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ABSTRACT Irradiation of ‘Ru(bipy)s2* (bipy = 2,2'-bipy-
ridine) with light below 560 nm results in the formation ol?;
charge-transfer excited state potentially capable of reducing
water to dihydrogen with concomitant production of Ru(bi-
py)s**. The latter may be reduced by hydroxide

Ru(b.ipy);3+ + OH™ = Ru(bipy),** + %O, + %H,0

to form dioxygen and regenerate the starting complex. The
use of these reactions in a cell designed to Ering about the
photochemical decomposition of water is proposed.

The stoichiometry, kinetics, and mechanism of the Ru-
(bipy)s®**-hydroxide reaction have been investigated by con-
ventional and stopped-flow spectrophotometry. The dioxygen
yield is a sharp function of pH, attaining its maximum value
(about 80%) at pH 9. At low pH (3 and 4.8) the production of
ruthenium(II) is first order with k,pq = (1.41 + 0.04) X 10~4
sec1(25°, ionic strength g = 1.00 M with sodium sulfate). In
the intermediate pH range (7.9-10.0) complex kinetics are ob-
served. In the hydroxide range 0.01-0.50 M, ruthenium(II)
production is predominantly first order with k,psqa = k[OH
+ k,JOH P secl; k, = 148 M~! sec™! and k, = 138 M~
sec™1 (25°, u = 1.00 M, sodium sulfate). For the k, term, the
activation parameters are AH? = 15.3 + 1.0 kcal mol~! and
AS* =7 £ 3 cal deg™! mol~! (1 cal = 4.184 J). An intermedi-
ate species (Apax 800 nm) forms at the same rate as rutheni-
um(II) in this hydroxide range. It disappears with kopsq = 1.2
+ 1.1 X 102 [OH"] sec™! at 25°. Similarly absorbing (Amax 750
to 800 nm) species are generated by the addition of hydroxyl
radical to M(bipy)s2*/3* [M = Fe(Il), Os(II), Ru(II), Cr{III),
Ruy(III)] in pulse radiolysis experiments. The kinetics above
pH 7 are described in terms of rate-determining nucleophilic
attack by hydroxide on the bound bipyridine ring. The hy-
droxide adduct so generated is tentatively identified with
thatngsewed in the pulse radiolysis experiments with Ru(bi-
py)y*T.

For reduction of Ru(bipy)s>* by hydrogen peroxide ruthen-
ium(II) production is first order with iob,d = kJHO;~] +
k4[H:02] where k. = 5.4 X 107 M~! sec™! and kg = 8.3 M™!
sec™!(25°, u = 1.00 M, pH 3.5 to 9.7). This reaction produces
dio:i(ygen in 83 + 15% yield at pH 6.8 and in 1.0 N sulfuric
acid.

The photodecomposition of water into its elements is one of
the most attractive means of storing solar energy. This de-
composition process may be broken down conceptually into
three steps: light absorption, water oxidation, and water re-
duction. Certain transition metal complexes, by virtue of
their high absorption in the visible region and their facility
in undergoing oxidation-reduction reactions, should be capa-
ble of mediating some or all of these processes.
Tris(bipyridine)ruthenium (and related) complexes pos-
sess particularly desirable qualities in this regard. Irradiation
of Ru(bipy)s?* (bipy = 2,2’-bipyridine) with light below 560
nm results in the formation of a relatively long-lived [life-
time 7 = 0.6 usec in water at 25° (1)] charge-transfer excited

Abbreviations: kqbsd, pseudo first-order rate constant; bipy, 2,2’-bi-
pyridine; Ru(III) refers to Ru(bipy)s3*; Ru(II), Ru(bipy)s2+:
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state [*Ru(bipy)s2*] (2, 3) potentially capable of reducing
water to dihydrogen (1), Eq. 1.

*Ru(bipy);** + H,0 = Ru(bipy),®t +

%H, + OH™ [1]

For the complex to function in a catalytic role, the Ru(bi-
py)s®* produced when the dihydrogen is generated must be
rapidly reconverted to the initial, photoactive species. This
may be accomplished through its reduction by hydroxide
ion (4, 5) according to Eq. 2.

Ru(bipy);** + OH™ = Ru(bipy),** +
%0, + %H,0 [2]

In this way absorption of light in the visible may lead to a
net decomposition of water into dihydrogen and dioxygen.

There are additional reasons for interest in reaction 2. The
oxidation of hydroxide by relatively mild oxidants is rather
unusual (6)2 and poses mechanistic questions relevant to the
production of dioxygen in photosynthetic systems. In this
paper, we report a study of the stoichiometry, kinetics, and
mechanism of the reaction of Ru(bipy)s®* with water and
hydroxide ion and describe how reactions of this type might
be used in solar energy storage systems.

MATERIALS AND METHODS

Tris(2,2’-bipyridine)ruthenium(II) chloride hexahydrate was
purchased from G. F. Smith and recrystallized from water
before use. The ruthenium(III) complex Ru(bipy)s(ClO4)s
was prepared by oxidation with lead(IV) dioxide, ceri-
um(IV), or chlorine in 0.5 M sulfuric acid and recrystallized
once from cold 0.5 M sulfuric acid before use. The rutheni-
um(III) salt was stored in the dark at 0°. All measurements
were made in sodium sulfate media with ionic strength u =
1.00 M.

The rate of reduction of Ru(bipy)s®* above pH 11.5 was
studied on a Durrum Stopped-Flow spectrophotometer with
hydroxide in at least 30-fold excess. The ruthenium(III) solu-
tions were prepared by dissolving the solid immediately
prior to use. Formation of ruthenium(II) was monitored at
452 nm and, for high ruthenium(III), at 490 nm. Plots of log
(Aw — A;) (the solution absorbance values at times « and ¢,
respectively) versus time were linear to 90% and 80% reac-
tion at those two wavelengths,P respectively. Values of kobsd,

2 For Ru(bipy)s3+/2+, E° = 1.26 V. The E° values for iron-, ruthen-
ium-, and osmium-tris(bipyridine) derivatives [which also under-
go hydroxide reduction (6)] lie in the range 0.8 to 1.3 V (7).

b After the absorbance change is 90% complete at 452 nm (and 80%
complete at 490 nm) a very slow, hydroxide-dependent increase
in absorbance occurs. This slow process first becomes noticeable at
about tmay for the 800 nm intermediate (vide infra) and is proba-
bly related to its decomposition.
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the pseudo-first-order rate constant, were calculated from
the slopes of these plots. The buildup and decay of an inter-
mediate species having Amax; ~800 nm were analyzed in
terms of two consecutive first-order reactions.

In the pH range 7.9 to 10.0 the reduction of Ru(bipy)s®*
was followed on a Cary model 14 spectrophotometer. The
decomposition of the complex at lower pH was monitored
on a Cary 16. In these runs the solutions were exposed to
light only during the intermittent sampling to minimize
photolysis of the complex during the rather long time (18 hr)
required for complete reaction.

To determine the dioxygen yields, 0.1-2.5 ml of helium-
purged ruthenium(III) solution (typically about 0.02 M) was
injected into 3.0-7.0 ml of stirred helium-purged buffer or
sodium hydroxide contained in a 15 ml capped serum bottle.
After 5-20 min, the gas phase above the product solution
was sampled and injected onto a 2 m long zeolite column
thermostated at 50° and mounted in a Perkin Elmer Vapor
Fractometer model 154. Helium was used as carrier gas.
Some of the above product solutions and one prepared by
slowly adding 500 ml 2 X 10~4 M Ru(bipy)s®* to an equal
volume of 0.02 N NaOH were subjected to ion exchange
chromatography on 2 X 15 cm columns of Bio-Rex 70 cation
exchange resin (100-200 mesh) in the H* form. The col-
umns were eluted with 1073 to 1 N sulfuric acid.

Hydrogen peroxide solutions were prepared by dilution of
a 3% solution analyzed by titration with acidic permanga-
nate. The ruthenium(III)-peroxide reaction was followed at
452 nm where plots of log(A~ — A;) were linear for at least
90% reaction.

RESULTS

The reaction of Ru(bipy);3* with water and hydroxide
ion

The dioxygen yjeld exhibits a dramatic pH dependence. The
maximum yield (about 80% that predicted from Eq. 2) is ob-
tained at pH 9. The yield drops steeply at both higher and
lower pH (5% and 25% at pH 8 and pH 10, respectively) and
is essentially negligible at the more extreme pH values
(<0.5% below pH 6.8 and 2% at pH 13.6). By contrast, the
spectra of the product solutions obtained at pH 4.8, 9.0, and
12.6 are very similar, differing from each other less than 1%
in the region of the 452 nm maximum and 5% or less in the
region of the 287 nm band. The ion exchange experiments
on the reaction mixture formed in 0.02 M NaOH demon-
strated the presence of five materials additional to Ru(bi-
py)s2*. In order of elution, these are: a neutral or anionic
species with Apax 265 nm (which is not 2,2’-bipyridine, Apax
280, 230 nm in base and 298, 238 nm in acid); a substance
having Apax 645 nm (e = 2.6 X 103 M~! em™1) and A\ja 290
nm (e = 1.3 X 10* M~! em™!) which accounted for about
2.5% of the ruthenium taken initially; a substance with a
slightly modified Ru(bipy)s?* spectrum; and two higher
charged (possibly polymeric) materials which could not be
eluted from the column. Parallel ion exchange of 3 mM ru-
thenium pH 9 and 12.8 product solutions from the dioxygen
analyses showed the amount of the 265 nm species to be at
least 10 times greater in the latter. Neither solution con-
tained a detectable quantity of the 645 nm component, but
both contained small amounts of the higher charged species.

In the 0.01-0.50 M hydroxide range with initial Ru(III)
concentrations 5-170 uM, the formation of ruthenium(II) is
given by

Fove = ka[OHT] + k[OH™ J? (3]
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where k, = 148 M~ sec™! and kp, = 138 M~2sec™! at 25°, 1
= 1.00 M. The 452 nm rate is largely unaffected by the ad-
dition of nucleophiles and radical scavengers: at 0.1 M sodi-
um hydroxide, the rate is 20% slower with 0.5 M added sodi-
um bromide. With 0.1 M ¢-butanol added and 0.1 M sodium
hydroxide the rate is the sanie as in the absence of the alco-
hol; however at 1.1 M t-butanol the 452 nm rate increases by
a factor of four. The activation parameters for the k, path
are AH* = 15.3 % 1.0 kcal mol™! and AS* = +7 + 3 cal deg
mol™! in the range 6.1 to 35.5° (1 cal = 4.184]).

In attempting to monitor the disappearance of Ru(bi-
PY)s®* (Amax = 675 nm, € = 420 M~! em™!) an intermediate
species, having a broad absorption band in the region 600-
850 nm with Amsx about 800 nm, was discovered. This
species also absorbs strongly in the ultraviolet region; its
yield is independent of initial ruthenium(III) concentration
(A max/[Ru(IID) initial =~ 300 M~! cm™! at 800 nm and at hy-
droxide = 0.1 M). Both the formation and the disappearance
of this species appear to be first-order processes. As deter-
mined from the 800 nm absorbance changes, its formation
occurs at essentially the same rate as that of ruthenium(II).
Its disappearance is given by kopsa = 1.2 + 1.1 X 102 [OH]
sec”l. We have found that a very similar species is also gen-
erated in the reaction of Fe(bipy)s3* with hydroxide. The
iron intermediate also has Apax near 800 nm. For its forma-
tion kobsa/[OH™] = 12.8 M~ sec™L; for its decay kobsd = 0.2
+ 2.8 [OH™] sec™! in the hydroxide range 0.01-0.3 M, at
25° and u = 1.00 M.

At pH 3 and 4.8 (0.1 M acetate buffer), with initial ru-
thenium(III) 10-100 uM, the formation of ruthenium(II) fol-
lows good first-order kinetics with kobsa = (1.41 + 0.04) X
10™4sec™! (u = 1.00 M, 25°). In the pH range 7.9-10.0 (0.01
or 0.1 M borate or ammonia buffers) the kinetics are very
complicated and the behavior observed depends upon the
initial ruthenium(III) concentration.®© For ruthenium(III) >
1 mM and <10 uM the reaction is, however, first order in
ruthenium(IIT) with kopsa = (2.6 &+ 1.0) X 1073 + (1.8 £+ 0.5)
X 102 [OH"] sec™L.

The reaction of M(bipy)s2*/3+ with hydroxyl radicals

In collaboration with Dr. H. A. Schwarz, the reaction of hy-
droxyl radical with various tris(bipyridine) complexes was

¢ As an example, in pH 9.5 borate buffer with initial ruthenium(III)
10 uM, the reaction is first order with kopsg = 1.40 X 10~2 sec™! at
452 nm. The same rate constant is found at 675 nm when rutheni-
um(III) is 1-2 mM initially, but the reaction rate seems to acceler-
ate after ruthenium(III) declines to about 0.2 mM. When rutheni-
um(I1I) is initially ~0.2 mM, the initial (after 10-15 sec) 675 nm
absorbance value is about 70% too large, the 675 nm decay is too
rapid, and first-order plots of the data are markedly curved, tend-
ing to slower rates at longer times. At long times the slopes of the
first-order plots approach kopsg = 1.4 X 1072 sec™!. As such com-
plex observations can be ascribed to interference by impurities,
many attempts were made either to determine the nature of or to
remove possible impurities: the reaction rate changed 10% or less
when iron(IIl), copper(Il), or chromium(VI) was added at the
1075 M level. The same kinetic behavior was observed with ru-
thenium(III) prepared by lead dioxide, chlorine, or cerium(IV)
oxidation. Rates were found to be the same with 0.01 and 0.1 M
buffer. It was, however, noted that using aged (>30 min old) ru-
thenium(III) stock solutions consistently gave too rapid (apparent-
ly first-order) reaction. If these observations are indeed indige-
nous to the Ru(bipy)s3*-hydroxide reaction they can be explained
by postulating that a rapidly formed intermediate absorbing
strongly at 675 nm confuses the observation of ruthenium(III) dis-
appearance at this wavelength. The detailed time dependence of
the absorbance change in these kinetic runs can be simulated in
terms of a mechanism invoking product inhibition of the forma-
tion of this intermediate.
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studied by pulse radiolysis at about 25°. The solutions used
were saturated with nitrous oxide and were 10-100 uM in
complex [Fe(I), Os(II), and Cr(III) in water; Ru(IIl) in
0.01-0.001 N acid with 4 = 1.00 M, sodium sulfate]. Under
all conditions the addition of hydroxyl radical to these com-
plexes was extremely rapid (kog = (0.6-2.0) X 10!°© M~!
sec™1). Furthermore the reaction yielded in all instances a
species with an absorption maximum between 750 and 800
nm [emax = (0.5-2.1) X 10> M~! em™1]. The intensity of the
750 nm band for the Ru(bipy)s?*/hydroxyl radical adduct
was found to be constant over the pH range 3.6-13.0. Pre-
liminary experiments provide, however, some evidence for a
pK at about 13.5. This adduct decayed by second-order ki-
netics (2k = (1-2) X 107 M~! sec™!) over the pH range 5-11.
At higher and lower pH the decay was more rapid and fol-
lowed mixed kinetics which were not very reproducible. By
contrast, the disappearance of the Ru(bipy)s®*/hydroxyl
radical adduct studied at pH 2-3 was quite slow.

Kinetics of the reaction of Ru(l;ipy)33+ with hydrogen
peroxide

This reaction was studied at 25° using solutions about 3 uM
in Ru(bipy)s®* (u = 1.00 M, sodium sulfate). The rate of for-
mation of ruthenium(II), followed at 452 nm, was found to
show an inverse acid dependence. For the peroxide reaction
two processes must be considered:

Ru(Ill) + HO,™ (or H,0,) :Tl» Ru(Il) +
0, (or HO,) [4]

Ru(Ill) + O, (or HOp —> Ru(I) + O, [5]

Such a sequence may lead to complex kinetic behavior (8),
but yields a single exponential for formation of rutheni-
um(II) when ks [O2~] > k4 [H2Og). Under these conditions
kobsd/[H2Og] = 2k4. Thus we report here only values for
kobsd/2[H2032) determined from the low peroxide region.
Values for this ratio are as follows: in 2 X 1073 N HSOy, 4.2
M1 sec™!; in 0.01 M Tris buffer, pH 8.40, 1.64 X 10* M~!
sec”l; in 0.01 M ammonia buffer at pH 9.66, 2.54 X 10°
M~! sec™1. The pH dependence of kobsa/[H20z2] is consistent
with a scheme in which HO;™ is the reactive reducing agent
in the alkaline pH range. Using pKw = 13.8 (9) and pKn,0,
= 11.67 (10), values of 2.7 X 10" M~! sec™! and 4.2 M™!
sec™1 are obtained for kyo,- and ky,0,, respectively. The re-
action of hydrogen peroxide with a 10% excess of rutheni-
um(III) at pH 6.8 and in 1.0 N sulfuric acid yields 83 + 15%
as much dioxygen as is produced from reaction of the same
quantity of hydrogen peroxide with excess cerium(IV) sul-
fate.

DISCUSSION

For reaction of Ru(bipy)s3* with water or hydroxide ion, the
kinetic studies implicate pathways zero-, first-, and second-
order with respect to hydroxide ion. Below pH about 7 the
hydroxide-independent path predominates while above pH
13 the second-order hydroxide path makes a substantial con-
tribution. The latter could arise from the attack of hydroxide
on a ruthenium(III)-hydroxide ion pair or could be caused
by the change in medium. It will not be discussed further.
The dioxygen yield is maximal in a pH range where the ki-
netics are complex but the first-order hydroxide path pre-
dominates. The steep drop in yield at higher base concentra-
tions does not coincide with a change in the rate-determin-
ing step for the reaction. Over the entire pH range the for-
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mation of Ru(bipy)s?* remains predominantly first-order in
character. Moreover the absence of any effect of added bro-
mide and ¢-butanol shows that free hydroxyl radicals (or the
conjugate base O~) are not produced in the reaction. These
and other observations are embodied in the following
scheme (Egs. 6-9).

3+ 3+

ks
(bipy),Ru™—N == (bipy),Ru!'—
2 O . (bipy),Ru

OH™ +H,0, -H* // OH~
L ko, kY by, ks

Ru!!(bipy);OH2* and (Rull(bipy),OH2+y

Reaction 6, the rate-determining step for the low pH reac-
tion, is an intramolecular electron-transfer from a bound bi-
pyridine in Ru(bipy)s3* to the metal center. The carbo-
nium-ion-like radical generated in Eq. 6 may either return
spontaneously to the starting complex or react with water
(Eq. 7) or hydroxide ion (Eq. 8). Eq. 9, direct attack of hy-
droxide on Ru(bipy)s3*, corresponds to the rate-determining
step for the first-order hydroxide term in the high pH rate
law (Eq. 3). The products of Eqs. 7-9 are isomeric and the
proportions of the two formed by the three pathways are not
necessarily the same. In the presence of excess Ru(bipy)s3*,
Ru(bipy)sOH2*, and (Ru(bipy)sOH2*) are rapidly oxidized
to Ru(bipy)sOH3* and (Ru(bipy)sOH3*Y, respectively (Eq.
10).

Ru(bipy);** + Rul'(bipy);,OH** or

klO' klO/ -
(Ru'(bipy);OH**)" ——=> Ru(bipy);* +

Rulll(bipy),O* or (Ru(bipy),OH*Y [10]

Subsequent reactions of these species to yield dioxygen and
other products are discussed later. Applying the steady-state
approximation for the concentration of the ruthenium(Il) in-
termediates gives

_d[Ru(lD]
dt -

(k; + k) + (kg + k/)[OHT]
2{(1;»,_6 Yo ¥ RO+ (b + kB’)[OH_])kG +

(k, + £)[OH"] J{Ru(lID]

From this scheme, the rate constant measured at pH 3-4.8 is
2 ke/(k—6 +k7 + k7’) = (1.41 £ 0.04) X 10~* sec™!, while
the intercept obtained by extrapolation of the intermediate
(pH 7.9-10.0) pH data for high and low ruthenium(III) is
2ke = (2.6 & 1.0) X 1073 sec™!. Further, for the first-order
hydroxide term in the rate law Eq. 3, k, = 2(kg + ko’) =
1.48 X 102 M~ ! sec™ L.

We propose that the intermediates formed in Eqs. 7-9 re-
sult from nucleophilic addition of hydroxide to the ligand?

d A related mechanism has been proposed for the Fe(bipy)s3*/hy-
droxide reaction [G. Nord and O. Wernberg, personal communi-
cation (1974)].
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to yield, e.g., Ia-b when addition is to

the 4-position. Hydroxide or water additions to N-heterocy-
cles analogous to Eq. 9 are well known for purely organic
systems (11, 12). The proposed structure Ia-b is the same as
that expected for the species resulting from 4-addition of hy-
droxyl radical to Ru(bipy)s2*. That hydroxide addition to a
bipyridyl ring occurs in the Ru(bipy)s3*/hydroxide reaction
is supported by the fact that the intermediate observed in
the stopped-flow studies has an absorption maximum in the
same region (750-800 nm) as the species resulting from hy-
droxyl radical addition to M(bipy)s2*/3+. The 800 nm ab-
sorbing stopped-flow intermediate cannot, however, be
identical with the pulse radiolysis Ru(bipy)s2*/hydroxyl ad-
duct because its decay rate is much too slow. Rather it is
most likely a ruthenium(III) species formed in the outer-
sphere oxidation Eq. 10. This hypothesis is appealing since
the pulse radiolysis studies demonstrated a relatively slow
decay of the Ru(bipy)s®*/hydroxyl adduct. Two isomeric
ruthenium(III) products are then required in Eq. 10 because
the 800 nm intermediate cannot carry the bulk of the Ru-
(bipy)s®* /hydroxide reaction; this species attains its maxi-
mum concentration when ruthenium(II) production is ~90%
complete. In the present scheme, the two isomers originate
from hydroxide addition to different positions of bipyridine
bound to ruthenium(Ill) (Eq. 9). If (Ru(bipy)sOH3*) de-
notes the 800 nm absori)ing stopped-flow intermediate, then
kg’ < kg and reaction 10,10’ must be quite rapid. It is worth
noting that both nucleophilic attack of hydroxide on Ru(bi-
py)s®* and electrophilic addition of hydroxyl radical to Ru-
(bipy)s®* should occur preferentially at the 4- and 6-posi-
tions of bipyridine. Consequently, either or both of the prod-
ucts of Eq. 9 may be identical with the adduct(s) formed
from pulse radiolysis of Ru(bipy)s?*.

One of the most remarkable features of the Ru(bipy)s3*/
hydroxide reaction, the steep dependence of dioxygen yield
upon pH, finds no ready explanation in terms of the pulse
radiolysis studies of the Ru(bipy)s®>*/hydroxyl reaction at
various pH values. There is no spectrophotometric evidence
for pH-dependent equilibria over the pH range 3.6-13.0;
furthermore, the second-order rate constant for the decay of
the adduct remains nearly constant throughout this range.
As pH-dependent reactions of the Ru(bipy)sOH2* adducts
must be neglected, base-dependent reactions of the Ru(bi-
py)sOH3* species are invoked to account for the pH depen-
dence of the product distribution. In Eqs. 11-13 these are
shown for only one isomer for the sake of brevity.

Kll
Ru(bipy),OH3* ~f= Ru(bipy),0%** + H* [11]

ast

OH™
Ru(bipy),0%* —l—-> Ru(bipy);>t + HO,” [12]
slow
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Ru(bipy);OH%** + Ru(bipy),02+ —>
2Ru(bipy),** + O, + H* [13]

Uni- or bimolecular decomposition of Ru(bipy)sOH3* or
(Ru(bipy)sOH3*) at low pH culminates in degradation of
the ligand with no net water oxidation.® Similarly, at high
pH decomposition of Ru(bipy)sO?* or (Ru(bipy)sO%*) ef-
fects ligand degradation, for the most part, but some perox-
ide (Eq. 12) results. Peroxide formed in Eq. 12 is oxidized by
Ru(bipy)s®* (Egs. 4 and 5)-to form dioxygen. Such a se-
quence (Egs. 12, 4, and 5) is reasonable in view of the report
by Dwyer and Gyarfas (13) that hydrogen peroxide is de-
tectable in systems of this kind. Eq. 12 accounts for the small
residual (about 2%) yield of dioxygen at high pH. The bulk
of the dioxygen is, however, formed directly by Eq. 13. As
this reaction is expected to contribute substantially to dioxy-
gen production only over the pH range where both Ru(bi-
py)sOH3* or (Ru(bipy)sOH®*) and their conjugate base
forms have comparable concentrations, K;; must be about
10~° M. Further evidence for the intervention of reactions
such as Eq. 13 that are second-order in ruthenium(III) is
provided by the behavior of the chemiluminescence [Creutz
and Sutin, unpublished results (1974)].

The above mechanism, although not implausible, is by no
means unique. Not all features of the reaction are under-
stood; nevertheless, the combined evidence from the kinetic,
product, and pulse radiolysis studies strongly implies that
dioxygen formation results from reaction of species in which
hydroxide has been added to the bound bipyridine ring,
Such reactions lead to the equivalent of those of free hydrox-
yl (but avoid its thermodynamically expensive formation),
and the Ru(bipy)s moiety may be said to chaperone hydrox-
yl through the reaction sequence.

A solar energy storage system

Upon absorption of light in the visible region, Ru(bipy)s2*
yields *Ru(bipy)s?* which is, in principle, capable of reduc-
ing water or hydrogen ion to dihydrogen in the pH range
0-14 (1). As shown in this study, the Ru(bipy)s3* produced
in the dihydrogen-generating reaction can be rapidly re-
duced by hydroxide with the liberation of dioxygen. The
tris(bipyridine)ruthenium and related systems may by this
means effect the photodecomposition of water into its ele-
ments. This photodecomposition, with the accompanying
separation of the dihydrogen and dioxygen produced, might
be accomplished in a cell of the following type. An n-type
semiconductor electrode (14, 15) is connected to a metal
electrode, e.g., platinum, and the two electrodes are im-
mersed in a pH 9 buffer containing Ru(bipy)s2*. The semi-
conductor electrode is illuminated and the *Ru(bipy)s?*

¢ Dimerization reaction(s) of the Ru(bipy)sOH2* species probably
occur to some extent and may account for the higher charged
fraction found in the ion exchange experiments. The parallel of
such reactions has been observed for hydroxycyclohexadienyl rad-
icals (Walling, C. & Johnson, R. A. (1975) J. Am. Chem. Soc. 97,
863-367). One possible side reaction is the decomposition of Ru-
(bipy)sOH3* to a ruthenium(II) pyridone. Another of the prod-
ucts of the hydroxide reaction probably results from ligand loss to
give ultimately [Ru™(bipy)sOHg]sO**. This is suggested by the
similarity of the spectrum of the 645, 290 nm absorbing product
to the spectra of compounds of this type (Weaver, T. R., Meyer,
T. J., Adeyemi, S. A., Brown, G. M., Eckberg, R. P., Hatfield, W.
E., Johnson, E. C., Murray, R. W. & Untereker, D. (1975) J. Am.
Chem. Soc. 97, 3039-3048).
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near the electrode surface injects an electron into the con-
duction band of the semiconductor.f The Ru(bipy)s3* result-
ing is then reduced by hydroxide ion to the starting complex
with the production of dioxygen. The electrons released by
the *Ru(bipy)s2* flow from the semiconductor electrode
through the external circuit to the platinum electrode where
they effect the reduction of water (or hydrogen ion) to dihy-
drogen. The net reaction occurring in the cell would thus be
the photodecomposition of water into dihydrogen and diox-
ygen. :
The advantage of this type of cell over others descri

previously would be that a substrate photochemically active
in the visible region of the spectrum can be rapidly regener-
ated by oxidation of water. Previously described cells have
either not functioned by the absorption of light in the visible
region (14, 15) or have required the addition of a reducing
agent to regenerate the photosensitizer (16-19). Finally,
these studies also suggest the use of catalytic amounts of Ru-
(bipy)s®* [or perhaps a related complex like the less costly
Fe(bipy)s?*] to regenerate a reduced photosensitizer in
“dark” reactions. The M(bipy)s®*, etc. produced would then
yield dioxygen and reform M(bipy)s2* upon subsequent
reaction with hydroxide.

We wish to acknowledge helpful discussions with Dr. F. W.
Fowler, Dr. H. A. Schwarz, and Dr. S. Seltzer. This research was

f A semiconductor electrode is desirable for this purpose because of
its “rectifying” properties and may be required since metal elec-
trodes are likely to quench *Ru(bipy)s2* with regeneration of Ru-
(bipy)s2* and the production of heat. It should be noted, however,
that the role of the semiconductor electrode in this cell is not the
same as in the Fujishima-Honda cell (14). In the latter cell, elec-
trons are excited from the valence to the conduction band of the
semiconductor by absorption of light, while in the cell proposed
here the light is absorbed by Ru(bipy)s?* and an electron from
*Ru(bipy)s®* is injected into the conduction band of the semicon-
ductor. The restriction imposed by the short lifetime of *Ru(bi-
py)s?* might be partially overcome by coating the electrode with
ruthenium(II) or by use of an optically transparent electrode.
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