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The Kinetic Studies of the Outer-Sphere Electron

Transfer Reaction between Protocatechuic Acid and

Pentacvanoferrate(111Y Comnlexes



pH 59
[Fe(CN)sL]* ( L = 4cyano-pyridine, isonicotinamide, 4,4’ -bipyridine,
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k= 1.5x10%cp) 3.9x10%(isn) 8.0x10%(bpy) 5.4x10°M*s(pz)
k,= 3.0x10°(cp) 1.2x10°(isn) 1.1x10°(bpy) 34x10%py) 2.9x10°
Ms(pz) ks=3.2x10%(cp) 1.6x10%isn) 9.2x107(bpy) 5.5x10°(py)
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Abstract

The reductions of [Fe(CN)sL]*(L=4-cyano-pyridine, isonicotinamide,
4.4’-bipyridine, pyridine, pyrazine)complexes by protocatechuic acid
have been subjected to a detailed kinetic study in the range of pH 5-9.
The rate law of the reaction is interpreted as a rate determining reaction
between Fe(I11) complexes and the protocatechuic acid in the form of
H,cat-COO'(k;), Hcat-COO?(k,), and cat-COO*(kz), depending on the
pH of the solution, follow by a rapid scavenge of the protocatechuic acid

radicals by Fe(lll) complex. With given Ky, Ky, and Ky, the rate

constants are k; = 1.5x10%(cp), 3.9x10%(isn), 8.0x10%(bpy), and 5.4x10?
MsY(pz) k,=3.0x10%(cp), 1.2x10%(isn),1.1x10°(bpy), 3.4x10%(py), and
2.9x10°M7'sY(pz) ks=3.2x10%(cp), 1.6x10%(isn), 9.2x10(bpy), and 5.5x

10°(py), respectively, atp = 0.10 M LiClO,, T=25 . The kinetic results

are compatible with the Marcus theory for out-gphere electron transfer.

Moreover, the detailed theoretical analysis indicates that, the
tremendously large rate difference with kyksks —1:10%10°% arises

predominantly from the equilibrium barrier of the different acid forms of
the protocatechuic acid, and is rather insengsitive to the intrinsic

reactivities and the charge effect of the reactants.
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(freeradicals) (valence shdll)

L- (arginine) ? (nitric oxide
synthase, NOS)

? (02)
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? ( superoxide dismutase, SOD )
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Sodium nitroprusside
dihydrate
Ammonia gas
Ammoniawater (25%)
4.4'-Bipyridine
Lithium perchlorate
Sodium persulfate
Pyridine
| sonicotinamide
Zinc granular
Ethanol
Diethyl ether
Sodium acetate
Acdticacid
Tris(hydroxymethyl)
-aminomethone
Pyrazine
4-Cyanopyridine
Chromium(l11) chloride
hexahydrate
Mercury(ll) chloride
MES
MOPS

NajdFe(CN)sNO]
2H20
NH3
NH,OH
CiHeN>
LiClO4
Na&S0s
? CeHN
CeHsN2O
Zn
CHsOH
CHOCoHs
CH3COONa
CHLCOOH
C4H11NO3

a44- ?

? 7 CHN>
4- ? CeHaN>2
CrChk-6H0

HgCl>

CGH 13N O4S XH 20
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RDH
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Fluka
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Merck
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Merck
Merck
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(isonicotinamide)

10 isonicotinamide
60 )
2
4- ?  (4-cyanopyridine)

10 4-cyanopyridine

(anc/mercury amalgam)

6M

( 0IM

(chromoussolution)

409 CrCls

(buffer solution)
(a) pH=5~5.55 acetate -acetic buffer
8249

pH
[HOAC buffer

6H,0

200mL

(Ha)

15mL
( 60
2
)
kimwipe
500mL 1M
250mL 04M

)

OAcC
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(b) pH=5.75~6.5 MES hydrate buffer
(MES 2-morpholinoethanesulfonic acid)

19.52g MES 200mL NaOH
pH 250mL 04M  buffer

(c) pH=6.75~7.75 MOPS buffer
(MOPS  3-(4morpholino)propanesulfonic acid)

20.926g MOPS 200mL NaOH
pH 250mL 04M  buffer

(d) pH=8~8.5tris buffer
(tris tris(hydroxy methyl) amimomethane buffer)

( )- 12.1 200 mL

HCI pH 250 mL
04M  tris buffer

(e) pH=9 NH3/NH," buffer
3mL 70ml HCl

pH 100 mL 04M  NH3/NH4
buffer

(distilled water system)

Aries 48547
Barnstead
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Nag[Fe(CN)sNH3]  3H,0 8

10 (30mmol) Na[Fe(CN)sNO] 2H,0 40 mL
10
( 3
)
25 (
)30.7%
?
Zmax=365NM € max= 3706 M'om™ %
complex N% C% H%
Nag[Fe(CN)sNH4 3H-0 25.78 18.42 2.79
25.77 18.38 247
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H.bpy[Fe(CN)cp] 3H20 (cp = 4-cyanopyridine)

0625 (6 mmol) (L=4-cyanopyridine) 7mL
0.26g(0.8 mmol) Nag[Fe(CN:NH3] 3H:0
1 0.95g(4 mmol)NaS;0Og 15min 0.5mL
4,4’ -bipyridine
5mi 40-50
0.1mL HCl
0.17g (45.2%)
Complex N% C% H%
Hobpy[ Fe(CN)scp]  3H,0 25.10 50.22 401
26.62 51.30 4,01
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Hobpy[Fe(CN)sisn] 2H,0 (isn =isonicotinamide)

0.73 (6 mmol) (L=isonicotinamide) 10mL
0.26g(0.8 mmol) Nag[Fe(CN:NH3] 3H:0
1 0.95g(4 mmol)NaS;0Og 15min 0.5mL
4,4’ -bipyridine
5mi 40-50
0.1mL HCl
0.209(49.7%)
Complex N% C% H%
Hobpy[Fe(CN)sisn] 2H,0 25.10 50.22 401
26.43 50.62 4,08
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H.bpy[Fe(CN)py] 3HO (bpy = 4,4’ -bipyridine)

0.94 (6 mmal) (L=4,4"-bipyridine) 10mL
0.26g(0.8 mmol) Nag[Fe(CN:NH3] 3H:0
1 0.5ml (HBr) Br,
5mL 40-50
0.1mL HBr
0.1789(40.3%)

complex N% C% H%
Hbpy[ Fe(CN)s bpy] 3H,0 22.74 54.16 4.37
22.73 54.88 4.33
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H2bpy[Fe(CN)5y] (py = pyridine)

0.48ml(6 mmal) (L=pyridine) 10mL
0.269(0.8 mmol)  Nag Fe(CN)sNH3]  3H,0 1
0.95g(4 mmol)Na,SOg 15min 0.5mL
4.4 -bipyridine
SmL 40-50
0.1mL HCl
0.209(47.3%)
Complex N% C% H%
H 2bpy[ Fe(CN)=py] 26.47 56.75 3.58
26.46 58.25 358
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[FE(CN)spzH]pzH H:0 ( pz =pyrazine)
0.48 (6 mmoal) (L=pyrazine) 7mL

0.269(0.8 mmol)  Nag Fe(CN)sNH3]  3H,0

0.95 g (4 mmol)NaS;0Os 15min 0.7mL
5mL 40-50
0.1mL HCI
0.169 (37.3%)
complex N% C% H%
[FE(CN)spzH]pzH H:0 34.43 41.05 3.02

34.26 41.30 3.15
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OHAUS TS 400D

PRECISA 125A

METTLERAE-42C

2.
Orion 420A pH pH pH=
4 7 10
3.
Hitachi U-2000 HP 8453 UV/VIS
- ( UV-Vig) (cdl) 1.0
€max ? Beer's law(A=
€ bc)
41R
FT-IR spectrometer 1725X spectrum V 2.0
KBr KBr

(T%) 10%
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SF-61 DX2 Double
Mixing Stopped-Flow Spectrophotometer  Hewlett Packard HP
8453 UV-Vis Spectrophotometer Hotech 63HP

(pseudo first-order reaction)

PA Fe(ll)
In A A
Kobs ( linear least-square fit )
In A A t( )
@ (b)

-15

0 001 002 003 004 005 006 007 008 009
Time(s)

[Fe(CN)sL]*

pH=6, 0.2M MES buffer p =0.1M (LiCIO,) T=25
[Fe(CN)s-cp]* @2x10M
[Hacat-COOH] @2x10°M
@ A; vs time

b In A-A vs time
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Princeton Applied Research (PAR)
Model 273A Potentiostat/Gal vanostat
PC 486 DX PAR Model 270/250 Research
Electrochemistry software ver.4.0 EPSON Stylus
800 Printer
(Saturated calomel electrode SCE)
(reference electrode) (Platinumwire)
(auxiliary electrode) (carbon paste e ectrode)

(working electrode)

Heraeus CHN-O Rapid N CH

XXV



Vie w

b

(a}

Top

(=

(bl
(a}

View

Side
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(d) Nzline
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Fe(CN)sL? Mmoo —dn  Fe(CN)sL*

dn
( charge transfer ) Fe(CN)sL* V on
1 [Fe(CN)sbpy]?™®  UW-Vis IR
protocatechuic acid (A max(€ max))
1 [Fe(CN)L]™
UV-Vis IR
Fe(l1) Fe(l11) Fe(lll)
L A max(10%8 max) A max(107% max) v en(em?P
pz 452(5.06) 420(1.00) 2124
o 476(6.37) 420(2.33) 2112
isn 438(4.84) 419(1.05) 2122
bpy 438(5.60) 425(1.73) 2118
py 367(3.61) 415(1.16) 2118

3 pH 8.00 (trisbuffer) p =0AM T=25 . P InKBrpdlets.

1.2 - // \\
] e N
, . (b)
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s \
/ \
4 \
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[Fe(CN)sbpy] 2/
(@ [Fe(CN)sbpy]*
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] | 506

[Fe(CN)sbpy] ““IR

S dD

Absorbance (AU)

257

159

0.5

200

250

T T
200 e{al
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T T
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PA

pH 8.00 (tris buffer) py =0.1IM T=25
[H cat-COOH]=2.00x10* M
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[Fe(CN)sL]**(L =pz cp i bpy py)

Ew

2 [Fe(CN)spy]*™
2 Fe(CN)sL”
[Fe(CN)L]?™*
L Eyo Volt(vs. NHE)?
pz 0.58
cp 0.53
isn 0.50
bpy 0.49
py 0.44
a [Fe(CN)sL]?=1.00x10M pH5& 8 p=01M T=25
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E (sl
2-13
pH8  [Fe(CN)spy]

pH 8
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Fe(CN)sL*  H.cat-COOH (1)

[Fe(CN)sL]” PA In A A
PA  Fe(lll)
@)
2Fe(CN)4L > + H.cat-COOH
. 2Fe(CN)sL* + o-quinone-COO + 3H" )
_ diRe(ln)] 2k [l @
dt
Kops = K[H,cat-COOH] e
(2) 2 (statistical factor)
PA ( )
Fe(CN)sL* ([H,Cat-COOH]3 10[Fe(I11)])
pH 5~9 v
0AMLIiCIO, T 25 Fe(CN)sL*
Kebs 3 7 ks

[H,cat-COOH]

(linear-least-squares fit) Kas VS [Hocat-COOH]
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pH 6.75 - pH7.75 1k [H]

k [HT] pH

a
b+ [H*]

(non-linear least square fit)

(4)

(4)
a b
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o -35 <
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sl
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PA [Fe(CN)sL]? pH=5.00 In A, A

(a) [Fe(l11)]= 2.00x10“M, [H3A]= 2.00x10°3M
(b) [Fe(111)]= 8.03x10“M, [HzA]= 1.50<10™°M
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3 pH5 pH9 [Fe(CN)scpl”

a
I(obs

pH [Ha-COOH], M Keps, s pH [[Hat-COOH],M  Kops, S*  pH [H2c-COOH], M kops,S*

501 150x10° 5.80x10" 6.25 150x10° 7.40 775 151x10° 1.19x10°
253x10° 9.50x10* 246x10° 115x10t 253x10° 1.77x10?
349x10° 145 347x10° 1.76x10" 346x10° 2.42x10°
461x10° 180 456x103 242x10" 457x10° 3.34x102

5.54x10° 3.86x107

524 1.50x10°3 104 674 152x10° 116x10
250x10° 1.69 251x10° 210x10'  8.00° 17910 5.43x10"
348x10° 219 350x10° 260x10* 3.58x10* 1.09x10?
550x10 350 451x10° 345x10"

550x10° 411x10"  824° 1.84x10* 9.25x10"

550 151x10° 160 369%<10" 157x10°
2.5¢10° 280 7.00 150%10° 2.29x10"
453x10° 5.00 252x10° 380x10" 850 1. X108 1.308
554x10° 6.20 347x10° 5.24x10* 3 .80 2 .8m

450x10° 6.95x10"

577 151x10° 3.00 8.75° 15210* 2.28x10?
253x10° 439 725 152x10° 343x10 3.8<10" 387x10°
350%x10° 6.69 250x10° 6.23x10*

4501073 8.20 347x10° 7.75x10'  9.00° 151x10* 3.32x107
5.49x10°3 1.02x10" 455x10° 9.92x10* 2.55¢10* 6.62x10
549x10° 131x10°

6.00 1.54x10° 450
251x107 705 750 151x10° 5.99x10"
348x10° 9.92 255x10° 1.01x10?
450x10° 1.2910" 345x10° 1.37x10?

456x10° 1.81x107
548x10° 218x10°

a [F(CN)scp]” @x10* M p =0.1M(LICIOs) T=25

b. [Fe(CN)sop]>” @1x10° My =0.1M(LiCIOs) T=25

XXXIH



4 pH5 pH9 [Fe(CN)sisn]”

a
kobs

pH [Ha-COOH], M Keps, s pH [[Hat-COOH],M  Kops, S*  pH [H2c-COOH], M kops,S*

501 250x10 3.51x10" 6.24 148x10° 332 775 1.4910° 3.93x10"
352x103 5.22x10" 249x10° 4.73 251x10° 6.42x10"
453x10° 6.81x10™" 349x10° 6.83 351x10° 8,65x10"
5.50x10° 8.35¢10™ 451x103 1.05x10?

6.75 149x10° 427 5.48x10° 1.35x107

5.26 151x103 4.19¢10" 246x10° 6.6
348x10° 8.37x10" 448x10° 127x10° 800 157x10* 2.70x10"
4.49x1073 1.04 548x10° 144x10 3.14x10* 5.34x10"
550x10 134

6.99 253x10° 125x10' 825" 156x10* 4.29x10"

551 1.46x10° 6.10x10™ 353x10° 190x10" 3.11x10* 8.44x10"
241x10° 112 4.310° 2.20x10"
350x10° 1.44 551x10° 271x10"  851° 150x10°* 6.40x10"
451x10° 196 3.01x10* 1.20x10?

7.27 159x10° 215x10"

5.74 1.47x10° 118 255x10° 313x10" 8758 1.57x10* 1.10x10°
251x10° 1.9 454x10° 512x10" 3.14x10* 2.18x107
350x10° 256 550x10° 6.43x10"
454x10° 323 9.00" 150x10°* 1.50x10°
5.52x10°° 425  7.49 149x10° 2.83%10" 3.01x10" 3.00x10?

251x10° 3.9x10"

6.00 1.30x10°® 2.24 349x10° 547x10
243x10° 322 453x10° 7.12x10"
350x10° 432 549x10° 8.33x10*
457x10° 5.85
5.61x10° 712

a [FeCN)sisn]> @x10* M p =0.1M(LIiCIQ) T=25

b.

[FECN)sisn]> @1x10° M p =0.1M(LiCIQ) T=25
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5 pH5 pH9 [Fe(CN)sbpy]”

k obs

a

pH [Hxat-COOH], M kKgs, S' pH [[Hcat-COOH],M Ko, 8  pH [H2Gt-COOH],M  kopbs,s?
5.00 150107 3.65¢10" 6.25 156x107 3.02 7.79 14710° 4.92x10"
253x10° 6.30x10™ 271x10° 5.98 2.49:10° 6.45x10"
344x10° 8.26x10" 354x10° 7.31 349%<10° 8.68x10"
548x10° 1.17x10" AT7x10° 1.26x10?
521 1.45x10° 4.25¢10"
254x10°3 86310 6.75 152x10°3 407  800° 151x10* 2. @10
387x10° 116 249x10° 6.03 302x10* 39 210"
4.7x10° 139 367x10° 8.30
5.48x10 161 451x10° 100x10"  8.22° 151x10* 308x10"
302x10* 5.9x10!
5.50 148107 5.82x10" 7.00 154x10° 6.63
2.56x10° 129 257x10° 992  850° 153x10* 4.84x10"
367x10° 1.70 370x10° 1.38x10" 3.06%10" 113107
456x10° 2.02 453x10° .1.61x10*
549x10° 206x10"  874° 1.50x10* 8.19x10"
5.74 151x103 111 3.00x10* 1.8x10?
2.44x1073 165 7.27 145x10° 132x10
352x10° 2.29 246x10° 207x10' 9,00 151x10* 1.28x10°
45510 2.93 355x10° 2.79x10" 302x10* 2.66x107
5.60x10° 380 462x10° 357x10"
6.00 2.65x10° 330 749 147x10° 223x10*
349x10° 4.29 253x10° 342x10"
4.82x10° 5.79 3.51x10° 4.74x10"
5.76x10° 6.93 448x10° 6.14x10"

a

b.

[FECN)sbpy]* @1x10* M p =01M(LICIQy) T=25

[Fe(CN)sbpy]> @1x10° M p =01M(LICIQy) T=25

XXXV



6 pH6.75 pH9 [Fe(CN)py]* Kobs®
PH [H2@-COOH], M kobs, S* pH [Hacat-COOH], M Kops, S*
6.76 1.51x103 128 775 147x103 1.07x10"

2.50x10° 216 246x10° 1.70x10"
3.50x10° 308 3.9%10° 25310
4.47x10° 389 560x10 4.08x10"
7.01 2.49<10° 326 8.00° 1.0 7.40
3.50x10° 443 2 3q0* 1.x4@
454x10° 581
5.47x10° 691 8.25° 102x10* 1.63x10"
203x10™ 2.50x10"
7.24 1.50<103 420 307x10* 3.75¢10'
2.50x10° 6.00
4.53<10° 1.02x10* 850 1.00x10* 1.99<10
557%10° 1.28x10" 307x10* 5.21x10"
751 1.54x10° 794 875 101x10™ 3.51x10"
2.56x10° 1.18x10" 202x10* 6.34x10"
3.47x10° 15210
4.54x10° 1.95x10* 8.99° 101x10* 5.62x10t
557%10° 2.43x10" 307x10™ 1.46x1C0°
a [Fe(CN)spy]” @x10*M p =01M(LICIQ) T=25
h  [Fe(CN)spy]> @x10°M p =01M(LICIQ) T=25
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7 pHS500 pH7.75 [Fe(CN)spzH]

a
k obs

pH [H2ca-COOH], M kobs, S pH [[H2ct-COOH], M Kobs S*
5.01 154x10° 170 6.75 1.44<10° 151x10"
2.5x10°% 298 347x10° 36310
3.5x10° 380 40910° 428x10
4.6x10° 524 45310° 47410
5.24 151x103 246 7.06 15210° 24910
253x10° 413 343x10° 56010
351x10° 573 452<10° 7.33x10"
458x10° 747 550x10° 8.98x10"
5.50 255x10° 693 731 1.4710° 38310
3.48x103 941 2.40x10° 6.25¢10
4.5x10° 108 340x10° 88510
5.49x10° 143 5.66x10° 14710
5.74 153x10° 5% 758 109<10° 4.64<10
251x10° 804 2.00x10° 851x10"
3.49x10° 1.16x10 3.04x10° 1.29x1C
554x10° 1.86x10" 4.01x10° 171x10°
5.04x10° 215410
6.00 155x10° 974
255x10% 1.32x10" 7.75 1.08<10° 6.75x10"
354x10° 1.87x10" 200x10° 12510
455x10° 2.32x10 3.03x10° 1810
4.06x10° 254x1F
6.24 1.52x10° 1110 503<10° 314x10
250x10° 2.12x10"
348x10° 2.9x10!
4.49x10° 3.75¢10"

a

[F(CN)spzH]" @x10*M p =01M(LICIQ) T=25

XXXVII



kobs

. 0 Efr

.0ERFO1

.5EFO1

.0ERFO01

. 0E

. 0

0.

+
.5E+01(a)

D

OE40O@DE20BE30BE40BES508BE60BE- 03
[Hcat-COOH)]

pH 5.01 A pH5.24 pH5.50 pH 5.77 pH6.00 m pH6.25

kobs

kobs

. 0E

. 0E

. 5E

. 0

. 0E

. 0E

. 0E

. 0E

. 0E

0.

+ 0 Z(b)

+02

+02

+02

0E%00E2 Ok 8B54]0BE5 0BE6 0GE- 03

pH6.75 A pH7.00 pH7.25  pH 750  pH7.75

. 5E

0.

OB+00E- OBE- 5- 0R- 5B- 0B- 5B- 0E-

0 05 04 04 04 04 04 04 04

[Hcat-COOH]

pH 8.00 A pH8.24 pH8.50  pH8.75  pH9.00

pH

[Fe(CN)scp]* Kes PA
(@ pH5-pHB.25

(b)pH 6.75— pH7.75

(c) pH 8.00—pH 9.00

XXXVII



1. 0Efr

D
H

8. OEf 00O

6. OEROO
kobs i

4. OERO0O

2. 0E

0.0
0. OEA0OOE209dE-30DE4A40DES50DEBODE- 03

[Hzcat-COOH]
pH 5.01 A pH5.26 pH5.51 pH 574  pH6.00 m pH6.24

1.4
1.2
1.0
Kops 8- 0
.0
4.0
2.0
0.0
0. 0E*DOE20BE30DBE40BE508E60B8E- 03
[H,cat-COOH]
pH6.75 A pH6.99 pH7.27 pH 7.49 pH7.75
3.0ERO02
2. 5ER02

kobs 2. 0EfO02

1. 5Er02
1. OErO02
5.0E
0.0 1 1
0 . O E5+.0® E1-.005EL-. 054E2- . O4E2- .054E3- . 004E3-. 054E - 0 4
[H<at-COOH]

pH 8.00  pH8.25 a pH851  pH8.77  pH 9.00

pH [Fe(CN)5isn]2‘ kobs PA
(&) pH 5.00- pH6.25

(b) pH 6.75— pH7.75
(c) pH 8.00—pH 9.00

XXXIX



pH 500 A pH521  pH550  pH 5.74

kobs

Kobs

. 2E

. 0E

. 0E

. 0E

. 0E

. 0E

. OE
. 0OE+10.00 E-20.30 E-30.30 E-40.30 E-50.30 E-60.30 E- 03

0

.4
.2
. 0
. 0
. 0
. 0
. 0

o N A O O P P P

. 0

0.

RE

. 5E
. 0E
. 5E
. 0E
. 0E

. 0
0.

[Hcat-COOH]

Ep6-2

EfrO01
EFO01
ERO01

E

ER 02 (b)

EH 02

[Hzcat-COOH]
A pH7.00  pH7.27 pH 7.49

OE+DOOE-20.30 E-30.30 E-4O.30E-50.30 E- 03

pH7.79

-0 2
0 2

H02

H 02

©

OES60@WME410BE108E20H0E208E3008E- 0¢

[Hzcat-COOH]

pH 8.22 A pHB.50 pH8.74  pH 9.00

pH

[Fe(CN)sbpy] *

(@) pH 5.00 - pH6.25
(b) pH 6.75—pH7.75
(c) pH 8.00—pH 9.00

kobs

pH6.00 m pH6.25

PA

XL



Kobs

Kobs

. 6 Ep62

. 2EpO02

. 0E

. 0E

. 0

0. OE#I000E-20DE-30DE-40DE-50DE-6QDE-03

[Hacat-COOH]
pH 6.76 A pH7.01  pH7.24  pH 751  pH7.75

(0)

0. OE500EX.OBEX O%E2 OME2 .O%E3 OQE3 .0%%E- 04

[Hzcat-COOH]
pH8.00  pH 825 a pHB8.50 pH8.75  pH 8.99

pH [Fe(CN)spy] kKews PA

(& pH 6.75-pH7.75
(b) pH 8.00 —pH 9.00

XLI



0. 0E+DOOE-DP30E-B8B30E-9430E-B830E-®30E-03

[H2cat-COOH]

pH 501 A pH524  pH550  pH 574  pH6.00 m pH6.24

Kobs

3.5E

3.0E

2.5E

2.0E

1.5E

1.0E

5.0E

0.0E

0.

o
Uz

[ &F

E+ 010 E- 023. E- B3 E- 3 E- ®3 E- 63 E- 03

[Hzcat-COOH]

pH 6.75 A pH7.06 pH7.31  pH 7.58 pH7.75

pH

[FE(CN)spzH] " Kobs PA

(& pH 5.00 - pH6.25
(b) pH 6.75 —pH 7.75

XLII



8 pH5-pH9 [Fe(CN)cp]? k@

pH k,M*st
5.01 3.46x10
5.24 5.70x107
5.50 1.20x10°
5.77 1.86x10°
6.00 2.85x10°
6.25 5.12x10°
6.74 7.60x10°
7.00 1.53x10"
7.25 2.31x10"
7.50 3.98x10
7.75 6.26x10"
8.00° 3.04x10°
8.24° 4.41x10P
8.50 7.47x10°
8.75° 1.31x1C°
9.00° 2.29x10P

a [FeCN)scp” @x10*M  p =01M(LICIO) T=25

b. [F&(CN)scp]> @x10°M p = 0.1 M(LICIO) T=25

XL



9 pH5-pH9 [Fe(CN)sisn]*

pH k, M*s?t
5.01 1.68x107
5.26 2.50¢10°
5.51 4.32x107
5.74 7.33x10°
6.00 1.28x107
6.24 2.20x10°
6.75 2.71x10°
6.99 5.05x10°
7.27 1.04x10*
7.49 1.56x10"
7.75 2.44x10*
8.00 1.70x10°
8.25 273x10°
8.51 4.53%10°
8.75 6.80<10°
9.00 1.00x10°

a [Fe(CN)sisn]* @x10* M p =0.1M(LICIQy)

h [Fe(CN)gisnf” @x10°M p = 0.1 M(LiCIQy)

T=25

T=25

ka

XLIV



10 pH5pH9 [Fe(CN)bpy]* k?

pH k, M1s?
5.00 2.73x 107
521 2.99%10°
5.50 4.65x 107
5.74 6.66x10°
6.00 1.21x10°
6.25 2.12x10°
6.75 2.29x10°
7.00 3.72x10°
7.27 7.93x10°
7.49 1.37x10*
7.79 2.63x10*
8.00° 1.30x10°
8.2 1.97%10°
8.50° 3.5%10°
8.74 5.89%<10°
9.00 8.74x10°

a [Fe(CN)sbpy]?> @1x10* M p =0.1M(LICIOs) T=25

b. [Fe(CN)bpy]> @1x10° M p =01M(LICIO;) T=25

XLV



11 pH 6.75-pH9 [Fe(CN)spy]* K@

pH k, M1s?
6.76 8.67x 107
7.01 1.28x10°
7.24 2.31x10°
7.51 4.39%10°
7.75 7.23x10°
8.00 7.05x10"
8.25 1.26x10°
8.50 1.26x10°
8.75 3.21x10°
8.99 4.83x10°

a [FeCN)spy[” @x10* M p =01M(LICIQ) T=25

h [FeCNXpy]* @x10° M p =0.1M(LICIQ) T=25

12 pH5pH 7.75 [Fe(CN)spzH]" k2

pH k, M1s?
5.01 1.13x10°
5.24 1.63x10°
5.50 227x10°
5.74 3.35x10°
6.00 5.23x10°
6.24 8.31x10°
6.75 1.05x10"
7.06 1.62x10*
7.31 2.60x10*
7.58 4.26x10°
7.75 6.25x10"

a [F(CN)spzH] - @x10*M p =01M(LICIQ) T=25

XLVI



6e+003

4e+003

2e+003

0e+000

8e+004

6e+004

4e+004

2e+004

0e+000

2e+006

2e+006

2e+006

1e+006

8e+005

4e+005

2e-006 4e-006 6e-006 8e-006 1e-005

H']

- (b) -

6e-008 1e-007 2e-007 2e-007

[H']

2e-009 4e-009 6e-009 8e-009 1e-008

[H']

pH [F&(CN)scp[*

(@ pH 5.00 - pH6.25
(b) pH 6.75— pH7.75
(c) pH 8.00 -pH9.00

[H]

XLVII



3e+003

2e+003

2e+003

1e+003

5e+002

4e+004

3e+004

3e+004

2e+004

2e+004

1le+004

5e+003

0e+000

1e+006

1e+006

8e+005

6e+005

4e+005

2e+005

2e-006 4e-006 6e-006 8e-006 1e-005

[H']

5e-008 1e-007 2e-007 2e-007

[H]

2e-009 4e-009 6e-009 8e-009 1e-008 1e-008
[H]
pH [Fe(CN)sisn]*

(& pH 5.00 - pH6.25
(b) pH 6.75— pH7.75
(c) pH 8.00-pH9.00

[H7]

XLVII



2e+003

2e+003

1e+003

5e+002

0e+000 L L

3e+004

2e+004

1e+004

0e+000

1e+006

8e+005

6e+005

4e+005

2e+005

3e-006 6e-006 9e-006

[H']

- b

A

5e-008 1le-007 2e-007 2e-007 3e-007

[H]

2e-009 4e-009 6e-009 8e-009 1e-008

H1]
pH [Fe&(CN)sbpy] *

(@ pH 5.00 - pH6.25
(b) pH 6.75—- pH7.75
(c) pH 8.00 -pH9.00

[H]
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le+004

8e+003

6e+003

4e+003

2e+003

0e+000
4e-008 8e-008 1e-007 2e-007
[H]
6e+005
k  4e+005
2e+005

2e-009 4e-009 6e-009 8e-009 1e-008

“47 2 +
pH [Fe(CN)spy]™ k [HT]

(@) pH 6.75—pH7.75
(b) pH 8.00-pH 9.00



8e+003

6e+003

4e+003

2e+003

1e+005

1e+005

8e+004

6e+004

4e+004

2e+004

2e-006 4e-006 6e-006 8e-006 1e-005

[H]

(b)

5e-008  1e-007  2e-007  2e-007
[H]
pH [FE(CN)spzH] - k [H]

(& pH 5.00 - pH6.25
(b) pH 6.75—pH7.75

LI



Yk

Yk

Yk

Yk

Yk

1e-004

9e-005

6e-005

3e-005

4e-004

0e+000

2e-004

1e-004

0e+000

1e-003

9e-004

6e-004

3e-004

1e-004

8e-005

6e-005

4e-005

2e-005

0e+000

0e+000

@

4e-008 8e-008

[H]

1e-007 2e-007

2e-007

4e-008 8e-008 1e-007 2e-007
T T T T T
-
1 T 'l 1 1
4e-008 8e-008 1e007 2e-007 2e-007
T T T 7
- 4 .:
L a m
PR [ T TR A S T ST TN N T N SO S
5e-008 1e-007 2e-007

[H]

4e-008 8e-008

[H]

1e-007 2e-007

pH6.75—pH7.75 [Fe(CN)d.]*

1k

@L=cp
(b) L =isn
(c) L =bpy
dL=py
(e L =pz

[H]

LIl



13 (4) a b
Fe(ll1)
L a b
oo | (149:0.06)x10°%| (3.4t0.2)x10°
isn | (6.72+0.05)x10* | (2.8+0.1)x10°
bpy | (40t0.1)x10* | (1.9:0.1)x10°
py | (203+1.49)x10*| (7.1+0.5)x10°
pz (1.6£0.1)x10° | (1.1+0.2)x10°®

Ll



[Fe(CN)sL]* (L=cp isn bpy py pz)

[Fe(CN)sL]*
N CH
C Fe(Il) A max
€ max 2293334 Fe(ll)
[Fe(CN)=L ]~
[Fe(CN)sL]* CN T
Fe(lll) drm (electronic hole) LMCT 2
N max 415-425nm 1 Felll)
Fe(ll) ATt ey — TT *|_
(MLCT) 1
28,29,33,34
IR Fe(I11) 835 37
Fe(l1)-cyanide ( stretching frequencies )v oy 2040cm™
2080cm™ Fe(l11)-cyanide 2100 2140cm™
[Fe(CN)sL]* Vo 2120+6cmt Fe(l11)

LIV



PA

pH

H,cat-COO™ Hcat-COO* cat-COO*

14

Hcat-COOH

(schemel) PK 4

OH OH o o o
HOOC -00C ‘00C “00C ‘00C

Hxca-COOH H,cat-COO" Hcat-CO0% cat-CO0%> o-quinone-COO
scheme |
Fe(CN)JL 2™ (substitution inert)
PA
H ,cat-COOH H,ca-COO + H* (1)
- Kaz - +
H,ca-COO Hcat-COO* + H (2)
Ka3
Hcat-COO* ca-cCoo* + H* (3)
Fg(CN)sL? + H,cat-COOH —k°> Fe(CN)sL®> + H,ca-COOH**
ky
Fe(CN)sL? + H,ca-COOT —> Fe(CN)sL® + H,cat-COO*
k
Fe(CN)sL? + Hcat-COO* — Fe(CN)sL® + Hca-COO™
k
Fe(CN)sL? + cat-COO> ————= Fe(CN)sL¥ + ca-COO?
. fast .
Fe(CN)sL? + Hycat-COOH*'———— Fe(CN)sL® + o-quinone-COO™ + 3H*
Fe(CN)sL? + H,cat-COO" fad Fe(CN)sL* + o-quinone-COO™ + 2H*
fast
Fe(CN)sL? + Hca-COO™ s FE(CN)sL®> + o-quinone-COO™ + H*

Fe(CN)sL? + ca-COQ** —>

fast

k

Fe(CN)gL*>

+ 0-quinone-COO

LV

(4)
(5)
(6)
(7)
(8)
(9)
(10)

(11)



Ko[H*13 + kyK g [H*? + oK K o[ H*] + kgK 1K 55K 53

B [H*]3 + Kaa[H]? + KgKep[H'] + K agK soKaa (12)
k pH pH
1. pH5pH6.25
pH (pH<5) Fe(lIl)
Fe(ll) 50-70%
pH<5
Fe(ll) %
pH>5
pH 5- pH 6.25 Ka[HT*#KaKoHT >>[HT?, K aK oK
koK aa[H T4 koK K o[H'T >> Ko[H'T? , keK K 2K s (12)
(13) Ka Kgo kvs[H
ki ko 15
K= ki K g1[HT] + koK 1K 13
[H']+ Ky
L= py Fe(ll)

60% )

LVI



[Fe(CN)spy]*™ (044V)

2.pH6.75— pH7.75

Ka[HT*+KgKHT >> [HT

koK K o[H] >> ko["r]3 , leal[H+]2 s KaK K 2K o5

(14) 1k [HT  ( )

koK 22
[H]+ Ky

Vk= —1 14+

koK 22 ko
4 (19 pH
( 14 ( 4
Kz 13 b(=K )
(21x10°) b=Kz

12 kvs[H K, 15

Fe(ll)

(12)

(15

a b
5.24x10°°

(14)

KaKaKzg

(14)

(15)

ko

Ka

LvII



3. pH8.00 - pH9.00

Ka[H T+ KK o[H] >> [H]?, K KoK s

koK 1K o[ H koK 5 K oK i3 >> ko[Hq3 ) lea[qu (12)
(16) Ky Ko Kas (16) kvs[H]
( 8 12) k, ks 15

KoK 1 K o[ H 1HkaK 41 K 20K
K= 2KarK o[ H ] +ksK 11K 2K 3 a8

Kaa[H T?+KaKaa H]

L =pz

rate law Ko
pH 6.75-pH 7.75 1/k; vs[H]
k K,
(6)
protocatechuicacid ~ Fe(CN)sL*"™
(6) () Ko Kg 16 logk, logk,(n=2,3)
(@ (b)
041009  0.47+0.04 05%%

?

LVl



14 protocatechuic acid  pK,

pK a
Hcat-COOH === H,ca-COO" + H* 4 as
Hca-COO =—= Hca-COO* + H* 8 67
Hoat-COO0? === -CO0* + H* L1 as

Eio, V
Hycat-COOH** + € ==== H,cat-COOH 138
H,cd-COO+ + e =—== Hca-COO 0.93
Heat-COO™*  + e =—= Hca-COO? 0.56
@-CO0%*  + e ca-Coo* 0.119

& Reference 39
b. Reference 38
¢ Marcus
d ES=EJ + 0.059( pKaz- pKr2), Reference 40 pK, = 4.2, Reference 39

® Refernece 41

LIX



15 [Fe(CN)sL]*

ke ko
L Mess cd®. Mess Cd. Mess Cal. =3
pz  (54402)x107? 4.99.x10° (1.0:0.1)x10> * 1.74x10° 111x10 058
(2.88+0.09)x10° °
o  (15#0.2)x10%° 1.59x10? (6.4140.02)x10> 2 7.82x10° 6.27x10° 0.53
(3.0040.02)x10°> ©
(6.20+0.07)x105 © (3240.1)x10°5
isn  (39:0.3)x10M2 863x10" (2.940.3)x10° @ 357x10° 58x108  0.50
(1.240.3)x10" °
(4.6440.08x10% © (16£0.3)x10° ©
bpy  (8.00.1)x10"2 893x10! (25740.01)x10% 2 2.90x10° 515x108 048
(1.10+0.02)x10° °
(3.540.2)x10° ¢ (9.240.2)x10" ¢
py (3.3740.04x10* ® 101x10° 260x108  0.44
(1.8+0.4)x10" © (5540.2)x10"
a .
calculated according to eq.13
® calculated accordi ng to eq.14
¢ calculated according to eq.16
d. X
E®=0.93V, Marcus Theory [Fe(CN)sL]? kq



16 [Fe(CNkL]? pH PA
[Fe(CN)dL I 3
L EOV K§® K5 K=
cp 0.53 167x107  311x10*  9.00x10°
isn 0.50 530x10%  9.66x10% 2.8<10°
bpy 0.49 359x10°  6.54x10%  1.94x10°
py 0.44 755x10°  9.3%10°  2.76x10°
pz 0.58 117x10°  2.10<10*  1.96x10
* k (18
> e (9)
¢ PA  Fell) Nerst equation
‘eq.(6)
‘e (D)

LXI



logk2

logks

-3.2-28-24 -2 -16-1.2-08-04 0 04

|OgK2

54 56 58 6 62 64 66 68 7

logK3
PA [Fe(CN)sL]? logk  logk

(@ logkz vs logKa
(b) logks vs logKs

LX11



Marcus Theory

42,43

Marcus ( 17
Rajl + OX2 E—_ OXl + Red2 (17)
kip gk Ky F W (49
|nf [an12+ V\{LZ 21 /RT]
2 Ain(kky,)/107 +(w, + W, )/ RT] (19)
Wi, exp [‘ (W12 Wy - Wy - sz)/ZRT] (20)
zz,€
Wi e (21)
§1+ ba;m? =
o)
A2
& 8Npe® 0 (22)
%1000 D.KT 5
k11 k22 W11
W22 work terms  wi, Wo; (19 work
terms K aj (distance
of closest approach) zZi z e
M N
[Fe(CN)sL 7™ ko= 7%10>*M's*
H,cat-COO™ Hcat-COO”  cat-COO™

k]_]_ =2 ><106’ % M _13-1 [Fe(CN)SL] =

H.cat-COOH

LXIHI



Oryn, =50°10%%em g, 00s=5.0"10%%cm K 17
(18) ko ks 15
[Fe(CN)gpz]* pH>8 Marcus ks
(1L11x10° M'sh) ke (2.88x10°M's1) (16)

[Fe(lll)] = 1x10°M [H.cat-COOH] =1x10*M  pH800 k=115

x10°  kgs = 6.92x10" sopped-flow
H.cat-COO ks
[Fe(CN)scp]” ki (1.5<10°M7'sY)
(18) K, =16x10" Ky E, =093
v E, (18) [Fe(CNYL]” (L =isn bpy pz)
ki 15
15 [Fe(CN)scp]” -H cat-COOH ki ko ks @
1 10° 10° Marcus  ( 18)
work term(\W) (K) (intrinsic
reactities, Ke) W 119 119 1.00kca

LXIV



mole™ work term PA

Kex

k .k .k 1. .
1 K2 K3 =1:32:0.30
/JK1 /JK2 /JK3

C E

PA C
PA
E
E
?
(delocalized) C PA
keto-enol ( tautomerization ) enolate

diketo

LXV



2. kikoks 1:10%10° PA
[Fe(CN)sL]* (K)
3. [Fe(CN)sL]* pH 5-6.25 Ky

H.cat-COO /H.cat-COO 0.93Vv

LXVI
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