
Rates of Heme Oxidation and Reduction in
Ru(His33)cytochromec at Very High Driving Forces

Gary A. Mines, Morten J. Bjerrum, † Michael G. Hill, ‡ Danilo R. Casimiro,§
I-Jy Chang,⊥ Jay R. Winkler,* and Harry B. Gray*

Contribution from the Beckman Institute, California Institute of Technology,
Pasadena, California 91125

ReceiVed June 12, 1995X

Abstract: The rates of Ru(His33)cytochromec electron-transfer (ET) reactions have been measured over a driving-
force range of 0.59 to 1.89 eV. The driving-force dependence of Fe2+ f Ru3+ ET in RuL2(im)(His33)cytc [L )
2,2′-bipyridine (bpy), 4,4′,5,5′-tetramethyl-2,2′-bipyridine (4,4′,5,5′-(CH3)4-bpy), 4,4′-dimethyl-2,2′-bipyridine (4,4′-
(CH3)2-bpy), 4,4′-bis(N-ethylcarbamoyl)-2,2′-bipyridine (4,4′-(CONH(C2H5))2-bpy), 1,10-phenanthroline (phen); im
) imidazole] is well described by semiclassical ET theory withkmax ) 2.7× 106 s-1 (HAB ) 0.095 cm-1) andλ )
0.74 eV. As predicted by theory, the rate of an exergonic (-∆G° ) 1.3 eV) heme reduction reaction, *Ru2+(bpy)2-
(im)(His) f Fe3+, falls in the inverted region (k ) 2.0× 105 s-1). In contrast, the rates of three highly exergonic
heme reductions, *Ru2+(phen)2(CN)(His) f Fe3+ (2.0× 105 s-1; 1.40 eV), Ru+(4,4′-(CONH(C2H5))2-bpy)2(im)-
(His)f Fe3+ (2.3× 105 s-1; 1.44 eV), and Ru+(phen)2(CN)(His)f Fe3+ (4.5× 105 s-1; 1.89 eV), are much higher
than expected for reactions directly to ground-state products. Agreement with theory is greatly improved by assuming
that an electronically excited ferroheme (Fe2+ f *Fe2+; ∼ 1.05 eV) is the initial product in each of these reactions.

Introduction

According to semiclassical theory, electron-transfer (ET) rates
should exhibit a Gaussian dependence on the reaction driving
force (-∆G°); at the optimum driving force,-∆G° ) λ (λ is
the nuclear reorganization energy), the rate is fixed by the
donor-acceptor electronic coupling (HAB) (eq 1):1

kET ) (4π3/h2λkbT)
1/2(HAB)

2 exp[-(∆G° + λ)2/4λkbT] (1)

In the region of driving forces greater thanλ (the inverted
region), ET rates are predicted to decrease with increasing
driving force (the inverted effect). Experimental verification
of the inverted effect has come from extensive investigations
of ET reactions involving both organic2-8 and inorganic9-14

molecules.

Owing to our interest in biological ET processes,15 we would
like to establish experimentally the magnitudes of inverted
effects in proteins and other biomolecules. Some work in this
area has been done,15-23 but no single study has involved a
driving-force range sufficiently wide to probe behavior far in
the inverted region. We have now measured the rates of
cytochromec (cyt c) ET reactions whose driving forces vary
from 0.54 to 1.89 eV. We see inverted behavior, but it is
limited; at the highest driving forces, the ET reactions are much
faster than expected.

Results and Discussion

We have examined three different ET processes in closely
related RuL2(X)(His33)cytcmolecules (Table 1). Fe2+ f Ru3+

ET (OkET) was measured using an oxidative flash-quench method† Present address: Department of Chemistry, The Royal Veterinary and
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(Figure 1:6 f 4 f 3 f 1).24 *Ru2+ f Fe3+ rate constants
(*kET) were extracted by determining the yield of Ru3+-Fe2+

formed after excitation of Ru2+-Fe3+ without quencher (Figure
1: 1 f 2 f 3). Ru+ f Fe3+ ET (RkET)25 was measured using
a reductive flash-quench procedure [Figure 1:1 f 2 f 5 f
6;26 Q2 ) p-methoxy-N,N-dimethylaniline (MeODMA)]. Ex-
citation of Ru2+-Fe3+ in the presence of MeODMA results in
biphasic kinetics. The first phase represents loss of *Ru2+-
Fe3+, accelerated by bimolecular reductive quenching [Figure
1: 2 f 5; kq(IV ) ∼ 6 × 108 M-1 s-1].27 A second kinetic
phase corresponds to intramolecular reduction of the ferriheme
by Ru+ [Figure 1: 5f 6; RkET(IV ) ) 4.5× 105 s-1]. Identical
kinetics were observed at wavelengths sensitive to the oxidation
state of the heme (385, 420, 550 nm) and the Ru complex (339,
504 nm) (Figure 2). The transient absorption spectrum just after the second phase accords closely with the sum of the spectra

of (Fe2+-Fe3+)cyt c and MeODMA•+ (Figure 2, inset).28,29On
a millisecond time scale, MeODMA•+ reoxidizes the heme.30

Analysis of the driving-force dependence of the Fe2+ f Ru3+

reaction givesλ ) 0.74 eV andHAB ) 0.095 cm-1 (Figure 3,

(24) Chang, I-J.; Gray, H. B.; Winkler, J. R.J. Am. Chem. Soc. 1991,
113, 7056-7057.

(25) “Ru+” denotes the species in which ruthenium is in the+2 oxidation
state and one of the ligands is a radical anion [Ru2+-(diimine•-)] regardless
of the overall charge on the complex.

(26) Mines, G. A.; Winkler, J. R.; Gray, H. B.J. Inorg. Biochem. 1993,
51, 236.

(27) The transient absorption spectrum immediately after the fast kinetic
phase accords with the difference spectrum (Fe2+-Fe3+)cyt c, indicating
some direct intramolecular ET quenching of *Ru2+ by Fe3+ followed by
reductive scavenging by MeODMA.
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4692-4698.
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absorption spectrum, indicating some irreversibility. This is most likely
due to dimerization of some of the MeODMA•+ radicals.

Table 1. Rate Constants and Driving Forces for Intramolecular ET in RuL2(X)(His33)cytochromec

complex reaction kET (s-1) -∆G° (eV)a

Ru(4,4′,5,5′-(CH3)4-bpy)2(im)(His)2+ (I ) Fe2+ f Ru3+ 1.6(2)× 106 0.54
Ru(4,4′-(CH3)2-bpy)2(im)(His)2+ (II ) Fe2+ f Ru3+ 2.0(2)× 106 0.70
Ru(phen)2(im)(His)2+ (III ) Fe2+ f Ru3+ 3.5(4)× 106 0.75
Ru(phen)2(CN)(His)+ (IV ) Fe2+ f Ru3+ 1.0(1)× 107 0.78
Ru(bpy)2(im)(His)2+ (V) Fe2+ f Ru3+ 2.6(3)× 106 0.81
Ru(4,4′-(CONH(C2H5))2-bpy)2(im)(His)2+ (VI ) Fe2+ f Ru3+ 1.1(1)× 106 1.00
Ru(bpy)2(im)(His)2+ (V) *Ru2+ f Fe3+ 2.0(5)× 105 1.3
Ru(phen)2(CN)(His)+ (IV ) *Ru2+ f Fe3+ 2.0(5)× 105 1.4 [0.35]b

Ru(4,4′-(CONH(C2H5))2-bpy)2(im)(His)2+ (VI ) Ru+ f Fe3+ 2.3(2)× 105 1.44 [0.39]b

Ru(phen)2(CN)(His)+ (IV ) Ru+ f Fe3+ 4.5(5)× 105 1.89 [0.84]b

a E°[cyt c(Fe3+/2+)] ) 0.26 V Vs NHE; E°(Ru3+/2+)[II , V] ) 0.96, 1.07 V (pH 7, phosphate);E°[Ru3+/2+L2(X)(im)][ I ,III ,IV ,VI ] ) 0.80, 1.01,
1.04, 1.26 V (pH 7, phosphate);E00(*Ru2+)[V] ) 2.1 eV (pH 7, phosphate);E00[*Ru2+(phen)2(CN)(im)] ) 2.2 eV (pH 7, phosphate);E°[Ru2+/+(4,4′-
(CONH(C2H5))2-bpy)2(im)2] ) -1.18 V (acetonitrile);E°[Ru2+/+(phen)2(CN)(im)] ) -1.63 V (acetonitrile). Errors inE° values aree(0.03 V.
b Assuming formation of the ferroheme3MLCT excited state.

Figure 1. Reaction sequences following excitation of Ru2+ on oxidized
(1) or reduced (6) cytochromec. Ru represents the various complexes
in Table 1, and Fe represents the heme group of cytochromec. Q1 is
Ru(NH3)63+; Q2 is MeODMA.

Figure 2. Transient absorption kinetics of a solution of Ru(phen)2-
(CN)(His33)cytochromec(Fe3+) (18 µM) and MeODMA (9 mM)
following laser flash excitation (480 nm, 20 ns, 1.9 mJ). Smooth lines
are fits to a biexponential decay function; residuals are shown above
each trace. The faster component corresponds to loss of *Ru2+ (kobs
) 9.4× 106 s-1); the slower component corresponds to Ru+ f Fe3+

ET (RkET ) 4.5 × 105 s-1). Top: Kinetics monitored at 550 nm.
Bottom: Kinetics monitored at 339 nm. Inset: Transient difference
spectrum (dots) observed after the slower phase (∼100µs). The solid
line is the sum of the spectra of (Fe2+-Fe3+) cytochromec (ref 28)
and MeODMA•+ (ref 29).
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top). The Ru(phen)2(CN)(His33)cyt c Fe2+ f Ru3+ rate
constant, while consistent with the analysis, is statistically an
outlier, and was not included in the fit of the RuL2(im)(His)cyt
c data. Cyanide binding to ruthenium evidently perturbs the
Ru-heme electronic coupling relative to Ru-im ligation.
Indeed, calculations indicate that the Fe2+ f Ru3+ rate constant
is sensitive to the Ru orbital that provides the coupling to the
bridge,31 and experimental work shows that varying X in RuL2-
(X)(His) could slightly alter the Ru-His coupling.32

One of the *Ru2+ f Fe3+ rates [*kET(V)] is well described
by the Fe2+ f Ru3+ analysis; however, the other *Ru2+ f Fe3+

rate [*kET(IV )], as well as the Ru+ f Fe3+ rates [RkET(IV ) and
RkET(VI )], are higher than expected for the driving forces
involved (Figure 3, bottom). In particular,RkET(IV ) is more
than six orders of magnitude higher than predicted. We can
rule out variations in outer-sphere reorganization energies (λo)
as an explanation for this anomalous rate/energy behavior:
according to dielectric continuum models,33 λo depends on
donor-acceptor properties that do not vary significantly for the
different types of ET reactions in Ru(His33)cytc molecules.
Electronic-coupling variations cannot explain the rate/energy
behavior either. The donor electron in the *Ru2+ f Fe3+ and
Ru+ f Fe3+ reactions is localized in a diimineπ* orbital. The
first step in the ET pathway involves coupling to the Ru or
directly to the protein. In either case, the coupling should be
slightly weakerthan that for Fe2+ f Ru3+ ET.34 Deviations

from inverted behavior involving anomalously fast inverted rates
often are attributable to quantum effects: specifically, the
inverted effect can be attenuated at high driving forces by
nuclear tunneling along one or more coordinates of high-
frequency vibrational modes.35 We do not favor this explanation
in our case, however, because an unreasonably large inner-
sphere reorganization energy (λi ∼ 1 eV) is necessary to
accommodateRkET(IV ) in the fit.36

It has been suggested that Ru+ f Fe3+ reactions are so
exergonic that formation of an electronically excited species
(at lower driving force) is faster than the (highly inverted)
reaction directly to ground-state Ru2+-Fe2+.37 Although the
lowest Ru2+ excited states are out of reach (g1.9 eV),38 those
for ferrocytochromec are not: the origin of the transition to
the 1MLCT [Fe(dπ) f P(π*), P ) porphyrin] excited state is
roughly 1.3 eV39 and the3MLCT state is estimated at∼1.05
eV.40 Indeed, the rates predicted for the Ru+-Fe3+ f Ru2+-
*Fe2+(3MLCT) reactions of complexesVI andIV (Figure 1: 5
f 7) are close to those observed for Ru+ f Fe3+ ET (Figure
3, bottom).41 Similar analysis indicates that the *Ru2+-Fe3+

f Ru3+-*Fe2+(3MLCT) reaction of complexIV (Figure 1: 2
f 8) is faster than inverted ET directly to a ground-state
ferroheme.42,43

The phenomenon of rate/energy leveling is common for
photoinduced charge separation;44 most examples of inverted
behavior involve recombination reactions.45 Invoking the
formation of excited-state products is one explanation of rate
leveling:8,14,44,46,47photoinduced charge separation generally
produces open-shell species (radicals) possessing low-lying
excited states, whereas recombination reactions yield closed-
shell products.14 A key role played by electronic structure in
ET kinetics is underscored by our finding that a relatively low-
lying excited state of a closed-shell product can open a
noninverted decay channel deep in the inverted regionsthe
region in which thermal (energy wasting) recombinations of
photogenerated charge-separated states are usually inhibited.
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weaker electronic coupling expected for Ru+ f Fe3+ reactions.

(42) Subsequent excited-state deactivation (Figure 1:8f 3 and7f 6)
should be very fast,>1011 s-1 (Huppert, D.; Straub, K. D.; Rentzepis, P.
M. Proc. Natl. Acad. Sci. U.S.A. 1977, 74, 4139-4143. Li, P.; Sage, J. T.;
Champion, P. M.J. Chem. Phys. 1992, 97, 3214-3227).

(43) LF(Ru3+) excited states also could be formed in *Ru2+ f Fe3+ ET
reactions. These states, however, are at relatively low energies (∼1000
cm-1; LaChance-Galanget al. in ref 32) and their population is not likely
to significantly affect *Ru2+ f Fe3+ ET rates.

(44) Rehm, H.; Weller, A.Isr. J. Chem. 1970, 8, 256-271.
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Chem. 1993, 97, 5070-5073.
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Figure 3. Driving-force (-∆G°) dependence of intramolecular ET rate
constants in Ru(His33)cytc (Table 1). Top: Fe2+ f Ru3+ ET in RuL2-
(im)(His33)cytc. The line represents the best fit to eq 1 (HAB ) 0.095
cm-1; λ ) 0.74 eV). Bottom: Replot of the abovekET/-∆G° curve
with the addition of Ru+ f Fe3+ (rectangles) and *Ru2+ f Fe3+

(triangles) data. The open symbols represent the highly exergonic
reactions directly to ground-state products; the gray symbols represent
the reaction channel involving formation of the ferroheme3MLCT
excited state (∼1.05 eV).

Heme Oxidation and Reduction in Ru(His33)cytochrome c J. Am. Chem. Soc., Vol. 118, No. 8, 19961963



Experimental Section

General. Protein solutions were concentrated using ultrafiltration
units (stirred cells or centricon devices) containing YM3 or YM10
membranes (Amicon). G-25 Sephadex (Pharmacia) was used for gel
filtration chromatography, and unless otherwise specified, columns were
preequilibrated and eluted withµ ) 0.1 sodium phosphate buffer, pH
7.0. Unless stated otherwise, cation-exchange chromatography was
performed using an HR 16/10 Mono S prepacked column attached to
an FPLC system (Pharmacia). Linear NaCl gradients were used for
elution (loading buffer (pump A)µ ) 0.1 sodium phosphate, pH 7;
limit buffer (pump B) 0.25 M NaCl, buffered to pH 7 using sodium
phosphate (∼25 mM)). Absorption spectra were measured using a
Hewlett-Packard 8452A Diode-Array spectrophotometer.
Materials. Horse heart cytochromec (type VI) was obtained from

Sigma and was typically purified by cation-exchange chromatography
(FPLC) before use. Buffers were prepared using reagent grade
chemicals and distilled house water purified by passage through a
Barnstead NANOpure system. 1,10-Phenanthroline (phen), 2,2′-
bipyridine (bpy), 4,4′-dimethyl-2,2′-bipyridine (4,4′-(CH3)2-bpy), and
imidazole (im) were purchased from either Merck or Aldrich and used
as received.p-Methoxy-N,N-dimethylaniline (MeODMA) was obtained
from p-methoxyaniline (TCI) by reaction with dimethyl sulfate ac-
cording to a published procedure,48 followed by room temperature
sublimation under static vacuum; it was stored in the dark under argon
until just prior to use. Ruthenium(III) chloride hydrate was used as
received from Johnson Matthey or Aldrich. Hexaammineruthenium-
(III) chloride (Aldrich) was recrystallized from warm 1 M HCl (<40
°C) before use. RuL2Cl2, RuL2(im)2Cl2, and RuL2(CO3) were prepared
by literature procedures for the analogous Ru(bpy)2Cl2,49Ru(bpy)2(im)2-
Cl2,50 and Ru(bpy)2(CO3)51 compounds, with minor modifications.
4,4′,5,5′-Tetramethyl-2,2′-bipyridine (4,4′,5,5′-(CH3)4-bpy).52 2,3-

Dimethylpyridine (30 mL) was refluxed with a Pd/C catalyst (10%
Pd, Aldrich) for 8 days. A solid material was obtained upon cooling.
Toluene/chloroform (∼1:1) was added to dissolve the solid, and the
solution was filtered hot. Rotary evaporation of the filtrate yielded a
white precipitate that was isolated by filtration and washed with a small
amount of toluene/chloroform. Yield: 6 g.1H NMR spectrum (in
DCl, pH 1, uncorrected): singlets at 8.25 (1), 7.75 (1), 2.34 (3), and
2.25 (3). The product was recrystallized from ethyl acetate.
4,4′-Bis(N-ethylcarbamoyl)-2,2′-bipyridine (4,4′-(CONH(C2H5))2-

bpy). 4,4′-Dicarboxy-2,2′-bipyridine53 (3 g, 12 mmol) was refluxed
in 30 mL of thionyl chloride for 3-4 h, producing a yellow solution.
Excess thionyl chloride was removed under vacuum, and the resulting
residue was dried at 50°C under vacuum. Dry benzene (80 mL) was
added, and treatment of the suspension with excess freshly distilled
ethylamine (3 mL, 45 mmol) yielded instant precipitation of the white
product. The mixture was refluxed for another hour. Chloroform (100
mL) was added to dissolve impurities, and the reaction mixture was
filtered. The white solid was washed with ether and dried in air.
Yield: 2.1 g. 1H NMR spectrum (in 0.25 M DCl): d at 8.98 (2), s at
8.77 (2), d at 8.15 (2), q at 3.47 (4), and t at 1.24 ppm (6).
[Ru(phen)2(CN)(im)]Cl. Ru(phen)2Cl2 (297 mg, 0.53 mmol), KCN

(48 mg, 0.79 mmol), and im (47 mg, 0.69 mmol) were refluxed in
water/ethanol (1:1) for 3 h, and the red solution was rotary-evaporated
to dryness. The residue was redissolved in a minimum of water/ethanol
(∼5:1), and the solution was applied to a cation-exchange column
preequilibrated with water (SP-Sephadex, 12 cm× 4 cm i.d.). A small
amount of Ru(phen)2(CN)2 eluted in the void volume (with water). Ru-
(phen)2(CN)(im)+ was eluted with 0.5 M NaCl (∼500 mL). The
volume was reduced to∼60 mL by rotary evaporation, yielding

precipitation of an orange solid. After incubation at 0°C for 2 h, the
solid was isolated by filtration, washed with ether, and air dried.1H
NMR spectrum (in D2O): d at 9.89 (1), d at 8.68 (1), d at 8.54 (1), d
at 8.45 (1), d at 8.31 (1), d at 8.17 (1), d at 8.02 (1), d at 7.99 (1), m
at 7.91 (3), dd at 7.81 (1), d at 7.74 (1), d at 7.70 (1), s at 7.61 (1), dd
at 7.32 (1), dd at 7.16 (1), s at 6.86 (1), s at 6.64 (1).

RuL2(im)(His33)cyt c. Ru(bpy)2(im)(His33)cyt c was prepared
according to a published procedure54 with minor modifications. A
solution of ferricytochromec (0.5 mM, 15 mL;µ ) 0.1 phosphate
buffer, pH 7.0) was stirred under Ar with Ru(bpy)2(CO3) (36 mg,∼5
mM) for 18-24 h at room temperature in the dark. Excess Ru(bpy)2-
(H2O)2 was separated by gel filtration (G-25 Sephadex, 30 cm× 2.5
cm i.d.). Solid imidazole was added to the protein fraction (to make
∼1 M), and the solution sat in the dark for 1-3 days (pH unadjusted).
After gel filtration to remove excess imidazole, the protein band was
concentrated by ultrafiltration (Amicon) and loaded onto a Mono S
column for purification by FPLC (Pharmacia). The band eluting at
∼60% buffer B was concentrated, desalted by gel filtration, and purified
1-2 more times by FPLC; the absorption spectrum indicated the
presence of a single Ru(bpy)2(im)(His) moiety per cytc (e.g., OD292/
OD410 ) 0.67). The site of modification was determined by tryptic
digestion of the modified protein, followed by purification and amino
acid sequencing of the Ru-containing peptide.38

The other RuL2(im)(His33)cytcmolecules were prepared as above,
with the following modifications: In the preparation of Ru(4,4′,5,5′-
(CH3)4-bpy)2(im)(His33)cytc, Ru(4,4′5,5′-(CH3)4-bpy)2Cl2, dissolved
in 100-200µL methanol, was used instead of the carbonato complex.
The modification reaction involving Ru(4,4′-(CONH(C2H5))2-bpy)2-
(CO3) used 2-3 times greater concentrations of both reagents and
required 2-4 days at 30-35 °C; the subsequent imidazole reaction
was conducted at 30-35 °C and pH 8.5. In the preparation of Ru-
(phen)2(im)(His33)cytc, the modification reaction took∼2 days, and
protein solutions were passed through a screening column (SP
Sepharose, 3 cm× 2.5 cm i.d.; eluent: 0.25 M NaCl, pH 7) to remove
multiply modified and/or other highly binding side products prior to
loading on the FPLC column (the solution off the screening column
was desalted by repetitive concentration/dilution cycles in an Amicon
ultrafiltration cell).

Ru(phen)2(CN)(His33)cyt c. Modification using Ru(phen)2(CO3)
was carried out as above, but after gel filtration to remove excess Ru-
(phen)2(H2O)2, the protein solution was passed through an SP Sepharose
screening column (see above), and loaded on a Mono S column for
purification by FPLC. The band eluting at∼60% buffer B (Ru(phen)2-
(H2O)(His33)cytc) was concentrated to∼0.7 mM, reduced with excess
sodium dithionite, and passed through a gel filtration column preequili-
brated and eluted with 0.2 M diethanolamine, pH 9.1. Solid KCN was
added (to make 0.22 N KCN) and the solution (∼0.2 mM Ru-cytc)
was stirred under argon in the dark for 3 days. The reaction was
stopped by passage down a gel filtration column, and the protein
solution was oxidized overnight at 4°C by addition of>100-fold excess
of solid KCoEDTA. The solution was then loaded onto a Mono S
column, and Ru(phen)2(CN)(His33)cyt c eluted at 45% buffer B.
Numerous side products were observed, including unreacted Ru(phen)2-
(H2O)(His33)cytc, and 1-2 additional FPLC runs were necessary to
achieve baseline separation.

Kinetics. Protein solutions for oxidative flash-quench measurements
were reduced by excess sodium dithionite and passed through a gel
filtration column just prior to each experiment. Solutions (1.5-4 mL)
of 12-20µM Ru-cytc and either 3-7 mM Ru(NH3)6Cl3 (for oxidative
flash-quench experiments) or 5-9 mM MeODMA (for reductive flash-
quench experiments) inµ ) 0.1 sodium phosphate buffer, pH 7.0, were
Ar-degassed by repetitive pump/fill cycles in vacuum cells fitted with
1 cm quartz cuvette side arms. In the photoinduced experiments
involving IV , aniline (5-25 mM) was used to scavenge Ru3+ in order
to determine the yield of Fe2+. Kinetics were monitored by transient
absorption; the excitation source was a dye laser (Lambda Physik
FL3002; Coumarin 480, 20 ns/pulse, 480 nm, 1-3 mJ/pulse) pumped
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(50) Long, C.; Vos, J. G.Inorg. Chim. Acta1984, 89, 125-131.
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Chem. 1978, 17, 2211-2215.
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symmetrically substituted bipyridines (Sasse, W. H. F.; Whittle, C. P.J.
Chem. Soc. 1961, 1347-1350).

(53) Sprintschnik, G.; Sprintschnik, H. W.; Kirsch, P. P.; Whitten, D.
G. J. Am. Chem. Soc. 1977, 99, 4947-4954.
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Kutal, C., Norton, M. L., Scott, R. A., Eds.; American Chemical Society:
Washington, DC, 1990; Vol. 226, pp 180-193.
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by a XeCl excimer laser (Lambda Physik LPX210i), and the probe
source was a 75 W xenon arc lamp.
Electrochemistry. Electrochemical measurements were made using

a BAS (Model 100 or Model CV-50W) electrochemical analyzer, with
platinum wire as the auxiliary electrode; potentials were converted to
NHE by usingE°(SCE) ) 0.241 V. Ru3+/2+ potentials of model
complexes were measured in sodium phosphate buffer (µ ) 0.1, pH)
7.0) by cyclic voltammetry using either a platinum or glassy carbon
working electrode and SCE as the reference electrode. Ru3+/2+

potentials ofII andV were determined by Osteryoung square-wave
voltammetry [potential range 0.3-1.0 V (VsSCE), step height 2 mV,
square-wave amplitude 25 mV, frequency 5 Hz] using an edge-plane
graphite electrode (5 mm diameter) as the working electrode and SCE
as the reference; samples (∼1 mL) were 1-3 mM protein,µ ) 0.1
sodium phosphate buffer, pH) 7.0. Ru2+/+ potentials were recorded
VsAgCl/Ag at an edge-plane graphite electrode in acetonitrile (Burdick

and Jackson) with 0.1 M tetrabutylammonium hexafluorophosphate
(Southwestern Analytical) as supporting electrolyte; they were corrected
for the junction potential and converted to SCE using ferrocenium/
ferrocene as an internal standard.55
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(55) In our cell, cyclic voltammetry of a 0.05 mM ferrocenium nitrate
solution in 1.00 M KCl gaveE°(Fc+/Fc) ) 0.139 V Vs SCE. Junction
potentials in acetonitrile were found to be∼150-300 mV.
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