HOMO-3—-LUMO+15

n-n*(pyan)
MLCT(Ru2-pyan)
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Table 3-11  Contribution of each part of 'Ru'>(u-OHinOHin) to the selected transitions.

Rul Ru2 OIHO2H L tpyl tpy2
(%) (%) (%) (%) (%) (%) (%)
LUMO+15 1 1 1 0 9% 1 1

LUMO+12 1 2 3 2 15 51 26
LUMO+7 3 2 4 3 86 1 1
LUMO+6 1 2 0 0 9% 1 1
LUMO+5 1 1 0 O 46 51
LUMO+4 1 1 0 0 0 52 46
LUMO+3 0 5 0 O 6 87
LUMO+1 2 2 0 0 94 1 1

LruMO 3 3 0 0 94 0 O

HOMO 50 20 8 2 6 9 4
HOMO-1 44 29 3 1 7 9 6
HOMO-2 34 4 1 1 7 6 7
HOMO-3 23 48 0 1 15 4 8
HOMO4 49 29 0 O 12 6 4
HOMO5 17 58 1 1 4 5 13
HOMO-7 2 1 0 O 64 32
HOMO8 1 1 O O 98 0 O

HOMO-10 0 O O O 99 0
HOMO-11 2 1 27 13 8 41 9
HOMO-12 0 O O O 98 0 1
HOMO-15 2 1 0 0 9% 1
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Fig. 3-32 The calculated UV-visible absorption spectrum of 'Ru'’(u-OHinOHou) by using the time-
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shown as vertical bars with heights equal to oscillator strength.

3-183



Table 3-12 Selected list of TD-DFT energies of 'Ru'>(u-OHinOHou) in water with corresponding
oscillator strengths (f) and major contributions of transitions.

A /nm f Transitions Contribution Types of transitions
(%)
768.18  0.0426 HOMO-4—LUMO 20 MLCT(Ru2-pyan)
HOMO-3—-LUMO 64 MLCT(Rul-pyan)
752.33  0.0297 HOMO-5—LUMO 16 MLCT(Ru2-pyan)
HOMO-4—LUMO 70 MLCT(Ru2-pyan)
717.21  0.0462 HOMO-5—LUMO 74 MLCT(Ru2-pyan)
HOMO-3—LUMO 16 MLCT(Rul-pyan)
468.01  0.0549 HOMO-6—LUMO 15 n-n*(tpyl-pyan)
HOMO-3—LUMO+3 27 MLCT(Rul-tpyl)
HOMO-1-LUMO+3 15 MLCT(Rul-tpyl)
46434  0.0859 HOMO-9—LUMO 10 n-n*(pyan)
HOMO-8—LUMO 54 n-n*(pyan)
HOMO-2—LUMO+1 25 MLCT(Rul,Ru2-pyan)
403.58  0.4472 HOMO-10—LUMO 42 n-n*(pyan)
HOMO-3—-LUMO+1 11 MLCT(Rul-pyan)
HOMO—LUMO+4 12 MLCT(Rul-tpy2)
394.72 0.17 HOMO—LUMO+7 13 MLCT(Rul-pyan)
HOMO—LUMO+10 13 MLCT(Rul-tpyl,tpy2)
360.07  0.1087 HOMO-4—LUMO+6 18 MLCT(Ru2-pyan)
HOMO-3—-LUMO+6 28 MLCT(Rul-pyan)
304.44  0.2038 HOMO-18—LUMO 39 n-n*(tpyl-pyan)
27572 0.1684 HOMO-10—LUMO+1 10 n-*(pyan)
HOMO-3—LUMO+15 33 MLCT(Rul-pyan)
27391  0.1353 HOMO-2—LUMO+15 11 MLCT(Rul,Ru2-pyan)
253.82 02179 HOMO-32—LUMO 27 n-n*(pyan)
HOMO-15—-LUMO+1 26 n-n*(pyan)
251.88  0.1224 HOMO-15—LUMO+1 34 n-*(pyan)
HOMO—LUMO+19 22 MLCT(Rul-pyan)
24996  0.1149 HOMO-11-LUMO+5 41 n-*(tpyl-tpyl)
241.77 0.1 HOMO-16—-LUMO+2 23 dn-n*(Rul O1H-tpy2),n-n*( tpy1-tpy2)
HOMO-16—LUMO+3 15 dn-n*(RulO1H-tpy1),n-n*( tpy1-tpyl)
HOMO-5—LUMO+16 15 MLCT(Ru2-tpy2)
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Table 3-13  Contribution of each part of 'Ru'l>(u-OHinOHou) to the selected transitions.

Rul Ru2 O1HO2H L tpyl tpy2
(%) (%) (%) (%) (%) (%) (%)
LUMO+19 1 2 0 0 9% 0 1

LUMO+16 0 2 0 O O 3 95
LUMO+15 0 1 O 0 97 1 O
LUMO+10 5 5 14 10 10 25 32
LumMo+7 3 2 3 3 87 1 1
LUMO+6 1 2 0 0 9% 1
LUMO+5 2 0 O 0 1 94 3
LUMO+4 0 2 0 O 1 4 93
LUMO+3 6 0 2 1 1 8 1
LuMO+2 0 6 1 1 1 1 9
LUMO+1 2 2 0 0 9% 1
LuMO 3 3 0 0 94 0
HOMO 48 24 6 2 7 5
HOMO-1 58 16 4 1 7 11 3
HOMO-2 39 39 1 1 8 6 7
HOMO-3 53 16 1 1 16 10 3
HOMO4 18 60 O O 12 2 8
HOMO5 4 73 1 1 3 1 16
HOMO6 2 0 0 O 9 3
HOMO8 1 1 0 0 97 1
HOMO-9 0 0 O O 100 0
HOMO-10 0 0 O O 9 0 O
HOMO-11 0 O 11 4 3 73 8
HOMO-15 2 2 1 1 93 1 1
HOMO-16 2 0 41 4 19 31 4
HOMO-18 0 0 O 1 10 67 21
HOMO-32 0 0 11 2 44 28 15
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Fig. 3-33  Frontier molecular orbitals of 'Ru'l(u-OHinOHouy) in water.
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Fig.3-34 The calculated absorption spectra of '"Ru'l2(un-OHOH) using TD-DFT calculations in water.

3-187



12 0.40

. 10.35

-0.30E
— 8 B

o {025 &
£ . QL
2 sl 1020 ®
= | .S
va Al 40.15 (=U
2 {0108
o1 @)

10.05

0 Jm Al ‘I . | L i r ‘ . 0.00

300 400 500 600 700 800 900
Wavelength / nm

Fig. 3-35 The calculated UV-visible absorption spectrum of *Ru'';(O)(OHin) by using the time-
dependent DFT calculations in water. The triplet excitations, simulated with Gaussian functions, are
shown as vertical bars with heights equal to oscillator strength.
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Table 3-15 Selected list of TD-DFT energies of *Ru™»(O)(OHix) in water with corresponding
oscillator strengths (f) and major contributions of transitions.

A/ nm f Transitions Contribution Types of transitions
(%)

832.50 0.0503  HOMO-2( « )—~LUMO(a) 33 MLCT(Rul — pyan)
HOMO( @ )~ LUMO+3(a) 10 MLCT(Rul — pyan), -n*(O1H — pyan)
HOMO-2( 8 )—~LUMO(p) 38 MLCT(Rul — pyan)

740.34 0.0312  HOMO( & )~ LUMO+2(a) 14 MLCT(Rul — tpy2), n-n*(O1H — tpy2)
HOMO( e )= LUMO+3(0r) 23 MLCT(Rul — pyan), t-n*(O1H — pyan)
HOMO( 8 )—LUMO+4(p) 31 MLCT(Rul — tpy2), n-n*(O1H — tpy2)

676.44 0.0144 HOMO-2( 8 )—~LUMO+2(B) 50 IVCT(Rul — Ru2), MLCT(Rul — 02, tpy2)
HOMO-1( 8 )—LUMO+6(P) 10 MLCT(Rul — tpyl)

535.57 0.0244  HOMO-3( « )—~LUMO(a) 50 n-n*(O1H — pyan)
HOMO-3( 8 )—LUMO(P) 22 7-m*(O1H — pyan)

509.20 0.0251  HOMO-1( @ )~>LUMO+4(0) 19 MLCT(Rul — tpyl)
HOMO-1( o )~LUMO+5(ct) 10 MLCT(Rul — tpyl)
HOMO-1( 8 )~ LUMO+4(p) 10 MLCT(Rul — tpy2)
HOMO-1( 8 )—LUMO+6(B) }8 MLCT(Rul — tpyl)
HOMO-1( 8 )—LUMO+7(B) MLCT(Rul — tpyl)

492.33 0.0342  HOMO-1( a )>LUMO+5() 23 MLCT(Rul — tpyl)
HOMO-1( 8)—LUMO+7(B) 23 MLCT(Rul — tpyl)

455.74 0.0311  HOMO-3( 8 )—~>LUMO+2(B) 19 LMCT(O1H — Ru2), n-n*(O1H — 02, tpy2)

44434 0.0292  HOMO-4( a )~>LUMO+1(0) 41 MLCT(Ru2 — tpy2)
HOMO-3( a.)>LUMO+1(a) 17 n-n*(O1H — tpy2)

443.62 0.0324  HOMO( a )—~LUMO+10(a) 11 MLCT(Rul —pyan), n-n*(O1H — pyan)
HOMO( 8 )—~LUMO+13(p) 34 MLCT(Rul —pyan), n-n*(O1H — pyan)

442.20 0.0504 HOMO-4( o )>LUMO+1(0) 12 MLCT(Ru2 — tpy2)
HOMO-7( 8 )—LUMO(p) 22 n-m*(pyan)
HOMO-4( 8 )—LUMO(B) 12 n-n*(pyan)

435.32 0.04  HOMO(«)—LUMO+11(0) 15 IVCT(Rul — Ru2), MLCT(Rul — tpy2),

LMCT(O1H — Ru2), n-n*(O1H — tpy2)

HOMO( o )—~LUMO+13(at) 27 MLCT(Rul — tpyl), n-n*(O1H — tpyl)
HOMO( 8 )—LUMO+14(p) 35 MLCT(Rul — tpy2), n-*(O1H — tpy2)

394.78 0.0823  HOMO-1( a )~>LUMO+7(c) 16 MLCT(Rul — pyan)

392.32 0.0692  HOMO-10( 8 )—~LUMO(p) 36 T-m*(tpy2 — pyan)

385.63 0.1989  HOMO-7( 3 )—~LUMO+1(B) 14 LMCT(pyan — Ru2), 7 -7 *(pyan — O2, tpy2)
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Table 3-16 Contribution of each part of Ru™>(0)(OHin) to the selected transitions.

a-MO Rul Ru2 OIH O2 L tpyl tpy2
(%) (%) (%) (%) (%) (%) (%)
LUMO+13 1 1 0 0 5 94 0
LUMO+11 0 44 O 0 21 4 30
LUMO+10 1 4 0 0O 79 1 15
LUMO+7 1 2 0 0 8 1 8
LUMO+5 3 0 O 0 2 9 ©
LUMO+4 8 0 1 0 2 8 O
LUMO+3 3 1 0 0 92 3 1
LUMO+2 O 1 0 0 1 0 98
LUMO+1 O 3 0 0 1 0 96
LUMO 5 1 1 0 92 1 0
HOMO 47 0 33 0 10 9 O
HOMO-1 70 O 10 O 5 16 O
HOMO-2 74 0 O 0 18 8 O
HOMO-3 19 9 3 6 4 19 3
HOMO-4 1 46 8 19 5 9 12
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B-MO Rul Ru2 O1H O2 L tpyl tpy2
(%) (%) (%) (%) (%) (%) (%)
LUMO+14 1 0 0 0 6 92 O
LUMO+13 O 0 0 64 35
LUMO+7 3 0 0 0 2 9% 0
LUMO+6 8 1 1 1 3 8 1
LUMO+ 1 5 0 2 29 1 63
LUMO+2 2 25 2 31 19 1 20
LumMoO+1 0 24 0 34 3 0 39
LUMO 3 6 0 7 8 0 3
HOMO 47 1 34 O 8 9 0
HOMO-1 69 0 10 O 5 16 O
HOMO-2 74 0 0 0 18 8 0
HOMO-3 23 1 46 O 3 26 1
HOMO-4 2 37 O 0 5 1 5
HOMO-7 0 26 1 0 68 1 4
HOMO-10 1 2 4 3 2 0O 88
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Fig.3-36 Frontier molecular orbitals of *Ru">(O)(OHin) in water.
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Fig.3-37 The calculated UV-visible absorption spectrum of *Ru'»(u-OOHin) by using the time-

dependent DFT calculations in water. The triplet excitations, simulated with Gaussian functions, are
shown as vertical bars with heights equal to oscillator strength.
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Table 3-17 Selected list of TD-DFT energies of *Ru'>(u-OOHin) in water with corresponding oscillator
strengths (f) and major contributions of transitions.

A/ nm f Transitions Contribution Types of transitions
(%)
809.98  0.096 HOMO(a) — LUMO+1(a) 27 n-m*(pyan)
HOMO(B) — LUMO+1(B) 62 MLCT(Ru-pyan)
79533 0.161 HOMO(0)) — LUMO+1(0) 47 n-m*(pyan)
HOMO(B) — LUMO+1(p) 36 MLCT(Ru-pyan)
565.85 0.038 HOMO(a)) — LUMO+6(a) 79 n-m*(pyan)
532.92  0.098 HOMO(0)) — LUMO+5(0) 67 n-m*(pyan)
417.08  0.061 HOMO(a) —» LUMO+12(a) 13 n-m*(pyan-pyan, tpyl)
HOMO-10(B) — LUMO+1(B) 13 n-m*(pyan)
408.64  0.092 HOMO(a) —» LUMO+12(a) 12 n-m*(pyan-pyan, tpyl)
HOMO-8(B) — LUMO+1(B) 10 dr*-n*(RuO1HO2-pyan)

Table 3-18 Contribution of each part of *Ru'’,(u-OOHin) to the selected transitions.

a-MO  Rul Ru2 O1H O2 L tpyl tpy2 B-MO  Rul Ru2 O1H O2 L tpyl tpy2
(%) (%) (%) (%) (%) (%) (%) (%0) (%) (%) (%) (%) (%) (%)
LUMO+12 3 0 O O 51 45 O LuMoO+1 2 1 0 0 9% 0 O
LUMO+6 1 1 0 0 92 2 3 HOMO 4 30 6 1 4 9 6
LUMO+5 1 1 0 0 9% 0 O HOMO-8 3 3 3 32 14 7 6
LuUMO+1 2 1 0 0 93 3 1 HOMO-10 1 0 O O 8 6 9

HOMO 3 2 0 0 9% 0 O
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Fig.3-38 Frontier molecular orbitals of *Ru',(u-OOHin) in water.
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Fig.3-39 The calculated UV-visible absorption spectrum of 'Ru'>»(u-OOH;,) by using the time-
dependent DFT calculations in water. The singlet excitations, simulated with Gaussian functions, are
shown as vertical bars with heights equal to oscillator strength.
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Table 3-19 Selected list of TD-DFT energies of 'Ru'>(u-OOHin) in water with corresponding oscillator
strengths (f) and major contributions of transitions.

A/ nm f Transitions Contribution Types of transitions
(%)
72868 0.038 HOMO-5— LUMO 39 MLCT(Rul-pyan)
HOMO-3 — LUMO 44 MLCT(Rul, Ru2-pyan)
66751 0.090 HOMO-5— LUMO 31 MLCT(Rul-pyan)
HOMO-4 — LUMO 27 MLCT(Rul-pyan)
HOMO-3 — LUMO 34 MLCT(Rul,Ru2-pyan)
608.30 0.035 HOMO — LUMO+I 28 dn*-n*(Ru202-pyan)
HOMO — LUMO+2 53 dn*-n*(Ru202-tpyl)
44162 0046 HOMO-7 — LUMO 19 dn*-n*(Ru202-pyan)
HOMO-2 — LUMO+2 23 MLCT(Ru2-tpy1)
41912 0.109 HOMO-10 — LUMO 42 n-*(pyan)
HOMO-9 — LUMO 10 n-m*(tpy 1-pyan)
HOMO-8 — LUMO 16 n-T* (tpy2-pyan)
HOMO-7 — LUMO 15 dn*-m*(Ru202-pyan)
380.60 0.167 HOMO-12 — LUMO 19 n-n*(pyan)
HOMO — LUMO+10 11 dn*-n*(Ru202-tpyl)
HOMO — LUMO+18 17 dn*-m*(Ru202-pyan)
376.07 0333 HOMO-12 —- LUMO 22 n-n*(pyan)
HOMO — LUMO+13 29 dr*-n* (Ru202-tpy?2)

Table 3-20 Contribution of each part of 'Ru'’>(u-OOHin) to the selected transitions.

MO Rul (%) Ru2(%) O1H (%) O2 (%) L (%) tpyl(%) tpy2 (%)
LUMO+18 23 13 6 9 43 4 3
LUMO+13 1 5 0 0 25 6 63
LUMO+10 1 0 0 0 4 79 16

LUMO+2 6 0 0 0 3 87 4
LUMO+1 2 2 0 0 90 3 2

LUMO 4 4 0 0 91 1 1

HOMO 3 43 7 32 6 1 8
HOMO-2 25 51 2 1 8 5 7
HOMO-3 33 36 2 1 16 6 5
HOMO-4 58 19 0 0 13 7 3
HOMO-5 58 17 1 1 5 13 4
HOMO-7 3 6 10 44 19 10 7
HOMO-8 1 3 1 3 9 3 81
HOMO-9 2 0 0 0 12 78 7
HOMO-10 1 2 2 9 73 11 2
HOMO-12 0 0 0 0 99 0 0
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Fig.3-40 Frontier molecular orbitals of 'Ru'>»(u-OOH;y) in water.
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Fig.3-41 The calculated absorption spectra of Ru''2(pi-OOH) by using the time-dependent DFT
calculations in water. 'Ru'>(u-OOHiy) (red line), *Ru'>(u-OOHiy) (blue line), experimentally observed
spectrum (black dashed line).
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Scheme 2 (A) Enegy diagram

of the key states of 2 electron-oxidation species of Ru''2(OH)(OH>),

and schematic illustration of the conversion from Ru'"2(OH)2 to Ru2(u-OOH). S and T represent

singlet and triplet spin multiplici

density map and the formal oxid

ties and are marked by blue and red, respectively. Inset shows the spin
ation state of the *Ru">»(0)(OHi,) intermediate. (B) Scheme of proton

dissociation-induced intramolecular electron transfers concerted for O-O bond formation. (C)

Illustration of switching of intersystem crossing between triplet and singlet states of Ru'>(u-OOHin)
by the Hi, exchange between the sites on N¢ (for Hin-Nc bond formation) and O (for pu-OOHi,

formation).

3-199



1.8 A
16 (A 433 0m

1.4}
121
1.0} j,

0.8 |

Absorbance

0.4}

02/

0.0 : '
400 500 600 700 800

Wavelength / nm

1.0
| (B)
®
0.8
0.6 |
c ®
g [
<<
<
4 6 8 10
H,0 /'uM

Fig.3-42 Calibration curve of hydrogen peroxide. (A) UV-visible absorption spectra of the aqueous
solution (2.5 mL) containing 5 uM [TiO(tpypH4)]*" (tpyp = 5, 10, 15, 20-tetra(4-pyridyl)porphyrinate)
complex (Ti-TPyP reagent), 5 mM HCI and 0.48 M HNOs with the various concentrations (cu202) of
hydrogen peroxide. (B) Relationship between the absorbance decrease (AAa433) at 433 nm and ch202.
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Fig.3-43  (A) UV-visible absorption spectra of the aqueous solution (2.5 mL) containing 5 uM Ti-
TPyP reagent, 5 mM HCI and 0.48 M HNOs; after adding the sample solutions. The absorption
spectrum of the Ru complex was subtracted from the observed spectra of the solutions. Inset shows
magnified spectra with the reaction times. The detailed preparation of the sample solution (pH 11.5, 5
ml) containing 0.5 mM Ru''(OH)(OH:z) and 1.0 equivalent of Na»S,Os is shown in supporting
information. (B) Time course of the amount of hydrogen peroxide produced in the reaction of
Ru'2(OH)(OH2) with Na,S>0s.
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HAE VT = U LSRRI X D ERILFEIK DBRILES

4.1 ¥S5

TRVT =7 MR Rul2(OH)(OH2) DAL E RV SOSIC DWW TR =3 T
FELSERLZEY Y u b URBESIE 0-0 fEATEEE N B D Z L Bk,
FRfbfl & U CHWE NaxS:0s B4 U D HiEE 7 ¥ 10 SO4" DR iR T EM I
25VVvsNHE TH Y, RuVWEMRBNMNE Y L0720 &BIICH D, TS
IZ Ru"2(OH)(OH2) D 2 B FELFED A Z AR TE T 6§, BRI FIITHEE
I L BN A RET D Z L TENENDOLEREOELSALFHRIGNE R L O
HESACTFINE LA LTz, TIPS Tl Ru,(OH), %

4.2 EB

42.1

4.2.2

A - B
proximal ,proximal-[ Ru'"z(tpy)2(pyan) (OH)(OH2)](NOs)s ([Ru(OH)(OH2)](NOs)3
FHE=—FEOBY AR LIZbDOZHY, TRUSNSORFEITBA LI D%
TOEEMEH LT,

HIE J7 1k

BRALFHE W LR EERRITIHE®R L, TS T ZE L
TITV 2 IR E MR saturated calomel electrode (SCE) i3 Ag/AgCl electrode
KPEMRIL platinum wire 2V, BRALFONTEEE X Hokuto Denko, HZ-
3000 or HZ-7000 Zffi ] L7z, Ag/AgCl ZFREMEENL (Eagaecl) % SCE &
PR A (Esce)l C 2229~ 2 BRITWRCHARL L 72, Esce = Eagagcl - 0.045 V.
Cyclic voltammograms (CVs)i3# 5 [ 20 mV s THIE L7-, HEEILE
w/AME L, X0 EbIE TS E 2 B9 5 72 Osteryoung square-wave
voltammograms (OSWVs)% K D 54 CTHIE L 7=: step potential (AE), 2 mV;

amplitude, 25 mV; pulse width 25 ms.

43 FER - B

43.1

ROV A7) v IR EZ A RY— (CV)
HPESRE pH7.0 38 LTV 7.8 TD CV % Figd-1,2 127~k L7z, 0-1.2VvsSCE
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4.3.2

DI 3 > DRI (0.61, 0.70, 1.05 V vs. SCE) & 2 D D& T (0.63, 0.26

VDB S 7z, Fig. 4-1 OF LI £ TORSIZ LD 0.61V & 026V

DFALIE T DTN /o TCW D T & &R LT, Figd-2 /75 1.05V TD

B LI 1L DORNZEBLNT 2 DOBLK LV b 4 [EREVEREELZ R L

Zé, T 2B ENBR SN 22> Z 0B EC Kk

(electrochemical reaction)lZ & > T Ru SO Z 1 5 KOBLIC XL 57T
— RN TWVWS Z 2R L TWAD,

HEFEME ST OWNE & Fig. 4-3.4 12k LT, pHIL.7 CTRIEEDHIE Z4T -
=LA, @mﬁilo@ﬁ~7mmexmk2o@yawﬁ~e~
I NBIEN, BT 2 DO —2(0.17,-0.02 V)W EI S iz, BIRE
ﬂowv#%ﬁ%u%ﬁﬁék1&%47”Tiﬂmva> T NBLN
9 2nd YA 7 VLR TIE-0.02V OIEITLE BT, Z4u 0.30 V O
WSS T DRICIED 0.17 £-0.02 D DFFETHZ EA2EKR L, BT
HIBFEN 2 FIEGAET D Z L 2RB LT 5, £72. 0.3V LD
LB TCI 372N 2 £ D EC IS & TR Y Z OfttE & #5729
et & LCTHN2WEEBZ 6D,
Ru'";(OH): & Ru'(p-OOH)?D pK,=9.7 IZ3T\ > pH 9.9 TRIFEDFEBR A 1T
> 72 (Fig. 4-4), BAGEITRYESAE & REEDIRIE A LTV 5 —F, Bt
0.22, 0.04 V D 2 DO E— 7 PEHI S TSRO X 9 2R Ic 2>
oo E£72. -025-035V O TG L THETENABNT, FH—iElk
W(0.54V)E B2 T2 & T ATV IRTREFRD CV Tl 2 DORILHE A AL
oo TODOZ L2 ODIRITIEN 0.54 V OERLIKIZH KT Db DiE T
THY . PHRMOFE —BRILB(0.61 V) & HEILMESMEOH —BAL#(0.30 V)
IIARERNCFE— OB TR L L FfEOBILIREO Y —27 Th o LB %
H5ivd,

SERDOF AT N o TR AR 2 A U — (OSWV)

pH7.8 T?D OSWV #% Fig.4-5 2~ LTz, CV TELNTZ 2 DO It
J& 35 0.59,0.67 Vvs. SCE (ZE b 238Ul < 4u7z, pHI11.7 TiX3 2D CV
I LIZB bk & 035 VicT a— R —7 B3 8ll&hnz, Zhbz
HEFANE DN & P~ pH i E L7 & & O biE BN % pH IZX LT 1
v N L7 7 — K% Fig. 4-8,9 (128 Lz, WS TIE 3 S OER Lk fE
N IFTE LK E AL M 2> 5 Ruy(OH)(OH2), Ru>(OH)(OH,), Ru';(OH),,
RuV2(0) OH)TH D L& 2 Hiv5d, Ru,(OH)(OHz) & Ru';(OH), 1 pHI.7
I C—2DE—7 L7200 pH>9.7 Tl 2¢, 2H'OMHZ ZFf-> T2 &
225 RuMH(O)OH)IZ 72 - TV 5 & b 5, SRS TIPS Ti
RonholcfbiZ et —7 A6, FETRLULEBMIENEN
Ru',(u-OOH) (blue circle), Ru',(u-OOH) (blue under-triangle), Ru'"2(u-OOH)
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4.3.3

4.3.4

(blue left-triangle) T % L EI VD 2T/, pH<8 Tl Ruz(p-Cl)DIE{LIE L
LAY 0.85, 1.10 V AT BT 5 72 RuV2(O)OH)~DER{L v — 7 IF1E L
SHETE TR,

VRS T OEE DSy B R RE

0.60 V, 0.71V TOMRALIE ZIRE T 572D tBESILFREEIT 72, KEE 4
mm D53/ ITO Bz AW THIE Lc, WL A~Z RV ITO B4 %
W35 HMA~EE L THEY, ITO OWIPILT 7 7 PETELSIWVTWD, Kk
e o] L7, EBRE 2 BEH L. ZRZEOEMEZ 0.9 cmx7 cm FRE D
DEMEHL NS, 72, Ar X7V T B LR LHIEEIT 7=, 1TO Efi%
7= CV % Figd-10A (27~ L 7=, Figd-1 @ Grassy carbon TP CV & EVHHE R
2O =7 NENT, —oDOE—27 Loz, 0.70 Vvs. SCE Tgfb L7z & &
DO R AR, WA~ M VEARIT Figd-10 128 LTz, BE % 30 57T 490
nm OWIR 23D L7235 700 nm ORI 2SEER Le, 24U 2 I bAl
Nax$:0s & D & [AEEIC Ruy(OH): MER L TWD EEZXBND, DR
L7z Ru";(OH): % 0 V TiEjL L7z & &0 tERLFER % Fig. 4-11 IR L
720 60 53 CRA{LIF & 133D 700 nm QW A3, 490 nm ORI A3 [EIE L
7o Z ORFCHEAV T BT B ISR D 2.2 50 mol L TH V| EILHFIX 1.8
% mol #72 - 7=(Table 4-1), Z D Z &5 0.70 Vvs. SCE TOEEL )i 2¢ T
HD.061VDOLELBEBIIEDLRWNWEEZZLND, BILRE2 E BTSN
TWRNDTE 700 nm ORIV NFERIZITTICR B RN o 2720 ThH Y | BR{LEE
IZEEAN—HZE L T LE ol B X BN 5, £, CV TEILEDEINLD
0.6V CiEst L TH 700 nm OWUEITIAD Leio7z,

HRMETOSRD /e RUEFERIE

Bt S T oA ESAL SR E % Figd-12-16 (2R L7z, 036 V CEME L 72
DI AT R JLIE 490 nm O EENBD T 25 & T 655 nm DU 723 e )
60 S RNZHE R Lz, ZHULARRIE 700 nm OWGULHT A3 2K L 7= (Fig.4-12C,D),

Z OFF Ruz(p-O0H) & Ru2(0)(OH)2 [l 5 TE TWH D TIEARW & Bbivs,
ZD1%-0.25V TiEiL LR Dot b E % Fig4-13 12779, 600—700 nm
ORI RNFT 5 & & BT 490 nm OV N [EE LT, EBERTEZ TORRY

MV T 5 R —T 2 HDD 400nm DY g )V —E— 7 BNFELE LR

Z &R, 800 nm DOWSEEN EH L TWb e EB MR b7, 0.36 V CEMT
% & 3h T 622 mC OB AT (Fig.4-12B), ZAVTEEHAED 4.03 5D B &
IZFIY 9%, —5-025V TiEIILT D &£-23.0mC i 7z, ZAIUIEERED 1.44 f%
Tholz, 036V OEMTIIMBERNDZENTNWLZLEZRBLEL, ZOK
JSIE 2 BABEE THDHZ L EMBL TS, 2k b —2 EDBEN 0.67
V vs. Ag/AgCl THEME L 7=RFD 53 eE UL HIE % Fig4-14—16 (TR L7z, B
A7+ VT 490 nm DWSEEE A A U, &M 20 53Tl 655 nm 2332 FCIC 5
L7225, % LLURECIE 700 nm 23 ACHYIC ER L7 (Fig4-15), E#E O SEHAR
WEA—7 vy —Fy FCEET S & 655nm OPOLEIZIKD L7245, 700 nm D
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4.3.5

PRI EA/NE b0 7z, & DR 0.3C DEMAWIN, SEERRD 4 FRET
Bolz, LVEEMNTERLZHEDHD 700 nm OPEESE R L2 &Eh b,
0.36 VD b Dt Ruy(u-O0H) 23 E AL L. 0.55 V DAL 1E 3 I Ru"l2(0)(OH)
AT %, Ruy(u-O0H) & Ru™(O)OH) X FH B TFAET 2 DTkt F
Z 5N, 7272 L, Ru'y(0)(OH) I 3 < I Ruz(u-O0OH) % £ % L . Ru'2(ui-OOH)
(IAREE D 4 7 AV DEAE T 5 729 Ruly(u-OOH) 23 Ml L € < % ¥ Tl Ru'y(p-
OOH) S EAEMYI TN G, 72, CV TO0.05V ICIFET &Y — 27 TREILT
% L [ABRIC 600 — 700 nm D WRIH 2334 3 2 23R 2 WA IEHFICELS . XV 5E
421213 Ru>(OH)(OH2) 23 [EIfE L 72\,

PRI K R E &

MR ORI KBIAE Z MR T D729, Ti-TPyP ik 4 W TR TR
{bARBAERREZ MR LTz, MIEFIEITER US> TiT>72 Y, pHIL7 T036V
vs. SCE C 6 B E Mt 21T - 7=, T ORFOEER L /KT A B % Figd-1712R- LT,
4 IFfECleR 38 uM DI LK BRI A Z MR LT, 7272 L 7 7 77 — 0% 1 Iy
MO KT 8% Th o=, IR 21T - 72 RF L IRIFRFREE O b
KFFRETH T, KIZ0.57Vvs. SCE TlRIEEIZ 3 KB Z1T > 72, Z ORRZ
2 B[] TR 48 pM O KB RAEZMR L=, 72720, 77 77 —2h=Ri%
036 VORELYD K<, 1 KT 4% Th o7z, AT MVZE{ED B 700nm DW
FENHER LTS, ZEAEEEME D 720y Ru™y(O)OH)A AR L TW\W5b Z &
ERLTWD, LEDB->TT /— REROKESDY Ru,(O)OH)AERICTHE =
AVTRREY A 7 VD3 ) <o Tk EZ b,

44 #EE

Ru'2(OH)(OH2) D EZALFHIFHEE CV,0SWV Z HWCEAE L7-, pH (2K LT
7ay h LT AR EB I ORENENDOEN, pH & TOatERILFHIE
L0 BB R A E 0 2T, BEERAR X OB LK FERASG
f i DEERE 2 scheme 4-1 (2325 T 5, FHESMTIL 0.70 V vs. SCE T lproton
couple 2 electron f2fk L. Ru™y(OH) NEKT 5, ZDE&~AF—irE LT
0.61 V T Ru">(OH)(OH2) 23 £k T %, Ru™>(OH): X 1.10 V T lproton couple 2
electron (b L RuV2(O)OH) N ERLT 5, Z OEE{LFRIT 7 — /L~ [¥ T Ru'Va(u-Cl)
DEELIRTEM EH D7D ) EFSHETE TW Wiz 7 e F HUIAHTH
Do —EMZ RuY Tk ey oh i) Z LidbE D @EFNLN 07

— )V XX O fH X )% 2proton-2electron D -59 mV / pH TiEX2WZ &5
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Ru2(0)OH) = HI VD 4Tz, ZDORE CV ORI LAMEERZ &ATEY
Ru,(W-OO)FRIEMN HIBERET H LB OND, £ HICTHENM TIXER
OIS BN EN 1.25 V LLETIE RuY20): WEKT D EEZ B, 2T
Ru'V2(p-00)72> Hi#E %4 L Ruy(OH): IZFR D EEH D 4 ThhT,

pH 11.5 Tl 035V T Ruy(n-OOH) 2 A% L i sk /K % %2 it L C
Ru>2(OH)(OH)IZ RS, L U E&EM TiE Ru2(0O)OH)MER L, 24U 1.01 V
T Ru™2(0)(OH)~ L &9 %, Ruz(u-O0H)iE 0.69 V T Ru(u-OOH)(Z &N
T 5 EED YT, ZAUTARBLEME 72728 K0 @ EAL T RulVa(u-00) % A ik
LTEREL TVDLZ ENAREEE LTEA LS,

45 ZEITHER

Matsubara, C.; Kawamoto, N.; Takamura, K. Oxo[5, 10, 15, 20-Tetra(4-Pyridyl)Porphyrinato] Titanium(IV): An
Ultra-High Sensitivity Spectrophotometric Reagent for Hydrogen Peroxide. Analyst 1992, 117 (11), 1781.
https://doi.org/10.1039/an9921701781.
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Fig. 4-1 Cyclic voltammograms (CVs) of 0.8 mM Ru';(OH)(OH>) in 0.1 M phosphate buffer (pH 7.8) as
measured at 20 mV s™! of a scan rate. (red) range of 0.00 — 0.65 V vs. SCE and (blue) range of 0.00

—0.94V, respectively. It used grassy carbon electrode as a working electrode.
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Fig. 4-2 CVs of 0.2 mM Rux(OH)(OH2>) in phosphate buffer (pH 7.0) as measured at 50 mV s™! of a scan

rate. It used Indium tin oxide coated (ITO) electrode as a working electrode.
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Fig. 4-3 CVs of 0.8 mM Ru';(OH)(OH3) in 0.1 M phosphate buffer (pH 7.8) as measured at 20 mV s™! of
a scan rate. (A) start to negative sweep in the range of -0.2 — 0.5 V vs. SCE and (B) start to positive
sweep in the range of 0.0 — 0.9 V. It used grassy carbon electrode as a working electrode.
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Fig. 4-4 CVs of 0.8 mM Ru',(OH)(OH3) in 0.1 M phosphate buffer (pH 9.9) as measured at 20 mV s™! of

a scan rate.
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Fig. 4-5 Osteryoung square-wave voltammogram of 0.8 mM Ru';(OH)(OH3) in 0.1 M phosphate buffer (pH
7.8).
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Fig. 4-6  Osteryoung square-wave voltammogram of 0.8 mM Ru';(OH)(OH3) in 0.1 M phosphate buffer (pH
11.7).
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Fig. 4-7 Osteryoung square-wave voltammogram of 0.8 mM Ru';(OH)(OH3) in 0.1 M phosphate buffer (pH
9.9).
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Fig. 4-8 Pourbaix Diagram of Ru2(OH)(OH2») in aqueous solution.

4-216



. 08-

L

P

06-

>

2

| 04-
0.2 -
0.0

~ e_
_'_._..T.- ..
e;H+
o ¢¢°
G;H*
([
G;H$
1 .
1
I I 1
10 12 14

Fig. 4-9 Pourbaix Diagram of Ru2(OH)(OH>) in aqueous solution prepare from DPV.

Reprinted from Kousuke Takahashi master’s thesis chapter 6.
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Fig. 4-10 Spectro-electrochemical measurement applied 0.74 V vs. SCE. (A) CVs of 0.1 mM Ruz(OH)(OH>)
in phosphate buffer at a pH of 7.0. ITO electrode used as W.E., (B) Bulk electrolysis applied potential at 0.74 V
vs. SCE with bubbling Ar. (C) UV-vis absorption spectral change of Ru(OH)(OH3) applied potential at 0.74 V
vs. SCE. (D) Time course of absorbance at 700 nm(A7oo).
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Ruz2(OH)(OH>) applied potential at 0.0 V vs. SCE. (C) Time course of absorbance at 700 nm(A70). (D)

Comparison of UV-vis absorption spectra of Ru, complex before oxidation at 0.7 V and after reduction at 0 V.
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Table 4-1 Equivalentness of complex with amount of charge required for redox at pH 7.0

0.1 mM, 1.6 mL (160 nmol) 0/mC? electron / nmol Electron per Ruz(OH)(OH>)
Ruz(OH)(OHy)
Oxidation at 0.74 V 34.7 360 2.25
Reduction at 0.0 V -28.0 -290 1.81

9Subtract blank charge.

Table 4-1 Equivalentness of complex with amount of charge required for redox at pH 11.7

0.1 mM, 1.6 mL (160 nmol) Q/mC?¥ electron / nmol Electron per Ru2(OH)(OHz)
Ruz(OH)(OHy)
Oxidation at 0.36 V 62.2 644 4.03
Reduction at -0.25 V -23.0 -230 1.44

dSubtract blank charge.
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Fig. 4-12  Spectro-electrochemical measurement applied 0.36 V vs. SCE. (A) CVs of 0.1 mM Ruz(OH)(OH3)
in phosphate buffer at a pH of 11.7. ITO electrode used as W.E., (B) Bulk electrolysis applied potential at 0.36
V vs. SCE with bubbling Ar. (C) UV-vis absorption spectral change of Ru2(OH)(OH3>) applied potential at 0.36
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Fig. 4-13  Spectro-electrochemical measurement applied -0.25 V vs. SCE. after oxidation (see fig.4-12). (A)
Bulk electrolysis applied potential at -0.25 V vs. SCE with bubbling Ar. (B) UV-vis absorption spectral change
of Ru2(OH)(OH») applied potential at -0.25 V vs. SCE. (C) Time course of absorbance at 450 (red circle), 650
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Fig. 4-14 Charge — time curve of bulk electrolysis of 0.2 mM Ruz(OH)(OH3) in 1 M phosphate buffer
(pH11.5) with stirring. Applied potential: 0.67 V vs. Ag-AgCl
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Fig. 4-15 UV-vis absorption spectral change of 0.2 mM p,p-Ru2(OH)(OH>) in 1 M phosphate buffer (pH 11.5)
for 0.67 V vs. Ag-AgCl electrolysis. Optical path length 1mm.
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Fig. 4-16 UV-vis absorption spectral change of 0.2 mM p,p-Ru2(OH)(OH>) in 1 M phosphate buffer (pH 11.5)
after electrolysis. Optical path length 1mm.
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weE VT = U LAGEROIBERL KRR ERE

51 =
3 E, 4 FETIE 0-0 FE B TSR DRI TTENL 72 & DSHRD KGO T
FELSWE L C& 7o, B S T CIIHE MRS CAER T DB LK 3 D E R NMK
W BFRE CTIE D LT Z & 722 8 Ruly(n-O0H) DI iRk /K 35 38 A1k
1 2 SR AFSE L 7=,

5.2 EBR

521 I - BB

proximal ,proximal-[ Ru'"z(tpy)2(pyan) (u-CD](Cs ([Ruz(p-CD](Cl)s 158 =F D
BYAERLEZLOERHW, ZAUNAOREIIEA LT OEZ DO FE 44
L7z,

522 HIETIE

NMR A7 kv (‘H, BC, 'H-'H COSY, 'H-1*C HMQC, and HMBC){ Varian
400 or 700 MHz spectrometer CiHlJZE L7z, 'THNMR A7 ML D 7 I 10y
7 b O W EREEHE X B IA B ClX TMS(tetramethylsilane) . /K AR Tl
sodium 3-(trimethylsilyl)-1-propanesulfonic acid % FHV 7=, pD (-log[D"]) DAE %
K pD =pH + 0.4 OBIfREN S pH A —& —THIE L7 E»HHEE LT,
AN RIN A7 X7 + M Z A A — BT LA B55 %% (Shimadzu
Multispec-1500) & 7= 13 ¥ 7 /L £ — A KD 53 HER(TASCO V670)% H W CHlE
L7z,

5.3 #EFR - EBE

531 flx ORLANC L % Ru2(n-O0H)AE K

{LFRIERLIZ & D Ruy(n-OOH) L% IE NaxS:0s TO BT > T2, S,08% D
BB ENLIL 2.1 V vs. NHE 7224 U7- SO« DE{LETLEN D 2.5-3.1 V vs.
NHED & IEF IS @, Z DO ARE 7 L0 @R bR O 0 fif, 36 L ONEHEH
(IBERL K FE R AR L CTW D RN » 72, £ Z TE W IERWELMOERLA &
L T KI5, HIOs, KBrO; £ L. [FAROBBIL S ETT D20 R Lz, = Z
DAL SOER A 2 (D)~GITRT,

S,08% +¢° 2 S04 +S04" 2.1 Vvs.NHE (1)
SO~ +e 2 SO4* 25-31Vvs.NHE (2)
Iy +2¢ 2 3T 0.536 V vs. NHE (3)
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105" + 6H' + 6 2 I'+3H,0 1.085 V vs. NHE 4)

BrOs+ 6H" + 6¢° 2 Br +3H0 1.423 V vs. NHE (5)

Z DEFDOWIN ALY s VAL % Fig.5-1- 1412~k LT=, 723 105, BrOs 134 1B
KEBEKDELFH L H5IH LTz, I, Kz TiX NazS:0s D EF & [A4£ 12 Rullz(u-O0H)
DAER LTz, £72 5 T ETEBRKICHET L TWAT2H NaxS:0s DEF LY 26
FRALBOSIREN RE W 0335, S VR, BREMRH Y U L E DS TIE
&AEﬁmLﬁw:&ﬁ%wﬁémko:m%®%Mﬁ®mm5f@@m§ﬁ
HEN % Table 5-2 12/~ L7z, I, or Is1% Ru'l2(n-OOH) @ Redox pot. 0.35 V vs. SCE
IZH LT 029V EDTNITEYD TRV, RISHEITLTWD, 3 U HREIE
0.16 V E &V TWaW =D IS HEFT L7V, RFEEE CIIbiE B 0.50
V THOREMPH DI 00D O TS EIT LRV, FRCIESAE T Tn
RN EEER LI Z E0 O REME TRERIGHET L WNIBIED L Z A
Do TR, ZDZ bbbl 28 IRT 2 B R H 5,

532  [Ru'a(u-OOH) | Dl SR B R A7
Ru'z(u-OOH) 7 & Ruz(OH)(OH2)3 [FI1E 92 i TR 2 B 227 5,

kr
Ru'(p-OO0H) + 2 H,0 — Ruz(OH)(OHz) + H:0,  (6)

ZORDORIGEEER X7 AV 7oLV T 0Lk H IR,

k., 76 RT (7)
AS# AH#
khT (__ ﬁ) ( 8)
In(k/T) = - AHY/(RT) + In(k/h) + AS*/R )

K IZAR Y < U EE(1.381x10 B TK Y, TIdMaxHEEXK)., hix7 7 v 7 T
(6.626x103* I s), AG ITIEME(LF 7 X =R L ¥ —(kI mol), AS*IZIEME(L=
v bo B —(JTK!'mol), AH"IZiEMA LT Z )L ¥—(kI mol!), R IFEMAETE
(8.31 J K mol™),

15-45°C TZ O in% "HNMR % W CBRBR U AR E TOsE 5 % Ko

7o (B FBERIEKDELRR TS 5] H)

"TH-NMR (2B W T, FIEREIZEIT 5 Ru,(u-O0OH), Ruz(OH)(OH2) D & — 7
ORI G, ENENOSEROREZFH LTz, Z O Ru2(n-OOH) DR

EOXE LR TOT ey hEFKERE TR 72KEGEC9)., o7 ey MIR
WEMRZE 5272, 202 &b b /k FEBESS X Ru2(n-O0H) D2 &

IZX L C— RS TEITT D Z EWNRENTZ, 207 ay NOEBOMEE N
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IRDIZHONTRERMEETR L, 15°CH 5 45°C~DIRE EHIZx L TR
KR D2 EE2R LT, TN AH= 108 kI mol! . A4S¥=32.8 JK ! mol &
B U7, F72. AGT=AH-TAST L AGH25°C)=98.6 KJ/mol & FHi L7-,
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Ru'>(OH)(OH») & Na»S208 D i D TON

0.5 mM Ruz2(OH)(OHz) in phosphate buffer at pH11.5 OIFHRIZK LT, ~/L4
XV THiE A 1 8T L Rul(u-OOH) M AL L 727 . Ru2(OH)(OH2) 23 [E11E
THRGZEZ 1A 7 vE LT, ZORICEEKEITH) Z & TH— v F——
%% (TON) %ZFHH L7z, Fig. 5-18 XV 9 [AlH U TIISEAD ISR A b7
Wb, AR LIk 2 — o A —_"—HL 8 B TH D EEZBND,
B I = N—=DINEDOHERD—>L LT, ~AFXY RO SRz L -
THRAET DMMBOUWIENRE 2 5D, EDD ZOWWENZ —BHEY R 72
ETUE., ZOMISICE T D — A —"—EOHEMNRIAD D L& 2 B
Do

[Ru'>(n-OOH)** & [Rux(OH)(OHL) I Dbk 3 & D i

Rk & Ru(OH)(OH) D% 'H NMR HIECHAEL7Z, 1 mM ©
Ruz(OH)(OH2)IZ 1 FED H0, Z Mz 72% 40 SEISITR ooz
(Fig.5-19),

Rk & Ruz(u-OOH)D [ )i % Fig.5-20 127k L7=, Ruz(u-OOH)7)> 5 D
Ru2(OH)(OH2)[E11E St D F T O SOSEE EEL ki 1% 2.57x10% s 72572,
Ru'>(n-OOH) | TiEEE (L AKFE Z N2 25 & BT OEEE kb = 1.95x10° s T
Rux(OH)(OH)IZ[RIIE L 7o, ki DK 10 5D ISHEEE Th oo Z &b, i
fefb/KFE 1T Ruy(p-OOH) ZiE 03 5 5238 U | Ru2(n-O0H)»> 5 H20: 1E
HEROS ki K0 10 5RO 72 OIEFR LK BB ST HHNITTHE S D,
Z DO LTl b AKFEDO—HDOALNERESND,
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[Ru'>(u-OOH) ¥ & Dfig 3 4

Fig. 5-22 |Z Ru2(OH)(OH2) Na,S:08 % is S ¥ 70 & & O FE I A EORRRFA(L

R LTz, o< D EMEFEFEL 48 FEfE]HNT T 0.5 pmol OFERFEN M S
7o FEA L7285 813 12 pmol D 7= DB IIEERED 4% TH -7,

WER{ LK R E Bk

Ti-TPyP iRZK(Z X DilaE (L /KR E RIS 2B OE W KO 7V OfEE
R DIENT DOV T Fig.5-23,24 (278 LTz, Ti-TPyP iR X ER SR MFIC T 572,
ZEFHLTIT HCIO M LTV 5, Lo LEskaEie U U BRRE R Z ¥
TN LTEB AN EC 5728 HNO; U E LT L7z, &7z A
A4z om DIEIZFEI CIENZ DX R D, I BT I NORMERE ) o Wtk
BRI RE K CIME X IIE D L R0 o Tz, — 7 IREEFEEIR T3 fH
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5.3.8

TR LT, IREBREEIR DS IR LK FE DL ER & L TEIWT WS & b
%, 72 DREMENE T O Ru(OH)(OH2) & NapS:0s DT K DAl /K € &
Z Fig.5-24A ITR LTz, U VEBREHETR H L 0 b DT NS IREERR TR D )7 D3 L 5
Do lody, 1T & A EFRBROMBIEETH -7, b &b L& Ru(u-ChHCls 7>
5 Ruz(OH)(OH2) % in situ AR% LEBRIZEH L T\ a7ad Crofibs 8 R
RS ALK FBAEKREZLE L T D AEENH - 72, [Ruly(u-
OOH)|(PFe)s & L THLRE L 72 & & O b /K FERE G % Fig. 5-24B 2R L
7o HARILEDS 0.16 pmol 12 33 %K L7, ClA A ZREDOMIEN LD A
SIS RIR E L THRRILERD 6.3 % & AK0 - 7272 F B E RS BN AT
F45Z EnRENn,

Ti-TPyP FRFELIS DR /KB E mIEIZ X » Tl bKFERAE LR T D70
D FOX 3EIZ X DM E A et LT,

Fe?" & Ho0p IFFRMESAE T TS LT Fetic 72 %, Fe** % Xylenol Orange T
L— M52 LICEVHBERTDHIENTE D 2,

<SBRFINE>
(DXylenol Orange (1.90 mg, Mw760.58), D-/ /L £k —/1(455 mg, Mw182.14), 0.1
M H3S0s aq 6.25mL % 25 mL A A7 7 A 2|2z 7,
@(NH4)Fe(SO4)2-6H20 (2.45 mg, Mw392.14) % Nl % THliK % AT 25 mL (2 A
AT w7 LT,

TN E LI FOX RFE L IES,
D EEDENTNDIRE I Xylenol Orange: 100 uM, D- >/ /L £k —/L:100 mM,
H>S04 aq:25mM, (NH4)Fe(SO4)2-6H20:250 uM
WE  BRYESRIE TRV L Fe*' N FEIZHARRRIL T 2720, 47 HaSO0s DRI
(NH4)Fe(SO4)2'6H20 % 5 Z &

@80 uL D7 & 20 uL @ 0.1 M H2804 aq (2 1.90 mL D FOX #RHE 4 1 %,
30 IR TR Lz, (B 7 VOREIZEHORED 25 512725, )

ZDEED XO-F $ERDYUL AT V% Fig. 5-25A 12~ L, KWL
I K 584 nm TOWDLEEIZXT L TR aEfR % 1ERk L 7= (Fig. 45-25B),

0.5 mM @ Ruy(OH)(OHy) #&H 1M J Vg Ny 7 7 —(pH=11.5)IC 1 HE D I /KiF
Wz N2 7z & % DEERLKRIRIE DI HIZAL % Fig. 5-26 IS8 L 72, SR THI 15 uM D
FRALKR DR T 4L, SRR IS L THI 3 %D TH o7, Lol RIGHIEATIE
EIFIER 100% T LK FE B ER TE 72, Ti-TPyP OEELKEEBHERIC I BTE
D WFRORIKIC BT HIERELKFERE 2R TE 72729, Ruy(p-O0H) 2> & D gl
IKFERK 258 < R L 72,

2 T ERA L D HERS AL VRS
[Ru"y(OH)](NOs)s ZHIEfE L. A & ) —)L & VT Lo —T LTk
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A5 BTz X RS AR AR IE AR RS SR % Fig.5-27 ISR L7z, Ru-O OfEAEMN
21 A & R THo72Z L5 anthyridine D 7 = = /VEEICHES LT RFRIC
OH ENBEAZI, 7T VP UEKROFOESRE N IZKENFFW-k R
X BRI 2 R O IR O BLES L T ORE1E D35 D L7 ([Ru2(pyan_ OH,H)(u-
OH)P*"), [AERIZ 7 = = L ELITHE G RSB IC e R e & Y B8 A S L7 o
HAEmMERESE LN TWD Z L0 7 = = VO AT IRE 2 23085 T
el Lo W 2 OB IR b FE AN R (L KB AR O EZ L TN bH & &%
Hivd, £7, DFTRHAICL Y 2 E (O 3 BHRETIE T v F Y v
1202-05 DA VEBENGFET DI ENSZ N DO ENbHE 7 2=)b
FEOFTFROEISER BN Z & BRI D,

5.4 #EE

WL KSER L O Ru 85RO KGR F— 2% Scheme5S-2 (278 L7z, Rul2(p-
OOH) > & iEHfE U 72 i\ Ba (b /K 6 13& IC SOG ARBE ROGS I S v Tun g
72O, WEMEWEB 26D, £70. ZOMME L THRENPFREAET HA]
REMEDN D D73, Z DU S 4%FEE LRV, U7 v F U O BT A R
b3 2 DI /KSR £ 72 ITEER NHE STV 50, £721X Ru2(n-O0H)
7> 5 EH[Ruay(pyan. OH,H)(p-OH) P 23 A2 ik 9~ 2 72 ol e b Ak FE b3 L
MHTWRW=DTHh D, il bKEZEDOINRZ M E S5 7-DIiT ARk LT
WEE L ARFE LR L DT 22 & T UF VD UEN A DT = =V EROf
AR 2R L7 B AR A2 Bk 2 Z L3R E LTI Th b, bk
LSRR OSBRI ISR OB L > TEBARETH 528, 2 = TH
72 Ruz(cpt)(OH)(OH2) Tl pHI1.5 TIIMLT ¥ B HIRH L TLE D
DT LTV, T F U P UBNLFOREE LT T = = VIR E D
RKEWEBRILZE AL OHO@EBREZ IAHEST L ZLH 500 Uik L
RN E WD Z E TR CTE D EBbhnd, 7o F U P UEMNL T DOl
L7285 R DB BT E DS F S5,

55 ZZ3CHR

(2). Cobalt-catalyzed sulfate radical-based advanced oxidation: A review on heterogeneous catalysts and
applications

PeidongHu, MingceLong., Applied Catalysis B: Environmental 181 (2016) 103-117.

(2). S.P. Wolff. Methods Enzymol., 1994, 233, 182-189.

(3). C. Gay, J. Collins, J. M. Gebichi. Anal. Biochem., 2000, 284, 217-220.
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Na2S20s
489nm
03 Oh |412h
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= . 3h
L "r 657nm
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S 3h 4| 3h
<
0.1} 12h
0.0 1 1 1

400 500 600 700 800

Wavelength / nm

Fig. 5-1. UV-visible absorption spectral change in a reaction between Ruz(OH)(OHz) and
Na2S20s. Added Na2S20s was 1 equivalence of Ruz(OH)(OHg) in the reaction solution. ( pH 11.5,
p,r Ru2(0H)(OHy) : 20uM, time span 10 min)
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Na2S20s
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0.20
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QO 015}
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© = 489nm
2
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Fig. 5-2. Time course of UV-visible absorption spectrum at 657nm in a reaction between p,p-
Ru2(OH)(OHa2) and Na2S20s. The initial concentration of p,p-Ru2(OH)(OHz2) is 20 uM.
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0.2
645nm

10min 4,10min
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12h

0.0 ' : ! : : :
400 500 600 700 800

Wavelength /nm

Fig. 5-3. UV-visible absorption spectral change in a reaction between p,p-Ruz(OH)(OH2) and Is.
Added I> was 1 equivalence of p,p-Ru2(0H)(OH2) in the reaction solution. ( pH 11.5, p,p-
Ruz(OH)(OH2) : 20uM, time span 10 min)
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Fig.5-4 UV-visible absorption spectrum change in a reaction between p,p-Ruz(OH)(OH2) and I»
until 0 ~ 10min.
(pH 11.5, p,p Ruz(0OH)(OH2) : 20uM, time span 10 min)
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Absorbance

400 500 600 700 800

Wavelength / nm

Fig.5-5. UV-visible absorption spectrum change in a reaction between p, pRu2(0H)(OHz) and I»
until 10min ~ 12h.
(pH 11.5, p,p Ruz(OH)(OH2) : 20uM, time span 10 min)
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8 o015t
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Fig.5-6 Time course of UV-visible absorption spectrum at 645 nm in a reaction between p,p-
Ru2(0OH)(OHz2) and Io. The initial concentration of p,p-Ru2(OH)(OHb2) is 20 uM.
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Absorbance
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Fig.5-7. UV-visible absorption spectral change in a reaction between p,p-Ruz(OH)(OHz) and
HIOs. Added HIOs was 0.3 equivalence of p,p-Ru2(OH)(OH>) in the reaction solution. ( pH 11.5,
p,rRu2(0H)(OHy) : 20uM, time span 10 min)
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HIOs
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0T = 487nm
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0.10

Absorbance

0.05 |
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Time / h

Fig.5-8. Time course of UV-visible absorption spectrum at 637 nm in a reaction between p,p-

Ru2(OH)(OHz2) and HIOs. The initial concentration of p,p-Ruz(OH)(OHb>) is 20 pM.
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Wavelength / nm

Fig.5-9 UV-visible absorption spectral change in a reaction between p,p-Ruz(OH)(OH2) and
KBrOs. Added KBrOs was 0.3 equivalence of p,p-Ru2(OH)(OHbz) in the reaction solution. ( pH
11.5, p,p Ru2(OH)(OHy) : 20uM, time span 10 min)
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Fig. 5-10. Time course of UV-visible absorption spectrum at 635 nm in a reaction between p,p-

Ru2(0OH)(OH32) and KBrOs. The initial concentration of p,p-Ru2(OH)(OHb) is 20 pM.
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O
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0.0 L
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Fig. 5-11 UV-visible absorption spectral change in a reaction between 50 pM Ru2(OH)(OH2)
and 50 uM KIs until 0 ~ 3 min, Room temperature, pH 11.5.
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4 mn—— 21 h

Absorbance

Wavelength / nm

Fig. 5-12 UV-visible absorption spectrum change until 4 min ~ 21 h.
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| 1 |

0 4 8 12 16 20 24

00—

Time / h

Fig. 5-13 Time course of UV-visible absorption spectrum at 662 nm in a reaction between
Ruz(OH)(OH2) and leq KIs. The initial concentration of Ruz(OH)(OHb2) is 50 puM.

Table 5-1 The components of absorbance decay fitting at 655 nm.

component k/s1 A

1 (7.00+0.07)x10°5 0.307

AbSGGZ (t) = AO + AleXp (_kt)
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0.06
0.05 |

0.04 -
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Time / h

B Na2S20s
. P
HIOs

B KBrOs

Fig.5-14. Comparison of UV-visible absorption spectrum changes in the reaction of p,p-

Ruz(OH)(OHz2) between various oxidants at about 650nm.

Table 5-2. Redox potential at pH of a 11.5

oxidant NazS2:0s Iz and I HIOs KBrOs  Ru:(u-OOH)
Redox potential [V 1.86 0.29 0.16 0.50 0.35
vs. SCE]
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e 35C
o 45°C
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Time /h

Fig.5-15 The time courses of concentrations of Ru'2(u-OOH)
cru * Concentration of p,p-Rull 2(u-OOH)
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é o 15°C

In CRu

1 . 1 . 1
0 10 20

Time /h

Fig.5-16 Plot of the inverse concentration of Ruz(u-OOH) versus time.
cru - Concentration of p,p-Rull 2(u-OOH)

Table 5-3. Data of rate constants

Temperature[C] 15 (288K) 25 (298K) 35 (308K) 45 (318K)

kls1] 3.50x 105 8.72 x 10 2.31x 104 8.67 x 104
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14 |

In(k/T)

3.2 3.3 3.4

1/T /1 K'x10°

Fig.5-17 Eyring plot of the reaction Rulla(u-OOH) recovered to Rulla(OH)(OHa).

Table 5-4 Activation parameters (25°C)

Glkd moll] H [kJ mol1] S [J K1mol1] [kJ mol1]

95.9(+8.74) 78.9(+£6.22) -57.0(x20.6) 17.0(6.14)
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H/(wj\@ AGH

Scheme 5-1 activation Gibbs free energy of peroxide dissociation at Ruz core.
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Fig. 5-18 the repeatability of the reaction cycles between 0.5 mM Ru2(OH)(OH2) and 1leq.
Na2S20s.
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Fig. 5-19 'H NMR spectral change of reaction of Rulla(OH)(OH2) and H202 in D20 solution of
phosphate buffer at pH 11.5.
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Fig. 5-20 (A) UV-vis absorption spectral change of Rulls(n-OOH) adding leq. H20O2 after 60 min.

(B) Time course of Rulla(n-OOH) adding leq. H2O2 monitoring Absorbance at 655 nm.
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12 - 200

= Ru,(u-OOH) + H,0, !
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Fig. 5-21 Oz evolution from H202 with Ru2(u-OOH) (red), Ru2(OH)(OHz) (blue) and Na2S20s
(black).
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Fig.5-22 Oz evolution from the reaction Ruz(u-OOH) (12 pmol, 0.2 mM, 6 mL) in 0.1 M phosphate
buffer pH 11.5 (red) and 1 M NaOH (pH 13.9).
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1.2

4 HCIO, + water y=0.202 X
© HNO, + NaHCO, y=0.181 X

1.0
= HNO, + water y=0.126 X I
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©)
|
|
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Ci202 [ uM

Fig. 5-23  Relationship between the absorbance decrease (AA433) at 433 nm and cHz02 in various .
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Fig. 5-24 (A) Time course of the amount of hydrogen peroxide produced in the reaction of
Ru'2(OH)(OH2) with Na2S,0s in 0.1 M phosphate buffer at pH 11.5 (red) and 0.1 M NaHCOs at
pH 11.5 (blue). (B) Time course of the amount of hydrogen peroxide produced in the reaction of
[Ru'2(u-OOH)](PF¢)3 in mixture solution of 0.1 M NaHCO3 pH11.5 : acetonitrile (9:1 v/v).

5-258



2.5

10 uM

— RN I\)
o o o

Absorbance

O
o

00 L | 1 : —— —
300 400 500 60 700 800
Wavelength / nm
2.0
Y =(0.173+£ 0.003)X .
R®=0.995
1.6 -

0 2 4 6 8 10 12
H,O, in assay / uM

Fig 5-25 (A) UV-visible absorption spectra of the aqueous solution (2.0 mL) containing 237.5
uM (NHa4)Fe(SOs), 24.75 mM HzSO4, 95 mM D-sorbitol and 95 uM Xylenol orange after adding
the sample solutions. The absorption spectrum of the Ru complex was subtracted from the
observed spectra of the solutions. The detailed preparation of the sample solution (pH 11.5, 5 ml)
containing 0.5 mM Ru''2(OH)(OH2) and 1.0 equivalent of Na,S>0s is shown in supporting
information. (B) Relationship between the absorbance decrease (AAsgs) at 584 nm.
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Fig.5-26 Time course of the amount of hydrogen peroxide produced in the reaction of
Ru'2(OH)(OH2) with Na,S,0s in 0.1 M phosphate buffer at pH 11.5.
It use FOX reagent method.
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Fig. 527 ORTEP view of [Ru",L (tpy),OH](NO
for clarity

(30% probably) Solvents and counter anions are omitted

3)3
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Table 5-2 Selected crystallographic parameters.

Compound [RU'LL (tpy)2(u-OH)](NOs)3
Chemical formula Cs0 Hs2 N14 O14 Ru>
Formula Mass 1395.30
Crysta system Monoclinic
al A 12.5199(3)
b/ A 12.0130(3)
c/ A 38.2365(8)
al® 90.0000
pl° 93.244(2)
yl° 90.0000
Unit cell volume/ A 3 5741.6(2)
Space group P12)/n1l
Z 4
Ry 0.0869
WR; 0.2368
GOF 1.303
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Scheme 5-2. H202 and Ru complex reaction cycle.
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HOE

6.1

6.2

FTII9AY—BIORNAR T V— MNEROBILY TR T

> DERK & BRI FRIK OB AREETE 2

&
fefb 2 o 7 AT A (WO)NFAN Y RF v TR/ F—E, =2.6-2.8 eV O N AIHE
KTHY ., AIRSEISEEORT 7 — RE L TEETH D, o, liE T ums~3
VvsNHE T® 0 | B FANKDBESOEZIT O 2 & D TE HALEIZH D, WOs
FERESE T L, AR PR EMEE AT 1, AR 2w B35 72l
J iEE RIS 2 RA N ThiL, R EICEF S LN ZivE Tz <
INTWD 13409 F7- WOs BMRIT ML TH B FRILE TH Y |
2 B TARK L 72 Ruz(eptpy)(OH)OH2)D L 5 72 HitELL o> pH T Lol & LC
BERE L2V KO Lt 2 R 92 ECHifFTE 5, HFRE=ETIEe RI Y
YERWLZETH my RO WO ZAER T &, mWBEEAZ G55 2 &
EHELTND ™, o) /ey REEGEIHBEMES . SAR T L— MR
D WO bEMINDZ EEZMRL T\, ZOETIEST VA YA LA
7 L— MO WOs DIED 53 IZE) L ENZE N OSBRI A BN O TN 21T -
770

i)

ES

6.2.1 A - AR

* HoWOq4 FW = 249.85 Purity min 99.8 %
B AL RS BIEA LT,

* NoHs*H,O  Purity min 98.0 % kL 1.03
TRt B IEA LT,

R x=F LT Y a—L MW = 20000
B AL RS BIEA LT,

e v—ha—X
A RSER S B IEA L T2,

s AN =)

BB PR S BIEA LT,

- AAHR

RSt =7 anbliEA LTz,

EFEMES T A(ITO H T )

AGC 777 VT v 7 MBEALTZ, 2emx08cm (27~ L, @KL
O 7 & b CEBHEEESE UV-Os LB 2 i3 = & CRIEZ IR L-, &
WMrpTIn—)LT—F T AF 7 L, BHER 1 om? (CFE % ER
IZHWTWS,
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6.2.2 FEETIE
NoHy-WO; BIBR{AD & Ak
HaWO4 )oK 0.3 g (1.2 mmol)iZ 25°C F 7213 45°C ik 1.5 ml 200 2 84
%, 1000 rpm THHEE L 7227255 NoHa HoO (146 pl, 3.0 mmol) & i T L 7=, 30 4y
L < HHRL, MAORBIENAFT AL RocERAICE b Lz, AR
W7z ER] L 50 °C TEZERE L GO RZEIN L7, Z OBKR % NaHe-WOs
AITBRIR & 95,
RS NW-WOs 1ZE R D LED I W, A~FIHES 20, A
IZA T DG EITENZBRIE, &R 20 FELLFIZ Lz BT 10 EREICHAIL
IR AR D & A RTRE TH %,

NW,Hex-WO; ¥ R R W EBD /EHR

RO NoHe-WOs BiBER Z ~ > 7 VIE CTRESE IR FCMEL L, 200 °C 1 I
ffl. 550 °C T2 FFEBERL LTz, FIREM TORIRRMIZ30 0 TH D, 4EX
FTTHARGBHZITO, B O NW,Hex-WOs ¥y K035 57z,

ARYZF L7 U a—100 mg, v—AHE—X 20 mglZAH /—/L 400 ul
Z N Z 40°C THERHE LR Y ~— 2 3fif S 72, NoHy-WOs BiBEA 02 g %
AT 1R L= N &2ERL L 7=, ITO B EIZJE S 100 pm T—
ARNEAF—V LTz, TO#% 60°C T 15 L, Lok & F UM

ThERL L. B HE9Y% NW,Hex-WO; Bl 2157~

AEAE

AR O R e A EE - PS8R (Field emission scanning electron pscope, FE-SEM)#,

3
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ERL L 72 WOs Bk K OVEMOBIELIE A ARE RSt o &R E 1B
$EISM-6500F) % AV CiTo 7=, Vo TR — EIZEEME D — R il
T—7 AN TEREZEE L, SEMBZEHORE L Lz,

3R X #R[E13r(X-ray diffraction. XRD)HI &
TERLL 72 WOs By R Z IV T XRD JIlE &2 1T 272, WO Fi R XRD /3% —
IR AL Y A7 D X BRIET S E (MiniFlex600) 2 W CTHIE L7z, 5 57z
[l X% —> & Scherrer DG 6-1-D)E AW THEBFDORKE S &K=,

KA

T = (1)

Lcos6

T+ crystallitesize/ nm

K- -+ shapefactor (=0.94)

A+ Wavelength of X —ray (CuKal/ 0.1542 nm)
0--- Braggangle/ rad

B+ FWHM /rad

FWHM IZH 7 ZADOXREHWNTCHEE—0 2T 4T 4 752 L T,

25 B - PR (Transmission electron pscope, TEM )1 %%
ERLL7- WOs (yRA =& / —/L 2 mL HFICHBHEFLIIZ L > TR oS
Wi, iE TEM 77U v RICEE®ES L, JEE & Lz, TEM JIEIC

I3 A AREF RS0 FE A E 7 B EE(JEOL 2010, 200 kV) & HW\ 72,

JERU T A~ kL (Diffuse reflectance spectroscopy, DRS) DI E
WOs R D DRS HIE T B A SRSt D SRS AT LT RS 3 SR (V-
670) ZH\TIT-o 72,

BRALTFA v B —H A543 K1 (electro- chemical impedance spectroscopy, EIS)
W.E.IZ WO3 &M, C.E.IZ Pt wire, R.E.IZ Ag/AgCl E iz HV ., pH 6.0 0.1
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M FEREFRER 2 it & L C—FE MmNV 2/ER- L7z, WE.-C.E.[HDH
Bt a — AR BIE L=, W% 2kHz—0.01 Hz, amplitude 10 mV CllE %
TWESNTZZ|Z UL FOKX 2-4 ZRHWCICIZEH LT
Zim
e = “wmirzy @

Zre
- 2nf(Zre?+ Zim®) &)

|C| = 1’Crez + Cim2 4)

O |CI IR f I L & F — 27 2 J8# 0.1 Hz OFM4ETA v E—
H o AREET> T,
V=T A —=THRNVZ A M) — (LSV) JHIE
% WO; Bz EH &M (working electrode, WE) . H4&#t% k&R (counter
electrode, CE) | $R/¥E L ERFEM: (Ag/AgCl) % ZFRFEEMR (reference electrode, RE)
[ZFENENH, EREKERIZ 0.1 M FEERFEENR (pH=6.0) ZHW T
FH =V EHAT, 2O EERAL AR (L E TR,
HZ-3000, Hz-7000, HS100) & #%ki L, LSV HIIE 21T > 7=, HEARMRHIE & L
T, BALORSIFPHIL -0.20 ~ 1.00 V vs. Ag/AgCl T, #@F1EEIL 10 mV s
TiTo 7z, HRIC Y A BRSO S00W k2 T T (T,
UXL-500SX; 7 > 7/~ A, SX-U1500XG) & vy, L-39 By b7 4 V% —
BB LOBERRIL 7 ¢ /L% — (0.2 M CuSO4aq.) % i L 7= 100 mW cm™ O A[H %
(390 nm <) ZHNTITo72, BET 5 A BOEO I OREIEIZ /ST — A
— 4 — (Ushio inc., USR-40) % F\\\TIT~>7=,

Cim =

E BN R R
CV HIZE & [FIERIZ4 WO; i 2 WE, HA4#t4 CE, Ag/AgCl # REIZZ L%
MW, BAREKERIZ 0.1 M FHRRRE IR (pH = 6.0) Z T == =i
RKENVEMAT, ZOBAVNEZ Ar X7V 70280 30 AR L2k, &
NV BERALTEEHIEEE (b2FE TR, HZ-7000) &8t L7z, 1.23 Vs,
RHE OEBM AN L=, FIHEE A WOs BEMRICHUT L, 3 REHIEENL
BRDMEEAT o T2, WP T ¥ A EEKASALD 500W &/ 7 7 (F
> 7, UXL-500SX; 7> 7' /"7 A, SX-UI500XG) % A, L-39 v b7 1L
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A —B L OB 7 4 /L% — (0.2 M CuSOsaq.)% i L 7= 100 mW cm? 0 7]
Bk (390 nm <A) EHWTITo 7, HET 2 SO KRE DR EIL T
— A—#— (Ushio inc., USR-40) # H\TiT-o7=,

Ay v~ 777 (GC) HIE

EBMERTRICIVBELTEMBBLOKBLEEET D7D
A7~ 7T 7 (EEEERT, GC-8A) ZHWiz (v U7 7 A:
ALSAEBL xR 2T =3 —TANT L), HAZA F3 V) Y (HAMILTON)
ZHNWTEAND EFOKHE (~y RAR—2) Z 90 uL HEL, Zih
BRI~ N7 77 THMr L, KMPICEENHEEHEOEEZ RDT-,

FONTREREIY, BET 7 77— (FEo) ZHIE L,

6.3 fEoR  BEE
6.3.1 (N2H4)WO; B i D T HE IR B {5 (71

HaWO4 #5K 0.3 g (1.2 mmol)iZ 25°C - 45°C ik 1.5 ml Z 00z ###E45,
1000 rpm THEEE L7253 5 NoHa-H20 (146 pl, 3.0 mmol) Z i N L7=, 30 57
WL <R L, HEOBRBIRNET AL ot AamIcE ik Lz, KiRAMK
W ASKIED & BIIAD L D IR 2 72, ABILED) &85 L 50 °C THZE
RLME L H O R Z B L 72, KR CTYER U 72 AT EEE U 72 BRI S
L72DIZxt L, SR TE L2 RIZ ST 24—k Th - 72, NaHe-WOs HifBK
Ko SEM [E{4 % Fig. 6-1 278 L 7=, 20°C TIEfE~20 nm, £ & 3~10 pm FEE
DF ) IA ¥ —NEERINT, 25~40°C TIEIES 1~5um OF/ UA ¥—
(NW), 7/ 2 v F(NR) & SAE 7 L — h(Hex) T o 72, 45°C TIEME 1-2um
DRAFT L — MBS, REIZ L VSN DRBRERIR S Z(L L
72
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6.3.2

6.3.3

MNoH)WO; O R XRETIC L DX ¥y 77 X U P—2 g v

20 °C THBK L7z NW-NoHe-WOs HifBEA IS L1V 45 °C TH AL L 72 Hex-NaHa-
WOs HiBER D XRD /34— % Fig.6-2 128 L2, W HOIIR T trigonal
(N2H4)WO3 @ XRD /"Z — 2 L BN—FZ R LT Z ENOLAEMRLTALEY
ML H)WO DV TH D Z L ZA LT Lz, ZHUEH 7 AT U ER(HWO4)
25 WOs3 [ZKB A - 72 1EH.0)WO0s T D Z DIKSYF 75 NoHa 43 12 & #a
L& TH D V2D (Fig. 6-, 1554172 Hex-(NoHa)(WOs) AR A EEHIIC
R e — 27 DR S 7z, ZIUE(NH)(H20),WO, #&E TIERnN2 & &
R LT 5 Fig.6-3), BT 5 < (NoHa)(H20)1 W03 D L 9 72 —FFASE A L
o TWNRNEDDONNZ = LD NZED KD W E OSCERIT A D)
S TV, NW-(N2Ha)(WO3) & U — b L MgNT U723 LA 73T A —
4 % Table 6-1 12777, SCHRAE & HL#E L T a, b, ¢ 2T O MITHEFDIRD -
TWD Z LD 5%, TR CITRIRE FRIEE TRE L TV D 720823/
INEEZHND,

NW, Hex-WOs @ SEM #1142

NW-3 X Y Hex-(N2Ha)(WO3) % 450, 550 °C THERL L 72K SEM 14 % Fig.6-

4 TR Uiz, BERIL B BERRT O TR Z ki EF L T2, Hex-WO; DIGH

450 °C TIX MR ZA LT D DIk LT 550 °C TIiE# nm OZEHL1Z%

BICZENTWDONPBIERE SN, ZIUIREEEENICHEA SN TV N2 40

TR THEAFE T UE T D BRICEAL N TE e b s,

6.3.4

NW, Hex-WOs3 Oy R X #al#r

550 °C THERL L7= NW-35 LT Hex-WOs D XRD /X% — % Fig. 6-5 |2

RLT, EBHOIRTEH monoclinic fhiga D/ N¥ — L OADNBHI S -, 7=
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72 L. NW-WO; TIE(002) & (200) i DEIFTsRE N m < BN R oz, L
7235 TFH U A —15(002) & (200) [ DIEFR T RIASNSHRTWD EE 2 B
Do
6.3.5 NW-WO; O & 4 & TEM(HR TEM)
F/my Rk, WSO ORKMEZBRV T, @B o 722 B SIS TRk
£ L% L7=(Fig. 6-7a,b), fEfut& D7 U o 2i%, Bl R WOs #1E D (002)
BB L OOV IICEIK T 5 3.82 BXL O 3.61A O MRk THE 72 -
72o  HIRMREFE 1 [EIHT (SAED) /3% — /(Fig. 6-7¢)H* 5. (002), (002), (020),
(020), (022), (022), (022)F L ON022)Dx5thtnd™ B ftid il Hifldh % W03 F/
=y ROHFERBEENBIE Sz, BEREED T/ 1y RITRERCK
DRUaH D 72N DB IEFLFFRE S 2 3l 2 DIT&RL S, T/ i 24
LT 2 BATIE DN B S 22D B2 bivd,
6.3.6 YEBUSCIS A7 L
NW 35 X U Hex-WO3 D ITO MR D £ I RILHU ST A7 )L % Fig.6-8 1T
LT, Fl22E b &IT Taue plot % Fig.6-9 (ZAEXI L7, WU 480 nm
(2.6 eV) T TRIRDOEBEWNT DTN LR Tz, £t /vy Nl WO;
D ITHRCIE 420 °C THERR L 72 b DIXZEFR /> T4 AIZ K 5 450~550nm (23 =
JU B — WU S FAE L TN 223, 550°C BERK CIE E B L OIR TH EHE D T
FFEAEERE L TRV E B s, WINERIE 2.6 eV EHEIHL T
% W03 ERZEDONY RE¥ Y v T Tholz,
6.3.7 U=T A —TRNVEETZ I (LSV) HIE
NW 3 X U Hex-WOs3 @ ITO &M D <AL 7K O I b b T 4 - S A 4
A7z, 50 mV [BFE TYX% ON-OFF L 7= chop light FC LSV Z#IE L7,
1.0 V vs. Ag/AgCl T NW-WOs3, Hex-WOs3 [ZZ 112741 0.7, 2.0 mA cm™? 72~ 7=,
NATET L— DI 9 3K 3 (FEIME D =D -o 7,
6.3.8 DG RR SRR 22 T T R A
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Fig. 6-11, 12A (ZMBE R, 1.23V vs. RHE CTHEME L 7= O BN 22 EEIC o
WTR L7z, 60 23O CIEBHLAT 10 43 £ THRERMEAH AL, 0.8 mA
em? TEE LT, 17h ORREEIEMMR CIXEM% 1 R LA S8 B 23
DU 17 BRI IZI 0.1 mA em? 1272 > Tz, BRI O LSV IX 1.8 mA cmr
215 02mAem?at 1.0V IZ 1/9 (278> T, MR OEMD SEM X%
Fig. 6-13 (TR L7z, NART L— MERIZEL L TWZRnpEEE ST 5
BN L ITO BN R 2 TWD Z 01355, Fig6-14 O XRD /34—
TIXEMZ B EI2FE - 72 Hex-WO; 12 FE M7 & [F] U monoclinic-WOs3 T&
Sty LED-> T, BREOE FIZEIC WOs OHIBERFINTH D LR S
i,

Fig. 6-15 {2 LSV MIERT# D SEM [Hf§ 4 /< L7z, Hex-WOs ML LSV Al
TIRARIZERIT R D2 D> T2 DIzxt L NW-WO3 1 LSV JHIE % 2% i 1 2hL
TAROWE DA L TUNe, BERRREETHR - C O G AR A TN A D3R
DG N7 5T,

6.3.9 BRALFA B —H 2 AN EE
NW-WO; 35 X UV Hex-WOs &> Nyquist plot % Fig.6-16 [ZZf[RIEE T ¢
T4 T LT T A—HZ % Table6-2 1278 L7z, BRI K OWERE TOHEPL

RI,R2 & HIZ NW-WOs D NE L Z D Z & pMETFEHOERIC /2 > T\ D

L bhs,
6.3.10 YA &%) =R IPCE

KD IPCE % Fig.6-17 {27 L7=, DRS WRE#AHS 3% 520 nm LA F O
ECRBRMENFRE LIz, NW-WO; ThHe K 10 %72 > 72D IZ%f L T Hex-WO;
TIE 36 %N EIRMMEIC L ST,

6.3.11 AT T

e

Fig. 6-18,19 (CHFRRFRMEL, U > BRIREE T C O CrE XUMBLE T o I AL
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bR Utz WEREREME I T Tl 1 RFfH) 22 E 7R BB 2N AL 72 #% 3 IRefH] CIE R
FAEAS 55 %fREITIK T Lz, ZOROBRBRAERITIFEN % THo72, i
EHEER DI CIZ EAL R S KDL T O TWRWZ & 2 60
L7, = CY U EEREER T CIXEFEER T &0 b EIRIEAY 2 FHK < WFH]
&L HICEWRMMBAIAD Uiz, 3 Witk OisFE R E R 3.6 pmol T F.E.49%T
boTe, FRYD OBATITIBEEAKFEAEME 21T WOs DRFHRIEIZME DT
WhHEZEZBND,

6.3.12 (N2H4)WOs DR Ze M
NW-(N2H)WO3 1ZEZFEIT2 5 E/ERI LS50 & 5 BB A 5B 3ok
FCHIEZEL LT LE D EB 2, £ 2T WO BEBIEKRFEOREEAE 2 &
— LB KICETE LB OBERATO SEM 281522 L7- (Fig.6-20), /K% W
7B ®D SEM B{§ TIZ T/ UA Y —REEN I LKL FIRICEE L TnD 2 L
NBES N, Z0OZ b E NW-(NaH)WOs 23K TOZREMEIMEN Z
EEMIRL TWD,

6.3.13 A L VBRI B B T2 AR OO TS P A
VIR TIEA ¥ Y — VRS AT 5 2 & Tl /e 51k CEM L~
OFFFFRE I L OWEEMES EH T 52 L2 @®E L T b,
Z ZCARBEMMBIZ S A I F Y = VHER A AT D 2 L TEMD I
ZEEVEM s KO MER B2 M) L7z,
LUFICERR O 1B 7~
ORV=FL 7Y a—50mg, ¥v—ARE—X Smg [TAF /—/L 250 ul
Z NN R 40°C THNEMEHE LR Y ~— & iR S H i,

QF-1IQ OEEEIT- T,

@Imidazole (Im), Undecyl imidazole (Un-Im), Acetyl imidazole (Ac-Im), Phenyl
benzimidazole (PhBn-Im)IXZ 4124 66 mg & A % / —/L 66 uL Mz 7=,

@’ Methyl imidazole (Me-Im), Ethyl imidazole (Et-Im), imidazole (Im){X#Z{K D
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6.4

=, TNFENDA X —ViFEEED L% 66l M2 7=,
@N2Hs -WO; FiiBR{A 0.05 g # /N2 C 1 KEfHEFR L—X N Z2/ER L7=, ITO
T EICEE 100 pm TX—RA h & AF—V L=, TD 60°C T 15 /yinfk

L. Lo REF CSEMTHER L, B NW,Hex-WO; &l 2 1572,
£lo. RN = —E TOFEEDOEN IR L7,

WIRDA I X — )ViFHEK Me-Im, Et-Im, Im & Ac-Im NEENHE—72 K
272> TWAD Z & 2R LTz, BROA I XY —ZF~IZi>TLEND
FELSEL Mol ENEND LSV % Fig6-22 IZ/xLlz, Z2bHTHE—
IR EVENEE R L2, Imidazole 72 L & b2 b BB A IXIZ &
Ao EBALDI IR o 723, 0~0.8 V vs. Ag/AgCl O#ELFH TIEMEDR 2>~ 7= (Fig.6-
21),

WY ~—MELDOFRMETIEDH > 25BN TOESRBREOERE L R LT,
FUTEMR EA~OHFFITRY v —BRE L Fbo TS Z ERm sz,

W

)

T U= E R T L — MO REARS WO OFED 53T M RiBRED &
R 2R3 5 Z & THRE L 72 o 7=, RIBRIAAS trigonal (N2H4)WO3 T 5
ZEEREE L, T IA YR A RS EICKE W T AR =TT 5 2
& TR AREE LKL FIRICETE T 25 2 & 2 BRSO R EEDMER N3
LTz, ZNENORIBRKZ 550 °C THEAL L7=FMI 0.5V vs. RHE 7° 5
JEEONE U7z, Hex-WO3 (% 1.23 V vs. RHE T 1.4 mA ecm? OXBEFAE L
IPCE 3K 36 % TV iEEZ R LTz, BEERFEENR T T 60 sy O YRR T
B CIILE L TR Y LB HEED 7= D EFE B L,

R R A ZWE LT DHER OB O 7= DR S e o 7o, UV EEFR R
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D).

Q).

@A).

(4).

().

(6).
(7).

).

).

TIX FE. 49 % CHEENIAE LTz, fEdiE oW R m, RO ES
\ZEE R H 2 NI L— RO T IEE N BN & A SN LT,
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Fig. 6-1 SEM images of NoH4-WOQO3; precursor morphology change at various solution temperature.
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5 10 15 20 25 30 35 40 45 50 55 60

(A) Nanowire 20 °C

Hexagon 45 °C

CCDC:1846977 (N,H,)WO,

—~
—

(100)

o
—
~

197 198 199 200 201 202 203 204 205 288 289 290 291 292 293 294

(B) Nanowire 20 °C g Nanowire 20 °C

Hexagon 45 °C s Hexagon 45 C

Intensity (a.u.)
Intensity (a.u.)

CCDC 1846977 (N,H )WO, CCDC 1846977 (N_H )WO_

Fﬂ 3)

197 198 199 200 201 202 203 204 205 98§ 280 200 291 292 293 204

Fig. 6-2 (A) XRD patterns of Nanowire-(N2H4)WOj3 (top), Hexagon plate-(N.H4)WO3 (middle) and reference
trigonal (N2H4)WO3 CCDC 1846877. (B) magnitude around (1 0 -1) and (0 0 3). Plane of Miller index color
indicated 2 0 shift. Blue: low degree shift, red: high degree shit and black: not shift.
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Table 6-1 Lattice parameter of (N2H4)WOs3 refined by Reitveld analysis.

a/A b/A ¢c/A a /deg B /deg y /deg V/A3
Literature ~ 5.7984(1)  5.7984(1) 9.2341(3) 90 90 120 268.87(2)
Nanowire @  5.845(13) 5.845(13)  9.27(2) 90 90 120 274.3(1)

a) model function: B-spline, Trigonometric function, Split pseudo voigt function, March-Dollase function.

$:2.9504, Rup(%): 4.50, x2:8.7047.
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Hexagon-(N,H,)WO,

- (NH4)10H2W12042(H20)10
- (NH4)10W12041

B 5(NH,),012W0O,-11H 0

H 5(NH,),012WO0,-7H,0

Intensity (a.u.)

__,_,JLM . ML, |

6 8 10 12 14 16 18
20

Fig. 6-3 XRD pattern of Hex-(N2H4)WOs3 in 6-18 degree of 2 6 . It is not match with reference bar data.
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Orthorhombic HyWO4

trigonal (N2H4)WO3

Fig. 6-4 Structure of Hy WO, and (N2H4)WO3
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Nanowire-(N,H,)WO; Hexagon-(N,H,)WO,

~

Fig. 6-5 SEM images of NW-WO3 and Hex-WO3 calcinated 450 and 550 °C.
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20 24 28 32 36 40 44 48 52 56 60

NW-WO,
ITO
= Hex-WO,
&
2
2
Q ITO
NSRS PDFcard 01-083-0950
(@) (@) —_ N A~
oo N AN N
~ ~ N OO
SADRL

|l M ' | ‘..II Ly

20 24 28 32 36 40 44 48 52 56 60
20 / degree

Fig. 6-6 XRD patterns of NW-WOs3 (top), Hex-WO3 (middle) and reference monoclinic WO3 PDF card data
(bottom).
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10 1/nm

Fig. 6-7 (a, b) HRTEM images and (c) SAED pattern of the WO3—N,Hj4 calcined at 550 °C. reprint from ACS
Sustainable Chem. Eng. 2019, 7, 21, 17896—-17906.
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1.2

—— NW-WO,
—— Hex-WO,

1.0

0.8

.06
=

A’
0.4

0.2

0.0

300 400 500 600 700 800
Wavelength / nm

Fig. 6-8 UV-visible diffuse reflectance spectral changes as a Kubelka—Munk (KM) function of NW and Hex-
WOj3 on ITO electrode calcinated at 550 °C.
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2.5

e NW-WO3
2.0 ——Hex-WO,

15}
«
B
L 1.0F
0.5 ‘
©2.60 eV

2.62eV
L | L

0.0 ) 1 ) 1 1 ) 1 )
1.5 2.0 2.5 3.0 3.5 4.0 4.5

Photon energy / eV

Fig. 6-9 Tauc plots based on UV-visible diffuse reflectance spectra (DRS) of NW and Hex-WOs3 on ITO
electrode calcinated at 550 °C.
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Potential / V vs. RHE
0.4 06 08 1.0 12 14 1.6

N
~

—— Hexagon WO3
. —— NW WO3

-2
= = N
N o o
T T

~

O
oo
T

Current density / mA cm
i T
\
AN

>

O 1
-0.2 00 02 04 06 08 1.0
Potential / V vs. Ag/AgCI

Fig. 6-10 LSVs of NW-WO; (red) and Hex-WO3 (black) electrodes calcined at 550 °C in a 0.1 M acetate buffer
solution of pH 6.0 with visible-light irradiation (A > 390 nm, 100 mW c¢m~2) chopped. Scan rate 10 mV s’
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3.0

—— Hex-WO,
~ 25}

5

g 20}

P

‘n 15F

c

[4B)

©

e 1.0}

)

= Yo
O O0.5F

0O 10 20 30 40 50 60
Time / min

Fig. 6-11 Bulk electrolysis at 1.23 V vs. RHE in a 0.1 M acetate buffer solution of pH 6.0 with visible-light
irradiation (A > 390 nm, 100 mW cm?)
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1.2+

(A)

-2

10}
Q8:-
QG:-
Q4:-

0.2

Current density / mA cm

0'0 1 " 1 " 1 " 1 " 1 "
0 4 8 12 16 20

Time / h

Potential / V vs. RHE
04 06 0.8 1.0 12 1.4 1.6

before BE

(B) —— after BE

=N
© O
—r—

Sosl

-02 00 02 04 06 08 1.0
Potential / V vs. Ag/AgCI
Fig. 6-12 (A) Bulk electrolysis of Hex-WOj electrode applied potential 1.23 V vs. RHE for 17 hina 0.1 M

acetate buffer solution of pH 6.0 with visible-light irradiation (A > 390 nm, 100 mW cm2) and (B) LSV of Hex-
WOj; before and after bulk electrolysis.
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Fig. 6-13 (A) before electrolysis of Hex-WOs electrode, (B) after electrolysis, (C) magnified A and (D) magnified
B.
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- —— After B.E.
[ — Before B.E.

Intensity (a.u.)

0 10 20 30 40 50 60 70
20 / degree

Fig. 6-14 XRD pattern of Hex-WOj3 electrode before and after bulk electrolysis for 17 h.
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550 °C Nanowire-WO; 550 °C WO, after LSV

550 °C Hexagon-WO;

Fig. 6-15 SEM image of NW-WO3 electrode (upper left: before LSV, upper right: after LSV) and Hex-WO;
(lower left: before LSV, lower right: after LSV).

6-290



-600
= NW-WO,
500 e Hex-WO,

a0l (A

-300

ImzZ/Q
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-100
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-

i
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0 200 400 600 800 1000 1200 1400 1600
ReZ/Q

(B) [ Hex-WO3

-100

ImZ/Q
[ ]

% )
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Fig. 6-16 (A) Nyquist plots of the NW-WOj3 (red), Hex-WOs3 (blue) electrode as measured in a 0.1 M acetate
buffer (pH6) at 1.23 V vs. RHE) with visible-light irradiation (A > 390 nm, 100 mW c¢m2). (B) magnitude of
Hex-WO3
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5urr Rbulk

CI;\\E\sur‘f CPEbuIlc

Table 6-2 Summary of Impedance parameters by simulation using equivalent circuits.

Hex-WOs 192.2 193.1 0.83 5.1x10* 111.8 0.74  1.0x10*

NW-WO; 60 164.0  439.7 0.89 2.8x10? 978.4 0.92 4.8x10?
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Fig. 6-17 Action spectra of IPCE of the NW-WOs3 (red, black) and Hex-WOs (blue and green) electrode at 1.23

V vs. RHE.
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Fig. 6-18 (A) Bulk electrolysis of Hex-WOs3. (B) O» detection by micro gas chromatography.
Measured condition: 0.1 M sodium acetate buffer solution of pH6.0 at 1.23 V vs. RHE with visible light
irradiation (A>390 nm, CuSO4 filter, 100 mW/cm?)
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Fig. 6-19 (A) Bulk electrolysis of Hex-WOs. (B) O» detection by micro gas chromatography.

Measured condition: 0.1 M phosphate buffer solution of pH6.0 at 1.23 V vs. RHE
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Fig. 6-20 SEM image of Nanowire-(N2H4)WOs3 (A), Nanowire-(N2H4)WOs3 after squeegee with water (B) and

Nanowire-(N,H4)WO3 after squeegee with methanol
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Top : with polymer [ solid imidazole
Bottom: without polymer ~ [_] Solutionimidazole

Fig. 6-21 photo images of Hex-WOj3 electrode which prepare with imidazole groups.
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Fig. 6-22 LSVs of Hex-WO3 electrode which prepare with imidazole groups and polymers.
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Fig. 6-23 Comparison of Hex-WOj3 prepared with Ethyl imidazole (green) and without imidazole (black).
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Fig. 6-24 LSVs of Hex-WOj3 prepared with various imidazole groups without polymers.
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