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i Urctk, BRIBAEZ AW/ NADH #iE R AR LICBI 4 5 N TOR
WY Do

11 FEoER

1.1.1 7IvEER

AR TR, 7V BREBBRITBATL, TORHEERILETUREE NADH
OBBAVEIRILICRIA LT B, AR DOBRENED L S HBRHFETRAZN,
EDLHICFIHEINTE OO0 EHET 5,

7 U (azine) DEFHIL, Fig. LURT EBDTHD, LFITIE TERAK
EBRFFLIEULEEZEEG6 BBRIEEHORIR] 1] E XT3, EF1ED
ENMCEREFELTBEIAEZLDLOEAFFH VY, BEFHIHELIMDL
DEFTIVEND, ERBRFEFOHIELTYTYY, NYTYY, Th
S5UvELR, TYVEIE, 20oUM0 L3S0 BEEAE DD, ThEEHS
WEA = A E UTHBEREERTHONE ] 1] 7Y 3] 1, Bk
B/ (7 29U VBELODRHOBH 2] EEHINTNE, TV EE
EUT, RPHETE, FTVVEBREROBRF A=Y, T2FVVRERD
#7275 (Fig. 1.2) BXUZOHBEEEDHIT S,

T2F O UVBETHDHT 2 )YV 7 5= B EERORADE KL, Mauvein
EMHEN B EFET, 18564 W. H. Perkin (1838-1907) iZ &k » THKRFER N
72(3], [4], [5]e WA= T VT ORHEF =~ X DEHREDE LT EE, &
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B R LISl TV a—IVTH D &, SOSREOHKE#HS 2 ENT
EIEPRIETH B, TR, T )Y TS5 BRI S AR
N, FeptE UTI8BIFICTHIRE NS K D ICE T -7 [6]o Colour Index (3rd.
ed.) IKBEROEEHIVZHPEZINTOA[T, 72/ 75U HBESH
TeDN18824ETH o7 EM L BOIB LI IC[8], AEHICIE, BREWTR
EPRMREELZN -T2 LDITHbB, 192E 127 = /) VTSV AaFEDE
BED AL X NI 9] Mauvein i3, BIGIZEE S BA D MR, BB
fedd, WHEICBEI NI B oo —H, 72/ V75 VFEko£ i,
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OO B TR LT, BBREFEE LUTESH LTS, 5513, Hicke
SFEEER—S 0SS TIRIIEBINT T 2 /BT 5= VK EROBEE
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A T3 ETFINTRAATEROEBRIREINTNS (17,
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v AER) B ROTHRIA[22],23] ENTE TS, FA = VEBREBEMHEREHO
cIAakEy, NEFSuEVISHT AMEGRIGHE [24] bEREGEX N T3, ¥
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752 Rl FA= Y bHIBOBRREAEER] & LTHALShTH 3,

1.1.2 NAD*/NADH fifk

NAD*/NADH V Ry 7 Z#BEROHHE [25] 12D Tib 5, #i% Fig. 1.3
WWRT . ORI, =aF 73IF VKR-X, P77/ V0P T7+RT*
JR-ZDOHBRINTED, HEARNTIEH 250 LI EOBUKERRORIEEHR
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By ) =) OBILRIGDRR Z Fig. 1.41IZ789, NADHE, BikFERHEI
MORAENTO B LXITEILERIT S, BB - I MiBERNADH I, %
DEENORML, MOBBE~BE LU TEITHOMBRE LTHX, 2082
DT ADMIT, bEDBILEINADYIZRS, COLHICNADHIZF vV
¥ —& UT BTHE] (reducing equivalent) 3755 BT ZH, Uik
#3>T, NAD+/NADH i % v U v —#i#k] &Widh, NAD*/NADH®
BfL/RITAT v TIREGN TOBRTBHORBE L > T3, BROER
DNCHERETHRAL, Lo MDAZWTEYD, BRRCOMICEENT
HEHICHEINS KHBHER (PIZEFMN(ZZEVE) 27 VA FR),
FAD(75 EVT7Foy V37 LAF R) DS THIRATFIR] EMHTh 3 ookt
LT F+ Y v—HilEkid, BRICEERATAI &R,

NAD*/NADH O F + U ¥ —#il# & U TORIGHHEIE, EHRBEND
T2 - 7o EIRIFFEICEE ST, Theorell & Chance 5 [26] 12Xk DB S
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BIBHOBEDISE, F/ /LAWK S NADH &7 ILEY DIR(LK
TSR BRI SN TE TS 27]0 40T, BRMEANIIC & 3 NADH B LS
DANZALN(ABT, 1 by, 1B BEEBE] L0 IBROBE
THBEOD, £ FYFH)D MEEBE] THs0h, ZWHSMNTEIE
ZHMELT, %L OPFEE (28], [29], [30) 23 ORPEIZE Y A TEX T3, "
BT, CORGHEHE M3BRMBE] » MEEgE ] hénd) ZHR—0
M & LTHS EB - TEmIcE b ARERENER XN T3, ER2ET,
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170 b YORIETEHBY, EDOLIBTOEIPEELTOEME, 0]
DD RIS HE L 5N T3 [28], [29], [30)o B FHLEHEIC & B EHERR
NS, FICEERITIRGS T & RIGHRMIRET 5 & SOV EERAIC T [31),[32]
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LD &Sz, HENTOREETRIETRNT Z EOHKLOF+ ) ¥—
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IR IR [35],36] ~DISF AT 5 BA1C, NADOFELEIMEITE - T L
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L. BEE RO BTk,
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3 ALFETFL,
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IV UTPEBTHEI L, Q) BEMBEERREBLLIE, RETH S,
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EREY 72 D DEEEIMEN &, METHB,

2. BEASNFEOENE, (1) PERERHSCERRNTHS L,
(2)BA AR FIMENCT &, (3) BALOHIENC & ) RIGOHBANES TH B
E, WORIEDE=F Y VIBERTHBE, (5)LBEMHBIESTHS
&, BETHD, AR, (1)ALFEREOBEGUMENT &, (2)Eink
(NADH) 3 F4 T 2358 I RGOBRENE N &, (3) BBHHHRSNS S
L, (WEEMEMTHAZE, )R BRLEOBTHRELE (AT +—
F=)DBETHHI L, BETHS,

3. (LBEWTFHROEMMT, (1)WEPRMETHSE &, (2)BEEEMR 20E
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ETHS

4. WALFWFEORMRIT, (1) LERERIIEMERERWTHEZ L, (2)
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5. BMFENTHRORMNIL, (1)RE MBI, BRSPS IVa—R)BENT
HBE, Q) RISERUEIENZ L, B)BENEHCEH L THBDTHEE
WRBENT &, BETHB, G, )FELCELCRBERERICHB L,
(2) RIGHRBE S 72 ) OEEERMENC &, (3) i ch s 2 &,
(4) MO WERDO Y bo =V LN &, KETH S,

PIED & S ER, SiEiSEds &, NADTE /I3 NADH OF A% )5
ETABRFRTIE, EBMOBMD SEBHT S LERIEATF 42— —, B
EALBER = O 5 BRALFHNFRICE 4 OBNIEEIH B,

Z T, AWRTE, NADTHADBILENTHRICHSER S,

1.1.4 NAD HBROESILFRIBRE

HANOBEERFHMETH B NADH(=aF V7 I RKPF= VX7 LAF
F) & Z2D&ETAENADHDO LV Fy 7 X (BRI REBOHINT, NADHERE
D 250 FIALL L OB KRR ZE U B34 A& VY OB% [38] R @INE
BEBERK[3T) DALY, TtNARRD N T3,

U UG, RIEGTEM - TD NADH OE#HR(LIZEEF 5 Moiroux,Elving
5 [39][40][41] DRI L DS EI 572 & 512, Fig. 1.5(A) IC& -
THHINIZNADH %, Fig. 1.5(B) I5t-> TBIBTREMLT 5 70dicid pHT
ORERBHITHOTHEBBTREBEZLY, 'Sy —H#—KU (GO)B
WTIIBLZ06 V THILZNS, THOLEBEEQV EBE, pHT7O
BEABRTPTONADY/NADH LV Ry 7 ZtOREL Fy 7 RBALIZ—0.560 V
vs. SCE[37)) DMAETH B Z PRGN TN, T, BukERELANS
INA F 2 5 OBF [38] PEEIRN A ERE K [37] OFKAICEOTHRRL
HIFHIEHE S OEARNEEILX, NADH OEZEEHBMILOEOEEBE AL
T 5 BABMBERERFETHZETH 5. |

—7%, Fig. 1.5(C) DB —IVTRT LI, BOBBENDD -5
#9755 NADH OBEHE#RALIREZ ABAMTIE, TXIIEVE, F—/33
v, RBEE, HANTRILINDPLTOWE b2, FHICBILINSEA
L1 5 T3 [42], NADH DA% BIRICEL UNADH 28N 5 LT h
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S DOYWEDILIZNEE 5, £2 T, NADHBLOBBESTIF2 BT,
BIBEEEN (AT 11— M) T35, BFBEAT 1 —7 —OWFEITON
TE T3, ,

Fig. 1.612, 3 DORBMUBFBEA T4+ L—F — Y XF LETT, (A)
AT 4 =7 —DPRNEFELTOEES, B)RAT 4T —7—NBEIC
WEBMEINTOEES, TLTOCO)RATF 41— —NEXDHLHEEOFH
KEEINTOBEETH B, Fig. L6 SbME LI, BFRHAT 41—
% —3, NADHOM#EBMRTH 5, BREDBTOHEBENLRZEITIED, A
7 4 L—& —OEALAANADH 2 B(Ld 3,

Fig. 1.712, ChETHOONTETWAIRENLBEIBEA T 4 T —5 —
DERETRT, CHOoDOWHIL, BIILFMICET, TORELV Ny 7 B
frhy, NADY/NADHOREV Ny 7 RBALE NADH OB LEAL & ORICALE
C TBENIWEEFRNTILA TS [43], &EskAk ([44][45][46][47][48][49], o-F
J v [50][51][52][53][54][55][56][57][58][59][60], p-F ./  [61][62][63][64](65], &
WEH (7 2/ FT7 Y 66)67)68], 7=/ FH D [69)[70][71][72]), 7FE
Vv [13] 7 = F D= L [74][75][76][44][77)[78], HEEHERAF 4z —F—&
LTI TE TN,

—5E AT, NADHBMLOBTBEIA 7 1 L —F —D— RIS HEDILE
HAEER UicO 2 Gorton & [79) TdH b, Fig. 1.8 I, Gorton & [T19] 2% &
7eNADHOBTHEIA T 4 L—F —ICLHERLFHEETRT, ThoOfE
i, OB OWMAEIC L 2 LZHOVED SRBRINIGBOH I EETH
Bo Lo T, HINEMNIVRINBELIATHAS,

1.2 Kﬁ%@ﬁw

AP TIE, NADHBALOMIEE LT, 73/ BEFTEV Ry 7 X5k
WCHB Lo TOHEMNL, 73/ EOBMMAICLDRY 7=V VRO
BN ONE Z ENWRENEINOTH B, HICTEZEICEV UV Ry
ZIEMHY A PSS IRITHIICHERE U, NADH B LMEERIS AT 5 L h
5o SO EEFAZVEMNTHIDI,

FiRiC, 73/ BE2FTAHAV Ry I RBRTHE 72/ Y75V RU%E
OFBKITHEH Ui, £0HHAIIE, NADH OMEAIE U THEHMIRD 61T
W37 2> VA MYFIVT 2 — | (Fig.1.7 D phenazines & U TR LI,
5-methyl-phenazinium methosulfate) [81],[34],[75] & RfkiCZh & DEERNT
WEIVT 2F V= LBRERTENOTH S, MUV Fy 7 XERY A b
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H4 BWE LD TNADH OBALH & U TRBCIERT 5 E1# Lico NADH
% NAD' IZBLd B BERDIEH AT, MRS TR TH S FAD(BHETF%
EHMELA VT OFY Y UBRERFO)NEET B RSN TN S [82],
T2 )V TSZUhL ) TaF Y v OBEIZENL TR ENI S EHID
fRICEB Ul TH S, 72/ 753 EDNADERTHET T
PHEEMTS[13]) 2L, 3L 4-VE FoBY D URNADHESDOT T
ZVREBMEMARTE B ENS, T2/ YT 5= UANADH & b Rk
WHEEHTAEBZO6NEZESIOBRERBANIENTH S,

T2 /)Y 75tk BNADHETFIULEW (V7 aFF R MY i ld—
Dbk FoBEY D UEREMNMLILO) OBILICBT 2345 [84] 13H 5D, 7=
/Y7 5= BRI 5 NADH OBBMALAEEIR ChE THRESh TV
- o 2@ NADH BRALALI SIS D ERI IS 2 T TIT S o 72,

Bkic, 7ari 4 THERRERNT, BFB#HAT 11— 5 —Db¥
HE & BRI & DBIRICDONWTEBE L, Zhid, BRIZISUICETE
By A 7 4 21— 7 —DFERFE, REHEEH O D OEAMESZH ST B
Thb,

UTIKEEOEREZRT .

W2ETH, 72/ Y75V BROEBBLUZDF v T 77 E—
Va v iZonWTHlNG, BIETIE, TV UVBAEEMBEROEMNLEEXUZD
BRMAFNE LU RENFRICLEAF + I 77V E—T a Vit DWTiRR
%o HATETIE, 7V /BERBHIEMIC K 3 NADH w0 MR LK IED
BERE, RICEHOEINCOOTIERNS,, Ml RIEOBE TR, 7Y VR
Fx LGB LI Fig. 1.6(C) D& OMILEKR Y X7 LI DNVTDHRET
%o MERALRICHHORT T, Fig. 1.6(B) D& ) KGEERBERTS ¢
IEEBMBRTOFERITOTHS, HHETIE, BFBRHAT+ —F—
Db E & NADHBLRIGHEEEH E OBRICONT, 70rv 7 4 TiE
HMRICHESOTHRTSE L SIS, NADHREDKDOBTHEA T 1 T—
5 —DBEHESHIOVTHRT 5, FOETE, 7 UV BRBAFEMHO NADH
B E UTORME To—A VvV 27 ¥ a VANEBEICESOTERS, 7
BT, AHEOBKRRERIEYT 5,
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azine diazine oxazine thiazine

Fig 1.1: Structural formulas of azine compounds.

Fig 1.2: Structural formulas of thionine and pheriosafranine.



0o 0]

- ]
| g +2e” + HF s e
=& v <
N N
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Ho aorp Adenosine diphosphoribose
OH OH - , .
HO','T:O
O
| NH,
HO-P:O N \N
| ]
2
N7 N
0—CH,

OH OH <4—— PO (OH )y = NADP*

Fig. 1.3. Structural formulas(f-form shown) and overall redox reaction of
nicotinamide adenine dinucleotide, NADT, and its reduced form, the enzy-
matically active NADH.

SH, —_ _— NAD' H+ 2¢

Dehydrogenase

NADH

| +H+

Fig 1.4: Schematic depiction of dehydrogenation reaction by dehydrogenase

enzyme and NAD* coenzyme.
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Enzyme
SHy, + NADY ——— S + NADH + H+ = (A)
(NADPY) (NADPH)
Electrode
NADH — 9  NAD* + Ht o+ 2e° e (8)
0'(NAD*T/NADH
EO(NADTN ) NADH —= NADT GC Pt
(-0.515 V) : |
| ll IS RN T S S l [ O | ©)
E/N -0.5 0 0.5 1.0
vs. Ag/AgCI -~
(pH 7.0) Ascorbic acid
dopamine
uric acid

elc.

Fig. 1.5. (A)Enzymatic reaction, (B)electrochemical regeneration of NAD™,

and (C)E® for NAD*/NADH redox couple and oxidation potentials at a GC

and a Pt electrode at p 7.0.
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Free - diffusing catalysts

NADH
NAD*

Fig 1.6: Three types of electron transfer mediator systems.
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Redox Mediators For Accelerating Highly
Irreversible Oxidation of NADH.

Metal Compiexes
[Fe(CN)g]*,Ferrocene derivatives,etc.
0 : R
. HaC NN O
inon o} @ flavins - HJCKEENIWE
0 ’ ) 0

0 . CHy
{:} ~phenazines N .
@ (R= CHz, CHoNH,, CH;CHoNHy, ...) @©@ @ND (esen
_ N
henothiazine )
COOH p s (CHa)zNﬁsj;\:LN‘(CH

HOOC ' 8
ortho-quinones o
: ::rL : : i i ‘ ‘ HoOC” N o SOt

(x_ H, Cl, CHg, CN, ) (X=H, SOaNa,

)2

oo, ond f

[X=N,0,S; Y=0,N*Ry;(R=H, CHy, CHoCHy, ); Z=H, NHy, NHR]

Organic Conducting Salts

O @@ == E>=<J

Fig 1.7: Redox mediators for accelerating highly irreversible oxidation of
NADH.



13

o) NH 0O

& NH NH
O NH O
0O NH NH

Fig 1.8: Basic structures of mediators for electrocatalytic oxidation of NADH.
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2.1 #¥E

HWARETHRB XHI, 0.2 M Y VEREEAMK (pH 7.0) 1T NADH #il
HOBBRILICHUT, TOVVRREFA=VELIN 72 /975=0) 0%
BB EN I IEEEERT T A5 EDMDTHONE R o7 FFIZT 2/
V752 VORRV Ny 7 RBAE 13, NADY/NADH L F v 7 Z56D E”
B (—0.515 V vs. Ag/AgCl, KCl(sat’d)[37]) & D g (#7160 mV) IEBALT,
U b il I FS B A 102 M~ 1s™1 & BB R & U, B DM & iR
GRS E DAHERREHONCT RIS, BAETR 7/ TS5y
FHEE T2 O NADH fil iR R G B BRI DO T RIS~ B o

EIETE, 72/ 975 0BFEOL Ry 7 RIEWY A NELDILEHE
EEEAIEEIEICLDBEFREBEEZ, 2OFAXICLOREV Ny 7 XE
B BAREERED LS IKEDBPEHSMNIT B, 72/ HT5=00
U Ry 7 RS A P THEN-FNVFIVT 25 V= LEERO NI HER
ELT0D 7 x=)VEONNFANCETHEME (S TR, AFVE A M
VEE, AV o EVE) BIUBEBTRIIME (TR boRk) 2 BA LR
FRBAFTERLODT, ThEBKT 5. BIFETEXLLIRKT =/ Y75
= VEREADID THRENIzDIL 1859 HFETH Y, Chemical Abstracts Vol.1
(1907 4E)[85) I b, ZTDFFEDERDMILNE o 18824 T 2/ HT7 5=
VB XN (8], 19T24EICE DA =X LI THILE N9 LD
BNOREHEF v 57 7V E—V a VidTbh TR, K, 7/ 97
= ®IRZARZ hViZ Aldrich IR 54 75 Y — [86] ISR E N T B,

14
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72 /)Y T75=VDONMR AR bV Aldrich NMR 54 75 Y — [87] iZid
HEANTOIE AFRTER LT 2 /Y TS5 VFBK(AFN, A bF
¥, 4V Tl = boFEE) L FEASH TR, hoof
FOF+ 577 VE—V a VITHTHHEITRNIB Y TREELEL,

2.2 EE&

2.2.1 FHEK

(72 /)9 75=ViFEM) 7 x /%7 5= (Phenosafranine)(FIXAlZE
TR &4k, Aldrich Chem. Co.), %75 =" - O(Safranine O)(Chroma-
Gesellschaft t1), 2 F L /514 Ly b BRAX(Methylene Violet 3RAX)(Aldrich
Chem. Co.)ZAFL, A&/ =)V - XUEVREEE (hRIL14) 2 RE
BIE LTV AP VERCERE a2 b5 74—t X DB UTHN
2o 4 ¥ FA4 »7)V— (Indoine Blue)(Aldrich Chem. Co.), 7V AV 3 ¥
G(Azocarmine G)(BIR/bFEHALH) 1, —BAELEZOF A, £h
FhoERE Fig2. 1l RT. HRTATTE3 7 = /%752 VMg,
T2 /)Y TSZVDTINVFIVT 23V LERICRE L BRI R > T 3,

(7=/ 97 5= Vi ERGHRAOHEE) p-72=V U7 I UGG (W
R at), 7=V VERE (BRI FEHRRL), NayCro07-2H,0(F:
MR T at), p— PIVA U UIERRIE (p— A FIVT =V VIERRIE) (B RAL
FHAEAL), p—T=T VY (p-A PFIT Y V) (AT SRR ),
p—AVFaENT =Y v (HFRLK TEMREH), p—= bo7=Y) > (it
FlE Tk 2et), WERS b U O A (BRALSEHREE4L), - YDA (R
WA TR ) 12 hEh, SR EZOE A, |

(ZRHE) |/ALA YU L (BRACFRARLL), BIEFERS FY D L (BRI
FHARAL), NapgHPO4 12H,O(FtAtZE T3t ), NaH,PO,-2H,O(F1t:
B THmalath) 13, BREELZZOE T 0.2 M U U ERIREAMK (pH
7.0)12, NagHPO,12H;0 % 46.56 g(0.13 mol),NaH,PO4-2H,0 % 10.92 g(0.07
mol), FNFIBHIKICHED L T1000 ml OKER E UTHE L7 (88,

(BL) A5 —Iv(FDEHE TG H), X80 (Rt Tkt
) IR EZOE L, KELT, AR I REHKEZRAL
Too BRI FICITBHIK (LIRFERIKE 2 RTHBT 4 NV F — Tl
L72bD) 2,
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2.2.2 EEaLEE

Z DI TIRANS EREE L L OBRBIE, FICHSBOIRYL2FITh-T
F—T®% %, NMR OJIE T, JEOL#:84270 MHz NMR %8 (GSX-270) %
)Eﬁll\f:o\ BRI AR MIVORIERE, HILU-3300 2 Hic, £ TODE
SALEIE, 3BBRIC K - T -T2, MEABME LT BPG(Basal - plane
Pyrolytic Graphite), GC(Glassy Carbon) % i 7z, #iBIEAMR (Wk) & LTH
S84, FEEERE UTHEMA ) v LEMOH/IGLBERE Fu o, BRfLE
WREITIZUT OFREZR O =y b (RABWHE, PS-07) B LUXY
La—F— (735757 y 78, WX-2400), HlizM8EEE HOICHRRILVS €
75 LOWREICE, FEICIZ TEREREE (B EF k4, RRDE-1#),
E—F—2RE—Farybo—5—(HEFHHMNSC-HB) ZEMHI, TV Ea—
%7 — W BB ERE & UT, Model CS—1090(Cypress Systems, Inc., USA),
#5 LUV BAS 100B & X7 L (Bioanalytical Systems, Inc., USA) ZH W i, £T
DOBIALFMEBIIFICH STTOIRY, BRONTY) VI EDBELTH S
FERSR UTERFEK T THREETE o7 IRBIEEKREOSER (25 +2)C
T 5720 BEHAIRD pHIEICIZ pH A — & — (FBSWERSYL, pH METER
M—8) &= iz,

TABRD Ve k% i~ %, BPG(Union Carbide %t USA) DR S KUY
THEZ 5.0 mm O (0.2 cm?) i)V H L, MmEEMEE U, MiEEX7
YUVZANRE DY — FOEITHR—Z ~ CEESBIEME F—F 1 b Ealg)
TREEL, WRE#EEF 2 —7 (INSULTITE-MW(ZHERY ALV T 1 v, B
K7 A7, WNEH &), Electronized Chemicals, USA) THifg L7 S D% Bk &
UTHW, 78 bV THEBIC Ulc 4 7 TF LD BRREE 2 R Eic 8 b il
UTHEH Ulo GCEBBIZEIEEIRA T + X 7 BAR (HEFHAR) & H i,
GCBMBIZHEA 7V 2 F (WK 1.0 £ mBL0.06 1 m) THEEICK 5% T
WFEEL, Zo0t%, @kPTEEHEEL, 7V FERE U, BRokT
K#EE U TR0,

2.2.3 NSTLXNVERT /Y750 DEMK

AT I VERBL, ED%, p-EBRT=Y YHFEREREIES I LK
D72 ) VTS5 UHEBREESEK U, TR [14],[89],[16] 2B EIC LT, p-—
BRT7 =) VRAFB(p-AFINVTZIV Y, p—A b FI 7Y, p—A4V 0
EA7=Yy, p—=buT7 Y NEZLIEICEDBRNOBEEKRESEL
T2o p—PLICA FINEEFFDT = )75 = ViFEA CHs — PS(3,7-diamino-
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5-(4-methyl-phenyl)-phenazinium chloride) D& }Jj?AﬁlJ ZUTFICRT,
1-5%1 V5 I VO/BETH Y, 6-1203 ¥ I vADT =Y VEEKD
HETH Do

1.

10.

11.

12.

13.

p—T 2= LU I VIS (1.81 g, 10 mmol) &7 =Y EEE (1.30
g, 10 mmol) % 200 ml @ FEEHKIZIEDM Lico

TITRT AT AT =T —THELIEIS, 50 ml OEFKIZEN LK
20 mmol @ NayCr;07-2H,0(6 g) Z#k 4 IZh & 72,

5 SFAPNT R DB L T,

ChiEBEBICEET 7 —a— b TREIABE U,

BTN, LEOXIICEBR LA 7 vEICEEAK TR L

724%, 2000 ml—=F 75 X 2D T800 ml DFEBKIT/HHE T2,

50 ml DFEFKITIED Utz p— P4 D UIERRIE (1.65 g, 11.5 mmol) % |
an)ﬁﬁ}bbuafbo

.mnﬂ@3Mdem3)%%%%0@Aﬁﬁ%ﬁ£@ﬁﬁkmAf

pH 51 l./‘f\-o
ZOD®TIE Uz, (T 5 &, BRMOBKRIZE<EER L, )
5 UNT, BB R&&ii’f‘?ﬁ@;kﬁoto

XSIB LTS MERIGEILDT, BdE SEOBRKRERET 7 —
a— bf%l@bf‘-o #E_tklifk}iﬂﬁi@/f /57\ /i)\ﬁ@, @%liéﬁ
DEIKITIET T2,

2 M L.?’AZ:J:‘NJ'E{B')‘ Y UA%%ODé?’&L AL, R ’C~Hjﬁjﬁ(
B L TREE TS g, '

BEROMAE I E AR LEIZAHI LT,

XSICERT AIZDIC, VYA IV ETHRE Y R NS T 4 —%fT
ol BIREELT, A5 /) =R VEEEKE (BRI %
JiE 1RV AR
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224 F¥xS099E—arolE

SEFRMTEFTE D EEbIT, dS-DMSOKEEHTF o b NMR X2 b
JV (270 MHz) Z3E Ulco TIVFIVEEBA LT 2 /%7 5= VFBAKOD
Fy77F7VE—Valid, BRULTHTRO7 2 /Y7520 KT HIE
WKLo TS nlze 72/ V75V DILEY T MPRAE VEEEHE ks
B EICEY, 72/ YT 52 VEERORIEETIE 27,

ST 2 )V 752 VEBRBLUHRTAFETE S 72/ 175
ViIBBARDORRENBINARY Ve y ) —VEER THIE L, BRKBIN
B Oax) ZFHli UTzo Eh2, Y47 Vv 7R VT X MY —DRENS 0.2 M
) VERRRETAI (pHT.0) FTORELV Ry 7 ZBAAFHE U7z,

2.3 MRELUER

UTF, ROWBSTERERT,
PS=phenosafranine=3,7—diamino—5—phenyl—phenazinium chloride
CHj3 — PS=3,7—diamino—5—(4—methyl—phenyl)—phenazinium chloride
CH30 — PS=3,7—diamino—5—(4—methoxy—phenyl)—phenazinium chloride
isopropyl — PS=3,7—diamino—5—(4—isopropyl—phenyl)—phenazinium chlo-

ride

2.3.1 NSTLFLEBMT /97520 EELVUNER

p-BRTZYVEAT(p-AFNT=V Y, p—A T2V, p—A
VN7 Yy, p—=bhaT72Y NEZTEABLIENEND T =/
B 75 = B FBEOHMAE R ONERL LOIRBIFZHEH, CHs —PS
: 1.18 g (3.49 mmol) 34.9%; CH3zO —PS : 0.64 g (1.83 mmol) 18.3 %;
isopropyl — PS : 0.45 g (1.25 mmol) 12.5 %; nitro — PS : 0.26 g (0.72
mmol) 7.2 % TdH -7 |

2.3.2 TTEHH

%mka57w#wﬁ@71/#75:y®ﬁ%ﬁﬁ®%%%Tmb21
KRS ATL7a< b 574 —1lL-THELUALLOE, FHEMEBH—
AR UT,
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Table 2.1. Elemental analyses of phenosafranine derivatives.

dye C/% H/% N/% Cl/% Note
PScalc 66.98 4.68 17.36 10.98 -
PStound 62.78 4.42 1598 10.81 a
CHj; — PScalc 67.75 5.09 16.63 10.53 -
CHj3 — PStound 65.48 5.17 1549 9.93 b
CH30 — PS.alc 64.68 4.86 15.88 10.05 -
CH30 — PSgouna  63.23 4.72 1561 9.45 b
isopropyl — PScale  69.13 5.80 15.36 9.71 -
isopropyl — PSgouna 58.50 4.88 12.75 9.84 c

Note(a) : commercially available and chromatogaphically purified
Note(b) : synthesized and chromatogaphically purified
Note(c) : synthesized

2.3.3 H!-NMR

d*~DMSO P TD 7 a b NMR(270 MHz) OHER 5% Table. 2.2 i
FLWi, ThEN, RDBBEEE>TNB I EDRHLI L -T2, DMSO
DAFIVED) 2y 7 b EER s, CHy —PSO7 x =)V D
p— D A FOVHDOHEREIZ DMSO TR TE o7, 22T, CHz — PSIC
DT CH;OD T b HIE£1TE 5 72o CH;0D DHEEER 55 CICFHR U TH:
EATHTNET A LIk, 73/ E07 0— FERINEEETS 2 &1
RIS o Ted, 7 2= IWVE LD p—ALD A FIVEEHER T 12,

23.4 KB Ny o B E LUBXRIEROME

02 M V »EREEAI (pH 7.0) P TBPG EBBEHNT, BWHEI =/ V7
SoVEEKROYA 7Y v I RIVTET S L (Fig2.2) ZWE Lice 72/
752y, $75=0-0, AFLNLF Ly FIRAX, RUA V RA VT
V=AY Ry 7 RIEEER Ule LDULEBRS TV AIVE VG DEMBK
ST TH - DT, BABMIBEE UTHNS S ENTEENI Ed%bd-
o BEOBEEST mM T, Fig220& 5 ic 3 h bBLEROKS 325,
BALBRORX X LD ENINI EBbIhoTz, REEEORDITHN, (B
fb ¥ — 7 B DOHEHE /BTG E — 7 BRAEOHHE) DIARE (o7,
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f
H H
H N He
-
~ I !
NH, NF NH, d
H HC

H Ha
H
AL Hatpaly
Table 2.2. Chemical shifts of phenosafranine derivatives in d®>-DMSO.
Dye PS CHz; —PS CH3O -PS
H at p—alkyl 6 =78ppm 6 =2.51ppm §=3.92 ppm
position m, 1H s, 3H s, 3H
§=T774ppm 6=7.58 ppm &= T7.46 ppm
a,b dd, 4H dd, 4H dd, 4H
| J1=61.495 Hz Jy=44.35 Hz  J,=44.52 Hz
Jo=17.00 Hz J2=8.08 Hz J2=8.90 Hz
= 5.83 ppm ¢ =5.87ppm ¢ =591 ppm
¢ d, 2H 428 4 oH
J=197Hz  J=1.98 Hz J=1.98 Hz
d 6=791ppm 6="785ppm 6 ="7.81ppm
s, 4H s, 4H s, 4H
§ = 17.28 ppm 6 ="7.25ppm § = T7.24 ppm
e dd, 2H dd, 2H d, 2H
J1=9.23 Hz J1=9.23 Hz  J;=9.23 Hz
Jo=1.97 Hz Jy=1.98 Hz Jo=2.31 Hz
6=T792ppm 6=792ppm 6 =7.92ppm
f d, 2H d, 2H d, 2H
J=8.9 Hz J=9.23 Hz J=9.23 Hz

20
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D &R TR R BRRICRE LT3 S EARB LTINS, B
BAEMD M UT, BEESEMO02M Y UEEERN (pH 7.0) Fici LT
YA 7Y w7 RIVEETS LENEL, BBICEE LTOAEEL Ky 2 X0
DOREL Fy 7 ZBAENE LIcDHFig2.3Th 5. (BILE—7 BHMEDHE
Sl /FRTE ©— 7 BHAEORSHE) D AT Th 720 £2T, BILE—7
BALE LY — 2 BLOHEBEMERRL Fy 7 RBLE Ule, ZO8REE
Table2.3ICF ETzo BB T =) %75 = VFEMKORRL Fv 2 Bl
ENY, 72/ Y75 =VDENICHARTADMEIZY 7 LY, ZOEALIZ
B mV BETH-Tco BAOMICYT M5 LI, BIHEHELBAT
Bk VBIESNIEBY, TOBEEMLLRT K- ERTH D,

02 M Y VERIEEEIR (pH 7.0) FTD 7 = ) 7 5 = v QNIRRT R
RT MVE, BAEDFigd19ICRk Ui, G ULIcT7 = /) 375 = V8D
I ) —IVEERF TOBRPIE B A nax S FABROBINZ RS FIVERL, T
¥ ) —=IWVHRTDT 2 ) YT 5= OBRBINEE (532 nm)acia:/u&nw
Holeo b, Table2 3IFE W7,

Table 2.3. Formal redox potential of phenosafranine derivatives in 0.2 M
phosphate buffer solution(pH 7.0) and absorption maximum of phenosafra-

nine derivatives in ehanol solution.

dye E°" [V  Amax /om  Note
vs. Ag/AgCl, KCl(sat’d)

Azocarmine G —_ — —_—

Safranine O —0.51 534.0 a
CH30—phenosafranine —0.48 531.5 b
isopropyl—phenosafranine —0.47 532.0 c
CHs—phenosafranine —0.47 531.5 b
Phenosafranine —0.46 532.0 a
Methylene Violet 3RAX —0.43 554.0 a
Indoine Blue -0.33 589.0 d

Note(a) : commercially available and chromatogaphically purified
Note(b) : synthesized and chromatogaphically purified
Note(c) : synthesized

Note(d) : commercially available
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QBB EEET B, RIS FHLER (MNDO-PM3 ) it &
D, INSOBHRIPTFOREMEEFE U, SHEEOME, $HFTEICHE
DT, JITHE, MROSZEWE S, REEMEDS FHEIEE Fig. 24105
Yo T2/ V7532007 22V, TIVFNVT 2F D20 LEROERIR
FITKEL, CORE - EFFSIEHHEESETSH 5, TDOIHREZERH
WiE, 72 IVERTIVEFVT 2F V= AFRFEISH UTEBEICE - TH
BETHBE I EBDD o7 DEDEEL T » =IVHIC K D rBFIELE
FRTEEIIEDS I, AFVE, A MFUE, 4V o, =
DRIZ K AHENERERILRSTNEZBLOND, SO ENT /U7
FVIH UTRRY Fy 7 BRI+ mV o7 b 53500, MRBINH
ENFEALER—THEZEOFRRTH S EEZZ SN 5,

ZhZhD45FOHOMO(K F# & i), LUMO(RIKZEHE) O XV
F—HMOHERERIE, B5ZEDTable 5201 -6 Thb, 1V 75 -
0, 2 CH30 —PS, 35°CH3 — PS, 4037 2/ 4 75= (PS), 584 F
LA A Ly FIRAX, 60831 FA VT N—RZENENHIET 5. Zhbd
NOHSNMLE DI, 4 F14 T I—DHOMO KU LUMO OLR)LF —#k
MOMEIET 2 /BT 5=V OIFREDOPTRES RLBZ DD E, TIF
W7 23DV AERICHBEEREZEA UBROGE, BREICLSE
FHROEAEORDFEEITIEN O S Z EDWAJRETH B0, BRELT
BRBPREPKBY Py 7 RBRUERECEL DI ERXDUNBI &b
hotco

2.4 fE=s

T2/ V7520 DT 2 Z)VED p—pLIT UT, AFIVE, A MRV, A
VIV, — hoBEEBA LKLY 2/ Y752 VK (CH;—PS, CH;0—PS,
isopropyl—PS, NO,—PS)%Z&k U, uHEHT, H'-NMRIickDF+5 7
FNVE—= g VETROERERR Uice Y47V v 7RIy VA MY —IC
KOKEV Ny 7 ZBALEY %, TN & D BRBIEE A
EMEUIe 72/ 975V BMRICBETFHEREERATLILICKD,
EZBEDMEICY 7 P U, ZEOFALIET 2/ V75720 EHRTH A mV
BETH - BHRUIKEFRD uxiE7 2 /B 750 DZN (532 nm) &
EEAERIUTH -7 FRRBRID FRESTEOHRRE, 7 2= VERTIVFIV
723 Vo AEBEEICH UTEBEICE s T3 2 EPbh o, SO E
N7 2 )Y T75=ROEZDFEERD B, Apax¥ 7 =2 ) B T7 520 &1 EA
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ERUTHS - EDBMTHS EEA B ENTET, ZDOMDT =) H TS
S VFBRITDNT S B R A nax BRI UT2o £ OFER, #9—-0.3~ —0.5VD
E°, RUr534~589 nm Doy 2 H T B 7 = ) B 7 5= VEHEKTH B 2 LN
Hhotze



Safranine O Methylene Violet 3RAX

o QU OB e!
H,N N+ NH, (CHaCH,),N N NH,
f cr l cr

Phenosafranine

N\]i:[/CHS} OH

H,N N+ "N=N :
2 Cr .
——— e/
Indoine Blue (Basic Blue 16) Azocarmine G

Fig 2.1: Structural formulas of phenosafranine derivatives.
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Ao
D@é 1o~

e : L ' Azocarmine G
" Betoc |
@ Safranine-0
4001
. N,N’@:‘j?w,
Phenosafranine
<
3 i
200 I~ e O :nun, Methylene k
. o Violet 3RAX
I | o
5 ' l
4
|
- I I
| : filtrated
O | Indoine Blue X 40
| [ :\
N | <BIRS

E/ V vs. AgCl/Ag, KCl(sat'd)

Fig. 2.2. Cyclic voltammograms of 1 mM phenosafranine derivatives in deaer-
ated 0.2 M phosphate buffer solution (pH 7) at a bare BPG electrode at 25

°C. Potential scan rate : 50 mV s~1.
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EOs agascikcisacgy RT - R2 Rr3 R N R?
Safranine O (<0.51V) A, CH3 H H U U
- “Phe afranine . , -
CH30-Phenosafranine  (-0.48 V) H H CH30 R22N N* NH,

B,
CH3-Phenosafranine  (-0.47 V) C, H H - CHj3 ; CI
isopropyl-Phenosafranine  (-0.47 V) D, H H (CH3)2CH
Phenosalranine  (-0.46 V) E, H H H
Methylene Violet 3BRAX  (-0.43 V) F, H CH3CHp H R3

DY g PN

A 11 4#Acm™

S U DU N S

1 05 0 0.5
E/Vvs. Ag/AgCl

Fig. 2.3. Cyclic voltammograms of phenosafranine derivatives adsorbed at a
bare BPG electrode in deaerated 0.2 M phosphate buffer solution(pH 7.0) at.

- 95°C. Potential scan rate : 5 mV s~
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CH,

phenosafranine | CHj;-phenosafranine

_ OCH;
CH;O-phenosafranine safranine-O

methylene violet 3RAX

Fig. 2.4. The most stable structural formulas of phenosafranine derivatives
in a vacuum system. Solid and bloken lines represent contour maps of LUMO

(lowest unoccupied molecular orbital).



BIE

7Y v BEREE SRR DO B
BLVEDF Y Z 75 )E—Vay

3.1 #E

7OV AFEDT I ) HOBEBILIC LD TV TSRS U ok
RIZONTND o BHATHEMER DA 7Y v 7 FINF VA MY =%
THIEBHBBOF v5 27 5 V= a VEFE -k, BET YV BELBE
L7 O BROEBEBNEWOMITEIDIS, FA=, 72 /)9 T75=CH
UTEEIICIRAR e T2 /)F TV, 72 )FT70/O3IMETAICT I )3
EHOFAZY, RUT 2 ) FTIVDIMLETRICOAF VT 3 ) Bhfh>
AF U VT N—IOWT BB ET L, BEEAEHANCT I ) £0B
IRBALLETHB Z EXRP SN U,

3.2 EER

3.2.1 %ﬁ%ﬁ:u@%@ﬁﬁf.

FA =Y (BRI LERRR) B LU T = /) 7 5= v (FLHiZE T3
BRREw) BRGEE, A5 ) =V VIRETRN (AR 1:4) 2 BEEED
ELT, YUATIWETHREI < N5 T 4 =27 THER LI, 72/
F7 D v (Rt T3k Ratt), A F L 7 )b— (Chroma Gesellschaft #t)
BehehiiliamzeZDOF £ A0, BERERF b U 7 L3R (BIRALF
Batt, 1R 2 20FEHNO, T b= b VILSTIRS (BRI
t, R EELF 2T — Y —T3A KD TRBUKETIE - 78, HEREZY

28
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YEBMUTHBL, CHITRBRAV Y LZEMZTHER LI bDOEH W,
TNTOBERMFIEE, 3BT > TITRE -7 FEHBIEIL BPG(Basal
- plane Pyrolytic Graphite) 35 & U ITO BAR (In - Sn BLWEBMA T X, #
e Zert S, REIEHL: 49 10 Q/0) &2 Hiie, ZBEBMICIE, KClEEMDHR/
ORI [Ag/AgCl, KCl(sat'd)] 2L, ARSI RV (3 2 L
Too RBREREBRB2ETHENIZDOERLSDER O, EHNTHBINZRY
FVORIEL, B3 U-3300 % fHuT, :

3.2.2 ERISATEMROIEMEM I L USHES M
FA = UEBIEAEROERIL, 0.1~10 mM OF A= 02 M O

CEMF YO LERDT R S DUV E S, FASVE0LM O B

WHFRRST PV VLS8 pH 1.0 OKBERFP TEBICEMZFIMYT S Z Sick
DETIE 5o TR M= MYV TOBRATT ERIT

KIS T D LA (Ag/AgCl, KCl(sat’d))/ KClEIFIIK 7 HE D Wids/
KCHASRUKRME/ 0.2 M BRI M) v & 2G0T+ b= b YIVEKRO
W/ 1 mM FA= VBN 0.2 M OMERERF PV LEZESLTE IS
1 IVIRHR] .
LD BIRRIVREMIE LTI - o, MIEBATEBOML, FiC kY 7
VA aHRT b YT L%EEE pH 1.0 DKEEHK (0.1 M CF;COOH + CF3COONa,
pH 1.0) I KT 0.2 M Y VIR (pH 7.0) HTITE - 7o

3.3 WERBLUEE

3.3.1 BT = ASATEE

BLIETHBRICL DI, RANWASZEBHRADICHOBEN O F A = HIR
BARBIEFMICANS N TE TV [90], BB EFA = VHEEOF+5 75
VE—-YaVICBLT, CHETICREINTOAHIEEIT 5, BRHKERS
TERESEBICIVERULHEIROF v+ 7 7YY ¥ —Y 3 /IZ Raman A7
MRS, FAZVDT I ) ROBRFTFEF A=V DFHFERDK
FETIRHE UTHEET 3287 3 v oM, $/Hbb (CNC)KETFA=
CVREAEDEALTNA Z EDHERINT S [91), 0.05 M HRERKEK+1.2
V vs. SCE OB THEAMF 4 = % BPG BB TEIL LBt AR
fris | L TREROF A= DL Fy s RE—2 &, BPG BB LICE#ESE
RFAZYOU Ry s AE—7 CORRITEA LT, F4 = WESTFORM
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B U TEBNSBRBITEON TS [92] BEF A=V EBHEFA =D
REV Ry 7 RBA%EpH 1 205 pH 11 OEEARB D THE UrckER, Pikd
STIVA Y BOKBERFICEOTREF A=V OXEL Fy 7 ZBALIEHETF
AZrDENL DB LE50 mV EBMAIICHZ E NI BLHHHESIN TS
[93], ' |

T, SHETRARSNTORNF 4 = v HEEHERBRO MLk,
HIEDOEIR, HWEERIIOWTF A VHEBOF »S 77V~ a V2T
15 o fedERIZ DTN B,

3.3.1.1 TEMEREC L 5BESATERD M

Albery 613, HEBAR L, F4 = 2&UBUKERS TEBMEBMEZIT
729 T EICK D HREMBEBPERTE S EERELTNS[93), 22T,
ZDOHEOBBRETE D & & HiT, BRABME & BIRG IBEEERAE
bRIERICONTIENS, Fig. 3.LIKRT L HIZ, 2.7x100uMOF A= &
0.1 M NaClO 2 8% pH 1.0 O/KEFT, +1.245V vs. Ag/AgCl(=+1.20V
vs. SCE) ZBIIABALE LT, 50 mV s~! T 1 DA BT EBRETL 72
(BAHERAL=+1.245V, HT DK UBAL=—0.155 V, 1L : +1.245 V), AL
WE10%, BU+1.245V TEBMERE 3 2MITRE > 7. TORRERKICIEOD
BALRE BMRAEATN, KIC10530 +1.245V TRBIER Uiz, ERAER
DEHEEL 95 & E—7 BHMESHENYT 5 2 &i3, BT NS & D BRILRT
%1 BORORIHMU TS S EATWRT 5, BRPOBRBIER T
HBHDT, ZOX)IEEBRMOEIMIBRBRIC T UBE Uk 2 RO FEE:
BT 5, ZOXIRULT, HROBEEBURIIERC L OMRLEDSE
B BB E G323 3 RITE o 2, Figd3.3(C)IRT LI, ZOBMIEKITE
SALEICTE®TH 5 2 &dbdhv- T,

3.3.1.2 E(IR5 IEAPAIC L 2 ERISATERRO(FE

BIREUBMNRS IBAEITIND CE IR THF A= M EREERT
X tzo HIZIEFig. 3213, 60 p MOFA =& 0.1 M NaClO, %8¢ pH 1.0
DKW T, ITO BEAEFHNT—0.155 V &+ 1.245 VORIT, X% 6045
fich iz > T 60 MIBALIRG | LRSI A 7Y v 7 RIVF RS S LTH B,
COBEAEY— 7 BIRMEIIEM UL -OT, BAREIERICL DB/ EATFF
ZVHBEPEELUTHWA I ERRBE N, JOHIEOKDOESE, BRIiZo0»
Tid, ROFLURRIZHE~SB,
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Fig. 3.3(A) i3, 40 uyM DF A= & 0.1 M NaClO4 % &0 pH 1.0 DK
REFHL, BPG BB T, (BASEAL:—0.155V, HT DR UEBNM :+1.245V) D
MTHLZ 90D > T IS EIBAHRG | LIREZE I A 7 Y v IRV =5
FLDH L, W DOPDFRINVY €S T LERT, Fig: 3.3(A) THONIHEEE
fiEAR K BER, BRE S ETOBRYIKIAMK (0.1 M CF3COOH + CF3COONa,
pHL.0) TS50 mV s~! TEALRTILIcHINV S €55 LA Fig. 3.3(C) DD
BTHB, ZO%, BRETERN0.2M Y UESERK (pH 7.0) HTEALR
FIUIeRIV T 75 LD Fig. 3.3(C)DEDE#HTH S, pH 1, pH TENZEN
DOEKT, F4 =V EMBRITEEEBRIRTIEEEZR Uk, pHIZK » T
{LE—7 itk KOBTTE — 7 EMNRE AL, F4 = 0BtETICS
ahoAEETEIEERLTNS, FAZ VBAIERIT, T Bk HE
HimEMi s I pH 1 T (BT 71 b v)=(2:3), pH 7T (BT 71 by)=(21),
DL 595 Z Lt Albery HIZ & » THIG XN T3 [93], Fig. 3.4iC,
LK > TREINTWBFA= VDOV Ry 7 ZEE%ETRT[93]

FA = v i3BuKICIE & BT B S DOKEKICHT B AMENIEL 0.1 mM
TR UDER LIS, D7), KABRR TOBMEEMFRITIE 107 mol cm—2
BEOXEWHEREB LD ETEE 1B LI 2T, 2 THRFETIL,
7=V VEOBMRES[80) TITHONTNAD EREIC, 0.2 M NaClo 288
KRB (T2 b= PYN)RTF A= V2 BARTIBRT 52 Sk b EE
ICERMBSEREENIES &2 DI, TE M= NIV TOFA= VOB
FRFELEIRIC DTS, Bauldreay & Archer & [94] VPRI 7S SZERIC DU TR
EHELTHED, 27K EH100 pC em™2(5.2 X 10~°mol cm~?) @W@ﬁ@?ﬁﬂ%
KT B EAHONT S, L LSS, BERIEROZM:O S HET
REFHR T, |

1 mM®F 4= & 0.2 M NaClO A S8 7 & b= b YLEHEHT, —0.8V
&41.8V OMTBPG EBM LT 10 EBARG LI/ A7) v 78V
Y ET S5 L%ETFig 3.3(B) 17, HBIMIIBPUCHEOT +1.7V ICEWTRRLE
WOBRIZNBH, ZOBILKIGICHIGT 2R TERSB I NEh T Z
DR, FETLEREBALRIGH BRI S NI B L © S ABAMIC T 0 — RASEML
BRISEDWI BN, 20— BIEHREUBIREET 5o E
I - T L7z ’

MW hY) v 7 APICE- TS F A= VAR BNT, BPGEBB LICA
B UTe F 4 = V3R A BRIk TR, g 8oBKkohic 1 EER
Utzo 0%, HBOBHKDOHTEBERE UTHSBREEEITOERMK
## (0.1 M CF3COOH + CF3COONa, pH 1.0) FTENMRTILTHIZCV R
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Fig. 3.3(C) DAEDFMTH B, 0%, BREFTEL02M V VEREEE
¥ (pH 7.0) HICE L TEALIRTI L THI2 CV 2 Fig. 3.3(C) DEDEBTH 3,
ZNENOIREL, BARTIZHDE U TBIBTINENRE LB ORE
TH5b, Fig. 3.3(C) &V, KF - HAROELSTHHLUTHER LT A=
VHEEBMBRORE LV Py 7 RBALEICERPENI ERbh oz, 2O
T &3, BIEMRL - THBEBRI SN THRT 5 HEOBRLFENIEEITD
WTREPBRNEOI EET®R LTS, Fig. 3.3(C) T, RLUpHD&E XD
MEEROCVELBELUTHOME LI, 10mM FA= 2887 b
VOVESIR CRBALRT BB AT S Z &tk Y, BMukEkh Tl bEkmic
10~% mol cm™2 DA —F —DEFTHER (T) OHBBHIBREAZ /N T 5 2 & H
T&7zo Fig. 35BS IEEE LR T 2 EROT DMK ER Uz, Tk, F
F o EEEVOXFHERR T TEAES mV 7! TEAMRIIL, KIvyE
75 LERST S LISk DRI, BARTIESIC LD, REWERTEE
BiChlfaTE s 2 &b o,

KFRERBFICT £ b= P YIVRTHEEBMBIREIC & - TEBABHD
HYAREETH ol 7 —O VA —F —ZHOTRAKICTHEIN BB
B GEER) ZWE LS, BAE+LSV ISR LTBBRET LT FA=
&R BPG BB LA @K TRk, Bl Th3@8HKkOHIC 1 HHEE
L, #li< bY v 7 ZAHIE-> TS F A=V ER O, HiROBMKDHT
BBEZSE LTHDS, BRALEWERY A b OREWEET (mol cm™?) 23K
Tz MBEQ LT DM DM % Fig. 3.61R U7zo 140 mC cm2f2EE T

i, BOESHEETRTC Edvhdo T, |

3.3.1.3 73/ E0Btr FF = TSRO REHEEOHF

FAVIDNT, BARGIEEICKX > THERTORMNTESZ &N
binotze Fig. 3.7, 10 mM OF A=V E2FL 7 b= M YIVPTERL
RO DENERT . +0.7V £ TOEMTRG] (@) TiZ, 107'° mol cm™24 —
¥ —DF & =V INBBLENMRREINADIHUT, +1.4V FTEMIEG(O)
TBEFAZ LV OTHREBHICHALT, 107° mol cm™ 24— —DF A=V
BB EAREE SN, BARTIRHEZES (B, 502M) 752 Licd-T
bk, TORKIEES N, 7o b ERTS B M) 74 oBROR
() Itk D R UBALIRT I, RUFA=VBE(O)THIPNL5EHMAL
Teo CNODRERVDTETEIER, 73/ EONFA4 LS DHNVEORAEMN
HBENOEELFZBETHY, HFA VI VHNOBENEKTSEZ EHT
OWRICHFETBEIETHS (94 73 ) BOFEEHRIDBIDIZ, T/
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FTOU, T2 ) FTIVDIMETHMICT I ) BEFHODFA=Y, T/ F
TOVDIMETRITYAFIVT I ) BEHODAF LV UTIV—, ZhEIIZD
WTEBMBRILEITIRY, 73/ EROBFRRLERTERE & OBIFREH S
U7 \

T2 /)FT7V10mME 02 M D NaClO, &L 7+ b= F Y IVEHKS
TBMRT(-08 V HS+1.8 V £ TO#YE UBMRTI, BAFTIERE 50
mV s~ TI0MBMFEFN T EICED, T2/ F 79 UEBBLEICHERET
B ENTET, 72/ F 70N UTRBGUEETRDLIIL, 725
TYUVETERN02M Y UEREEER (pH 7.0) BT 10 REERMRT I Lk
HICHE Uc B E R 5.4 x 107 mol cm™2Td » 7z (Fig. 3.8(a))s

—%, 03D LDOREDFA =T 2)FT7 0y ER UBARIRTIHBH
(=0.8V S+ 1.8V FTOHEDIRL), [ UBMFEIHE(BOmV s71) T, R
URALRE I EE (10 [) BALIRETI Ulco F4 = VIZBGOE % 1 BT 0E
) R—EREL, FAZVETERC02M Y VEREH (pH 7.0) T 90
SEBAIRTI Ulze COXIIKFA=VICH U TIRBERNICE ) v —%2KREL
RICHEDL ST, BR LI BRILENEEY 1 FOBRF A=V O
FE <, FA= 2 i5.4x107° mol cm~2(Fig. 3.8(b)) T, 7=/ FT IV
5.4x1071° mol cm™2(Fig. 3.8(a)) TH B Z Wb otz THHLEF A=
BB OEREENI0D1I Th-oICblbodRmWERN 7 2 /) F
TOV/DWFERENS ERbIh ol TEHBT I ) BOBILOEEMIGR
mahi, : '

FALVEAF VTN —TORRERKTB &Ik, 73 /%L
NN—DAFIVT I ) BDOEEBRE, FAZEAF VT IV—%ZNTh
RUBE(ELE5H 10 mM OF A=V DBEREAF LY TNV—DHE0.2
M @ NaClO; Z&L7 & b= b YIVER), W UBALHRGIHE(-0.8 Vo
+14 V ETORDEL), B UBAHIGIEE (50 mV )T, FUBMRASI
% (10 ) BALRS B#AIT R 012 FAZY, AFVYTN—ELSBH
B | AT OE ) < —2REL, BRESENO02M ) VERRETR
i (pH 7.0) T 60 S HBALIRT Lico T DRBRBIBHBRBOY A7) v
RIWTETS5 LT A= DT Fig. 3.9(a) i, AF Ly TIV—iZ20T
2 Fig. 3.9(b) IZR UTco FAZY, AF VU TN—DBARTIBFHTH, 107°
mol cm™2 DA —F —THRBREZBMTE S Z ENbh -7,

ULZEEEDBET 2 ) FTIVIRDOTR, FA=V, AFLUTI—
D1053D 1 BEOE UMER EANRREINE O &b ot BUELD, F
Ay, AFUUTA—DBREAMREINBORT I /%, NN-DXFI
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73 ) ROBRBILICERTSEEELLSZENTES, Fig 3.10, Fig. 3.11

ZNETHORD (2)i, FA=Y, AFVIVITNV—ZhEN10mM & 02 M

@ NaClOy ZZL 7 b= PYIIVIARP TR UZcF A = U REBRKR, £ F

VT N—REBBDY A7)y I RIVYETSLTHD, THbL [BALE

MFEOIRIBETEMBZ 900 rpm TEIEE LS S BFRAKIC 1 2 HEE Uik,

BENEE 1 TR0 RE LTOABRITEREL, RESEHL

02 M YV VERBRETEIK (pH 7.0) T 60 4 MIBALIRT | Lcik | wiiioRLy €

75 L THB. i, Fig. 3.10, Fig. 3.11ZNEFhORD (b) 1%, —0.8V(F+

S VIEDVTIE-02 V) 5+ 1.4V £ TO 10 BIO# Y &k UBAIRG I TEM
BRALZATII, BUBELE 1 HRIFHEOERELTWISTFEREL, BF
EEEIN02M Y UEREA (pH 7.0) HT60 AR BARTI LD D

THB, FAZVIZDOTIE 3.1 x107° mol em™2 X h, AF VT I—

1% 2.5 x 107° mol cm™2 fREF XNz, FIHTANIcEB Y, BEBILEZITEED

ZEICEDV Ry 7 REHY A FEBERENMRFIEE I ENTESZ LD
b Shize BLEDFig. 3.10, Fig. 31102 20K D—0.05V 58D L Ky 7

Z5HE, UFIRFTEI KL Ky 7 5% (Fig. 3.12) idicd 3 E£X B2 &

INT& B, TR, T2 /)FTVV, FAZUBIUVAF LV TNV—-ZHE
OV Ry 7 RABERT =) F7 I UBHICHRL, 731/ &340 d<—0

EPEMHT EOREETHS, LEASHLNTE B, |

3.3.1.4 FF = BESMHBEOIAR

HABTRND &I, MBI DR £ B OEEICH LT b9
(B4FTI, BHATE LV NVOHEED S DN EITE D) Iedicld, H—DKE
&, B—OU Ny 7 REHY A FOREITEETIHEEER NS E0HA
Thb, ST, BREKBIHEOBEE (BE, ¢)EZROLHIICLUTHEL
2o ITO BARE F L7 A T TIHEIZ U THRR T — 7 (Scotch Kapton Film tape,
5413 (3M)) TEBOREHIEEH O HEZ L, 02 c?OBBREHICHEL, K
JEHEHEEE Uico ZOITO BARICF A = VIR B4 RS, KGRI
W Ulco MR T — 77003 21380, K & JIELS (Sloan #18¢, DEKTAK
3030) Z T, BEREMREBEERTEDOEHERELNEL, ROEXE Ui,
RIS R R % Fig. 3.131ICR T AN 7ROF 07 4 —Uid, T3, F
Y, R ULERHEICEHRLUT, Tao—70WRUELENR-TULE)IZEICLS,

1.0 mM F4 =2 & 0.2 M NaClOg 2887 & b= MY IILVAKPTITOE
BT, (CEARRSIGERE : —0.8 V H 5 +1.8 V vs. Ag/AgCl, KCl(sat’d), &
RLARG EEL : 50 mV s71) EWS KU TEBBRILETE - c L 25, BALHRS
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[W#n &T(Fig. 3.14), BT IEHn ERE (¢ )(Fig. 3.15) I 2 h il
Wt - 7e DTT LR OMICHREBIRAE T /2 (T vs. ¢)(Fig. 3.16), Z D
NOHEBNOF 4=V DEBEEECIE, T/¢=015M THs EBbh -7,

3.3.1.5 FIF = RBRDIZMERDRIE

AP O R(Q) 13, IKNTHEINDB, R=pl/A, 12121, p(BL Qcm)
SHARSE, [(om) 3R E XA 2 DOBBHOES, A(cm?) 22 >DEIK
MOKEE Th b, BRUSER LI, B ROFHE LTEEINS, L=1/R,
L=xA/lo cEEEETHY, HUORXOVNSHROBAEDOBLEERTH
Bo FA =V HIEOBBYE HAREROWAEIT & O FHE L 72,

FA= V%ﬂ%ﬂ;ﬁﬁ:ﬁ%@ﬂﬂ@i 2 Wi T-H:THT75 o 726 Scotch Kapton Film
tape 5413(3M, USA) &/ - TEZB I 7 BPG BiRic, BALRGIBBICL D F
F= yzﬁﬂﬁm = (0.37 £ 0.04)pm, ROWEH :0.05 cm?) ZER Uiz, & DB
KGR, A&V %Y— FELUT2BERE L, 21°CT0~100 mV O
BALZE I TEBRMEEIE Ul #R% Fig 31TICR Uz BOEMRMEER
Uf=13 0.852 mA/mV TH Y, L=0852S TH3B I Ehbdh-t, B
D WARBREHET S E, = LIJA =0:852x(0.37 = 0.04)x107%/0.05 = (6.3
+0.7)x107* Scm &ML o7, BIFEESRY (-7 2=V U7 I V)R (BIL
&) DklE (2.0 £1.0)x107* S ecm™, RY (N=AFIVT7 =Y V) B (BRILIK) Dk
1(3.0 £1.0)x1073 S cm 1 ERE XN T B [95], FA = L #lE, 7= v
FEAL Y, HBBUN DS OEBRTH S 2 bbb T,

3.3.1.6 BRI L 3 ERDOEEIRREDZL-THEADHIE-

BPGEBMICRE LicF A=y, AF Ly Th—%, BFEEEEEN02M
U VERRETAIR (pH 7.0) HTEBALIRT T 5 &, BROBMLETTE — 7 BALN
EBMAY T M ABENBHIS NIz, ZHUTBARTIC & 3 BEORERE
DEALZ TR T 5D THEKE D, ZOBRRICONTHMT S, FA=VEAF
VYT =i DOTENENT 4y 7 (dip) B (BALE NI 15U IRIE TR
ICBBRERET B HE) IS & DS SR BELBENE U TR ETE(F
=, AFVYTN=)ERE U, BREETEEL02M Y VEREEEK
(PH 7.0)H1icB L, UIE5 < —0.6 VITERRE Uik, 50 mV s~ TEALRE %5
U7 +0.7V ED % 2EIBARTILT, Bohizodrneh£hn Fig. 3.180
(a), Fig. 3.190 (a) TH 5, KIT, BAFATIWEE + 0.9V 2% TR, —EH
OBMFBINGESELUABNT, ZEHOBMES ORORIVY EFT LEREL
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7z (Fig. 3.18D (b), Fig. 3.19D (b)), 90 3 BALIRT | UkElT 7t%id, & D—-0.25
V EDE—7 EZH L—0.05 V 580 E— 27 38l (Fig. 3.18D (c),
Fig. 3.19D (c))o BALFRG [#EFHZE + 0.7V £ TICHIFE U T84 (Fig. 3.20(b))
bED-025V [ EOE -7 3K - 7cE £ Th oo Fig. 3.21(a)1E, +0.9V
T TOBIMIBENZITREOWMDRINS 55 LTHY, Fig. 3.21(b) 13, 905,
BALIRT BT o I DRNVT S5 L TH B, BAURTIBRDKRIVY S S L
DRI, E—I»R7a— FiZi-TH D FA4 = L #EEAEMR (Fig. 3.10(b))
DRIVE €75 LOBRICBM TS Z EDbI -7z,

SNIFTIRS(Subtractively Normalised Interfacial Fourier Transfer InfraRed
Spectroscopy) IZ&k D, R UKHTF A=V EET 4 27 BABRITEE X 8B
WBIEFREY, FAZVOBRLRTE — 7 BUNEBMAY 7 NS 28R %
IRZEZXRY PIVTHIE Ulco BARTIOMRE, —04V & 404V OTOF
A= v OBt L OETTIC K D HIRICEA LT A LTI Ic BN s, £ DR
S DL, 1160 cm™' & 1380cm~ 1 TH B Z b ot FA=VH
BOFHNART MVOTHA VA v FOVEHTEREETH 5 [86] fodd, ZDEAL
RENC L A8 LA FERICE T 2SS TE D - 12d%, BARE IER
E RO & WVERESBERICH B Z R THO M EL 5 T,

3.3.2 BRET /Y75 = BHERR

T2V OHE T2 /) VT2, T2F VA M T2—FERU
FIVFEIVT 2F V=) LERERF SO TRBEOBRILETESIFEI NS, 7=
Y75 EREMERICNETARERIDTTHADT, 7 /9752
v DBKACENBEBYHITARSN TR, £2°T, HEMABREREHH
BRRAINY A DY =itk D, ZOBEOILBAR & A —BTFBEIFSH
EEHAE KD, ZD%, BRMERT =) V75 =V BHEMBOER, LU
BEALEN, PHFNF I 7 57 V-V a ViZD0TiBRSB,

3.3.2.1 7x /%750l

0.2 M Y VEREE AN (pH 7.0) HITIs 1) 2 MiE B EAA A A O 7oAV
FUARM)—i2kb0.05,0.1,02 mM D IFEHOBEEIZOWNT, Levich oy
b DIEED STLBARBERD I T2/ P IS5VOMBRINVS €T 5 L%
Fig. 3.22I1C3 9, H2EDFig.2.2 0 6o LD iZ, 1 mM ORETIEZ YA
7y 7RIV ®T 5 LOBLE— 7 BHIAEOHESHE & &&TE— 7 Bt
MotHiE 55 DR 2/iC > 1 THoleo TROBEITT 5 L EBRIBMBIZTAE L,
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BT s Lk BRI SHETHBRENR SN, £ T, i2/ic =1
EBIERBEIE, LDBOBEZHETT 2/ 47 5= OWBREENET
5%‘%i)"35-9 72

0.05, 0.1 5 LT 0.2 mM D 3FFDOEEIZHT 3 B ABRMOBMmRO EE
MOFHHBITH BB, Fig. 3.23& Y, 3.53,6.54,13.1 x 107° A cm™%(rad
s1)=1/2 L3k oh, LevichRITE D 7= /975 = v OHBERIE, D =
(4.08 £ 0.15) x 107¢ cm? s~ TH 3 LFEM S tzo

3.3.2.2 7z /475D EFHERIGREEK

BIBIAF 1 T— 5 — OIS LT, BEULENICARTHS o &, ¢
KD BBIBHAF 4 ¥ — DBEBREHERD A F 4 T 2 VEALRIE
DHRBIIZ I DI S ERAETH By £0T, FE—BTW IR
HE LUizo

Oy+n e »:=tRed' ‘ (3.1)
b

3BT, EZETRICOBBRICEEEHTHY, hLIZBRESORE
BRSEERHTH 50

ke = k°exp[— a nF(E — E®)/RT] (3.2)
ZCT,

kO EREEBARPSIE L E S (cm s71)

o @ BIGRIGOB B FRE

n: RIGCBTH(7 =/ H75=VD54A, n=2)
F: 7937 —5%E%$(96485 C mol™)

E : BiREHL(V)

E: REV Ry 7 RBHL(V)

R : &/ E$(8.3145 J K~! mol™?)

T : #eehHEEE (K)(Z 2T, 296.15 K(23 °C))

ThHB, R(3.2) OMYELBE, R3IEHEB,
log k¢ = log k° — a nF(E — E*')/(2.303RT) (3.3)

T2 /)Y TS5 VDORRV Ry 7 RBAHEDBMBIRD Levich 7o v b %,
Fig. 3.241Z789 ZDF—% % Koutecky—Levich a1y F U7 H DA, Fig. 3.25
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THY, YIFHOBBATO kfi)‘TﬁFﬁﬂiéﬂ’Lto it(3 3) IZHEL, log ke& (E—E)
L TFay UL2DD, Fig. 3.26TH B, Oy hOYA B LUEEX
Poads LUK Da=0.65, k° =7.6x 103 cms ' LRI NIce DL,
72/ Y75 VEROAE—BETREIRIGIE, 1SITEENH[96] THB I &0
birhotie o, T2/ VY I75=VEBTBHA T 42— —ELTHNS
ZENTEB I ENDM T, |

3.3.2.3 E(IR5 IEREIC L 2 FEISATERRO(FE

Fig. 3.27(A)IZ, 1mM @7 = /%75 =& 01 M BIEERF b Y YL
L &2&LpH 1.0 OBHKBERPICHEIT A7 = /) V7 5= OB I BFED
BV BT 5 L%EFT. +1.0 V P EOBAGERH Il ML BRA B X
h, MIET BRTERIZBM SN0 ~0.1 V AHEDHBEDL Ky 7 X
REICHST A B, BLERB LRGBS I E S bITHEmL
Teo & DBMBZBHIAKTHESL, pH 1.0 DBERRF MY v LKBKICER
X THIYA 7Y v 7 HRIVY ST L% Fig. 3.27(B)-11Z7 Uiz 10 mM
T2 ) BTS20k TR M MY IPTEig 3.27(A) & REQBARE B
T8 -1 RV €75 LFig. 3.281L7R"F 7 b= M IV TOBARG I ERF
T}, FAZVERBERICT /Y7 5= OXREHERERKT B 2 &0
T&lko COBMBEBHMAKTHG L, pH0.92 D:BEZERT b Y U LKEKIC
BEIRTHIEYL 7Y vy I RIVYES S L% TFig. 327(B)-21, 1 M D&
WHRR> MUY LEZE pH 7.0 OBEAEBRICEESIETHILYA 7Y 9 7R
V€SS L% TFig. 3.27(B)-312, ZNENR U7z pHIZL » THILE -7
BB JOETCE -7 BRI ZEAE, 72/ 9752 OBLETGICT
0 bS53 EERLTNS, Z0OpHDEIZH$ 528, K
3B, |
- Fig. 32915, 72/ Y75 VIREBME, T2 /Y75 VEIRENE
BOREWEBROERERTYA IV v I RNVTET T LERT, BARTIE
fROFER, 1.07x1078 mol cm?DERMBPEEIR ol LEDL DI, T
JH75= /ﬁ%i—/&ﬁﬁk%ﬁ%M%%k&De%kﬁﬁ%ﬁ%@%
Eil4 3 2 ENTE T,

3.3.24 7z /475 BROVER

7z /) YB3 VERMIBRBOIESIIATHENDTTH b, Lo THERER
FH LOWEROBHEDEDL S & LBIULFNF v 5 7 7 V¥ - a VITh
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NTOEN, 22T, WROPHELIHS 12ETESEZTHIAZ Y v 7 FN
FET T LDREZEFTIED, EYOpHIKFEHERN, TDER%E Fig. 3.30
1R Utco pHT CIREBRIRO 7 = /7 5= Vid 2OV Ry 7 A -7 3t%
95 (Fig. 3.31(a)) DICH LT, BRELTWE 72 /9 T75=Vid1oL
Ky 7 2E—=735%69 3 (Fig. 3.31(b)) Z &bhot, THSIKDNTIE,

#3.3.2.5 i TR~RB, '

£2DOpHT, WELTWABTES 0 by OUNRED LS LKEILRTR
JEAEE > THBDNEHNB Z EEHNE LT, Fig 3.3008LE— 7 BAL
ERTGE— 7 BMNOWEBMEREY Fy V ABMEABUT, pHIZH LT
Fay b UIzOWFig. 3.32TH B, 2 M LAY LE2EE 50 mM OFREEE
# 200ml(pH 2, pH 4, pH 6, pH 7, pH 8, pH 10, pH 11) 2/ L, Zh<ThoD
RRETAIRD (pH £ 1) OFPHTREZATIE 572, 2 M LA VY Y ADFET 5
DT, KOHREBREPHCIRERBKZE 2V y FTH T UTpH 22/LXE
THAA VREIR—E[9I7] &£AHEE B,

Fig. 3.32() I38HF 72/ 475 =2(O)TH Y, Fig. 3.32(b) IdBMB LT =
Y7 5= (@) Thotc, Fig. 3.32(c) 72 F VU A MV T 2— b (@
) DITHKAE [98] T B0 FMRTHUOIAIENL, —30 mV/ApH, —60 mV/ApH,
—90 mV/ApH Offig bbb, ThEh (BT o by)=(2:1), (223 745bb
1:1), (2:3) BBAE T ABILBETTKIETH S Z E2RT[99]0

BET72/) Y7520 (0)TiE, pH 1-pH 4.3 T(BF 71 b V)=(2:3),
pH 4.3-pH 6.6 T(BF:7 1 b )=(1:1), pH 6.6—pH 12 T(BF T b
)=(2:1) THBEZ Dbt —F, BEET =/ H75=  i#E(@)T
i3, pH 1-pH 29 T(BF: 71 b )=(2:3), pH 2.9-pH 5.5 T(EF7u
>)=(1:1), pH 5.5—pH 8.2 T (B ¥ 1 b )=(2:1), pH 8.2—pH 12 T (BT~
7ok )=(1:1)TH 5 ERbh o7,

pHIE#EMARAIRD, BHLEY =/ %75V, 2OV Ry 7R
=7 %5875, ThENEDX IV Fy 7 ARIBICHY T 500%, B
TR RS EBILR TR IEDW %% X TILFHEER TR U O Fig. 3.33T
5%, Fig. 3.330HD A-iZHT =AU EET, ‘

WEZ7x /7522 (0)TH,
pH 1.0—pH 4.3 T(BF 71 b »)=(2:3), Ox(A) = Red(C)
pH 4.3—pH 6.6 T(BT: 71 | »)=(1:1), Ox(A) = Red(D)
pH 6.6—pH 12 T(BF:7 1 b V)=(2:1), Ox(A) = Red(E)
EHEITB T EDDIh T,

—Ji, BBLEY = /)9 75= K (@) T,
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pH 1.0-pH 2.9 T (B¥:7 v b »)=(2:3), Ox(A) = Red(C)

pH 2.9—pH 5.5 T (BF: 71 b »)=(1:1), Ox(A) = Red(D)

pH 5.5—pH 8.2 T (BF: 71 b »)=(2:1), Ox(A) = Red(E)

pH 8.2—pH 12 T(BF: 71 b »)=(1:1), Ox(B) = Red(E)

EBIBI Db ot TOXIKKFEFEEINBKIITIIE L, SNIFTIRS
WEICLDHONTEZIRT MVOERN G, BERERLIC X 5 HREESLURR I
DAENTGRIERRR A A4 v (Fig. 3.330%D A-, bbb 74 L ICHY
9 5)NETTBETEMHHOFIICL DHEENISBOHINSE Z EDRES
Niz, ZORBRHEEL, (BF-70 br)=(2:1) OBENC LD, BRI EEEE
DIDIBERBA A VHIBH L TOBE I EEREL, D Eai~7os ot
BICHCTERZ o THWB I EDHREE TR B,

TxF VA M T2~ (@) T, pH4—pHIT (BT 71 b)=(2:1)
THBIENREINTOS 98l 7=/ 752 OBMLETRA, pHT
T7xF VYA M T 2= ERU(BF T 0 b 2)=(2:1) P57 581k
BRERIETH B EDbh ot COZER, T2 )9 TS5V, 729V
YA MIVT 22— M ERKE, NADHOBILO X THREENE28BF17S
0O b EBARESCRZIIMAZ ENTELABTRHAT 4 =—5—~THBT &
EBWT B, COZEN, THEORV] BTFBYHA T 4+ T—7—DFHTH
BEEZOND BT/ V75V DBEELERIE-T, BBLET7 2/ V7
7 VHBIROEE, PHMET22DV Ny 7 ZAE—7/8nicd, oo
BRSO T, BB LT 2 /Y75 VBTV Ry 7 A1 b3
JOBENEFE T2 /) VT2 DENERBB12DIT, BALEKD pK,[99]
Blxhl-EEZ o605,

3.3.2.5 BEAER LT 7/ 475 vEREEOGOESR

W72/ Y752 ViCRTITOE®R LT 2 /Y7 5= VHEIETRE, &
KIS (Amax) DEBRENA (520 nm 5 542.5 nm ~) &7 b g5 ENR
biro iz (Fig. 3.34), Jhid, BFMERILIcT = /) 37 5= VHEEOBE, &
VIw—%7cidRY v —DEFIC K DrBFRBEDILN 1D TH B EEX
5B, HI324MMTHE LI LI, HEBMD pHIKFHUIBET = /Y
TV ERRBBIEEEBEZADES L, HIREBICK DHERNOL Fy 7 X
B A PO I/ aRBENIE LTS Z &N mEIhic,

HIREMER T RICBEFRBTREATEROLI TRV Fy I X
TEWEY A POBRHEBEICE > TD, IERITBMRS BRI K DER LT
= VEREMEROBAICIE, BEEIVBEN0.15M Th-72(53.3.14
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i) COIEN, BET /Y IS5V EBBLET 2 /Y75 VLD
BARNBENREZBETHE EEZLONS,

3.4 jEam

T O ERDOT I ) BOBMBBRILICLD, TV U AREMBESIERTS
CENTEN P72/ FTVY, Tx)FTVUDIMETHICT I ) HEF
DFFZY, BT 2 ) FTIOVDIMETRITOAFIVY I ) HERFOA
FUUTN—, ZRNETNICDOTEBRILEITIIY, 7 1) BROBRHRRILIC K
DERTWER (D) PRI EERONT Uiz, BABGIEMICIDERL
T E BB D BSIALFANL KUMEENHEIIR, BREHICRE S/ BRk
DENERILBZ ERbIoTze PIZITBB LT = /) Y7 5= VHICE T
2, BEZ72 /) V75V ERBRRD2HOL Fy 7 AE— 7008 XD,
BARBIBENEREMNANY 7 b2 Edbh ot £, 72/975=
YOV Ry 7 ARG pH 7T T, (BF:7 v b2)=(2:1) PHEETERIETH
B ERERDMoT



0.5 1.0 1.3
E/V vs. Ag/AgCl,KCl(sat'd)
Fig. 3.1. Cyclic voltammograms of electrolysis of thionine at a bare BPG elec-
trode (0.2 cm?) in 0.1M NaClO4 aqueous solution(pH 1.0) containing 2.7x 102
M thionine. Potential scan rate : 50 mV st Constant potential electrolysis

was conducted at 4+ 1.245 V for 3, 10, and 10 min successively.

0.5 1.0 1.3
E/V vs. Ag/AgCI,KCl(sat'd)

Fig. 3.2. Cyclic voltammograms of electrolysis of thionine at a bare ITO
electrode (0.2 em?) in 0.1 M NaClO, aqueous solution(pH 1.0) containing 61
M thionine. Potential scan rate : 50 mV s~'. All scales are the same as those
in Fig.3.1.
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0 * 0.5 1.0
E/Vvs. Ag/AgCl

st scan

-05 0 05 1.0 1.5
E/Vvs. Ag/AgCl

N U |

05 R XS e
E/Vvs. Ag/AgCl

Fig. 3.3. (A,B)Cyclic voltammograms continuously recorded during the elec-
trolysis of thionine at the BPG electrode(0.2 cm?) in (A)0.1 M NaClO 4 aque-
ous solution (pH 1.0) containing HCLO 4 and 40 M thionine and (B)0.2 M Na-
ClO 4 acetonitrile solution containing 1 mM thionine under an N atmosphere.
Potential scan rate : 50 mV s~1. (C)Cyclic coltammograms representing the
redox response of the thionine - modified electrodes in aqueous solutions of pH
1.0 (0.1 M CF3COONa + CF3COOH) and pH 7.0 (0.2 M phosphate buffer).

1

Potential scan rate : 50 mV s~*. The thionine - modified electrodes were

prepared as in A (---) and B(—). -
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pH 1.0

B H.
N 2¢ , 3HT N
T o IO,
H,N S N : H;N S N &+
* %K ¥ " *
N 2e , H N
T, S e,
H,N S N H,N S N

Fig. 3.4. Redox transformation of thionine - modified BPG electrodes in pI

1.0 and pH 7.0 aqueous solution.
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n: sweep times Q/mCcm™2

Fig. 3.5. Relationship between sweep times(n) for electrolysis of thionine and
surface coverage (I') of thionine - modified BPG electrode. The potential -
sweep electrolysis of thionine was conducted at 50 mV s~ between —0.8 V
and 1.8 V for n times in acetonitrile containing 1 mM thionine and 0.2 M
NaClOy. The I' values were estimated in units of mol cim™2 by measuring the
area of cyclic voltammograms obtained at 5.0 mV s~! in 0.2 M phosphate
buffer solution(pH 7.0). .

Fig. 3.6. Relationship between amount of charge passed (Q) during elec-
trolysis of thionine and surface coverage(I') of thionine on BPQ electrode.
"The constant - potential electrolysis of thionine was carried out at 1.8 V
vs. Ag/AgCLKCl(sat’d) in acetonitrile containing 1 mM thionine and 0.2 M
NaClO;.
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Fig. 3.7. Relationship between anodic upper - limit potential (Fupper) of
electrolysis of thionine and surface coverage(I') of thionine on BPG electrode.
The potential - sweep electrolysis of thionine was conducted at 50 mV s~! in
acetonitrile containing 10 mM thionine and 0.2 M NaClQ4 under the following
conditions : starting potential and sweep times{@: —0.2 V, 10 times / O:
—0.8 V, 10 times / ©: —0.8 V, 10 times with 0.15 M CF;COOH / M. —0.2
V, 50 min / O: —0.8 V, 50 min|. I" was estimated by the same way as in

Fig.3.5(potential scan rate : 50 mV s71).
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0 0.5

EJV vs. AJAQC), KCI (sard)

%/ V vs. Ag/AQCI KCl(satd)

Fig. 3.8. Steady - state cyclic voltammograms of (a)phenothiazine adsorbed on
BPG electrode and (b)thionine - modified BPG electrode in deaerated 0.2 M
phosphate buffer soluﬁon(pH 7.0). ' : (2)5.4x107° mol cm™2, (b)5.4%x107°
mol cm™2. Both electrodes were prepared by potential - sweep electrolysis(50
mV s~!) in acetonitrile containing 0.2 M NaClO4 and (a)10 mM phenoth-

iazine, (b)1.0 mM thionine.

Fig. 3.9. 'Cyclic voltammograms of (a)thionine - modified BPG electrode
and (b)modified BPG electrode prepared by depositing methylene blue in
deaerated 0.2 M phosphate buffer solution(pH 7.0).T": (a)4.4x107% mol cm™2,

(0)2.5x107? mol cm~2. Potential scan rate : 50 mV s~

100 ———r———r— e rr——r B T T T T T T T
i o 1 |
s0f i
ol 1
= -
o s
< t a) J
1 pl N
= Lo — N
-50h J
o E
...... | P OV S S U PR L 1 1 1 1 L ] L
0 B 0.4 0 0.4 0.8
E[Vvs. Ag/AgCLKCl(sat'd) . E1Vvs. g/AgQl, KCl (satd)

Fig. 3.10. Cyclic voltammograms of (a)thionine adsorbed on BPG electrode
and (b)thionine - modified BPG electrode in deaerated 0.2 M phosphate buffer
solution(pH 7.0). I': (a)1.7x107 mol cm~2, (b)3.1x10° mol cm™2. Potential

scan rate : 50 mV s~}
Fig. 3.11. Cyclic voltammograms of (a)methylene blue adsorbed on BPG

electrode and (b)methlene blue - modified BPG electrode prepared by deposit-
ing methylene blue in deaerated 0.2 M phosphate buffer solution(pH 7.0). T’

: (a)1.3%1071% mol cm™?, (b)2.5x107% mol cm™2. Potential scan rate : 50

mV s~ L
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pH 7.0
Peeerias 7%@ Clyy
N
pH 7.0
N
n(CHs)z - Q CH )2
(CHN TSNS (CHy),

Fig. 3.12. Redox transformation of thionine - modified and methylene blue -

modified BPG electrodes in pH 7.0 aqueous solution.

ITO electrode |

Fig. 3.13. A typical sectional profile of thionine film prepared on the I'TO
electrode. The thionine film was prepared on the ITO electrode(0.2 cm?) by
repeating potential scan 40 times at 50 mV s~! between —0.8 and 1.8 V wvs.
Ag/AgClLKCl(sat’d) in 0.2 M NaClO, acetonitrile solution containing 1 mM
thionine. Electrical conductivity o was measured for thionine - modified BPG
electrode, (0.37 £0.04) pum thickness, using two probe method. ¢ = (6.3 *
0.7)x10™* S cm™! |
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Fig. 3.14. Relationship between surface coverage(I') of thionine - modified
ITO electrode and sweep times(n) for electrolysis of thionine. The potential -
sweep electrolysis of thionine was conducted at 50 mV s between ~0.8 V
and 1.8 V for n times in acetonitrile containing 1 mM thionine and 0.2 M
NaClOy.

Fig. 3.15. Relationship between film thickness( ¢ ) of thionine - modified ITO
electrode and sweep times(n) for electrolysis of thionine. The potential - sweep
electrolysis of thionine was conducted at 50 mV s~! between —0.8 V and 1.8 V

for n times in acetonitrile containing 1 mM thionine and 0.2 M NaClOy.
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Fig. 3.16. Relationship between surface coverage(I') and film thickness( ¢ )
of thionine - modified ITO electrode. The potential - sweep electrolysis of
thionine was conducted at 50 mV s~! between —0.8 V and 1.8 V in acetonitrile
containing 1 mM thionine and 0.2 M NaClQ,.

Ilig. 3.17. Measurement of specific electric conductance of thionine on BPG
electrode. Slope : 0.852 mA/mV. Film thickness:(0.37 = 0.04) pm. Electrode

area : 0.05 cm?,
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E [V vs, Ag/AgClLKCl(sat'd) E [V vs. Ag/AgCILKCl{sat'd)

Fig. 3.18. Cyclic voltammograms of (a)thionine - adsorbed on BPG electrode
in deaerated 0.2 M phosphate buffer solution (pH 7.0) between —0.6 V and
(a)+0.7 V,(b,c)+0.9 V ws. Ag/AgClLKCl(sat’'d) ; (a) the second voltammo-
gram,(b) the second voltammogram,(c) voltammogram obtained after 90 min
- potential cycling. Potential scan rate : 50 mV s~

Fig. 3.19. Cyclic voltammograms of methylene blue adsorbed on BPG elec-
~_trode in deaerated 0.2 M phosphate buffer solution (pH 7.0) between —0.6 V
“and (a) +0.7 V,(b,c)+0.9 V vs. Ag/AgClKCl(sat’d) ; (a) the second voltam-
mogram,(b) the second voltammogram,(c) voltammogram obtained after 90

min potential cycling. Potential scan rate : 50 mV s~1,

[T T T T T T T T T 1 T T T T

) R VO |

-0.5

0

0.5

E |V vs. Ag/AgCIKCl(sat'd)

E/V vs. AYAgCI,KCl(sat'd)

Fig. 3.20. Cyclic voltammograms of (a) thionine - adsorbed BPG electrode ob-
tained after 90 min - potential cycling between —0.6 and +0.7 V vs. Ag/AgCl,
KCl(sat’d), (b)thionine - modified BPG electrode obtained after 90 min - po-

tential cycling. Potential scan rate : 50 mV s~1.

Fig. 3.21. Cyclic voltammograms of (a) thionine - adsorbed BPG elec-
trode obtained after 90 min - potential cycling between —0.6 and +0.7 V
vs. Ag/AgClKCl(sat’'d),(b)thionine - modified BPG electrode obtained after

90 min - potential cycling. Potential scan rate : 50 mV s—1.
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Rotation rate : 200 rpm,
1400 rpm,
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g ’1)288 pm,
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E |V vs. Ag/AgCl, KCl(sat'd)

Fig. 3.22. Hydrodynamic voltammograms of 0.05 mM phenosafranine in
deaerated 0.2 M phosphate buffer solution (pH 7.0). Potential scan rate : 5.0
mV s~!. Electrode rotation rate : 200, 400, 900, 1600, 2500, 3600 rpm.
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Fig. 3.23. Levich plots for reduction of 0.05, 0.1, and 0.2 mM phenosafranine

at a bare BPG electrode in deaerated 0.2 M phosphaté buffer solution (pH

7.0). | o

i

I
- E IV vs. Ag/AQCI, KCl(satl'd)
diftision fimiting current®
- -050V ‘
- -049 V
100}~ ~048 V
| -047V A
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- -045V I

[/ (zAcm?)

. 1 A . X .
.10 20

w" [ (rad s7')®

Fig. 3.24. i vs. w'? of reduction of 0.1 mM phenosafranine at a bare BPG
electrode in deaerated 0.2 M phosphate buffer solution (pH 7.0).
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0.0 ———————————
E/V vs. Ag/AgCI, KCl(sat'd)
r -0.45 VIl

L -0.46 V

~0.47 VA
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| -0.50V
T diffusion limiting
| current@®

L L ' \ 1 x ' f L
0 0.1 0.2
60_1/2/ (rad 8—1)—-1/2

Fig. 3.25. ! vs. w'? for reduction of 0.1 mM phenosafranine at a bare

BPG electrode in deaerated 0.2 M phosphate buffer solution. Data were taken
from Fig.3.24. '

!

L 1 P X 1 L
~0.04 ~0.02
(E-E")/V

Fig. 3.26. A plot of log (ks/cm s71) vs.((E — E°)/V). Data were taken from
Fig 3.25. "



50 th scan

- T10pAcm®

50 th scan

-0.5 0O - 05 1.0
E /V vs. Ag/AgCl

1.0 05 0 05
E /V vs. Ag/AgCl

I'ig. 3.27. (A)Cyclic voltammograms continuously recorded during the elec-
trolysis of phenosafranine at a BPG electrode (0.2 cm?) in an acidic aqueous
solution (pH1.0) containing NaClO 4 (0.1 M), HCIO 4 and phenosafranine (1
mM) under an N; atmosphere. Potential scan rate : 50 mV s~!. (B)Cyclic
voltammograms of the phenosafranine - modified electrodes in NaClO 4 (1 M)
solutions containing (B-1, 2) HCI + KCI buffer (50 mM, pH 0.92) and (B-3) cit-
ric acid and phosphate buffer (50 mM, pH 7.0). Potential scan rate : 5mV s~1.
The phenosafranine - modified electrodes were prepared (B-1) by repeating po-
tential scan 50 times as in (A) and (B-2, 3) by repeating potential scan 10 times
at 50 mV s71 between —0.2 and 1.4 V vs. Ag/AgCl in acetonitrile containing
NaClO 4 (0.2 M) and phenosafranine (ImM). I' : (B-1)4.6x1071% mol cm~2,
(B-2)7.7x107% mol cm™2, (B-3)9.4x107% mol cm™2.
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E/V vs. Ag/AgClKCl(sat'd)
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Fig. 3.28. Cyclic voltammograms of electrolysis of 10 mM phenosafranine

at a bare BPG electrode (0.2 cm?) in acetonitrile solution containing 0.2 M
NaClOy.
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Fig. 3.29. Cyclic voltammmograms of (a) phenosafranine - adsorbed and (b)
phenosafranine - modified BPG electrodes in deaerated 0.2 M phosphate buffer
“solution(pH 7.0).
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Fig. 3.30. Cyclic voltammograms of phenosafranine - modified BPG elec-
trode in 2 M KCl + 50 mM buffer solution (pH 1, pH 4, pH 7 and pH 11,
respectively).

Fig. 3.31. (a)Cyclic voléammogram of phenosafranine - modified BPG elec-
trode in deaerated 2 M KCl + 50 mM aqueous buffer solution (pH 7.0). Poten-
tial scan rate : 5 mV s~*. (b)Cyclic voltammogram of 1 mM phenosafraniné ab
a bare BPG electrode in deaerated 0.2 M phosphate buffer solution(pH 7.0).

Potential scan rate : 5 mV s~
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Fig. 3.32. Mean potentials of cyclic voltammograms of (a) 50 M phenosafra-

nine at a bare BPG electrode, (b) phenosafranine - modified BPQ electrode as
that in I'ig. 3.30 in aqueous solutions containinge 2 M KCl and 50 mM buffer.
(c)Mean potentials of cyclic voltammograms of phenazine methosulfate at a
Pt electrode(Kulys etal.)
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Fig. 3.33. Redox transformation of phenosafranine dye in various pH solution.
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Fig. 3.34. UV - visible spectra of (a)0.05 mM phenosafranine in aqueous
solution and (b)phenocsafranine - modified ITO electrode in 0.2 M phosphate
buffer solution (pH 7.0). Apax (2) @ 520 nm, (b) : 542.5 nm.
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T ARISEENRICZ L B NADH
DT,

4.1 #EE

WIETHNI LI, 73/ EOBERICLY TV R EMHERE
YRGB 2 LTI, AETE, 79U AFOBMIEME NADH HREHO
BARAEERICISHEAE U RIS OWTIERR S, EAESEE, Y170y
7RIV A MY —BLUEEMNBERZE A ARV Y VA MY =ik
D, SRS DI 21778 - 720 MABCHEME S UT, Gorton & 3R
LTt 3 Michaelis—Menten B DHEHE [7T9] 1B » THREMR Uic, BBLHMAY/ S
5 4 —% — (NADH OHE%E¥ 0 I UIcHi 8 O RAMT O 2 RS ER
¢ kyNapm=0) (BN, M~'s™), HHGERHT 5 SHMN OB OoNE I AT
UZXEH : Ku(M), BROHHEOMBERIGD 1 IREBEZE : kia(s™)) %,
FA=y, T2)¥T753=y, BLUT =) B 75 vHFMRERZRIZOL
TG U, RISEHOZYHIZDNTEE L,

4.2 =EEx
421 HEELUERRE

NADH(3—NADH(2Na3), 7V > ¥ VB TEMRSH) 13, Z0% %
iz, XS NapyHP Oy 12H, O (Dt ZE TSk a4t ), NaH,PO,4-2H, O(F0
et T kAt 13, FRREEZOEEH O, FA =2 (REMABL
EHREH), 7=/ V77 =2 (FOLMiZE LML, Aldrich Chem. Co.)
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4.3 WHERBIUEE
4.3.1 FF = (58EHk

4.3.1.1 NADH DOHIKHR

NADHIZ, 340 nm ICHRRBIEE EH2[100] 2%, BR{LAANAD IZIZZ D
IR ANTE N —RICBiK REERRGIC & 5 NADTORA -4 5 NADH o8
BT B0, T OBKBRIEREICK T2 BEEDEEBETS
EBFTIEHIN TN S [101], BRFELTF 0.1 mM NADH #4102 M Y VB
B (PH 7.0) FTOWSLE DZALE Fig. 4.1IR s, ZOXEIE, 4Tk
HMoSNTWBELHIINADHHEBZD 14—V Ra Y U VDMK [102]
KT 5, LOLERS, ZOBRKEOBVIIIEEIIP - DELTED,
ZOHFINE, 0B Th 7o Lichi->TRHEIZEK S NADH OBALK G
ISR ABERLERNTE LD EEZ T,

4.3.1.2 FH=IzLt % NADHBMLODIFHHETS

Fig. 4.212, BFFHELTF 0.05 mM F A= v %288 0.2 M U VEREEA
W (pH 7.0) HTOF A4 = v OEANTEBIRZ RS M VERT, SDLIICF
A= 213599 nm KRB RZERFD. Chid, 7—-mT*BBICLEHDTH
D, FF=VOBIUKICHEEDRINTH B, BITHEKITIE Z ORI T2,
#ItfklT leucothionine b T 5, TN ODOBILEIT, I DHIER:
AN TEALT S EdEh -7
005 mMOFA=>&0.10 mM®DNADHWHET 502 M V VBRIEHE
A (pH 7.0) HTD 340 nm TOPSLEZEAMAEZMWEL, F4=2IiZk5 NADH
DAL IEDBEZ U B OB DR 2L Fig. 4.3127R Uiz, Fig. 4.4iC
i, 340 nm, 599 nm TOWEDEMZE % Uizo 340 nm TDNADH D
WRPBY T B END, FAH = ORLEICX D NADH I3#MICERILEh
52 Ebh ot NADH BB EMDH B NADT &L > THBI &L, F
Ao VRBTBBAT 4 T—7—&E LT, ThI—LFE RarF—& (TN
I—)VBIKREER) ZH 0T RO XA b)Y y 7/\4’7!‘12 v Y — DY FETHED
»HoNTNS[66]o
~7i@5’?0>wuzk0)%wl(599 nm) i, REPSUTHK L'tfs.%c\'c»@o < DB
DUte TOZ LR, BREARTIOHULERK LI BKITENTOHED
BRICEI>TFA = VOBTEVBICEINIERTHEALEZH I LNTEX
Do DX IITHNRIEEFTI D BEITIIBAICMBRERMZAET 5 LEN
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HBDT, SHULIAFDEd- T, 2T, KEICRT & 5 ICB&UEEHIC
& > TF A= Uiz & B NADH OBLR SR M5 Ui,

4.3.1.3 FF = (SHFEIHRIC L 5 NADH DAL

YL IV IFENI oA M) —ICLBEHE  SATHMERIC KD, FA=Y
DRRALIKH RN NADH BT 3 Edvbhr T2 20T, BRALFEMIC
NADH DOfibii Bt 283 Urzo Fig. 4.5(c) 13, RBRKHIBPG BB LTD1 mM
NADHER(EDY A 7V v IV RIVFET T LTH B, FE1ETHBNILHIZ, pH
7.0, 25°CTNADT/NADH L R v 7 ZtORB L F v 7 RBALIZ—0.515 VT
55, Fig. 4.5(c) THEEIN B L9 1T, BILY— 7 BALIH+0.6 VTHD, 1V
D ED@EBEEZMITIZIUHTNADH IIER EEERILINS Z E0D 5,
Fig. 4.5(a) 1, Z4FBLUN)V(T=3.5x10"2 mol cm™2) DF A = L EHiEME
H&® NADHIEFLETTOY A v 7 RIVY €75 LThH5b, Fig. 4.5(b)
i, Fig. 4.5(a) DF A =V EHiBAEE | mM NADHEEFCTHIY A7)y
JRIVTET T LTHBo

K &4 BPG B - TONADH DML Fig. 4.5(c) TiE, ¥-0.1 VHoH
+0.4 VETRILBKEOHNS Z &340, —7, Fig. 4.5(b) TH+0.3 VT
V— 7 2fF OB, BRTHBIIN/IFF = NNADH & /iU TETHEK
ERY, ZDF A=V ORTEPEBRTHRILINSZ LiIck->THIMEH
HBILBRTHD, NADH Zihiif{bs 5 BIK ThH 5, Fig. 4.5(b) ICIH1F 55
+0.4 V5409 V £ TOERIT, AERICER & BHiEMR%EE S L TNADH
AL S N5 B E MR L D &> TRMI N BB THS. SO
I 12 UTBEULEIIC, NADHOBLEZBIAIT S Z ENTX 1,

WEFA=VOREV Py 7 RBAZ-025 VTHY, —HF+= 55
FREHEBONEL Fy 7 XEhLd, %50 V(Fig. 4.5(a)) Tdh b, Fig. 4.5(b)
WKRENS XS I BMRIE, KBV Fy 7 ZBALED bIEOEM (I Z Tid,
#140.3 V) OBLE— 7 B A > T B, ZOBLE— 7 BADIE~NDY 7

M, REL Fy 7 2BALD I SICBMAENT S EIC&D, BRShk
FRAERRILT 5, &5 FREETBRZERS U7 BILRISZ R T 5 (108, &
D & I 75 RO B 8 Ut ICH OENTIE, RTINS 5,

Fig. 4.61%, FA =% HFE L)V THRE X871 BB%E HOTNADH fit
ARILEE A B LR TH B DT, Fig. 4.5(b) & Fig. 4.6(b) £ KT 52 &
ik Y, MERISOBHEIETPEETICIKFET S Z 0B, Fig. 4.6(c) i,
FEHI BPG BB LETD 1 mM NADHDORNVF £S5 LTH B, Fig. 4.6(a) i3,
B T-E LAV ( T=1.4%x1071° mol cm™2) DF A = V& ERE FD NADH
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FELETTOHA 7Y v I RINVTES S5 LTHB, Fig. 4.6(b) 13, Fig. 4.6(a)
DF * = EHiEME 1| mM NADHEETFTTHILY A7V vy I RIVFET S
LTHY, Fig 4.5(b) EREICF A = VBRIEEIC & 3 NADH Ol (k%
R RIVYESS ATH B, Fig. 4.6(b) TOMBBHKEOK X X2 ks 3 L,
LA TFEUVNNVTOMEBROEZUTTHEZ Wb o, FFBDOEX
&R G DORRIL, RIETEMICRR B, Fig. 4.6(b) 12351 5#4+0.4 V 2
S5#34+0.9 V X TOBHIE, MEERLER &EHiEMAR%EZE LT NADH DV E#E
BILINDBEBREDERITELDE-> THHMINEBRTH 5,

[EEEEERE VBRI v X b )= B5HE D12y 7 Ry
TF5 LAOWEOHRIHOT, EEMBEMEEEL AV CBEEET 3 &
L DHMANS BT 5 LEWE LI AT Y 9 I HRVT VA MY —TRS
NBEWOIEEHRETOBRTHZ DI LT, sty v b Y —Ti
EHRBOERIBONEDT, BRNERERS,

Fig. 4.5& Fig. 4.6 LRI, MERICOBRVPREWER T ITKET S L
%R UTeD, Fig. 4.7(0)( T =0.9x107*° mol cm=2) & Fig. 4.8(b)(I'=6.3x10~°
mol cm~%) THh %, Fig. 4.7(c), Fig. 4.8(c) iZ, KREMHBPG BERLTD1 mM
NADH ® 200 rpm, 5 mV s ' TOMFERNS €7 5 L TH 5B, Fig. 4.7(a),
Fig. 4.8(a) i, FA =V EMIBMHBEES D NADHIEHAET TOMB RIS €
75 L THBo Fig. 4.7(b), Fig. 4.8(b) 1, ZHZh (a) DF A = L EHIERAE
0.5 mM NADH HH T THRIHKERNVY €75 L TH B, Fig. 4.8(b) DFT,
SETHBYY, +0.3 V~+0.5 VOBMIEHT, BALIEK LIZO—EDEIR
DB C EMBIE NI, D& IR ILEEE DR BRI &AL
FRIEOTAYVEMIC KT 2B ERE, BAICEELEOVERE LTES
ZEMTEBDOPHWARINEG VA M) —DFTH b, A7V I HRIVF Y
A RY — DR ERKRIT, Fig. 4.7(b), Fig. 4.8(b) TOMBBROKAE 321
K9 5L, ZHTFEVNVTOMEBIERD, HaTE V)V TOMBEBHRICH
RTRENZ EDDD B, ULDERND, FAZVELFTFRELNIVTER
FICHEBTHEIREDV Ry 7 REHS A b@%ﬁ%ﬁ%[wﬂ DB FRER,
f RO BRBENERT B Z &b -7,

B E L THRER VS €75 LR LIcDYY, Fig. 49TH5, Ch
SDORETIE, 900 rpm TEABZEHE U/ E F 50 mV T EICBMERFLTE
NENDOBALT 2 S HEIKE LD BB EHE Uiz, 025V & 0.9V T, &AL
ZARE U TR TB AR O ElEE % 200, 400, 900, 1600, 2500, 3600, 4900 rpm &
EZT, BENE Ul Fig 4.7(b), Fig. 4.8(b) TOREEN & RIS, +0.2
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~+0.5 VTOEHTE LIV T ORI, B8 L)V TOMBEEE
ICHENTRENT £ 5B Fig. 4.9(c,d)o Fig. 4.9(c,d) DhSbn3Z &3, &
PO LIS O —E OBRA 2 DO B TEN I N5 2 & Thbo THD
B, 40.2~+0.5 V OBIHEFH & +0.8~+0.9 V(c), +1.0~+1.2 V(d) TEIZHK
7 U O S O BREOBI S Wiz, LT TR, +0.2~40.5 V OB
B DR BIE (i) R UB 1 EMEL, +0.8~+0.9 V(c), +1.0~+1.2 V(d)
DOBNMHBPHDEH BIZE (i1+12) ERUB2HEMERT &ITT B,

Fig. 4.10% XU Fig. 4.111%, (a)l.2, (b)3.89, (c)33.6, (d)55.7, KT (e)70.9
X 1071° mol cm?OREPEEDF I = VEMEMRICH TS 1 mM NADHO
b PR DB 132 (i) T J UV 2 (41 +i2) DBIRMEEZ Z N T hRHERIC
WHLUTFay FLibDTHS, CNODHSRDZENHOIMTH S,

(1) 1 B OBHMEITRTHB D6 X 1072 mol cm~2 & TIZHFHITHM L,
6 x 10~° mol cm 48X 3 & D Litdiz,

(2) %2 OBRMEIZRABER LM TETTHIFERD L

ZOHZIE, Andrieux, Savéant HIZ L VERIICHFHINTNB I ET
55 [105)o 16 OEMICLIUIHTFRORS LMBRIGBHOKE X O
EHRICEHRAT A Z ENWTEADT, I Tld Andrieux, Savéant & [105] DEE
MICHESOTHAYT 5, |

Andrieux, Savéant 513, HRBEEMIZIITS 1 BREIETHENALERIE
Wog A AR OB RE ] [105] 1CBI 9 AT, IROBREISEmHRIZ LT
BHEDIBATEEEIE LT3, o, 1 BFHHETABIBEIAT 4 —
7 — DBIALFRNC AL BB (3R (4.1)) K51 2 BT C 2b%0ICIE
Al R TE R (30 (4.2)) IR LT,

P+le” «—— Q (BRICBMiINILAFELZL Fy 7 X0 (4.1)
Q+A =¥, P + product (4.2)
(A: BE; kk:  F(4.2) DR SHEEE)

— R BRI U7z (Fig. 4.12, General Case)o 20713, 3\ (4.1), (4.2)
TRAN BB 1 BT ARSI g 3 i RSB 103695
BT TH B, iy, (I+i2) 13, BITBRIHWAINS A + ) —THI2
DOBRYIAD TR BHE (B 18 i1) & (B2 (41+i2)) IKHY T B

AFETHOBTBEAT 42— — (FAZ VRS 72 /B T75=)
i3, pH7TH, (BF7 0 b V)=(21) OMET 3 BEALFEICEE E LS
BURy 7 X4 THENS, K(41) ZRDEIICHENA B,
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Dye(Red) «— Dye(Ox) + 2¢~ + 1H* (4.3)

NADH ORI 1 BT & S ICBKALENICIET S KIETH 5,

NADH —— NAD™ + 2¢~ + H* (4.4)

NADH i3t 3 hT 28T, 1 70 by (HY) 252 20T, NADH & Dye(Ox)
i3, BT, TobrEBICBRARBARIETEIENS, ROIIICREZ &
HBHEIENTE S,

Dye(Ox) + NADH —— Dye(Red) + NAD* (4.5)

WoT, BHROKIGHRTD, F(4.1), R(4.2) ERAEEEFEREEL 2 ENT
&72DT, Andrieux, Savéant & QI EFE S FIIREH L THBEENZ S,

Z ZC, Andrieux, Savéant & DEREGDOEZRNBE Z L1275, BFF~
P w7 2RV Ry 7 REWY A FOEET 3RO TERE ORI E
TR TT TS D 6, RO THEMEERTOBESLFENIEEL, K&
fIBEMOE ERBRE T, ROLH I SOBEREZEEL[106),

(1) BRERDFEANLY Fy 7 ZLFRBEOHOBEFHBEKG(WHDWEE
BB

(2) ENTOEM B L UWHEBE)

BVEBPTOV Ny 7 (L5 (BE) OYMERE), :

fitE RS DALE B 2R 3 A DT AN Y VA MY =2 E L TH D,
FFIC s PR AR H O e B IR T OB — BALHBR O, Savéant &
[107][105][108], Murray & [109][110]ikeda82, /M « K85 [111][112]IC & »T
b TETO B, WS TEMBBIC & 5L BO BB SRS
FRIAD 12 D D—RRHE T V% Fig. 4131279, HIEAREBRE AL B2 IRR
TOBW —BAHARICH UTIL, Andrieux, Savéant 51k DIREINTNS
£ 912, Fig. 4.13TRENS 4 DDORHEEIR (U5, ix,is,ia ) DI R/NEFE
95 C & TIERICEEZIEET S Z ERTE 3 [105).

g T 7 IT 4y 7 Bt MEDREMEMIZH I AN —BEFBRHSICE
U’ % Butler—Volmer X Z D F £ Bk /ERE T H ALY LD [113]0
HH DR T OYENILECRRER 245D 5 Bifto
P REEBAL Ry 7 2R E OHOBFRERS B ZREOT 5
@ﬁo
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in : BMHREESNTOB L Ry 2 294 FETOH BB TR SEEE
SV B TR
uzﬁﬁwwﬁmvmwﬁﬂﬁ%ﬁﬁdU5%mo

B4 TERTEBR TOERD BT —BIC tnoe=1 (ir, in, ik, Is, i) TEE,
ERALKOEB D TH B,

it = iolexp(—a_Fy/RT) — exp(ay Fn/ RT)] (4.6)
ig = nFACS, Dg/¢=nFATS Dy/¢* (4.7)
i = nPACRKk,CS.$ = nFACOKHTS, (4.8)
is = nFACRkDs/¢ (4.9)
in = nFACSD,n/6 (4.10)

ZIT, ThEhOREOHHAET B,

to : HLBR. 10 = nFAko(CP)5(CY)*

ap,a- 1 T ) =T 4y 7 BXONY —F 1v 7 BEMRY

F:7 %57 —%# (96485 C mol™')

n : @BEE (V)

R : SUKES(8.3145 J K~ mol™)

A BREmH (cm?)

n: RIGETH |

P o IAHRAHE 72 I3IERARD SIS U TR 5 H O Lk

Q : VAIRARE T I3IEHAHD S R AR U TR B B o &tk

Cp,CQ : BIHTDP, QD/3)V 7 I (mol cm™2)

KO AEREBARRCE R E S (cm s7Y)

& : P DB & EP TOMESRH. « = CL/C(CLIZP DR TORE)
Ds : 35 P OREH TORBUES (cm? s71)

Dg : BT OEHTO RN OEHURSL (om? s71)

Dyotn : #B P OIEHEH T O (cm? 571)

¢ : BRERE LOFES TROES (cm) :

ki BEREE L Ry 7 294 P ORTGKRERE P & QBT MG DEEE
¥ (cm® mol~t s71) ,

CS, : HEEL Ry 7 XY 4 k OBALKDIE (mol cm~2)

T BHEEL Ky 2 94 S OBALADRENTORTERE (mol cm™2),
I, = COPHILD 31D,

8§ WFHEANT VAV ) —DOBEDEFIRBTOIBEDORE,
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5= 4;98D;£1?1V1/6w‘1/2(cm) D LD,
v BHEEE (cm? s71)
w : TR [AlHEHEE (rpm)

RN Y €5 LOBREK (EHBHE) MWHE I A BUEHICH T,
il HAREZ DT, RISEEETAIEREIIE S #-T, FInEH
313 B BH (BFHEBH) 3 ik, ik, is, BLLFiaDLEDTHB, ZhHD4 DD
HBHED 5 bBBOEIEHITKET 3D, DA TH 3,

U EOERE=DN S, FA4 = VBAERIC & 5 NADH Ol b8 13 (i)
EHE2 (i1+4) =R EHERICH LTS oy b UK (Fig. 4.10, Fig. 4.11)
&, UTOLDICHIHATE 5,

B ROBRMENREREREHARTNIETZIEEWKRT ZHLL, BB
4.8(ix=nFACpkk1Cox $) L DHIKDE X (¢ = T'/Cox) BHEKRT 51T bl
LTaikd 22 &, bbb laBRIc LT TH S &5l
M TX B, BIWKREL BB E i OBFMENTIT B IS DB &k 5 DI,
DM IFICXREI NSO TR L, MO EROBEHETEHICK > T
BLEARLTNS, Fi, H2ROBHRMEIEMWEBEWRTIEITS1E
ERYT BB, EHN49(is = nFAC £ Ds/ @) L DWRORE (¢ =T
[Cox) DR T BDIEB U Tis@P a5 &, THLLigBEBEHRITH
UCTXBNTH B EBZNITHHETE 5,

EERAE BRI L BXTAFRILY X b ) —2RWAE8T #RomEREH
SRV (1071 mol em™2DF —F =) 1295 &, ¢ (RE)IVNE 2D,
EBHR, 47, 49K ip, isVERKREN D, FHEEIL SRS 10,
BRABIHICHT B ip & is(Fig. 4.13818) OFELMETE 5700, BT E
KT BIENTES, ZOL I ILERIGHEERDORICERET S K D 1854
TTiR, HEBKICLDVBONSMERICDRETE B ITRDO LI, ia;0
WLk ->THEEINS,
‘ o 1/i=1/ia+ 1/ix (Fig. 4—12(R-case))

415bb, Koutecky—Levich 70y Mok b, LBHOFMOMEEEBO
B e B VAR AR B S TE 1 /5 & TBABD [BIHEH B 1K LIS OIS DT
/0 EICDMT B ENTEBZ EMS, Koutecky—Levich oy DY
50 BT 3, o ldMEERIGICHRT 2BRTH D EHR, Ra8icky,
ix = 0FA(CR) k kT 0, THBENS, by FBEHTEX B LIS, (KL,
HMATFLNIVTREEZEBHETEROODOTr=1E$5<,)
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Fig. 4143 F A= VAFEOHMAF L JV(T =1.5x10"1° mol cm~2) D&
fimBTH 6N 0.1, 0.2, 0.3, 0.5, 0.7, R 1.0 mM ® NADH Otk o
1O BHMD Levich plot TH B, Fig. 4.14D 7 — ¥ D Koutecky—Levich
plot % Fig. 41512789 Fig. 4.15Tl¥, TNEFNONADHEEIZE N THRE
fiEBTOT oy FOBMEICH U THITHRERET I ZUR ZKDB I ENTE
%o 3T bb, BARBEHZEREKICHNH UTEBRERICKRE LISV R
(B, o) 24T 5 2 &N TE B, Y oMERD, EHk, R4.8ickD,
ik =nFA(CR) k k1T oxk D, k=1&EBE, kb ZRdDI

k1 O NADH BB CnapuKE A TR % Fig. 4.16123 U7zo Cnapa Y
Wind 3 &, k BEPTEZEbIhoTce TDX Dk D CnaputkfFtElL,
7 x /) FH D BEEIRT Gorton HBEAI L TH Y, LIT O &S R+
BB R LT 2 OMRICETI LT3, 3755 NADH EaF0m bk
(Moyx) ASTETFEHHIT L 0, ik [NADH M) %283 5 (Fig. 4.170 (B) R), %
DR DIRIEFERNL Ks(Fig. 4.170 (C) R) TH 5 (Ks =[NADH][Mo,]/[NADH M),
ZOFBEOH TEIBHIE -7tk B L TINADH] I KU Mped) 24
B9 5. ZORITEINC, AT %28 Uz Michaelis—Menten B ita#
JER[26] LR UTH D, Fig. 4.170 (D) RICRT K I Ky = (k-1 + ky2) /b
EBWe TIT, kg (TPHIAOEBGEEER (2 RIKSEBEEE), ki idH
fIADN S b & DRICMICR S 1 IRBUSHEEEE, byl RIED S4BT
&5 LXOIRNGHEEEREZTNENET,

D& IBZ N, Fig. 4170 (B) KTHEIN B & 573, Koutecky—Levich
plot DY ISR HENS ky 13, Fig 4.17(F),(Q) RTHEI NS & O SRS H
5, THbLL, 1/k =_Km/k+2 + Cnapu /b2 ERENT, 1/ky % Cnapullxt
LTTay b93E, BE Ku/kye, YA 1/ko% dOERBRIEL D LR
FTHBENDINE,

OB, VA7V HRIVE VA MY —DHTHA LI LD K,
[F4 = v BaFEAEZE A 7o NADH OB L OBRIL Y — 7 BALY, FA =V
EHTFBEMHBHRTOF A=V ORRV Ny 7 ZBAL (Fig. 4.5(a) JDFI0V)
&) BEDBE(Z 2 TR, K403 V)ICY T FLTVA], |
EVIERERICFE LR, LA, ZOBLY—7 BAOEBMAIND Y
7 M, REV Ry 7 RBALL D X SICEMEMM USRI P
MAREBILL THEBN RIS Z ENTERO I EE2RHRT 5 (Fig. 4.17
D(A) DT, YLDk D IETERERIIFig 4.170 (B) RO & H 45 KGH &
BB 5 2 ENTE B, £ I T Gorton S & MARISHE (Fig. 4.170
(B)3R) ZHRH Uiz, -
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Fig. 4.16D ky OWH0C% Cnapa(NADH EE) i LTy 93 &, Fig. 4.18
TR & D ICRBRAEHH N TERBEBRERL, (Fig. 4.170(G)XK) #4727
ZEhtbinote Tbb, RiGHHATEBEE (Fig. 4.170 (B)RX) 2E21h
TEBRFREETFICHATE A LD T, FA - VEBHBBICONT
id, kpo=1.055"1, Ky =21x10""MThotze SNSDBEERN/ 5 A —
7—i3, F435HT, MOT P U B TORBELKBRLUTEET S,

Fie, BMREIETIE, ko KMPWHRORHMEE UTERINLZ ENH
%o 22T, WRICHEFMEE UTHRAT B2 itk D, Gorton HIF, kip/Ky
= ky(NapH=0) & FEE LT, {iDBATERD NADH BRALAEERE % LUK T 2554
ICHOT W3, AR THRKICZ OFEWNF %295, UT O THOBATER
Fl-LORICEEERZ LT 5 & %12, kl([NADH]:O) AR5,

Gorton ST LD K H BRI EITHE > T AW, kB LU Kk
NADH OWEAL RS HHE E ED X SBFRDH 20 DN TSR LT
W, AFRTIE, BOIETHERE LI, BFREAT -5 —Itk3
NADH FRALIIGD FUCHEBERE k1, EEMAY/ ST A — 5 — (kyqnaDH|=0)s K42
B XU Ky) & T30 LUMO O3 V¥ —#flr, NADH® HOMO Ox% )V
F-¥fiHtoxNVF—-2%] KU [E5RD LUMO, NADH ® HOMO 4+
HERI OB OES] REEDOBRICONTHDHTEER L,

4.3.2 J7x /Y475 SATEMR
- 4.3.2.1 7z /% 75=(2k % NADHBYLODICFAHEHF

Fig. 4.19iZ, 0.05 mM 7 = /%75 = V2 SLBERFHLATO02 M Y
VEREEIRIR (PH T.0) R TDT = /) V7 5=V ORNTHBINZARY bV
e cDEIHICT =/ B 75= 13520 nm ISBABINEE 2D, Zhid,
T - T BBICL S SO TRILEICHEOBRNTH D, BILEITITBIIE,
Zh S OBLEIIHIFE ONERBANTENLT 52 &idEdh -7

Fig. 4.20i20.05 mM®7 = /%75 = & 0.10 mM ® NADH 233679 5
0.2 M Y VERIGHEAN (pH 7.0) 1 TD 340 nm TOWEEEANEL, 7=
J %75 =1k B NADH OBRLRIGD:BE% Uz, Fig. 4.211213, 340 nm,
520 nm TOWIEE DR HZE AL %E R Uzo 340 nm TD NADH OB HEA L
1eDT, Tx) Y75 OBLKIC & VRN NADH BEEE N B & &4
bihvotie 72 /%75 =12k 5 NADH ORRLRIGHEE ERIZ, BRLE
HIC & » THIE U,
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4.3,2.2 T x /4TS5 ASAFERRC L 5 NADH it

B4 7V IFNT oA M=k 25HE $ATTHESIREICXY, 72/%
75 = U OBLAD DN NADH 2863 5 2 E bbb »Tc. 2T, BEIL
M1 NADH DAl L2818 Uz, Fig. 4.22(c) 13, #E4i BPG B L TO
0.5 mM NADHDY A 2V v 7 KIVF £S5 LTHb, Fig. 4.22(a) 13, BHF
BLAV(T=11x10"8 mol cm™2) D7 = ) %7 5= VEKHIEME HD NADH
FFHETTOYA 7Y v IHRIVIET T LTHS, Fig. 4.22(b) 12, Fig. 4.22(a)
D7) V752 EMiEHE 0.5 mM NADHEAET CTHREZYSI 7 v
RIVF €T 5 LThHb, RMEMIBPG Bk L. TDONADH DML (Fig. 4.22(c))
Tid, $9-02V Ho#+04 V £ TRILBHENSKENS Z 1380, XoT,
Fig. 4.22(b) T#+0.1 V TE—7 2R/ OBHIL, BRTRILI N7/ Y7
5= VINNADH ERJEUTRTHKRERYD, 207 = /%7 5=V OBITHKN
FRBEBTHMILINAZEILE-T, BHZhZBMLERTHD, NADH%
IR T B BKETH B, CDLHITUT, BLKALFNIC NADH OfkiE/L
T 32 ENTE T, Fig. 4.22(0) I3 54+04 V 5407V £TO
BRI, PR BAEBE S UTHEEML XN 3 B & S HICR
ULh&->THNENAZBRTH S,

BEI )V 75=V0REV Ry 7 RBALT-046V THY, —H 7=/
V7S5 UESTFREEBAERONEL Fy 7 RBALL Fig. 4.22(a) L D#7 —0.45
V, =025V TH5b, L DIEDOBIL(Z ZTid, #4+0.1 V) THUEELEHEIE—
2 kF T3, COMILE— 7 BUOEBM~ADY 7 ML, RBL Ry 2
BALELD DI SICBMEMIT, ERINIHEERLLT, BB SR
XTI oI RESERET 5 [103], DX 5 oGk
DG RAEZ B Ul FUSKHDIEN L, KIHTHMT 5, Fig. 4.231CiF, 7a—
A2V avHick - T NADHRED & 5 BB SBILIHT EH
BRUlce 72/ 753=20DU Ry 7 ZBALIZ-046 V IEDT, —04V &
WA IEOEBALTCNADH 2 8L 3 3N TE e, 7Ju—A V27V a VO
HSRERITOVLTIE, 6 ETHERS,

EISEFMEEIEE AV BXEAANS ot b U~k B5HE  NADH OfiER(Lo
SFAIN Y T 55 DAEE LI2OF, Fig. 4.24TH B, ~OMETIE, 900 rpm
TRBAEEE Uk % 50 mV 2 EICBAE R LT EhEhO BT 2 45 MK
BLOLEHREZNE U, 0.3V Tid, BALZRR LICRETERO MR
% 200, 400, 900, 1600, 2500, 3600, 4900 rpm &2 X T, BREZIE LTz, +0.2
~+0.4 V IZBWTBIISHEE LI WERBHREIMEHI S iz, Fig. 425137 =



43 HRBIUEE 70

J Y75V RBREORS T LIV (1'=2.7x1071 mol cm~?) DEMIEMIC &
%0.1, 0.2, 0.35, 0.5, 0.7, 1.0 mM @ NADH O ft BRI D 1 D BFMED
‘Koutecky—Levich plot D56 F 4 = L BiER & A0 EZRE LT
Ktz k%, NADH & (Cnapn) iU T oy P LB DTH B, Fig. 4.25
WG EDIC, kild, CnapaDWRICONTRHRATHZ EnbhoTz, TDE
B F 4 = AEREG S R TH -7, Fig 426107 T L5y LT,
4 RDBBROFE 2 EH T EICE DB kL, Kuld,
ky2 = (6.35 £1.58)x 1072 571, Ky = (2.0 £0.29)x10~* M

Thotze CHLEDEERI S5 A — 5 13, H4.35HCHOBETORE
& bl TR

433 71475 BEEITER

c o T2 )75 VBRI DO T BRI mV st O A 7Y v 7RIV

SRS LB LOHRANS 75 LENREL, Zho% Fig 4.27~461108
Blo BARKICONT, FAUVRE 72 /)75 ERBICHITLTHEDS
N7z MR/ €5 A — & —% Table. 4110 EH TR Lizo

o

Table 4.1. Kinetic parameters for catalytic oxidation of NADH at electrodes

modified with phenosafranine derivatives.

dye kyo/st Ky /M Figures

p—methyl—phenosafranine  (2.30 = 0.70)x10~2 (1.10 +0.31)x10~* - 4.27—4.30
p—methoxy—phenosafranine (3.34 £1.07)x10"2 (2.83 £ 0.66)x10™* 4.31—4.34
p—isopropyl—phenosafranine (4.45 £0.24)x10~2 (2.60 = 1.05)x10™* 4.35—4.38
- p—nitro—phenosafranine  (8.45 £ 0.26)x1072 (1.50 +0.22)x10~* 4.39—-4.42
safranine O , (4.91 £0.59)x102 (1.15 £ 0.25)x10"* 4.43—4.46
methylene violet SRAX  (1.32£0.16)x10™"  (5.66 £ 1.37)x10™* 4.47—4.49
indoine blue (8.24 £2.01)x10~2 (1.04 = 0.33)x10~* 4.50—4.53
phenazine methosulfate (8.91 £1.58)x10~1 (4.01 = 1.59)x10~* 4.54 - 4.57
phenazine ethosulfate (4.42 £0.43)x107! (1.46 £0.49)x10~* 4.58 - 4.61
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4.3.4 REHARET VORI

Wit T, BHIC & 5 NADH ORBIRILKIGE A RIGE I FAES
5 &) IEHEEZZ TR ETT IS o1 COWBIILUTOEBI RN THS
E#Z Fzo Gorton HiF, BAMITEBEIUI2T7 = /) FH P U BFETdH 5 Nile Blue A
& NADH ek 9 5 BB B AROHIE & SERS(REHI® T < AT bV)
LBEACZENE & O in situllE [103] 12 & DI 2 TWBo T2/ H TS5y
(TIVFIVT 23 D= LfgiE) & NileBlue A(7 =/ FH PV UBE) XEBLH D
TV RRTHY, WMEIFHULTOS, WA, NileBlue A EFHIZT =/
7504 NADH EBABESEE KT 5 EEZ5DIE3RYTH S, £k,
B\ES 28], p—F /) Y THBp—r 5 =)b(chloroanil)(7 77 ano—p—
N/ F /) V) ISNADH Ei#g % Tdh % N—Benzylnicotinamide(BzNH) & BAif
BESAETE T A LA RE LTS, EH I 7/ 752V ENADH
Y1k (BzNH) OB B ESEOBR R UTHREET2 h=FYILELT
ZbhyFh7a— 5y FXF v VBN TE OIERRIG 288 L
T2 WHODRIIBEHIT LI ENTERITNED, 72 /3 75=EBzNH
DR TREMBHEEKICES T 2 /) ¥ 7 5= XU BzNH DS OWIRREEE 3
DR E—7 ZBET XD -T2 BELL T2/ Y752 EB2NHICKS
BABEIRS RO ENVEBELI NI EPEHATH S EEZ 65N B, Gorton
SWBMBHEAEHETE DI, SERSHHE L TRELZBIBREDFE
WELETHBIDTHDHEERI, "
- BED &SI, FRORTEIAREDO—2>DWRENTSH 5 BB B
DAL T ARBRFREB/B oML D -7, PHEEEKT 2% RE
THREBREHRATE DT, BHEOH ZONHEETNVIIRLETHBEE
Al

4.3.5 ﬁﬁ;;ﬁﬁ‘g/\"ix—9— (kl([NADH]=O) r k+2j:3‘ctUI(M) @%
R

log ky(NaDHJ=0) 2R L Ky 7 RBAL(E) I LTF my b LIeDDS, Fig. 4.62
Thb, HAE LT, E'PWATBIcoNT, NADHEEA Y OIAHELT
172 2 IRBUSEBEE S by (NaDH|=0) KT B Z £35S,

—R¥IC, RICHEEER kOX L, RIGOEMALE B xVF-E{AG
BT B [114], 7B, Ink o« AGY, )

RI—=- 275 R (Polanyi-Evans rule)[115][1] & D {LHFFULDTEM:
AL RVF— T BBBRANC LU, Tz & S5 B—EDRERIRIC BT,
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?Ejkfg{tli}b%f—@%{tli, KICHi#OL o 7V E—ZiCE L2 1H3 51,
EVD ZERHSNTV S, THbB, AAGH x A(AH), TV hobE—2
K2 DORIET—EEVIA(AS) = 0 EAEES &5 HEMTIR, KISH
HOL Y H IV E—ZAURIEHHRO B B T3V FE -2 b k2 WHIT 5, 3
bhb, AAH) o« AAG) (BRI SIFAAS) = 0)o iz, REL Fy s 2E
PWRISET 2 )T 5= VFEBENNADH &ERKIET 358 DRICHI®ROHE
MR VF DR, AAG) x AE'THB, &-T, AAH) «x AE
D LD,

PAELD, Fig. 4.620A(Ink) x AEYEWIHAIL, AAGH) x A(AG) %
#ZLU, —#D7 = /) Y7 7= VFEEAKIC K 5 NADH BRILE S D K3 B B
DL, B HH TR IVF —BR (linear free energy BIfR) EARE B &
A oY/ \ESY (N

Fig. 4.6313, log(ky2) LU og(Kym) DREL Fy 7 REMICKTT S0y
FERT Gorton 5D ANV R—F TIV—[116] &£ 1,2-R )T 2 ) FH Vv
—T—F [N THERS oy b U, log(ks) DEIL, REV Fy 7 X
BALDART B oNT, WRKTAEMANRH B, fhh, log KyDffild, 7=
Y75 VB BATIEERICA - —ThbEANTIENTE S, THF
WK D D%, T B kya by > ki THIUL, Kuld, RGO
B KsEIFIBRIUTH B EABTIENTZXS, THbLE, Ky —ETH5
L, Ksd—EThh, e NADH WG ETEERT AEANT Y 8%
FITIRIERA L & ARG ENTE S, Fig 46413 NADH OfbEERIL Ok
BERRNICE LI bDTH B, 3EMEICHT, ThThRDEBY THS,

(A) H MR DITE BB,

(B) HRIKN TOBTHEBE,
(C) PRIk D BAZY,

Kwid, HEAOIEER K, EZER UTHE EAHRT I ENTE, Fig. 4.64(A)
DEMEXILT B EBAOND, kyold, BTBEIUTHESW~EBIET S
Fig. 4.64(B),(C) DBHEEXLT 5 EEZ 6N b,

D& HBHEBBERILHNS, Fig 4.64(A),(B),(C) ZL&TRELLT, &k
DRICHEEERI T dH 5 2 IR EEE k1 (Nnap=0) Y BlIIZNE EZZ S
N3, kyNaDH]=0), log ki2log Ky & BFRD LUMO(%@%&?%@&E) DIFIV
F—UEN EDRBREESETILITEE LI,
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4.4 FEeR

7 O ERIEHBEIC & Y NADH OMIRILANTEETH 5 2 L2 RO L,
Z DR ESHFHROBLALEIIY SN Ulco [EEFI SRR U o
WAIVE A B =ik D NADH iR LRSS T LicE 2 A, TV
f#IC & 5 NADH Ot tiS, Gorton HOVEME U7z Michaelis—Menten
BRI RS [79) 910 b L, RICHMBIERTAZ E2EBTH I &I
Lo THHETEZAZEDbd o1, log KMWEFBZAORRL Fv 7 XEAL
ENCBRFELIB N ES, PRAEDEKLPTIRT YV RBEATEIZFEUT
HBHEEROH Ulc WAL O BT BB SIS D log kyo &1
FOaBEORBL Fy 7 RBMEY L IZIEEOHBMFRENH B Z 2RO Uk,
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Fig. 4.1. UV - visible spectra of 0.1 mM NADH in deaerated 0.2 M phosphate
buffer solution(pH 7). Spectra were obtained at 0, 29 126, 179, 251, 355, 488

and 1263 min, respectively.

Abs. (a,b)

Iig. 4.2. UV - visible spectra of 0.05 mM thionine in deaerated 0.2 M phos-
phate buffer (pII 7). Spectra were obtained at 0, 151, 614 and 1365 min,

respectively.
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Fig. 4.3. UV - visible spectra of 0.05 mM thionine +-0.1 mM NADII in
deaerated 0.2 M phosphate buffer solution(pH 7). Spectra were obtainbed at
5, 8, 12, 15, 23, 27, 31, 61, 102, 186, 282, 415 and 1203 min, respectively.
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Fig. 4.4. Relationship between time and absorbance for oxidation of 0.1 mM |
NADH by 0.05 mM thionine in deaerated 0.2 M phosphate buffer solution
(pH 7). (A) 340 nm of NADH solution (hydrolysis, see Fig.4.1); (B) 273 nm of
NADH solution (hydrolysis, see Fig.4.1); (C) 599 nm of NADH solution (see
Fig.4.2); (D) 340 nm of (NADH - thionine) solution; (E) 283 nm of (NADH
-+ thionine) solution; (I) 599 nm of (NADH - thionine) solution. Data were
obtained from Fig.4.3.
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Fig. 4.5. Ciclic voltammograms of (a,b) thionine - modified BPG electrode in
deaerated 0.2 M phosphate buffer solution (pH 6.9) in the absence (a) and in
the presence (b) of 1 mM NADH. Voltammogram (c) was obtained at a bare
BPG electrode. Surface coverage (') : (a,b) 3.5 x 10 =° mol cm -2,

E/V vs. Ag/AgCl

Fig. 4.6. Cyclic voltammograms of (a - b) thionine - modified BPG electrode
in deaerated 0.2 M phosphate buffer solutions (pH 6.9) in the absence (a) and
in the presence (b)‘of 1 mM NADH. Volttamogram (c) was obtained at a bare
BPG electrode. Surface coverage(I"): (a,b) 1.4 x 10 =% mol cm ~2. Potential

“scan rate : 5.0 mV s~1,

76



I/ pAcm2

T T T 7 L
40 7|
IE - —
(&)
< 201 N
3
<k @) (©) 1
= _Z
0 : /// 1
B 1 1 1 i 1 ‘ - gyl i | 1 ] | -
5 52 o 56 2055 0.2 0.4 0.6
EIV vs. AgiRaClL KO (satd) E/V vs. Ag/AgCl, KCI (sat'd)

Fig. 4.7. Hydrodynamic voltammograms of thionine - modified BPG electrode
(a,b) in deaerated 0.2 M phosphate buffer solution (pH 7.0) in the absence (a)
and in the presence (b) of 0.5 mM NADH. Voltammogram (c) was obtained

“at a bare BPQG electrode in the presence of 0.5 mM NADH. Surface coverage

(T ): 0.9 x 107 mol cm ~2. Potential scan rate : 5.0 mV s~!. Electrode
rotation rate : 200 rpm. '

Fig. 4.8. . Hydrodynamic voltammograms of (a,b) thionine - modified BPG
electrode and (c) bare BPG electrode in deaerated 0.2 M phosphate buffer
solution (pH 7.0) in the absence (a) and in the presence (b) of 0.5 mM NADIH.
Surface coverage of thionine ( I' ): 6.3 x 107% mol cm ~2 |, Potential scan rate

: 5.0 mV 57!, Electrode rotation rate (a,b;c) : 200 rpm.
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Fig. 4.9. Hydrodynamic voltammograms obtained at thionine - modified
(a,b,c,d) and bare (e,f) BPG electrodes in deaerated 0.2 M phosphate buffer
solution (pH 7.0) in the absence (a,b,e) and in the presence (c,d,f) of 1.0 mM

NADH. The steady - state current was mesured point by point. Electrode
rotation rate: 900rpm for (a - f); 400, 900, 1600, 2500, 3600 and 4900 rpm at
0.25 and 0.9 V for (a,c) I': 1.8 x 10 79 mol cm =2 (b,d), I : 1.1 x 10 =19 mol

cm ~2,
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Fig. 4.10. Relationship between surface coverage of thionine - modified elec-
trode ( T' ) and (z1) for oxidation of 1 mM NADH at 0.4 V vs. Ag/AgCl, KCl
(sat’d). Electrode rotation rates were varied from 200 to 4900 rpm. The mod-
ification of the electrode surfaces by thionine was carried out in acetonitrile
containing 10 mM thionine and 0.2 M NaClO4 as follows: (b)dip - coating
; electrolysis using 50 mV s
10 times, (c)—0.2 to 1.4 V, 10 times, (d)—0.8 to 1.8 V 10 times, with 0.15 M
CF3COOH, (€)-0.2 to 1.4 V, 50min. T = (a)1.20, (b)3.89, (c)33.6, (d)58.7,
(€)70.9 x 107! mol cm™2 '
Fig. 4.11.

Relationship between surface coverage of thionine - modified

electrode ( T' ) and (iy +14, ) for oxidation of 1 mM NADH at 1.1 V vs.
Ag/AgCl, KCl(sat’d). Electrode rotation rates were varied from 200 to 4900

rpm. (a,b,c,d,e) are the same as in Fig.4.10.

General case

d*a
dy?

l1~a =

1st wave

2nd wave

R-case

G (8 f o D:a
- Eo (14 B {ommupn

.

s ()

A h

@) 0, i =ip(l—ay)
0

1
= , ’1,1—{ ‘Lz—’LA(l—&l)

R T
] 1 1
*.l— = —— -+
1 YA %
1 it
’1:1 -i—ig - ’LA ’LS

M)
(2)

3)
(4)

(5)
(6)

(7)

Fig. 4.12. The diagnostic criteria for one - step irreversible catalytic reaction

proposed by Savéant and co - wokers.



79

Electrode | Film | Solution

ig = tolexp(—a_Fn/RT) — exp(ayFn/RT)]
is = nFACS Dy/é
i = nFACRkk CQ, ¢

is = nFACRkDs/¢
in = nFACYDym/é
(6 = 4.98 D3 ,1/8,,-1/2 cm)
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Fig. 4.13. Schematic depiction of the electrocatalyzed oxidation of NADH at
electrodes coated with polymer films such as thionine and phenosafranine. Ox
and Red represent the oxidized and reduced sites, respectively, in the polymer
film. 4¢ is the faradaic current. 15 is the charge propagation current arising from
the electron diffusing - like transport in the film. 4, is the current corresponding
- to the electron cross - reaction between redox site (Ox) and NADH. 4g is the
current correspondmg to the physical diffusion of NADH in the filmn. 1A is the

Levich current representing the mass transfer of NADH in the solution.
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Fig. 4.14. Levich plots of 4; vs. w'/? for the steady - state current - potential
curves (a,b,c,d,e,f) at a thionine - modified BPG electrode ( I' = 1.5x107'% mol
cm™2in 0.2 M phosphatelbuffer solution(pH 7.0) containing (a)0.1, (b)0.2,
(c)0.3, (d)0.5, (€)0.7, (f) 1.0 mM NADH at 0.4 V vs. Ag/AgCl, KCl(sat'd).
The thionine - modified electrode was prepared by potential - sweep electolysis
for 1 time between —0.8 and +1.8 V vs. Ag/AgCl, KCl(sat’d) in acetonitrile
containing 0.1 mM thionine and 0.2 M NaClQOy.
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Fig. 4.15. Koutecky - Levich plots of 47" vs. w™"/2 for the data used in Fig.4.14.
The points (@) (&' ,b’ ¢’ ,d' &' ,f' ) correspond to Koutecky - Levich plots at
bare BPG electrodes in 0.2 M phosphate buffer solution(pH 7.0) containing
() 0.1, (b)' 0.2, (c)' 0.3, (d)’ 0.5, ()’ 0.7, () 1.0 mM NADH.
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Fig. 4.16. Relationship between concentration of NADH and apparent rate
constants (k;) for the catalytic oxidation of NADH by thionine - modified BPG
electrode (I" = 1.5%1071% mol ¢cm ~2) in 0.2 M phosphate buffer solution (pH

7.0). The values of k; were calculated using data in Fig.4.15.
Fig. 4.18. Relationship between concentration of NADH and reciprocal of

apparent rate constants (k1) for the catalytic oxidation of NADH by thionine
- modified BPG electrode (I' = 1.5x107% mol cm ~2) in 0.2 M phosphate -

buffer solution (pH 7.0).
DYE(Red) -2¢ -H* —— DYE(OX) E%

DYE(Ox)+NADH —————= [DYE(Ox) * * * NADH]
[DYE(Ox) « ¢ « NADH] === [DYE(Red)* * * NAD"] Ep - )

[DYE(Red)* » *NAD*]  — DYE(Red) + NAD"
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K 1
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Fig. 4.17. The mechanism proposed by Gorton etal.(B - G) and supposed

mechanism (A) by the author.
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Fig. 4.19. UV -‘visible spectra of 0.05 mM phenosafranine in deaerated
0.2 M phosphate buffer (pH 7). Spectra were obtained at 109, 206, 581 and

1357 min, respectively.

Iig. 4.20. UV - visible spectra of 0.05 mM phenosafranine +0.1 mM NADH
in deaerated 0.2 M phosphate buffer solution (pH 7). Spectra were obtained
at 6, 11, 20, 37, 88, 74, 145, 217, 317, 450 and 1229 min, respectively.
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Fig. 4.21. Relationship between time and absorbance for oxidatibn of 0.1 mM
NADIH by 0.06 mM phenosafranine in deaerated 0.2 m phosphate buffer so-
lution (pH 7). (A) 340 nm of NADH solution (hydrolysis see Fig.4.1); (B) 273
nm of NADH solution (hydrolysis, see Fig.4.1); (C) 520 nm of phenosafranine
solution; (D) 340 nm of (NADH + phenosfranine) solution; (E) 273 nm of
(NADH + phenosfranine) solution; (F') 520 nm of (NADH -+ phenosfranine)

solution.
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Fig. 4.22. Cyclib voltammograms of (a, b ) pheﬁosafranine - modified BPG
electrode in deaerated 0.2 M phosphate buffer solution(pH 7.0) in the absence
(a) and in the presence (b) of 0.5 mM NADH. Voltammogram (c) was
obtained at a bare BPG electrode. T : 1.1x1078 mol cm™2. Potential scan

rate : 5.0 mV s~
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Fig. 4.23. Flow - injection analysis of 1 mM NADH at phenosafranine -

modified GC detector. Applied potential: —0.50, —0.40, —0.35, —0.30 V ws.

Ag/AgCl, KCl(sat’d).
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Iig. 4.24. Hydrodynamic voltammograms of phenosafranine - modified BPG

electrode in deaerated 0.2 M phosphate buffer solution (pH 7.0) in the presence
(A) of 1.0 mM NADH. Electrode rotation rate: 600 rpm. Hydrodynamic

voltammogram (B) was obtained at a bare BPG electrode in the presence of

1.0 mM NADH in the same buffer solution. Electrode rotation rate : 900rpm.
I'= '7.0><‘1(')”10 mol cm™2.

Fig. 4.25. Relationship between concentration of NADH and apparent rate

constant k; for the catalytic oxidation of NADH by phenosafranine - modified
BPG electrode ( I' =2.72 to 2.72 x 10 ~1° mol cm ~2 in deaerated 0.2 M

phosphate buffer solution (pH 7.0).

0.02f

0.01

7

k1 1 / (M—1 3-1)—1

e
| intercept = 3.82%x107°

T

slope = 2,15X 1072

) S

[NADH}/mmol dm™

Fig. 4.26. Relationship between concentration of NADH and reciprocal

value of apparent rate constant ky for the catalytic oxidation of NADH by
phenosafranine - modified BPG electrode (I' = 2.72 to 2.72x1071% mol cm™2)
in 0.2 M phosphate buffer solution (pH 7.0). kiyqnapm=0y = 1/intercept =

2.62x102 M~ 571,
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Fig. 4.27. Cyclic voltammograms of (CHj - phenosafranine) - modified BPG
electrode in deaerated 0.2 M phosphate buffer solution (pH 7.0) in the absence
(a) and the presence (b) of 1.0 mM NADH. Voltammogram (c) was obtained
at a bare BPG electrode in the 1.0 mM NADH solution. Potential scan rate

=50 mVsL ,
Fig. 4.28. Hydrodynamic voltammograms of (CHj - phenosafranine) - modi-

fied BPG electrode in deaerated 0.2 M phosphate buffer solution (pH 7.0) in
the presence (A) of 1.0 mM NADH. Hydrodynamic voltammogram (B) was
obtained 4t a bare BPG electrode in the presence of 1.0 mM NADH in the
same buffer solution. [llectrode rotation rate : 900rpm. Electrode rotation
rate was varied from 200 to 4900 rpm at 0.3 V.
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Fig. 4.29. Relationship between concentration of NADH and apparent rate
constants (k;) for the catalytic oxidation of NADH by (CHj) - phenosafranine)
- modified BPG electrode (I' = 11.0 t0 9.3x 1071 mol cm ™2 in deaerated 0.2 M
phosphate buffer solution (pH 7.0). X

Fig. 4.30. Relationship between concentration of NADH and reciprocal
value of apparent rate constant (k1) for the catalytic oxidation of NADH by
(CHjz - phenosafranine) - modified BPG electrode ( I' = 11.0 t0 9.3x107° mol
cm™? in deaerated 0.2 M phosphate buffer solution (pH 7.0). kynapu=0) =
1/intercept = 1.17x10% M~* s,
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Fig. 4.31. - Cyclic voltammograms of (CH3O - phenosafranine) - modified
BPG electrode in deaerated 0.2 M phosphate buffer solution (pH 7.0) in the

absence (a) and the presence (b) of 1.0 mM NADH. Voltammogram (c) was

obtained at a bare BPC electrode in the 1.0 mM NADH solution. Potential

scan rate = 0.0 mV sl
Fig. - 4.32.  Hydrodynamic voltammograms of (CH3O - phenosafranine) -

. modified BPG electrode in deaerated 0.2 M phosphate buffer solution (pH

7.0) in the presence (A) of 1.0 mM NADH. Hydrodynamic voltammogram (B)
was obtained at a bare BPG electrode in the presence of 1.0 mM NADH in
the same buffer solution. Electrode rotation rate : 900rpm. Electrode rotation
rate was varied from 200 to 4900 rpm at 0.3 V.
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Fig. 4.33.  Relationship between concentration of NADH and apparent rate

constant (ki) for the catalytic oxidation of NADH by (CH30 - phenosafranine)
- modified BPG electrode ( I' = 7.2 to 6.8x10" mol cm™2) in deaerated
0.2 M phosphate buffer solution (pH 7.0).

Fig. 4.34. Relationship between concentration of NADH and reciprocal
value of apparent rate constant ( k; ) for the catalytic oxidation of NADH by
(CH30 - phenosafranine) - modified BPQ electrode (I'=71t06.4x10"1 mol

cm™? in deaerated 0.2 M phosphate buffer solution (pH 7.0).

: ki(naDH)=0) =
1/intercept = 1.54x10? M~1 s~ 1,
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Iig. 4.35.  Cyclic voltammograms of (i - Pr - phenosafranine) - modified

BPG electrode in deaerated 0.2 M phosphate buffer solution (pH 7.0) in the
absence (a) and the presence (b) of 1.0 mM NADH. Voltammogram (c) was
obtained at a bare BPG electrode in the 1.0 mM NADH solution. Potential
scan rate = 5.0 mV s~

Fig. 4.36.  Hydrodynamic voltammograms of (i - Pr - phenosafranine) -
.modiﬁed BPQG electrode in deaerated 0.2 M phosphate buffer solution (pH 7.0)
in the presence (A) of 1.0 mM NADH. Hydrodynamic voltammogram (B) was

obtained at a bare BPG electrode in the presence of 1.0 mM NADH in the

same buffer solution. Electrode rotation rate : 900rpm. Electrode rotation

rate was varied from 200 to 4900 rpm at 0.3 V.
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Fig. 4.37.  Relationship between concentration of NADH and apparent rate
constant (ki) for the catalytic oxidation of NADH by (i - Pr - phenosafranine)
- modified BPQ electrode (= 84 to 6.4x107° 1ol cm™ in deaerated
0.2 M phosphate buffer solution (pH 7.0). |

Fig: 4.38. Relationship between concentration of NADH and reciprocal value
of apparent rate constant (k) for the catalytic oxidation of NADH by (¢ -
Pr - phenosafranine) - modified BPG electrode ( T' = 8.4 to 6.4x107%° mol
cm~? in deaerated. 0.2 M phosphate buffer solution (pH 7.0). ki(NaDH)=0) =
1/intercept = 2.60x10% M~* ™1,
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Fig. 4.39. . Cyclic voltammograms of (NO; - phenosafranine) - modified
BPG electrode in deaerated 0.2 M phosphate buffer solution (pH 7.0) in the
absence (a) and the presence (b) of 1.0 mM NADH. Voltammogram (c) was
obtained at a bare BPG electrode in the 1.0 mM NADH solution. Potential

scan rate = 5.0 mV s7L.
Fig. 4.40. Hydrodynamic voltammograms of (NO, - phenosafranine) -

modified BPG electrode in deaerated 0.2 M phosphate buffer solution (pH
7.0) in the presence (A) of 1.0 mM NADH. Hydrodynamic voltammogram (B)
was obtained at a bare BPG electrode in the presence of 1.0 mM NADH in
the same bulfer solution. Electrode rotation rate : 900rpm. Electrode rotation
rate was varied from 200 to 4900 rpm at 0.3 V.
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Fig. 4.41. Relationship bétween concentration of NADH and apparent rate
constant (k) for the catalytic oxidation of NADH by (NO, - phenosafranine) -
modified BPQ electrode ( I' = 3.8 t0 3.6 %107 mol cm™? in deaerated 0.2 M
phosphate buffer solution (pH 7.0).

Fig. 4.42. Relationship between concentration of NADH and reciprocal
value of apparent rate constant (k1) for the catalytic oxidation of NADH by
(NO, - phenosafranine) - modified BPG electrode (I' = 3.8 to 3.6x107"° mol
cm~?2 in deaerated 0.2 M phosphate buffer solﬁtion (pH 7.0). kynapH=0) =
1/intercept = 4.61x10% M~ s~
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Fig. 4.43.  Cyclic voltammograms of (safranine - O) - modified BPG elec-
trode iﬁ deaerated 0.2 M phosphate buffer solution (pH 7.0) in the absence
(a) and the presence (b) of 1.0 mM NADH. Voltammogram (c) was obtained

at a bare BPQ electrode in the 1.0 mM NADH solution. Potential scan rate

=50 mVs™. ,
Fig. 4.44. Hydrodynamic voltammograms of (safranine - O) - modified

BPG electrode in deaerated 0.2 M phosphate buffer solution (pH 7.0) in the
presence (A) of 1.0 mM NADH. Hydrodynamic voltammogram (B) was ob-
tained at a bare BPC electrode in the presence of 1.0 mM NADH in the same

buffer solution. Electrode rotation rate : 900rpm. Electrode rotation rate was

varied from 200 to 4900 rpm at 0.3 V.
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IFig. 4.45. Relationship between concentration of NADH and apparent
rate constant (ky) for the catalytic oxidation of NADH by (safranine - O) -
modified BPG electrode ( I' = 2.63 to 2.29x1071® mol cm™2) in deaerated
0.2 M phosphate buffer solution (pH 7.0). . ‘

Fig. 4.46. Relationship between concentration of NADH and reciprocal
value of apparent rate constant (k;) for the Vcatalytic oxidation of NADH by
(safranine - O) - modified BPG electrode ( I''= 2.63 to 2.29x107° mol
cm~? in deaerated 0.2 M phosphate buffer solution (pH 7.0). kynapH=0) =
1/intercept = 6.85x10%2 M~1 571 '
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Fig. 4.47.  Cyclic voltammograms of (methylene violet 3RAX) - modified
BPG electrode in deaerated 0.2 M phosphate buffer solution (pH 7.0) in the
absence (a) and the presence (b) of 1.0 mM NADH. Voltammogram (c) was
obtained at a bare BPG electrode in the 1.0 mM NADH solution. Potential

scan rate = 5.0 mV s™L.
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Fig. 4.48. - Relationship between concentration of NADH and apparent rate
constants (k1) for the catalytic oxidation of NADH by methylene violet 3RAX
- modified BPG electrode ( I' = 2.18 to 2.09x107"% mol cm™?) in deaerated
0.2 M phosphate buffer solution (pH 7.0). -

Fig. 4.49. Relationship” between concentration of NADH and recip-
rocal value of 'appa,rent rate constant (k1) for the catalytic oxidation of
NADH by methylene violet 3RAX - modified BPG electrode ( I' = 2.18 to
2.09%107*% mol cm~2 in deaerated 0.2 M phosphate buffer sclution (pH 7.0).
k1qnapm=0) = 1/intercept = 2.19x10% M~ s~1.



K,/ (103 M7'sTY)

I rAcm™2

T T T T T T T T ]
1 } .
L - 0.006}
- ¢ . »  0.004}
)
0.5 - - >
L é i T
B . = 0.002-
— . . -1
® |
B §
1 | 1 1 1 1 1 1 } |
0% 05 i 0

30

20

1/ gAcm™2

TTTTTTTTTTT T T I TTTTd T

i3

.
o
0-0-0-8-0-0-0-0-0-0-0.0.0. 2 _____.

IS OSSN R

E/V vs. Ag/AgC|KCl(sal'd)

~-0.2 0 0.2

E/V vs. Ag/AgCIKCl{sat'd)

0.4

Fig. 4.50.  Cyclic voltammograms of (indoine blue) - modified BPG elec-
trode in deaerated 0.2 M phosphate buffer solution (pH 7.0) in the absence
(a) and the presence (b) of 1.0 mM NADH. Voltammogram (c) was obtained
at a bare BPG electrode in the 1.0 mM NADH solution. Potential scan rate

=50 mV sl

Fig. 4.51.  Hydrodynamic voltammograms of (indoine blue) - modified BPG

electrode in deaerated 0.2 M phosphate buffer solution (pH 7.0) in the presence
(A) of 1.0 mM NADH. Hydrodynamic voltammogram (B) was obtained at a
bare BPG electrode in the presence of 1.0 mM NADH in the same buffer

solution. Electrode rotation rate : 900rpm. Electrode rotation rate was varied

from 200 to 4900 rpm at 0.3 V.
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Fig. 4.52. ’Relationship between concentration of NADH and apparent rate
constant (k) for the catalytic oxidation of NADH by (indoine blue) - modified
BPG electrode (' = 2.1x107° mol cm™2 in deaerated 0.2 M phosphate buffer

solution (pH 7.0).
Fig. 4.53.

Relationship between concentration of NADH and reciprocal

value of apparent rate constant ( ky ) for the catalytic oxidation of NADI
by (indoine blue) - modified BPG electrode ( T' = 2.1x10719 mol cm™ in
deaerated 0.2 M phosphate buffer solution (pH 7.0).
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Fig. 4.54.  Cyclic voltammograms of (phenazine methosulfate) - modified

BPG electrode in deaerated 0.2 M phosphate buffer solution (pH 7.0) in the
absence (a) and the presence (b) of 1.0 mM NADH. Voltammogram (c) was
obtained at a bare BPG electrode in the 1.0 mM NADH solution. Potential

scan rate = 5.0 mV s~

Fig. 4.55. Hydrodynamic voltammograms of (phenazine methosulfate) -

- modified BPG electrode in deaerated 0.2 M phosphate buffer solution (pH

K [ Mg

7.0) in the presence (A) of 1.0 mM NADH. Hydrodynamic voltammogram (B)
was obtained at a bare BPG electrode in the presence of 1.0 mM NADI in
the same buffer solution. Blectrode rotation rate : 900rpm. Electrode rotation

rate was varied from 200 to 4900 rpm at 0.3 V.
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I'ig. 4.56.  Relationship between concentration of NADH and apparent rate
constant (k;) for the catalytic‘oxidation of NADH by (phenazine methosulfate)
- modified BPG electrode ( I' = 0.00653x1071° mol cm™? in deaerated 0.2 M
phosphate buffer solution (pH 7.0).

Fig. 4.57. Relationship between concentration of NADH and reciprocal
value of apparent rate constant ( & ) for the catalytic oxidation of NADH by
(phenazine methosulfate) - modified BPG electrode ( I' = 0.00653x10~10 mol

2

cm™* in deaerated 0.2 M phosphate buffer solution (pH 7.0). k1(naDH)=0) =
1/intercept = 3.61x10% M~! s~1. .
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Cyclic voltammograms of (phenazine ethosulfate) - modified
BPQC electrode in deaerated 0.2 M phosphate buffer solution (pH 7.0) in the
absence (a) and the presence (b) of 1.0 mM NADH. Voltammogram (c) was
obtained at a bare BPG electrode in the 1.0 mM NADH solution. Potential

scan rate = 5.0 mV s}
Fig. 4.59.  Hydrodynamic voltammograms of (phenazine ethosulfate) - mod-

ified BPG electrode in deaerated 0.2 M phosphate buffer solution (pH 7.0) in
the presence (A) of 1.0 mM NADH. Hydrodynamic voltammogram (B) was
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obtained at a bare BPG electrode in the presence of 1.0 mM NADH in the ‘

same buffer solution. Electrode rotation rate : 900rpm. Electrode rotation

rate was varied from 200 to 4900 rpm at 0.3 V.
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Fig. 4.60. Relationship between concentration of NADH and apparent rate

constant (k;) for the catalytic oxidation of NADH by phenazme ethosulfate -
modified BPG electrode ( I' = 0.105 to 0.0881x 10~ mol cm=2

0.2 M phosphate buffer solution (pH 7.0).
Fig. 4.61. Relationship between concentration of NADH and recipro-

cal value of apparent rate constant ( k; ) for the catalytic oxidation of
NADH by phenazine ethosulfate - modified BPG electrodeﬁ( I' = 0.00765
to 0.00513x10~10 2 in deaerated 0.2 M phosphate buffer solution
(pH 7.0). kyqnapm=g) = 1/intercept = 9.52x10% M~1 5~1

in deaerated

mol cm™
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Fig. 4.62. log(kinapuj=0 /M~ s7!) for the oxidation of NADH vs. E* of the

phenosafranine derivatives); I' = 2 - 10x107"° mol cm™ in 0.2 M phosphate

" buffer solution (pH 7.0).
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Fig. 4.64. 3 stages of catalytic oxidation of NADH. (A)complex formation,

(B)electron transfer, (C)complex deformation.
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Fig. 5.1. Correlationship between rate constant k¥ for NADH oxidation and
formal redox potential E° of electron - transfer mediators. Experimental con-
ditions: (1 - 4,7 - 32)aqueous buffer solution, pH7.0, 25°, jonic strength=0.05 -
0.20; (5)aqueous buffer solution, pH6.65, 30°. Methods : (1 - 8,12 - 14,16, )hy-
drodynamic voltammetry with modified electrodes ; (21,27,28)cyclic voltam-
metry ; (20,22,23)dbuble potential step chronocoulometry ; (24 - 26)po- -
larography ; (9 - 11,15,17 - 19,30,31)spectrophotometric method (15,30,31,)
. 1 - 8(@):phenazines; 9 - 11(IM):phenothiazines; 12 - 14(A):phenoxazines;
15,16(©):flavins; 17 - 23([J):0—quinones; 24 - 28(QO):p—quinones; 1=safra-
nine - O, 2=CH30 - phenosafranine, 3=CHj—phenosafranine, 4=phenosafra-
nine,’w5=methylene violet 3RAX, 6=indoine blue, 7=(PMS)phenazine metho-
sulfa.te,' 8:\(PES)phenazine ethosulfate, 9=methylene blue, 10=toluidine blue
- 0O, 11=thionihe, 12=1,2 - benzophenoxazine - 7 - one, 13=3— f—naphthoyl -
brilliant cresyl Blue,. 14=meldola blue, 15=riboflavin, 16=mercapto - 6,8 - di-
azaflavin, 17=9,10 - phenanthrenequinone, 18=1,2 - naphthoquinone, 19=1,2
- naphthoquinone - 4 - sulfonate, 20=4 - methylcatechol, 21=(3 - chloro - 1,2
- benzoquinone - 5 - yl)acetic acid, 22=dopamine, 23=3,4 - dihydroxybenzy-
lamine, 24=2 - methyl - 1,4 - benzoquinone, 25=1,4 - benzoquinone, 26=2 -
chloro - 1,4 - benzoquinone, 27=2 - carboxy - 1,4 - benzoquinone, 28=2 - cyano
- 1,4 - benzoquinone, 30=dichloroindophenol, 31=TCNQ. The data of k and
"E°': 1 - 8(this work), 15(Suelter et al.), 16(Vasquez et al.), 9 - 11,30,31(Ben-
netto et al:), 12 - 14(Gorton et al.), 17 - 19 21(Tse et al.), 20,22 - 28(Kulys
et al.).
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#H)o CNODHEEEHOMEIE, FAURBLV Ny 7 XBMATHIEKTSE, 7=
JFT7 VU (No9-11, M) 7 = / FH U v (No.12-14, A) 15 EFDOEFRITH L
C TEEINTHAELDAREN,

U LS, BIERUV Fy 7 RBAERT 2 RIOR BEALHIOK
ISR EBOENITE T 2EMIZIThI THIEND,

ZIT, BOETIRRDO2DORGHEEOHEHREZWHSNCT S EEHN
E9 5,

1 AUSELY Fy 7 ABATHBT 5L, o—F/ YRINE p—F/ VRF
DIRITE LR E < (FI2H7) B2 B,

2. UKARV Fy 7 RBUTHIERT S E, 7YV BROFELF /) VRI&
D bR RUSEBEE IR E |

THbb, [REBUEMEEHD, RURRL Ny 7 RBIEHT BRI
#l& iy 5354, NADH OBLRIS TN 5 KIGHEE R AR5 DI
] EVIBEN S, BFBHA T 4 T— & — DL &R RS EE
HEDRRERRL, [BMICSCBFBEA 7 4 L~ 7 — ORBIRIGE, &
356t DRDORAEAEWSMITE I EEBNET B,

NADH EBLHID R TETBEINES 2720i1Cid, 2RENDOHTFHES
WTHEREH 2 208D 5, 12 FROHEERZRLA SHOF TERLL
UCTHAT 3 C & 35K TNADH ORRILE E3EEEH O KR/NE 2 TR O
HAEROINTHETE &) #REOHNE Ulkco BRILOFERE LTHERE
BRAFHEEZ AL, 2hENOAFITONTHFHBEDFEEFI -7,

5.2 HEHE

5.2.1 FE7O05L4L

FEEE LTI, EEIERFEAFRLEE V¥ —0D Cray R—/3—aV
Ba—%— (CRAY I(}J‘916/12256, FHEBEZ 90, c90.cc.titech.ac.jp) & 72,
TursLEUT, FRBNSFIELRTRET a7 5 LRy r — Y mopac(E
—s%y 77) ver. 6.0[117],[118],[119],[120] & fit 2o NEC/S—VF VAV Ea
— ¥ — B X ic MOPAC ver.7, ver.6(BA{bET 0T 5 LAZHEMEELD
AFURLOD) b, —EAV, SHEHEIE, PM3(MNDO(Modified Neglect
of Diatomic Overlap)—Parametric Method 3)#:[120] &M 7z, ZODHEER,
Michel J. S. Dewar DMEERIEE Y 2 2 L — b 37200 [{LFNIERS | %= |
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Feo TR E LTHR L b DTH S, AMI(MNDO—Austin Model 1)
#H, PM3EIZE T, Dewar SHMERKI U7 [MEEHIEREX | IFITER I N
EWVLT L, FFOHEED S keal mol 1 LINDEETRDSNB L HITH -
T3, AM1#:EPMI R, —RWISILEE P REARFD & 5 IR &
KRB TFALEICI DR D 1D DBAEIF EA EME—DHH:[120] TH 3
ZEMHONTN S, HOMO(KE# S#iE), LUMO(FRAKZEH1E) D RIRIZI
S TG ERE DT LY 7 + FAIRY RING for Windows (Donationware,
Ver.0.13, (1995)) % ft iz, |

5.3 #ERELUER

' 5.3.1 TPliaEtE

MOPACS WIEHFEB LT3 & & ORERE & UFHERS R OB M 272
TBLENDH B, MOPAC v = 2 T[T e ki, RICEF B0 200
MBS T OERBERE SR TI o 2 TMCERRINTO B E WS 3 I
Lo T, EFEEEHIDBENTE B,
FHRAME, UTOEYTHS,
(1)PM3, FEDNINWP=T EUTPM3EHAHT 3,
(2)EF, BEHE~XZ VB (Eigenvector Following) )V —F v & #2817 5,
(3)VECTORS, BEHNZ MVEEFS 3.,
SCF(" D U2¥DE D% DIk, Self—Consistent Field #k) B AT - 7,
Table 5.1 D#ER LD, <=2 TIVOEBBOWEEERY 5 DT c90.cc.titech.ac.jp
TD mopact DEMEIL, EFIZITHONTNBE I EDIh -T2,

Table 5.1. The calculated values for heat of formation(AH;) of selected

molecules.

molecules AH [kcal mol™! AH [kcal mol™?
values on the MOPAC manual calculated in this study
CH4 o -13.0 -13.0
NH; -3.1 -3.07
CO, -85.0 -85.0

H,S -0.9 -0.913
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5.3.2 ¥/, %K, NADHE7ULEHD HOMO, LUMO

F/ v BRBLUCNADH EFIMEEW (1,4-V Fo-N-AF)=aF
7 3 K, ZTFMNAH &#573) © HOMO 35 XX LUMO O TR VF—#RrDEH
BRI % Table 5.2 1278 U7z, Tabled 2ITI3 B E MK (pHT.0) FTDOZNEH
DBTFBEAT 4 —5 — (BIFBYA T 4 - —%KTEHFTIL, Figh.l
DEEER—)OREV Py 7 REAME, NADH B ol B3 (M e 12,
Figb1DF + IV a /NlEEDTH b, )Mt Uiz, pHI.OTORELV Fy
7 ZTBAL(E”) I, Ag/AgCLKCI(fiafll) DE¥EB/D & DBAL TR Ui,

Fig. 521213, BBEIA T 4 = —F —DHOMO DX )LF—HENL & B
EDWFRERT, Fig. 531213, BYBEHA T+ 2 —5 —~DLUMOD TRV
F—Hefr & B EDFRERT, o—F/ () DLUMO O R )LF—Hahrid,

—16~-14eV, p—F/ v (O)DLUMO OLRVF—HEA[T-2.2~—1.6 eV,
7)Y 7 5 AFEFEE(@) D LUMO O R )VEF—HEMIE, —6.2~—5.0
eV THhY, i NADH EFIULEWTH B (MNAH) D HOMO DR I)LF—
NI, —8eVThH B b -7e,

70 YT 4 7B [125),[126])(Fig. 5.4) OBEEAREAEH OFEIC Jhid,
BAfIE, HOMO(RMAH SHE) OFOS T 5 LUMO(RIKZHHE) DIRO4 T
~BEIYT 5, ZOHE, HOMO flD4rF% B 154 (electron donor), LUMO
PN DLy 1% BT 5254344 (electron acceptor) & £33, NADH EfHEDETHEIRK
BT, NADHWETHEMHTHD, RO FIBTFRAEETHS, B
THEREBTZEROYEHEEADS b, MRS TE> LOMEIERT
REE BT 5T, WhEBEE ZHEOHEERTH S, TRIVF—-ED
BN OPEHE EHEEREML, BEAIRECIEDHONTHED
5, HOMO & LUMO OMEERN S » & SEEIILK 5, B33 FHORI
Thhid, 2208 FOHTHOMO & LUMO QLR IVF—NREhENES I
5, £HoM—HDHOMO-LUMO MEMEAIMERLT 5, Fig. 5.4IKRT LD
12, B EEFORRER SN ARENT RIVF—IT, UTOL D ITERMIC
#&h5[127),[126)0

(hig)?
AFE = (Si — Ek)

ZIT, (hip)*ld, MHEERERTHESTH D EUNICHEIER T 55 TiE

FLOES DS EWHIT S EELTIO[127),[126] Z &SN TS, #

EHEERIC L BREAN L D KRE LB dHicid,

(5.1)

(hip)? ¥ BTIEL, HDORENIE (5.2)
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Table 5.2. Energy levels of HOMO, LUMO and E° of selected oxidants and

~ the second order rate constants for NADH oxidation.

E€HOMO

‘Oxidants ELUMO E”/V  k/(Ms)™! Ref.
eV /eV  vs. Ag/AgCl

1 —11.49369 —5.20593  —0.51 4.7 x 10® this work
2 ~11.57393 —5.21652  —0.48 1.3 x 10? this work
3 ~11.29774 —5.01256  —0.47 2.3 x 10 this work
4 —11.32657 —5.04762  —0.46 3.4 x 10 this work
5 ~11.28413 —5.07953  —043 2.6 x 10® this work
6 ~10.4495 —5.45042  —0.32 1.4 x 103 this work
7 ~13.03588 —6.16749  —0.115 2.6 x 10° this work
8 ~13.00109 —6.11491  —0.165 4.6 x 103 this work
9 _11.81485 —6.03661  —0.1852 23  [69]

10 ~14.58332 —5.66707  —0.1622 55  [68]

11 ~11.60497 —5.78926  —0.1322 1.8 x 10° [68]

12 —8.76691 —1.80250  -0.160 1.1 x 10° [71]

13 ~10.86444 —5.88302  —0.135 3.0 x 10 [116]
14 ~11.73647 —5.75819  —0.130 2.7 x 10* [116]
15 —0.54148 —2.16983  —0.416 0.75  [121]
16 ~8.99993 —2.15161  —0.18 2600  [122],[123]
17 —9.43753 —1.39727  —0.176 0.9  [51]

18 ~9.76728 —1.49814  —0.056 20 |51

19 —6.48142  1.45059 0019 3.3 x 102 [51]

20 ~10.13364 —1.57621 0124 3.3 x 10° [124]
21 ~90.83821 —1.93581 0.144 21 x10® [51]

22 —9.80364 —1.61272  0.174 3.6 x 10* [124]
23 - -9.95470  —1.59291 0214 7.7 x 10* [124]
24 ~10.78699 , —1.65147  0.014 0.5  [124]
25 ~10.92096 —1.70612  0.074 25  [124]
26 ~10.24208 —1.85618 .  0.114 12 [124]

27 ~11.05431 —2.07762 0174 1.1 x 10° [124]
28 _11.33761 —2.22925  0.194 2.0 x 10° [124]
30 —4.27639  1.69445 0.014 0.9  [124]
31 ~9.57729 —3.06694  0.64 6.5 x 102 [124]
32 (MNAH) -7.98199 0.11143 —0.515 -
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| (e; — ex) | DUNE N & (5.3)

DSETHB,

R—EOLEWE LT 2841013, R(5.1) DHRTH S (6 — i) D
SHEDSEICHEOREICHFET 5, BEN S, 94F0 MBTHtEHK, BT%
BAOYEDER VR ] WHT—ETH B0, R(G.1)DFFTHS (hig)
P—ETHBEHREBNOTH B, kT, RISHETERL, | (6 —ex) I
9 3. TOHIAS, Figb5TH 5%, |
 EHEERELS, ) VRFIOLUMO O RIVF—EEMIZT-1~-2eV, B0FE
~ ®LUMO O R)VF—#ERNE—5~—6eV, Z LT NADH E£F/U L&Y (MNAH)
DHOMO D L3 VFE—HENLIE—8 eV ThH B = & ST -72o NADH &
FIULEYWDHOMO ORIV F MM ED T RNF—EERB L, F ) 1L
B (| (i —er) |=6~TeV) kDb, T UEBERFI(| (6 — &) [=2~3 V) D
FHRNEN Ebdhd, cOZEicky, ¥/ VRFIOLUMO Kh 7Y
VAERFIO LUMO O 44, NADH EFIALEHD HOMO & DM ELEHN
BIDPT, BRNBHORENESED, BRELTT Y VEERFIDHIR
ICEEREONREL RS, EBRAIENTES,

ZDEIIL, TUVEENF ) v EHNTNADH BLOKISEER K
XN W, KRBV Ny 7 RBAE ETIRA { LUMO O RIVF—HERLD &
FHTEEMICHATE /2o ShE TIINADH OBREH & UTHEYSISWEH
BRI SN TE20RIFhED, BIBHA T+ T—F —DREHOLH L1
WEE LT, HFETEERAT S SRBHEREBICN S 2 EdbiroTz,

5.3.3 EFBHEIAT4 T—9—DLUMO DI RIL¥—HfIr
- NADHEMbLRISEE TRz DR

5.3.3.1 o-¥/ VR

o

Fig. 55D 17 - 23123, o—F /) Y RIDBEFBEA T+ L —F —DLUMO
DT RIVF—HEPL & RSHEE R E OBFRERT, LUMO O RJLF —#EfL
MEL B BIC2NT, kOERLUTHS, Zhid, LUMO O RIVF—H#EALH
1B TS BITHE, | (ei —&x) | DIEAUNE K2 D, ¥/ YOLUMORNADH €
FIULEH DO HOMO EAHEMER LY T B kRTH 5,

cDFoy bTIE, 19E21 ZBHA LTS, Z0EHIE, 19 DSO;EDH
W3RMOTETH AMEEEH, EL21 P EIFPOTETHIEREZE
LS TH B, MNDO-—PM3 ik, MNDO-AMI1EEMERT BNV =T v
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T3, 2s, 2p BT Z# > TEFELTED, EIRMWD3s, 3p, 3d PBEAHE
BEETAZENTEROIEPHONTNS 118 RIVk VERE, NoX
VEREHFOINODATFIDOTHEBALHET S0, 3 5ICHE,
FREOROEHEE GERERI 2 FIELR) 2 BIRT 208N H 5,

5.3.3.2 p-%/ 5

Fig. 550 24 - 2812id, p-¥/ VRFIOBFBEAF 1+ T— 5 —DLUMO
D TR IVF—HENL & FUSEEER E DOBFRERT, p-F/ VRIITH KR,
LUMO DR IVFE—HRHE L 72 512 2NT, kPR L TS, Zhid, LUMO
DI RIVF—EERIE L L BRI, | (i —&r) | DMEHVNE LD, F/) 00
LUMO 23NADH € FIULEW D HOMO EHEMERA LRI BokERTH
5o ZZTFig 55&0, ()o—F/ 17 - 28 DLUMO DL X IVF—HEALD
B (~1.6~-14eV) & (O)p—F/ 24 - 28DF1(—2.2~-1.6 eV) Z KT
2L, L& LTp—F ) Y OLUMO LR ILHE—HRIMENT EDDDN S,
s, BUSEEREIL, o—F/ Y OHWREN, LUMO O R IVF —HEAINZE
IFRUTHB224—7 I ) TFV—0—-RVV* ), LUMO = —-1.61272 eV) -
E242-AFN—p-R2UV'F ) 2 LUMO = —1.65147 eV) ZHE L THA 5 &,
RIGHEEEH DI, Table.5.2Xk D, (k22/k24)=(36000/0.5) = 7.2 x 10*Tdh
b, ZOFNE, K51 SHIRFEINAMHH TLUMO O RIVF—EAIUEL 7
Y, NADH &7 /L&YW (MNAH) © HOMO O xR J)VF —HEALISE-SL, T/
Hb| (e; —er) | DMANE L BBIZONTEDPWKRT B, ENHHIIE—R
FHELTWS, THbLHIOFERRIL, BFBEA T 4+ 2—F—DLUMO
D xR I)VF—#fr% NADH €7 IULEYH D HOMO O R )VF —HERL~E S}
BEDIMEL T3 ERTPRCEERMEWMAIES ] EBZBEHATE
e UL ULEYS, ZOZ ERMEERY 559 FOHuEOMAEOHE %5 &
THREUTOLIICFEES HHATE 5,

o—F/) & p—F/) OLUMO O3 F#LEEZRR LD, Fig5.6Th
%5, ZCTIk, DFOBKEE GERICET) 25 04 A LOFATEFRTY -
7 LUMO O Wi K (r#1iE) % S MEERMTHEL T S, EREBRIET, Th
ZNEDNMDIEDEH D H 5 NTADES =HK T, HROERRE Ak %
EERROBBNRATOREMIE, ILPEOTH BELEREEOEEIK
XN EEET, B (au)??Th B, 12K Lauw REXOFETHMTH
D, R—T 5 |
. 471'60(%)2

mee?

1 au. = 0.52924 = (5.4)
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TREINDB, KL, coldEEDFRR, i3T5 V7 EH, mIBETO#H
IHEE, cldBRERTH S, Licdi-> THREIZau3TRINS MO, Bk
BWHI: ) OBTFOMYEOZE VEBEFFEEEY? Fan™ OBAZDL D, BRE
LT3 au P OB THEIN S, SEROAAIEIE, Fig56D 17T
0.010262(a.u.)*?TH 3, 075 LOHKEELTIDHNAIR/ZDBDIZE
AEFICL>TRLARLEDEDT, ORI DOWTIRASREEAMT S &I
5, |
Fig.5.6 DM & BHRA, ENENBEDORAMDIEDESH 5 OIZHADES
EHRTDT, ¥) VOBRKRFETICERT A E, o—F/ VTR 2OOBERF L
D& FiE (LUMO) X Zh ZNRNAETH 3 Z Lo b, —Hp—F /) VO
BRARFF LOSFHE (LUMO) BENENHMAMTH 5 2 Eobdh b, ¥/
¥ OMFETFIE, NADH % L UNADH EFULEWH &> DBTFE ik K
FHNYDT 72T 7 —9A NTHBHI EHHEINTE Y [33],129),]27),1128],
(le”,1H*)1e”) D IBEBENTH A D), H-OEBEBREITH SO0, Rick-
TEEBIEPDLI> TS, - T, Fig. . NIRRT LIHIC, BF
ERRHEZITIEDS [F] 5, MHORLBRSMIC2AHEED S,
FAHDIRBTA IV MLIZ2 A H B H BRI LD BHRBRKENEEZH LN R
DENHRATE S, 2%, lo—F /) VORSEEEE D p—F/ vOZN &
DHARENT &1L, o—F /) VD2 OOBMER T LD FHLBENFAL
T, p—F ) VOZNENMTH B 2 EICEBICER LTS EEZ OSN3,
£2T, TOEIBGTFHEDORR(ZDHAIRILUMO OEHHRK) X, BT
BEA T 4 T—F — ORISR EHRNATE ETHENTH S Ebh -7

5.3.3.3 T7x/¥9YVRT|

ABEDT ) Y75V RNEIUF ) VUNDOBIBEA T 4 2 —5 —
IDWTIE, BREHIDD I SRR Z T8 ) C L3RBT H o 7eo &R
72 ) FTVUARR, HIAROTHETHBHEEELOT, ¥/ VOHET
WART KD ITFH BRI AN S 5 1o DFRVRETH 5,

~—7, Fig. 58K ARTKIKT = /) FHVVRINOBIBEA T 4 T —F —
DOLUMO O 3 )VF MR & RISEEER & OMREHAB E, F/) v EFR
DERINR SNz, T1bHLUMO QLR VF—MAIMEL 7 BIONT, k
PHRUTNS, Zhid, LUMODMEL B BIZBEL, | (6; —er) |DVNE LK
b, 7x2)FYY U AEOLIMOBNADHHBAED HOMO EMHERR LY

GBS RTHEEEZDLLINTE S,
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5334 7x/H TS5 (TLELTFI=IL)FF|

Fig. 5.9121%, 72/ %752V RHIOBTHEA T4 T—7 —DLUMO
D L3IV — Kl & RIS EY (ki vaprj=o)) & DBIEETRY, & O—lD
T2 ) B 752 UFRFNICBOTIE, LUMO QR )VF—BAHMEL L BI1TD
NT, kWY RLUTHABZEDRDLIS, ZHld, LUMO QR )VF—HEERLHME
SILBICREL, | (6 —ex) |AUNE LY, 72 /) ¥ 75 BFEDLUMO
NADH ¥ D HOMO EMEAER LT {5 - T ThH B0 & DFERIL,
T2 )BT S5V DHFEROBEICED, ZOLUMO O RVF—HEA%E
TR ENTEAZ EA2FE L, NADH B LREICD R IGHEEEBIK X 06
BERIT AR HEZ B,

EWIETRNICKIICAPFRTI, 75 EUHiEER (FAD) LLFREEDH
PULTHBRIERZBR LT 72/ V752 08%E5EDHIT I, LHLIER
5, 75 EVEOLUMO DX )LF—#efrid, —2.2 eV(Table 5.2, 15 % &
U16) THY, 72/ 975 8ROLUMO O RIIVF —H#EM—6.0 ~—5.0
eV ERTRIVF—EMPRE L RE-TNBZ EbIh o7z (Table 5,286 XU
Fig. 5.9)0 1bFEMEL D 2 2D4FOBMUMENTF Ui, 2 FHEFHEOR
B 7)Y 75o0ET75EVETRT 7275 —E LTOMENEEICR
BB ERDINoT, THbh, T2/ H7 7,-/0373‘7!7\7712757 —&ULT
BNTVWAZENHONETE T2,

5.3.3.5 REERHINS A—9 — (kyqnapuj=o), k4235 LU Ki) DIRIR

WAET, 72/ Y75 BFREMEMANADI & idEiEl L
SBIBENT S &0 BTN EITIS o /ey, FRBOTER LT 0ERE
UT, BEBNTERMEREAREZEAADES I LNTES,

Gorton & [103]13, 7 = / ¥4 ¥ L5 (Nile blue A) & NADH & D TR
kRO E, SERS(EEMIRS < VHEL) £ HOTHEID TS, FiES
[33]1, p—F/ v ThH B p—7 1 F=)(chloroanil)(7 F 7 7 v g-p—X2/
F ) VYBNADHEFIULEW TH B N-R I aF U7 I NEBHMBE
SMAEIT A Z LERE LTS, FiffiETichh-lctkd, 7V /A%
D LUMO Oz X )VF—#r L D HEOLUMO DL RIIVF—BEA A2 D p—F
J) v &TEZ, NADH ®FIULEMIIERBEIGETERTEDTH B0 5,
T2 /)Y T5VENADH ETHER 2D FIIMEMRTE UTPRMEEEK
TBHEEZELOND, FCTAMy 70— Sy FAF ¢ VRETHEE
DBEMBEEE OB ZRA I, FESORTRB S OB EHFRTE D,
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T2 )P T5VEN-RYVNZIF T I FOFRTIE, BABEREEKICR
BRSNS Lo E—7 ZEETE S o7, Shid, BB H#EKOE
IVBSERBAUNS NS ST K B EE AT,

HABTRD BRI/ €5 A —F — (kyoB LU Ky) %, LUMO D%
WE-BAII LTI oy P ULIZOWFig 5.10CHB(1 - 8137/ %75
= VEEE, 11372 ) FTVVERERTHEFA =, 121372 ) FHD
VFHBMTH B Meldola’s blue, 14137 = /) FH% Y VFEEHTH 5 Meldola’s
blue,12, 14 {33 HkME, 1 - 8, 11, 12, ThEhOBLEIIZHF A4 L TH 3,
—7 14 OB LAIL, BKWICHHTH S0 )o LUMO O RIVF—HEALHMEL
750, NADH EF/ULEHDHOMO O I X JL¥E —HEfL (-8 eV) & D3 (375
b, FigsdD)| (e — ;) | D) HINE {1 BIZDONT, log(kyo) DREITHIK
T BIEADD B = Ebvbino Tz, f, log(Ky) D, 7= /)475=Vik
HBIK1-8, T2 /) FT7VVEBRTHBFA=11, 7=/ F9 D VHEK
T% % Meldola’s bluel4, TIFIFRUA —F —THBEAKTIENTEI,

WARET, [REFEPE D LOEM:, TRbB ko1 > k. THII,
Kvid, PHEEOBHER KsEIZERUTH B EARTIENTX S, &l
~Jz, Fig.5.10 D LUMO N7 (log(Ky) DS, 7 =) ¥ 75 =5
®1 -8, 7x)F7O0VEBARTHBEFA =11, 72/ FU D UHEEK
Tdh % Meldola’s blueld, TIEHIERUA—F—THhbI&)%hbL, DI
&3 & NADH AYES H RO US & Ks(m Ky) bYLFEHEERREIC
Lo THREDIFF—RETH B ELICHHIET B, log KmDHAVNE U (107*M D
A—F—=)Z &it, BHERNNADH ZHiF A BEHNREN LISHIEL, log
KnOMEHRAEONC &3, BENNADH ZE 2 2EEHVNE O S EiTisd
BEEZONE, DD, log KMDEPKRENE, ZTORDOETFBRHERIGD
BED/NSOEOIBRIWIFEEN S, 12(Fig. 5.10T, LUMO #3-1.80 V)
12, T2 FHOUBBEDLDI2-RU T2 ) FH I T-F U TH B, &
OWE DBRILKITBRZF > TH 59, LUMO OfEids1 - 8, 11, 14 EFEL
CEEB, COZEILLYNADH EDOHRHEDIE LS ZNRITD, HERE
UT ko NHIRIINE S I TR Z Ebh, 3bh, 1-8, 11, 14
12, LUMO DR )VF—BAHMEN P RIEETER LS L, log KuDfEbS
(107*M OF —F—) L&D, BRELUThDEIERL, ZDOI &N,
At DR HBEER b (vaDH=0) EHA I B 2 LITDUNB T LD oTze
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5.3.3.6 ¥/, 8%, NADHEFIULAYDEA L o+ 2 DERT

P bE TOHT, NADH OBLICE LT h K& \ﬁmﬁlﬁ@k&ﬁv&
5 ISERALH], BIBEA 7 1 T—F —DBELRLE,

(1) BAHEHED HOMO O )V ¥ — ¥ B 554D LUMO D 1)V
F R DEAINS {1552 &,

(2) BRIBENT AL OA THMEDMNMENZENENR U THS Z &,

Tholee UEDZ &iF, RGO MFEENEEBDTHS,

FEO 2) ST 54, BTE4AO HOMO OA —E 7 )V EBT-251G
DLUMO OF — EZ VR OER ) WEFHBOLAFRMTHEDT, 24
TFOELIDF b E I RICHEEPICHBERITTIITTHS, £2T, B
BE&XDriE L BFZEEOrMEIHEEH TS Z EE2RELT20T%E
SIITREL, EOLIRRAPROLEILLED), EOL) HHEEET
BBFBEA T 4 =7 =R ERORENEPHBEERT Z00%E, RHICE
BLUTHI,

23 FOEEELPTE, #aEUIC & OfEE UT, MEFNERS ] A
B EHEE XN T 5 MNDO—-PM3 B A K E [120] & U Tz, BAEEE T
HZNTNORTFEERT ARICOEBRITREINSIDOT, PITOX D54k
BREEEET, BT LT S £7HE Uiz,

| B2 (C,H,N,0,5,...) > dye (5.5)
2% (5.5) TRIN B OROLEBRRIEOEBMEAT, EF 5.,
2% (C,H,N,0,8,...) > NADH (5.6)
= (5.6) TEEN 3 NADH EFULANOLBFIEOEBIMEAH, EF 5o
#7¢(C,I,N,0,S,...)—[dye- - - NADH] (5.7)

RGN TEINZG2HTOIA VTV y 7 R (FEMISHRE) D H: BEUED Az 5i#
BN ET B, B

AHL B LUAH,DMEAE L IbICE, ThehofsTEEIcsEdse
B3, AHDOMEBB75ICIE, Figh lLUSRd & 5 7 NEBAEE - T
VTV y I ZAOWEERREL, 20 FE2—EBEEICHTICREL, FI-K
FAFighlID LI ICENT2HTEDORE, blcdhbliarFThHA LD ICEH
H-95[119],

EHN T2 AFOBELPT X 0)?“‘1;?:2: Ll Did,

dye 4+ NADH —|[dye---NADH] , (5.8)
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K (5.8) TEENB IV TV v 7 ROEBRIEDEEBAH complex TH B o T
- KT, '
| AH ompex = AHz — (AH, + AH,) (5.9)

TH5bo (53) TRENSAHeompexVADHETH Y, DOBMEEE S XS
SRR 22 T ORBEERATH S EEZ 5N B,

SEOBICLITD & S BHFEHIESREZ E Lize 4 F—ILENADT LD
TR EIN D BENBEIEAEOMIRE UT, Figh.11 &R 245F %2 FHICF
FTICERE U T PPP(Parr Pariser Pople) 5HEA1T8 ) 2 &ick b, &H[129] 5
N DRDBRICEI LTS, NADHEFAD(Z7SEVTF= VX7 LA
F F) O TSN 5 BB EISEEOBRE UT, 20T FEICHTICEE
Uz & 5 W BHBESERINEET 3  EAHE LT3N H 5 (130, =
D& H BRI EBZIC LT, MEONEREEEIER U, Fig. 5.11IRY &
51, ATy 2 ZRELT, BEOHTFEEE NADH DL LA FAFIC
NG DRES LI BIEEE E S8, 1-13 TRTENL (@) DY I —FFT
Hb, CDEHKY I —FTOmRES UkEHIL, Fig 5.110 NADH 43+
FEEEIET, FARETERAEHBEIES I LESBREWNVISTHS
[131],

25 FHOE, UTOXMESEIC LT, 1 F—)V& NADY(NADH
DOERALE) OB BSEAR O BB BRI E OEBRFERE U I 23R4 [129]
Tld, 4 ¥ F—=)VENAD*® van der Waals BAEEZ T, 3.4A 7B
IREL TS, ZOWE T, B EFRMRIC2 0T EFTICERE UTER
I AEc B LT Pl S B THEIE TS, £ THAHETIE, 1
VR=NWET 2 FVUAMIIIVT 2 — POEIFULTHEDT, 723V
VA MFIVT 2 — b ENADH EFIMLEY & DRElEE 3.4 A & LTz,

F Uk Fo v [132] ®oB (BiR&RR)[133], A (Z4H4R)[134]) O O
g, p—RyVF ) vEE RoF) VoRFid, BENSEWBENICIY
EFIEAES > T (BT TOER, ) v— 2L >ThY, ¥— M
DHAFERTRTFHIFEATTH Y, 328 1HB ZEPHONTNS, Lo

THESHEOF Vb Ko v O 53, BElE3.24 2,
¥ 9FUE FovORsE%6.24 & LT Fig 5120 % 5 1210 9> 17
BAELZTHEIRIRR (AH) % Fig.5.131Z R Lz,

A}Icomplex = AII3 - (AHI + AH2)
= —55.92 — (—31.55 — 66.06)
= +41.69kcal/mol



5.4. F5i 111

E15D, AHomplex > 0 KO BBRIETH B Z Ebh -1z,

T2 ) Y75 VOPRETHLPMS(72F VA M T2—F) &
NADH & 7F)ULAY (MNAH, 14—Vt Fo-N-AF)b=aF 73 F) D
% 6.28 & UCHEETHMNEDRT, Fig 5.120% 51210 B4 17 EARE
HRATAHEIEIER (AH) DS, Fig. 5.14ThH B, AEERILIESE &, &
BENBRPDH 5720 Ko THRAPEETHS I nic. UL
5, AHcomplex W IEDMHZFFD (AHeomplex > 0) DT, RICHRBEHITHS Z &
Bbohotc, TbL, TRNVF—EHABNEIDOXHIBEAELENI &
Db ol

F b Foroissz3.2A & UTRIBICAHE5E LD, Fig5.15T
HBo FARICAHcomplex > 0 K DRBRIETH S Z Ebvo oo

PMS & NADH &7 /LA DOREREE 3.4A & UlckiR% Fig.5.161277 Uiz,
0—R V¥ ) & NADH & FIULAY OMEM% 3.4A & UTRBRICA Ho %51
BLIDN, FighliThb, p—R V¥ ) & NADH E FIVLEY DGk
%348 & UTRRRICAH ZSHE L2 DM, Fig518Th 3, FIEICIEDMH AR
5 (AHcomplex > 0), WEBRIETH B Z Edbro T,

2T ERHTICRE LT 22 2R X S TARBIAT, BhEbDLD
BEAER Ul PITREOEE, 20 FOHEEY 6.24 205 3.4A NEES1F
B, WRLIIVTV Y 7 ADEBEBIIHIAE UTET (AHeompiex > 0), %
PRSI AZ LIC k> TEDEBBIIHR Uz, COBEND, RO T =
J Y7 5= 85 & NADH OMEMERAIC X 29 4E, FIZIENADTEA
F—VOROEMBEISEAKICE U TSRS I N TS & 9 SrflER L0
BAERICE SRR TIRE N ERE &Nz, Tbb, FEIHE CE
SOIEAIE, 2T ORFERLORAEMERTE RO, Lo TRTFERL
 ORBEPRO/DEIVETEHF 2T BIEINL D HEFEEINEI N ENEZ S
nd, ChiEXDEUSRET B0, FERERIND B (ab initioFh
B)[135] %Al » TR BLENRH B,

5.4 #t=4

—HEDBTBEA T 1 —F —FFNicBOTE, kEEY, kELUMODT
FIVE—EEMGZAEBR DR H I Nz AU EYERDEIB TV BREF
JVvERETRE, TOVRROEREIREL, Thid7 Y KO LUMO
DTRNVF—EEMNRL VBN LIk B 2 &b ol BTFBEAT 4 21—
7 —DOHFBEHCE TR, BFEHAT 4 -7 —DLUMO DL RIVF—
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BANETIFB23TREL, SOIKBFBHAT 1 L—5—ENADH L D4F
HBEDMMDER D 2 SEBETILENRD S, o—F /) V&p—F /) ViTkD
NADH B LRGEE O ZROHAIL, ZOMMHOEL D EZBITHDT
BEANTREICIE o720 YLD & DI, NADHBILOBFREA T4 T —F —
DOFRFTOFH Linigetd UT, S FHESREIMABRBICHT L LRSI E
LA
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Fig. 5.2. Energy levels of HOMO ws. I/ of the mediators in phosphate
buffer solution(pH 7.0).adsorbed mediator :I' = 2~5x1071° mol cm™?; @:
phenazines (1,2,3,4,5,6,7,8), this work; M: phenothiazines (9,10,11); A: phe-
noxazines (12,13,14); @: flavins (15,16); [J:0-quinones (17,18,19,20,21,22,23);
O: p-quinones (24,25,26,27,28); A: indophenol (30) and TCNQ (31). The
dashed line represents HOMO of NADH model compound (MNAH, 1,4-dihy-

dro-N-methylnicotinamide). Symbols are the same as those in Fig.5.1.
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Fig. 5.3. LUMO ws. E” of the mediators in phosphate buffer solution(pH

7.0). Symbols are the same as those in Fig.5.2.
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HOMO

(NADH) '

AE = (hj k)/(&; - k)

~ Fig. 5.4. Splitting of molecular orbitals by a HOMO-LUMO interaction.
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Fig. 5.5. Rate constants for the oxidation of NADH wvs. energy levels of LUMO

of ((J)o-quinones and (O)p-quinones.
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24 25 - °26

COOH CN

27 28

Fig. 5.6. Contour maps of LUMO of o-quinones and p-quinones. Solid and bro-
ken lines represent ”plus” and ”minus” respectively, of the phase of molecular

orbitals.



(A)

Fig. 5.7. In-phase and out-of-phase orbitals

(B)

NADH.
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Iig. 5.8. Rate constants for the oxidation of NADH vs. energy levels of LUMO

of phenoxazines.




Fig. 5.9. Rate constants for the oxidation of NADH wvs. energy levels of LUMO

of phenazines.

Fig. 5.10. Kinetic pdrameters (k42 and Ky ) for oxidation of NADH vs. energy
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MNAH H H

wel ol @3 HZ

SO

PMS H/hua
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Fig. 5.11. A configuration of dummy atoms (@ : No.l - 13) that spec-
ify a configuration of a PMS (Phenazine methosulfate) and an NADH model
compound (MNAH, 1,4-dihydro-N-methylnicotinamide) in a MO (Molecular

Orbitals) calculation.

SO

PMS N

SOe

R
H "J“ X

Fig. 5.12. A configuration of PMS and MNAH, where 2 molecules are parallel

to each other.



~56
s
E
E
&, =57+
—
=
=
"
E
5
o -58
[}
E
fne
_5%

Fig. 5.13. Heat of formation of a complex (6.2 A apart) vs. the angle of and

p - benzoquinone and dihydro - p - benzoquinone.
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Fig. 5.14. Heat of formation of a complex (6.2 A apart) vs. the angle of PMS

and MNAH.
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Fig. 5.15. Heat of formation of a complex (3.2 A apart) vs. the angle of o -

benzoquinone and p - benzoquinone.
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Fig. 5.16. Heat of formation bf a complex (3.4 A apart) vs. the angle of PMS
and MNAT.
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Fig. 5.17. Heat of formation of a complex (6.2 A apart) vs. the angle of o -
benzoquinone and MNAH.
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Fig. 5.18. Heat of formation of a complex (6.2 A apart) vs. the angle of p - ‘
; benzoquinone and MNAH.



F6E

7Y v E3R(EHERDO NADHES
{EFitEs e L TOl,

6.1 #EE

NADH O4MH3, 250 %A 3 Bk ERRATALIE NAD* 2 #ilks &
UTHEET 338 7cd, ZORKROEHDOREZERT BT DITKEEHT
bbB, CNETNADH ORI EZHEIRRINTE D, 4E0EH[136], %
HeHk [136], [N [136], LT [38] 5 K UNBHAHTH:[38]) 7 Ebidh
b0 CHoDHT, NADHOBALKIEEZMET AL D EELIEL Fy 7 X8
FRHEA T 4 =— 5 — 2 LN E IS Ba, B U8Btk 3
NADH O BBAMERRILICE S BRAWENIEEIN TS, BEEL IO
Tk, WD ES S, BERBEOVIE, BEMLIN/ Y X7 LNOHE
PITIZ, BRI, WE, BEEOolb Y —ElERRICKETESNS
Thd, CNEBHELT, 2741~ —D3RTLNBAGER - B TFE
MBI, AT 41— —2RBHICERTIZENTEI 1M EhHH
SFEBMERL D SMEBRERENRECRY, ZhoBliITohETE D
ARTIREINTETNS, ULEDZ ERAFRCTHEAET, 7V i BH
BRBICONWTZOMERBEIZH SN LTEREB D TH S,

T/, MUNBRICBEI L0 A EMT 1 ¥ —R O S TEA BRI,
invivo VY —FNA ZEUTEHTH 5 [67],[137],(63]0

ARETHE, B2 - BOIERTHRHUALBIBEA T+ -7 —DOHT, K
NADH B bmgseicEh, UHSAEZICBBRERmICEBHIETERE LTF
F=v, 7x)H753=VERS, hoOBEHEMRE NADH OBSKLFH
Tu—A Yzl Y a YEBRKREENER UERICOWTENG, F4=

122
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VERFERICOVTIE, NADH OBRALIIGICNd 5 4 O FWE DR EIC
DT HHE Lo

6.2 ZEE&

6.2.1 BREBLIUEREE

L(+) - 7 RAVE VR (BRULEHRAR L, 59Kk), F— 3 VIERIE (B3R
L2k att, 458), RER (RGBT, 5 )), LU B -—NADH(
AV ZIVEER) L, TIROERHAEZZDEEA O, F+ ) TIHEKIE 0.2
M V) VEREEM (pH 7.0) ZREE IO,

Fig. 6.1I7 0= YV 27 ¥ a VK OWERETT, 70—4V D22
v a VAR, YU TFINVA Y27 ¥ —(SNK Model SVI-6U7(H X &
T3))[138),[139], RF UV FRF v B IUBRLFERBEE LTOER:
W(LC—4B 7R A hY v 7 « 7477 5 — (BAS(Bioanalytical Systems)
) SBREN TS, Fig. 6.2i1C, AO/CHEERIKRIHSG (LC-17A, KO
JEX : 50 4 m) DBRERY EAERELTTF 7007 oy 7iCilbiA
FNIEE 30 mmD Y T v ¥ —7—K BB (MF-1000, BAS:EAKIE
$:0.07 cm?, DT CCBBEMT) &ML e, MEREEIL, HBIZH LT Dual
Parallel, Dual Series ® 2 - DDELE DAL (Fig. 6.281R) 2'H 5D, APFFETIE
2 DD BABIAI DI UTEMG 2L ACE & 75 3 Dual Parallel 237 U7co
BRI, BERL I 70 0TIV THEL, BEHERRUR 7V A%
MU, SHBIZRATF UV VR « AF—INDT 0y 7T, BEERE—FEIT
HB, BEBMIT 3 mol dm™> NaCl OER/IELEREMR (RE—4, BAS) ZH 7
M, MEXTORBELEHRTEAXHIC, RBHERITIKCIAMDOMN, HEILERE
Iz B BAL TR LTz (0 mV vs. Ag/AgCl, NaCl(3M) = 212 mV vs. NHE,
0 mV vs. Ag/AgCl, KCl(sat’d) = 197 mV vs. NHE £ ¥, 0 mV vs. Ag/AgCl,
KCl(sat’d) = —15 mV vs. Ag/AgCl, NaCl(3M) TH 3B), KT — 5L, ¥ —
RO—5—(SRE342 75 75 v 7 4) TG Uiz,

6.2.2 {SATEIGROIERY

- EIELIMANR BARIIBBICKDFA= VBT ) YT 5= R
GCBBAEM U, BHIEMIL, 02M V UEREERK (pH7.0) T, VA
7Y 97 RIVF A N —=%fT185 2 EiIC kD BRBBOBRILEITIRE = &K5E
X7, HEERMKBSICEY P UTHEIHE O,
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6.2.3 EERRMH

Ta—A vV arvitiild, R THF+ ) THEET DV BFETE

i U EERMHSN—ERETER L, Ry EHERNRBBOZPTY

VINA VD 27 =D TIVE0 p 1 BEATEIEICEDITE -T2, 20

w1 ORFHEREA VD 27 b UIBOBRIEE2HRE U2 B TR Ui,

BRI SRR D, BIROFHIL 1.0 ml/min THIE Ulz, EHGHEIL, E
T OMERRE AT Ui,

6.3 FERBLUEER

6.3.1 FF+ = NEAMEHRC L% NADH il
6.3.1.1 TEM

Fig. 6.313, 1mM NADH %% & Z 5WRICH Tz - T MhdkiA D2 7
Y a v LkBaic @ oh BN Th 5, NADHBMLICHIEYT 5 E—
U BHRISEDNARE BB &, BRUL D EQOBA CHEWEOBLERIGE
C OMKEL BT E (BHIRBRIGRNAE) EZBLT, Ju—A vV sva s
¥ NADH#IBEMIE, +0.1V &Lk, Bohiz¥—7 Bii3, NADHIE
FETH XOBRETTRONBRORBRTH B, E— 2 BREEE+ED
A2l a vORIICREIZEBY Ul LOLERSELZE 705 80 HID
%, BHIDA V27 Y ay DBIMEDS & Z 4% DIFEAL—EDBEN
BOBONB LI I ot HRELTIDII MBS VY27V a Vil
—EDBRIEEEBEIDDOF & =V EHBBO T & RIST I ENT
X7, FAZVEHBBIZONT, 0L E FILE KHARTESIZKD
BUOY A LR — VO BFRISEDRZALDE: U B o &8I Ui, HiEE
LG4 0.2 M V) VERBHA (pHT.0) ¥, BRT—BRIE LIEE, F
F = OETWERIIIEEA LB ULD 10, BRSSO 1
SN BRISEDRHIADLITHD Ukce LOVLENS - OBRIEEE, X5
I1~2 O Ta—A VY2 s ¥ a VARETREI BIZEA LR LD -
Foo SHOOHYEE, F4= v BRIEBIYLENICRETH D, FA=Z VDB
BRECEEICHE LTOB I EETHT 5, £, FA-VEBMBKRTIRE
FIVENL B END 4 DR —VTEMA LD, ThidEow-< &Lk
Bk U—BOEREE L T,
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6.3.1.2 HFELIEE

BILEEDH, 0.2 M Y VERREER (pHT.0) FREBET—BREH UicF 4
= VBB TDO0.1, 0.5, 1.0 mM ONADHICHT B Tu—1 P27 g
VIEE% Fig. 641X AREORVIBENRONTVE I ENWLHTH
3o THHLLZNENOBEILENT, 3D0DHEKEA Y27V arTHEON
fe E— 7 BIRMEICIZIZ S A EERPEL, TN 6 OMMEERZIT2 BT T
Holz, EHIOBMOBRICEHEIIHBIIRE L, RRBRICET S
ERHIZI0OBUTTH 7o SO HWHMNINICHEOEER, BRET7o—
RICEOTHRHEINS & ICBEBROAEZHBOETH 5,

6.3.1.3 RN

NADH ¥ —E TOBRISEDF#EEFNE, REAREICENTE—7
BIRMEEZWET S SICK DI Ulze D& 5 BEROMBMILH % Fig. 6.5
IR T, BIRIGEIIREEMNT S LB TEHI ERDI -1, FIZRE—S
BHAEIZ, 0.5 ml/min T 87 nA 25, 2.0 ml/min T 51 nA TR L7z,
% 7z Fig. 6.61XRT L H 0, RKOERTOREBROBEMETHEZ MY
3EBEMERBICEL TS E, BIUZENTNDOHEETT A= v OEEH
B & (Fig. 6.6Tld, I'=5.3x10""" mol cm™%, I'=3.2x10"° mol cm™%) A¥KE >
IFERMEPRZ N Ebbhot, TN ODHEKER, Vv IV A ERiBEEN
PSR BERERETS, THRODEEEELIES I LICL>TNADH
BILOBTATF 4+ =295V Fy 7 AFEWY A F~DNADH O#:# (5 4
= Fig4.13 Digh L i) DHIRENEZ EEZRE LTS, ANV F RS
FR(0=T 3/ T7x=IV)FIT 4 Y VESTFHER(NEER) 5 L0700 a—
A F Y § — VP WERT (YHBHIIL) O 2 A HRARIC 25 (LR ER GC
Ta—A Pz Y a RHBICEB 7V a— 20K 138 IV TH &,
FIREDORBIREEIREINTN S, 0O &) BHEKET 3EREERS
WRAETHD, ZTNICEEY A HERIIBRHE I BT TH 5,

6.3.1.4 BER

Fig. 6.7137'=1.3x10"8 mol cm~? DF A= &6 GC BB TH SN/ NADH
BRI OB ERERER T, CO®VY—IE, 54 M~ImMDF(F 32 v 7
Vo2 2 &, BLU'NADHEEICH T 2 BRMEOMIAARTRENS
JREA30nA /mM TH 5 Z Edtbiv-Tco NADH OBRLICK 3 2 IEWH (3
bbb, L(+) - TRANVEVER, KB, F—/33V)OEET, EFETIC
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B} B8 Y —DBRIEES Fig. 68107 F, —hSOWEH NADH OELIC
X9 AYIEWE L1755 DI Fig. 6.910RT & 9 ICKEMB P GERICENTIE
NADH OBALEAL (LT 0.65 V) L O bADBAMBHATHRILINEZ B X
ARSI D DRBETEELI B kb, TRAIIVE VER, R,
F—/33 vORERZENEZN, 005, 032,002 mM THY, ThoiFZhE
Nk FOMEY L FIVPICEIT A EENSEBETH S [138), F—3 vE&
ORERIS, Fig. 681N T KO ICF A= VEBHBEBTIISENBIEEINT, K
Bk KU F—,23 VORRMLICK UTid, BEAEEERBERIN LI o, T
ThbIhoDEEWEMERZLT T VY —DIRBICHEEZEZL TN
EDbinotce — AT RAIVE VERICH LTI R ZLBHRICEI B X N,
ZOBAIL, Fig. 6.101ICRT &) IcF 4= VEHIBRICL 57 XINVE VBOD
BIRMERILORRTHE LB oMb, ThohobhbEIHI, Fr=v
EHiEMRE NADH OBSALFIREA & UTHOLBREAICE, Al &b
RINVEVBRENADHZHT S » THMET 2 0ENH 5,

6.3.2 TJx/% 75 ASAFEKC L% NADH filliEaL,
6.3.2.1 TEY

Fig. 6.111%, 1mM NADH %% & %5 B:ijic4r7z 5T 100 EhERA Y x
7Y a v UGB o BRIFMIRTH S, Ju—1 Vs ay
WO NADH#RIEBMIE, —02V Ul 72 /975203, REV Ry Z
RABAL(—046 V)DBFA=DENELD BHILHBZDT, —02V LW HEN
BALT HAEERLAEER U, B oM E—7BHid, NADHIERET, #
HETTHONLBROZEBRTHS, E— 7 BRERBTEOA Y 2s v g
YORICIREICHD Ul LDLBWSE X Z80RDE, BRAIDA VD 2)
Va VOBRMEDOE LZI0BITIIHLEIDEEALE—EDBHREMIBONS X
I ol BRELTIDX IS V27 ¥ a VidF A= VIERTER
DEE LR, —EDBMIGEEBIILDDT =) Y7 5= BETEBD “H
R ERISTENTE B, 72/ 75 VEMEBRDFA4 = VERTES
DBE LRI, TOXI W TIRE IZHRTEISIKEDBNT A LR —
WVOBFISEDRHZEANE LA Z EEBM U, BiEE UCBBRE 0.2 M
Y URRRETAIR (pHT.0) P EET—BRRRE LBO 7 2 /) 75 v ORh
BWHERIIIFEAEEMA LGN o720, BRIGEITILEERICHE o BIRG
ZEO¥I28D 1B Uizce LU ZDOBRISERR, X 5IC1~2BHO
IOa—A 027V aamETRIMIZEAERALLE -T2 CHODHE
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Kz, 7z /U775 =V EHBRMLFNICEETHY, 72 /)0 T75=0H
BERREICHREICAE L TOR I EERET S, £, 7=/ 8975 5
BRI ERICEICHT HENFNEZLERT I ENDMh -7, D
Wo<{ hElizeraY—ZREREEDLNS

6.3.2.2 BB

Fig. 6.12i1cI'=1.3x10"° mol cm™ @7 = / $47 5 = & GC BB TH S
N7 NADH i O MBI ARERER T, COEYHY -, 0.1mM~10mM
DIAFI v Ly PEFHOIE, BLXUNADHBEICH T 5 BREDHIH
R TRENBZBED13nA/mM TH 5 Z &b -7,

6.4 iR

St = AERTBAE, Tz )Y TS = BRI LENICRETH D,
¥ 1 BBRTICREIC S L TOS S Edtbinoteo F4 = L BHIEEE A
W 2NADHE V3 =i, 5 u M~ImMDFALFI w7 Vo VEFTAIEN
bivotze SHUZ, AKENO NADH BEORMTE 2 2 E2R LTS,
T x ) Y75 = ERIEEE O NADH & U4 —Tid, —0.4 V vs. Ag/AgCl
EVSEWNENT, NADHAMILTE 32 Edbh D, ShETIREISNT
WA EDBMIERE D BIENEBMTNADH Z2BILTEX B3 &b -7, &
U3, AT NADH BRILE W3 BALCINIKT 50 ZhOOBMEIE, Tl
HAATE S & &IC & D BRI EREDOS B3 70— VP27 ¥ a VM
DBEALFIRIRE LTEATH S = &b -T2,
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Iig. 6.1. Schematic representation of the flow - injection system and the

measuring cell for the amperometric assay of NADH.
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Fig. 6.2. Schematic representation of the thin - layer cell design for LC - 17A
and BAS 200 systems.
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Fig. 6.3. Flow - injection responses obtained at the thionine-moditied GC

electrode detector. (I" = 1.3x107 mol em™2) for successive injections of 1 mM
NADH over a period of ca. 5h. Flow rate : 1.0 ml min~!. Injected volume of
NADH solution : 20 ul. Applied potential : 0.1 V vs. Ag/AgCl. Electrolyte
and carrier : 0.2 M phosphate buffer solution(pH 7.0). Surface coverage of the

thionine - modified GC detector : 1.3x1078 mol cm™2.
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Fig. 6.4. Typical flow - injection current - time profiles for 0.1, 0.5, and 1.0
mM NADH at thionine - modified GC detector. Flow rate : 1.0 ml min™?.
Injected volume of NADH solution : 20 ul. Applied potential : 0.1 V ws.
Ag/AgCl. Electrolyte and carrier : 0.2 M phosphate buffer solution(pH 7.0).

The thionine-modified GC electrode was the same as that used in Fig.6.3.
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Fig. 6.5. Flow rate dependence of peak current(z'p) for 1 mM NADH. Injected
volume of NAD il solution : 20 ul. Applied potential : 0.1 V vs. Ag/AgCl,
KCl(sat’d). Eléctrolyte and carrier : 0.2 M phosphate buffer solution(pH 7.0).
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Fig. 6.6. Flow rate dependence of detected charge(Q) for 0.4 and 1.0 mM
NADH at thionine - modified GC detector. Surface coverage of thionine was
(M)4.6x107°, and (@)5.3x1071° mol cm™2, respectively.
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Fig. 6.7. A typical calibration curve of thionine-modified GC detector for
NADH. Injected volume of NADH solution : 20 ul. Applied potential : 0.1
V vs. Ag/AgCl, KCl(sat’d). Electrolyte and carrier : 0.2 M phosphate buffer
solution(pH 7.0). - ‘
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Fig. 6.8. Typical flow - injection response obtained at thionine - modified GC
detector(I'=8.1x 1072 mol em™2) for ascorbic acid (0.05 mM), dopaminé(0.0Z
mM), uric acid(0.32 mM) and NADH(1 mM). Injected volume of samples : 20
ul. Applied potential : 0.1 V ws. Ag/AgCl, KCl(sat’d). Electrolyte and carrier
: 0.2 M phosphate buffer solution(pH 7.0).
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Fig. 6.9. Cyclic voltammograms of various substrates at a bare BPG electrode
(0.2 cm?) in deaerated 0.2 M phosphate buffer solution(pH 7.0). Substrates :
(2)0.02 mM dopamine, (b)0.05 mM ascorbic acid, (¢)0.32 mM uric acid, (d)1.0
mM NADH. Potential scan rate : 5 mV s~'. Sensitivity(s) : (a,b)1 nA, (c,d)15
nA. ' ~

131



HO OH

! l L § lbl I ! ] | L]

] I i
-0.5 0 0.5
E/V vs. Ag/AgCl

Fig. 6.10. Cyclic voltammograms of (a,b)thionine-modified BPG electrode in

deaerated 0.2 M phosphate buffer solution(pH 7.0) in the absence(a) and pres-
ence(b) of 0.05 mM ascorbic acid (I' = 3.3x107'% mol cm™). Voltammogram
(c) was obtained at a bare BPG electrode in the presence of 0.05 mM ascorbic

acid in the same buffer solution. Potential scan rate : 5 mV s~1.
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I'ig. 6.11. Flow - injection responses obtained for successive injections of 1 mM
NADH over a period of ca. 5h. at a phenosafranine - modified GC detector(I’
= 1.6x107% mol cm™2). Flow rate : 1.0 ml min~!. Injected volume of NADI
solution : 20 ul. Applied potential : —0.2 V vs. Ag/AgCl. Electrolyte and
carrier : 0.2 M pho-sphate buffer solution(pH 7.0).
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Fig. 6.12. Flow - injection responses obtained at a phenosafranine - modified
GC detector. Injected volume of NADH solution : 20 ul. Applied potential :
-0.50, -0.40, -0.35, -0.30 V vs. Ag/AgCl. Experimental conditions are the same
as those in Iig.6.11.

R R | AL ]
: ® |
_ ¥ |
o
L ® : |
@
£ oo
~— i o i
o L @ ]
. |
MOl T B e
1050400 0

[ B-NADH] / mM

Fig. 6.13. A typical calibration curve of phenosafranine - modified GC detector
for NADH (I' = 1.3%107° mol cm™2). Injected volume of NADH solution :
20 ul. Applied potential : —0.2 V ws. Ag/AgCl, KCl(sat’d). Electrolyte and
carrier : 0.2 M phoéphate buffer solution(pH 7.0).
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B1E (i) TR, Vv 7 ABEHD FTH BTV BB IFICF 4=
YRUOT7 2 )7 52 RUARBHNO 250 L LOBRKRBERILHEE L
TOBHBENADH(=aF U7 I RTF= VYR 7 UAF R) &2 0BTk
NADH OIERZITEL, TSI IHhETOMEOTR, RUATEOEHE
HEZ DO TR, _

W2H [T 2 ) Y75 VARFEROAB B LV F+5 75 V-V a
Y1 T, Tx=VEICEREEBALI 7 2 /) V75 ViEEARDA V3
YEA-TIVFNT Y UNODER, HoDFERRITIVENT 25D
Y LEBRICEREEBA LT £ )V 752 VERERORBEBA(EY) Dl
S, ROENTTHEBINZ RS PVRIIEC & B BABIEE (Amax) DFHHIZD
WTliNTz, BREEE T 2 ZIVBEICBATALID S TIVFIVT 25V L
WICBATBHED, EENKESEN(T 2 /97500 EMEh SEHH
mVZE)THIEEROHL, ChiZEHEET S 7 x = IVENERDOT IV
FT 2 F V= LPFHISH UTHEEICAME L, 7B FHRRRELTEIEN
TERWHTHS ERR LU

WIE [TV AREREMBEOBRENLE LV ZDOF 577 ¥—
Vav] Tk TI/)BEROTY L AROBHEBUICLSBMENDL Ry
7 REWHREDIEBUT DNTHlANICe A7V v 7 RIVT VA Y-k B
{LETIEE DBIULFHFTTN S, PO pHEBRTIRBE I 2/ Y752V
IO HL Y Ry 7 RSEERTOIKUT, 7=/ 75 = RGN
BRI 2HDTHE L Fy 7 RBEEZRT I EEWHOMI Ul £, BFHME
"MUteT7 2 /975 = VEBRAROENTHBINARY MV, BRI = /Y
TS5 VDENE-NTT 0—FThY, DOBARBRIEE Amax) PEHE
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A7 PTBIEEZHONTL, CNODERIS, #ELLLT /Y7
T = v OBIALER, SHFNRERBFREOZThERLD, VRy I XY
A FEED I 7 aBEMIENMLTHSE I ERW SN ER 51,

A% [7 Y ABBEERIC L5 NADH Ot T3, 7V 0%
BAIERDZE U NADH BRLMEEEEIC DU Tl 7z, BRZ IR U TEM
BRI A Z ik ) NADHBRL DM BIEENE LS WRKTEZEER
WL, o #EBIAOREEZH SN Uice FAVRY T2 /) B 75=
VHBBATER T, REMEBICHLNT NADH OBILRIEDBBEENZ N
ZN04 VRUIVYUYEESEBZ EEROH Uk, FIZT 2 /Y7520

RAEAHEARIZ — 0.4 V vs. Ag/AgCl TNADH 2BLT 3 2 LN TE, HKR
KBIIBT7SEVTF=V VX7 UAF R (FAD) 2 & 3 NADH OELIC Pk
THIEEROH Ulz, BEiEHBEREHOCARBERILVY A MY —i2kD,
NADH O EARALGERL.O RSB 2 3T U, BIEd 2 BRI/ IS A —5 %
SN U, RIS OB R E—EDT ¥ U BED BV E DBICISHEE
THRVFE—BFEDR IO EEROE Ui, |
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) ALSO LUMO (RIS Z815E) 0 1% V¥ —Hehir ;R ' NADH & F LAY
D HOMO (Tt 5 iE) D 1% )L — HEAL DARBR I 4> F- B 31 (PM3 #:)
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