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For further investigations in the field of artificial photosynthesis, a model compdyrdis been developed

to mimic the electron-transfer steps from the manganese clustegdoif photosystem II. In this model
compound the photosensitizer ruthenium¢tfisbipyridyl was linked to a manganese(ll) ion through a bridging
ligand. Photoexcitation df in the presence of the electron acceptor methyl viologen{N\éad to electron
transfer from the Ru moiety to MA. Laser flash photolysis experiments at different concentratioris of
were performed in order to follow the subsequent reduction of the photooxidized Ru(lll) species. A kinetic
model, taking different parallel reactions into account, could explain the experimental data. It was shown
that the major part of the photooxidized Ru(lll) created was reduced again by intramolecular electron transfer
from the attached Mn(ll), with a rate constant of x8L(°P s™X. However, Mn(ll) was partially dissociated

from 1, giving a fraction of Ru(lll) without Mn(ll) attached. In these complexes electron transfer could
occur only after a rate-limiting reassociation of Mn(ll), with a rate constanx219® M~ s™*. In the analysis

of the data, the fraction of dissociated Mn(ll) could be determined independently at each concentration of
utilizing the fact that bound Mn(Il) quenched the excited state, probably by energy transfer.

Introduction To mimic the natural way of converting solar energy to
chemical energy and to learn more about the structure and

In natural photosynthesis light absorbed by green plants is function of the natural photosystem, several model systems have

transformed into chemical energy. This is done by a sequence ; e L
of electron-transfer steps, following the initial excitation in the lr)n ez:}rTI Cci)r?titrtl\j\?ctega?endoiusqligé Tch:rlsss?g';['ﬁ;l g’fyzte?;:;\é':_e
photosynthetic reaction centers, ultimately leading to the reduc- . y 9 : y phot

tion of carbon dioxide. In plants and algae, the electrons neededs't_'zer’ linked to electror_l donors and acceptors concerning the
for this reduction are generated in the reaction where water is primary charge-separation procéss; of manganese clusters

oxidized to molecular oxygeh? Water oxidation occurs in the serving as models for the oxygen evolving_cente_r in PS II. Most
photosystem Il reaction center where the electron-transfer of these latter models have been chem_|cally |nert.strucltural
reactions start by excitation of the primary electron dongs.P models or heterogeneous catalysts with rather ill-defined
An electron is then transferred from &3 to the acceptor ~ Structure’

pheophytin and further to two quinones, &d Q.12 For these As far as we know, there are no previous examples of super
steps to be repeatable, the oxidized forggyPhas to be reduced.  molecules that mimic the donor side of PSII containing both a
An electron is transferred tosgy* from the donor side through ~ manganese moiety and a photooxidizable sensitizer. We have
the oxidation of a tetramanganese cluster. The transfer of now synthesized some model systems in which a ruthenium
electrons is mediated tasg" via the electron donor tyrosinez,  trisbipyridyl compleX is coordinatively linked to a manganese
which interfaces the manganese cluster aggh'B—2 Four ion or a tyrosine derivativé.

electron abstractions tosf" lead to oxidation of two water The possibility of photooxidation of the Ru(ll) sensitizer,
molecules releasing one molecule of oxygen. The manganesefoliowed by intramolecular, Mn(1l)-to-Ru(lll), electron transfer
cluster has an important role in this process, coordinating waterin 1 was investigated by flash photolysis experiments in the

and storing four oxidizing equivalents:* presence of methyl viologen (M) as external acceptor. Upon
— ilumination the excited state of Ru(bp§} is oxidized by
; Uppsala University. electron transfer to M%, which results in the formation of
Royal Institute of Technology. 3+ Vv . .
s Lund University. Ru(bpy}®* and MV". In the binuclear rutheniummanganese
O Chalmers University of Technology. complex 1, shown in Figure 1, it was found that Ru(bp?)
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Figure 1. Model compound 1 ([Ru(bpyMebpy-MebpyMnCj}-H,0]-
Cl,) and reference compound 2 (Ru(bgijebpy-Mebpy)C)).

then recaptures an electron from the coordinatively bound
manganese ion. A complication is the fact that manganese is
partly dissociated from the complex giving two different species
of Ru(bpy)}®* in the photochemical reactions, one with coor-
dinatively bound manganese, 'RuMn'" (oxidized1), and one
without attached manganese, Ru(lll)L (oxidiz&d

In the present paper we report on a detailed kinetic analysis

J. Phys. Chem. A, Vol. 102, No. 15, 1998513

Absorption spectravere recorded on an HP 8453 diode-array
spectrophotometer.

Laser flash photolysiexperiments were performed with two
different systems. A commercial system from Applied Photo-
physics used a Nd:YAG laser (Spectron Laser system, SL803G,
7 ns pulse length) for excitation at 532 nm. A pulsed xenon
arc lamp was used for detection, and the different detection
wavelengths were selected with a monochromator coupled to
an R928 photomultiplier. The signal from the photomultiplier
was transferred to a digital oscilloscope. The data were
collected with an Acorn Archimedes 440/1 compuferThe
bleaching of the Ru(bpyJ' signal was followed at 452 nm. In
the other system, an ELI-94 excimer laser operating with XeCl,
A = 308 nm, was used to pump an LT-1113 dye laser (both
from the Estonian Academy of Sciences) giving an excitation
wavelength of 460 nm (20 ns pulse length, 1 mJ/pulse). The
analyzing light was provided by a xenon arc lamp and for
detection a photomultiplier coupled to a Techtronix 7912AD
digitizer was used. The data were collected with a personal
computer.

Stopped-flovexperiments were performed on a Hi-Tech SF-
51 apparatud!

Results and Discussion

Emission Measurements. Before describing the electron-
transfer studies, we will discuss the effect of the coordinated
Mn(Il) on the excited-state properties of the Ru(kgy)part of
1, which was investigated by emission spectroscopy.

At room temperature the emission decay2ah acetonitrile
was single-exponential with a lifetime of 950 ns and an emission
maximum at 615 nm. Fot a double-exponential decay was
observed withr; = 250 ns andr, = 980 ns, with the same

of these electron-transfer processes. We also report on somemission maximum. Mn(ll) is partly dissociated fratnand

preliminary results concerning the mechanism of quenching of
the excited state of Ru(bpy) by the coordinatively bound
manganese.

The present study shows that intramolecular electron transfer
occurs from manganese to photogenerated Rugbpy)rhis is
a first step for the development of models mimicking the donor
side of PSII.

Experimental Section

Chemicals. The synthesis and characterization of the mono-
nuclear ruthenium comple? and the binuclear ruthenium
manganese complekis described elsewhefe The emission
and absorption measurements were performed at room temper
ature in acetonitrile of spectroscopic grade (Merck, 99.8%). The
concentrations used df were 14-100 uM. To quench the
excited state of Ru(ll), methyl viologen (Sigma) was used as
received in the flash photolysis experiments. For time-resolved
experiments the solution was deoxygenated with nitrogen for
15 min before the measurements.

For low-temperature measurements of the fluorescence emis-

sion, 1 and2 were dissolved in butyronitrile (Fluka, 99%).
Instrumentation. Time-resoded fluorescencelecay data
were collected with the single-photon-counting technique. A
mode-locked Nd:YAG laser was used to synchronously pump
a cavity-dumped dye laser using DCM as dye. The output
frequency was 80 kHz and frequency doubled to 327 nm to
excite the samples. The emission around 610 nm was selecte
with an interference filter with a bandwidth of 10 nm and
detected with a photomultiplier. The number of channels in
the experiments was 5P2.The emission data were analyzed

according to a single- or double-exponential decay.

the equilibrium RULMn" < RU'L 4+ Mn" (i.e., 1< 2 + Mn")

is established where Mmrepresents all forms of manganese in
the solution that is dissociated from the ruthenium complex.
When MnC} was added td, the component with; = 250 ns
increased and there was a corresponding decrease of the
component withr, = 980 ns. With a large excess of MnCl
the component with, = 980 ns disappeared completely. Thus
we attribute the slower component to the compound where Mn-
(I1) is dissociated Z) and the faster td, where the excited state

is quenched by the attached Mn(ll). The mechanism of
guenching is discussed below. To determine the association
constantKass, emission lifetime measurements were made at
different concentrations aof, between 14 and 100M. The
relative amounts of the different components were determined
from a double-exponential fit to the curves at each concentration.
The concentrations of R and free Mt are equal and the
association constant is given by

_ [Ru"LMn"] _ [Ru"LMn"]
[RU'LIMN"]  [RU"L)?

The total concentration of the complex is deno@dand the
fractions of the total concentration with = 250 andr, = 980

ns are denoted; and A, respectively, and were determined
from the fit to the emission decay curves. The values were
inserted into eq 1 and plotted verdD$n Figure 2 according to

1)

ASS

éhe modified form:

Ayl A22 = CKiyss 2

The association constant was obtainedass = 1.3 x 10°
M1,



2514 J. Phys. Chem. A, Vol. 102, No. 15, 1998 Berglund-Baudin et al.

15 -7 L . 1 L 1 . I I L
- ] 0.2 B
~ 1OF ] 01+ -
N r 4
< . ] -
\P . ] o
< d ] ]| 0
S ] < | L
t 1
F ] 01 - I
1
s ] i L
0 T B S S | -
0 2 4 6 8 10 -0.2
conc.x10° (M) S A R
0 20 40
Figure 2. Fractions ofl (A;) and2 (Ay) of the total concentration of time(us)

the complex,C, versusC. Mn(ll) is partly dissociated froml due to

the equilibrium M+ RU'L <= RU'LMn", the fractions®; andA, were
determined from a fit to the emission decay curves at different total
concentrations of the complex. The association constagwas given

by the slope and obtained #&sss= 1.3 x 10° M7,

L1

Mechanism of Quenching by Manganese The mechanism
and rate of quenching of the excited state of ruthenium by the
coordinated manganese are important for the design of future @
Ru—Mn complexes. For example, we have previously fdind ©
that in some complexes the quenching made the excited-state <.
lifetime too short to allow the simple approach with a free
viologen acceptor to photooxidize the ruthenium center in a
bimolecular reaction. Some different possible quenching mech- L
anisms have to be considered. i

Paramagnetic quenching was discussed several decades ago  -0.20 +—————————+————————————————————+
as a general mechanism for excited-state quenching. However, 0 100 200
detailed studies showed this mechanism to be insignificant for time(us)
the quenching of excited ruthenium compleXes. Figure 3. Transient absorption curves bf60 M) (solid line) and2
Another possible reason for the quenching would be that the (65 uM) (dotted line), in deoxygenated acetonitrile in the presence of
coordination of manganese induces a change in the electronicMV?" (20 mM), e, = 460 nm. The kinetic traces fdrand2 at 602
properties of the Ru(bpyd* part of the molecule, despite the nm shows the absorption of MV The signals at 450 nm shows the

. L .. bleaching and subsequent recovery of Ru(ll). The recovery at 450 nm
two methylene units that separate the bipyridines of the bridging for 1 is faster than fo2 due to intramolecular electron transfer from

ligand. This would be expected to change the rate constantSyin(y to Ru(lll), whereas the decay of the MVsignal occurs with

for excited-state deactivation. However, the absorption and essentially the same rate for bdttand2. The Ru(ll) recovery fo is

emission spectra fot and2 are identical, as well as the rate  due to the recombination with MVonly. The “spike” in the 450 nm

constant for radiative decay (determined from the ratio of  curve seen fol originates from the excited state decay.

the emission quantum yield and lifetimés = ®en/Ten).

Therefore, the excited-state energy and the electronic structuretransfer from the excited ruthenium complex, which has-80

are not affected to any detectable extent by the attachedtransition around 580 nm, should be slightly exoergonic. The

manganese. Mn(ll) transitions are not observed in our absorption spectra,
Further, we must consider energy and (reductive) electron due to their spin-forbidden nature. Despite this faqt, exchange

transfer between the ruthenium and the manganese moieties€nergy transféf from the excited (triplet) Ru(bpy)moiety can

For electron transfer, an appreciable rate would require that thebe spin-allowed, since the overall spin of the reactant pair may

0.10
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process is exothermic, i.e., thEt(RU"") > E°(Mn"/"). The be conserved. Thus, energy transfer seems like a feasible
potential for the excited-state reductiofA(Eu’") is +0.85 V quenching mechanism ih
(vs SCE in CHCN™). For the M potential a value of-0.90 To discriminate between the energy- and electron-transfer

V (vs SCE in AN) was obtained from cyclic voltammetry mechanism, the emission lifetimes of the complekeand 2
measurementsS. Reductive quenching of the excited Ru moiety were measured in rigid butyronitrile glass at 90 K. In an ET
would thus be endothermic by ca. 0.05 eV. The reorganization reaction the solvent molecules around the complex need to
energy for electron transfer between small molecules in polar reorganize according to a new charge distribution following the
solvents in typically=1.0 eV* Reductive quenching would  electron transfer. When the solvent is frozen, this reorganization
then be strongly activated and not likely to be responsible for cannot occur, and the reactiohG® increases by the outer
the observed quenching. reorganization energy which would be in the order of 118V.

Next, energy transfer quenching is considered. Mn(ll) Thus the electron-transfer process would be strongly endother-
complexes are known to possess low-lying excited states, for mic in the present case and inhibit the quenching. On the other
which transitions from the ground state are spin-forbidfen. hand, if the quenching occurs by energy transfer, then the solvent
For example, MnGl in a rigid matrix shows an emission reorganization energy is small and the effect of freezing the
maximum around 608650 nmi® This suggests that energy solvent would be much smallét.
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Figure 4. Reaction scheme for the electron-transfer processes that occurs in flash photolysis. The disappearance of the total concentration of
Ru(lll) species, after the decay of the excited state, is given by eq 10. For definitions of rate constants see the text.

For the reference compourgd(Ru'L) in butyronitrile glass 2. Thus the photogenerated Ru(lll) Inmust have received an
(90 K) the emission decay curve was a single-exponential with electron from a source that is not presenRiand that is not
7 = 5us. Forl (RU'LMn") the decay traces were complex MV ™.
and could be fitted to a sum of three exponentials witk= 5 The most probable explanation is that the increase in the rate
#S, T2 = 2 us, andrz = 400 ns. The amplitude fractions were ¢ Ry(I1) recovery inl is due to electron transfer from bound
A = 0.4, A, = 0.3, andAs = 0.3, respectively. From the Mn(ll). The subsequent disappearance of the Mdignal can
similarity in value, the longer lifetime may be attributed to explained by a recombination between Mgnd the Mn-
emission from the dissociated mononuclear specidé RiThe (Ill) formed, apparently giving the same kinetics as for the

more short-livgd components appear on_Iy in comfiexd are recombination between Ru(lll) and MVobserved with com-
therefc;](e att.rlllbuted to tEe pquwsqmateﬁ complex,h Whﬁ.re pound2. To investigate if Ru(lll) is capable of oxidizing Mn-
ggr?tr:icbulgcg)nStils r?gf:rzi'nn :e-ee;Igl m‘?”lx'd The reasor;)tb?t :hlst (1), a control experiment was performed by EPRy which

. : 9 ponential decay 1S probably tha chemically produced Ri(bpy)s was mixed with an equimolar
the ligand that bridges the Ru and the Mn is flexible, so that a . .

S : . . amount ofl, which contains Mn(lIl). Ru(lll) and Mn(ll) show
distribution of different conformations is present. In the glass, h teristic EPR signals wh Ru(IN and Mn(ll] EPR-
the conformations are fixed and would be expected to display charactenstic EFik signais whereas u( )anl n(_ ) are
varying reactivities due to the different orientation and distance S|Ient: After mixing, b(.)th EPR signals rap|-dly.d|sappeared,
between the reactants. The rate constant for the quenching byShOW'”g that Ru(lll) is indeed capable of oxidizing Mn(H).
manganese it was 3x 10° st at 298 K and 2.3« 10° s~* at One important question is whether the electron transfer from
90 K for the faster component. Thus, the quenching rate Mn(ll) to photogenerated Ru(lll) is intra- or bimolecular, i.e.,
constant was almost the same at 298 and 90 K for a largeoccurs between Mn(ll) and Ru(lll) units on the same or on
fraction of the conformations. This suggests that the quenching different molecules. To investigate this, experiments were
of the excited ruthenium moiety ihindeed occurred by energy ~ performed where the concentrationlofvas varied between 14
transfer to the manganese moiety and not by an electron-transfeand 10QuM. The resulting kinetic traces of the Ru(ll) recovery
mechanism. at 452 nm were not simple single exponentials and were found

Electron Transfer from Mn(ll) to Photooxidized Ru(lll). to depend on the concentration. They could be explained by a
The photoinduced electron-transfer processes occurring in thekinetic model where an intramolecular electron transfer occurs
complexes were studied by flash photolysis. Methyl viologen in the intact complex (RULMn'"), whereas in the dissociated
(MV?+, 20 mM) was added to an acetonitrile solutionlobr complexes (RUL) electron transfer can occur only after
2. After excitation at 532 nm the excited state of ruthenium reassociation of Mn(ll) (see Figure 4). The latter rate is limited
was quenched by electron transfer to kY forming Ru(lll) by the second-order association reaction with a rate constant
and MV* in equal amounts in agreement with well-known obtained as 2.% 10° M~1s1. The first-order rate constant,
ruthenium bipyridine and methyl viologen reactidh$? The kes, for the intramolecular process was determined to bex1.8
subsequent regeneration of Ru(ll) was followed by the bleaching 106 5.
at 452 nm, in the lowest metal-to-ligand charge-transfer band.
The reduction of M™ to MV* and the following decay of
MV * were observed at 602 nm where MYas a characteristic tions
absorption maximurit sec_ N ) .

Compound?, which contains no attached Mn(ll), was used Klnetlp Model. The model presented is for the reac’glons
as the reference compound. In this case the disappearance df€fined in Figure 4. Laser flash photolysis experiments in the
the 602 nm signal and the recovery of the absorbance at 452Presence of M¥* result in the appearance of oxidized Ru(lll)

A kinetic model for the processes is proposed below.
Arguments supporting this model are presented in the following

nm was solely due to recombination between Wahd Ru(lll) and an equimolar amount of MV after 1 us when the
and followed second-order kinetics, with a diffusion controlled duenching process is completed.
rate constantge.= 5 x 10° M~1s71.22 For 1 the results were The emission decay curves tbfshow that Mn(ll) is partly

different: The Ru(ll) recovery was much faster (Figure 3), but dissociated from the complex; therefore, a mixture of RMn"
the decay of MV' showed essentially the same kinetics as for and RU'L is formed:
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*Ru'L + MVZT = RU"'"L + MV

®)

RU'LMA" + MV 2 R LMA" + My * (4)
These reactions occur in competition with emission and radia-
tionless deactivation.

The different reactions that occur after the quenching process
during the time scale of interest are

Rulll LMnII ﬁ RuIILMnIII

)
ks
RU"L + Mn" = Ru"LMn" (6)
Ru"'LMn"! + mv*
RUMLMAM + Mv* s~ Rt pnt + my2* (7.8,9)

Ru'''L + Mv*

ketis the first-order rate constant for the intramolecular electron-
transfer process in the intact complek, is the rate constant
for the association of Mn(ll) with the dissociated complex. The
rate constant for the second-order diffusion-controlled back
transfer from MV to either Ru(lll) or Mn(lll) is assumed to
be the same and is denotled, This assumption is supported
by the observation that the recombination of Ru(lll) with MV

Berglund-Baudin et al.

TABLE 1. Rate Constants

total concn of concnof free ket x 1075 kay x [MN(I1)] free
complexl (uM)  Mn(Il) (uM)?2 (sHP x 1075 (s7h°
100 23 2.0 0.89
65 18 1.6 0.43
40 13 1.6 0.47
28 10 1.7 0.39
21 8 1.8 0.37
14 6 2.3 0.29

a Concentration of Mn(ll) that has dissociated frdm(see Figure
2). ® Rate constant for intramolecular Mn(l1)-to-Ru(lll) electron transfer
in 1. ¢ Pseudo-first-order rate constant for reassociation of dissociated
Mn(ll).
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occurred with essentially the same rate as the recombination of

Mn(lll) with MV *, as shown by the similar decay of the MV
signals at 602 nm fol and2. The disappearance of Ru(lll)
was observed as the bleaching recovery at 452 nm. The
guenching of the excited *Ru(ll) was much faster than the

Figure 5. Rate constant for intramolecular electron transker,in 1
versus the concentration of free Mn(ll) (triangles). Psedo-first-order
rate constantk]Mn']qee, Versus the concentration of free Mn(ll)
(circles).

subsequent reactions of Ru(lll). Therefore the disappearance Qne alternative explanation to the results would be that the

of the total concentration of Ru(lll) species, after the decay of
the excited state, is given by (see Appendix and Figure 4)

(IRU"LMNn"] + [RU"L])(t) =

Ry _ka[Mn”][Ru'”L]O\ ot .
© k= kIMN"] JkedMV ot + 1
GRU'L, g

ket = KIMN"] ke dMV ot + 1

The parameterke; and kJMn'"] and the total concentration
of Ru(lll) ([Ru"Jgtot = [RU"LMn"]g + [RU'"L]o) initially
formed were determined from a fit of the kinetic traces to eq
10 at each total concentration of complexThe initial fractions
of [RU"LMn"]o and [RU"'L], of the total [RU']ot as well as
kredMV 1o were fixed and determined independently in other
experiments, as described in the Appendix.

The resulting values d andkJMn'"] from the curve fit at

each total concentration of the complex are presented in Table

1 and plotted versus the concentration of free Mn(ll) in Figure
5. According to the kinetic moddlg; is constant when the
concentration of Mn(ll) is changed akgMn(ll)] is proportional

to the concentration of free Mn(ll). It was found that the results
are consistent with this prediction. The valkg,= 1.8 x 10°

s1, is thus obtained for the intramolecular electron-transfer
process from bound Mn(ll) to photogenerated Ru(lll), and the
rate constant of association was obtaineckas: 2.9 x 10°
M~1 s71, The mechanistic model in Figure 4 is not unique,
and to support it, control experiments described below were
made.

concentration-dependent process is due to an intermolecular
electron transfer from Mn(ll) attached to one complex molecule
to a photogenerated Ru(lll) of another. An experiment con-
tradicting this explanation was performed by stopped-flow,
where chemically produced Ru(lll) in the form of R(bpy)

was mixed with a solution of and the disappearance of Ru-
(1 was monitored optically (not shown). The rate constant
for this bimolecular process was obtained as about1f M~1

s™1, which is too slow to explain the concentration dependence
observed in the flash photolysis experiments.

Another conceivable electron-transfer reaction would be that
free Mn(ll) transferred an electron to photogenerated Ru(lll).
To investigate this possibility, flash photolysis experiments were
performed with Ru(bpyf™ and MV?* and various concentra-
tions of added MnGl However it was found that the recovery
of Ru(ll) was only slightly affected at the concentrations of
MnCl, used.

With support from the control experiments we conclude that
the kinetic model gives a satisfying explanation for the electron-
transfer processes that occur in complefFigure 1).

Conclusions

The most important conclusion to be drawn from this study
is that intramolecular electron transfer from manganese to
photooxidized ruthenium occurs in compldx with a rate
constant of 1.8« 10° s™1. This is an important step for further
development of artificial systems mimicking the donor side in
photosystem II.

The dissociation of Mn(ll) from the complex is a problem,
in particular for the analysis of the photoinduced reactions. We
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thus try to optimize the binding conditions for the manganese Ry Mn"] =

ion, especially in water, using alternative ligands. On the other I m
hand, to eventually arrive at catalytic water oxidation, the [Ru'”LMn”] _ kMn ][Ru L]O\ +
manganese complexes must not be inert cages but must allow 0 Ko — ka[Mn“] }kreJMV +]Ot +1
some exchange of ligands. The distance between manganese " I L

and ruthenium is also important for effective intramolecular kiMn“][Ru"L], g Klun (A6)
electron transfer. Earlier investigations have shown that if Koy — ka[Mn”] kreJMVﬂoH‘ 1
ruthenium and manganese are too close, then the quenching of

the excited state of ruthenium by manganese is too rapid a”quuation A6 can be obtained as follows: Defipby
will compete with the primary electron transfer to the acceptor

MV 2t 8b Tg optimize the distance, different bridging ligands — 1oyl [ + et

must be used. Furthermore, in the Photosystem Il complex the y= [RUTLMN (kedMV 7]t + 1)e (A7)
manganese cluster contains four manganese ions. Thereforgy

work is in progress to synthesize supramolecular complexes with— =

et

) e : dt

two or more manganese ions coordinatively bound to ruthenium. " " 4
A multinuclear manganese complex can hopefully function as d[Ru"LMnT] y KedMV "loy +k,y (A8)
a multielectron donor to one or several oxidized photosensitizers. dt [RU"LMN"] Kk MV ]t + 1 Y
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Integrate
Appendix
i . ) . ka[Mn”][RuI” L]O 7(ka[Mn”]7ke‘)t

The complete derivation of eq 10 in the text can be obtained Y-Yo=————(1—¢ ) (A10)
as follows: After the quenching process of'Rn' and RU{L kIMn"] — ke
with MV2* a mixture of RU'LMn" and RU'L, and an equimolar ) o _ )
amount of MV" is formed. Introduction of the definition off gives eq A6, which together

with eq A5 gives eq 10.
The initial fractional concentrations [RuLMn"]¢/[Ru""]g
= g and [RU'L]¢/[RU"]g° = 5 (see eq 10 and the text that
4 i " I " " follows) were calculated as described below: The concentrations
[MV7]=[Ru"L] + [RuUTLMn] + [RU'LMNT] (A1) [RU'LMn"] and [RU'L], before the laser flash, at each total
) ] o concentration of the complex were given by the fractional
The disappearance of MVis studied at 602 nm and is given  gmplitudesA, andA, from the two-exponential curve fit to the

The following relationship for the concentration of NM\is
valid:

by the relation below: emission decay without M& (Figure 2). The shorter lifetime
of RU'LMn", 7; = 250 ns compared te, = 980 ns for RIL,
d[MV J/dt = —k .. [MV 12 (A2) was taken into account when the relative initial concentrations
of Ru(lll) formed in the quenching process was calculated for
or in integrated form the two complexes. The efficiency of formation of Ru(lll) in
RU'LMn" (¢(RU"LMn")) compared to RIL (¢(RU"L)) is equal
o MV t°
MV =—————— 2t
Kee MV Tot + 1 ky IMV™T]

RU'LMN") ki + Kk [MVZT k, + k [MVZF
The kinetic trace at 452 nm monitors the disappearance f Ru il ” ) =2 kq [ > ] =2 kq [ 2+]
in all forms: p(RU"L) ky MV 7] ky + kg [MV ]

k, + kq MV ?']

(A11)

d[RU"Lydt = —k[Mn"J[Ru"L] — k JMV "J[RU"L] (A3)
ki (=1/r)andk; (=1/r;) were determined to be 4 10 s7!

I " and 1x 10° s71, respectively, from the emission decay curves,
= k[Mn7][RuTL] — and the pseudo-first-order rate constant for quenching by

+ I ny i I viologen, k[MV 2*], was determined to be 55 10f s7* from
kedMV TJ[RUTLMNT] = kefRUTLMNT] (A4) the emission lifetime at the concentration of K\Mused. These

d[Ru"LMn"]
dt

) o | § ) values were inserted into eq A1l above a{&u"LMn")/¢-
The dissociation of RULMn' is at least 1 order of magnitude  (ryiiL) = 0.7 was calculated. Thus the initial concentrations

slower thanke{RU""LMn"] and therefore neglected. [RU"LMn"]o and [RU'L]o formed in the quenching process at
These equations can be solved: each total concentration of compléxwere given byo[Ru''']g
and B[Ru'"] ot respectively, witho. = 0.7A4/(0.7A; + Ap) and
[Ru"'L]O \ B = AJ(0.7A; + Az). The values and 3 entered the fitting
Ru"L] = g KMt (A5) procedure as known parameters while [R¢f* was floating

KedMV +]ot +1 and solved by the fit.
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The second-order diffusion-controlled rate constagntwas

determined from the experimental curves at 602 nm and

estimated to 5« 1® M1 s71, and [MV"]o was determined for
each total concentration of the complex from the initial
absorption at 602 nm.
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