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Summary 

The reactions of the luminescent excited states of the polypyridine- 

ruthenium( II) complexes ( *RuL3 2+) with electron acceptors and donors are 
discussed. These electron transfer reactions convert the excited state into 

RuLs’+ and RuL3+, respectively. The former ruthenium complex is a more 
powerful oxidant and the latter is a more powerful reductant than the 
excited state itself. Some applications of these complexes in the conversion 
and storage of solar energy are presented. Theoretical models for electron 
transfer reactions are described and the implications of these models for the 
quenching and back electron transfer reactions are discussed. It is pointed 
out that the exploitation of the inverted region may provide a useful means 
of slowing down back electron transfer reactions. 

1. Introduction 

This article is concerned with the photo-induced electron transfer reac- 
tions of metal complexes in solution. This is a broad subject and the principles 
will be illustrated by considering the ground and excited state reactions of the 
polypyridine-ruthenium complexes. These systems have been extensively 
studied in recent years, so much so that they could be regarded as the 
inorganic chemists’ answer to the challenge of photosynthesis. Indeed, 
examination of the current literature shows that work on porphyrin- and 
polypyridine-related systems are at roughly comparable stages of develop- 
ment, at least so far as their ability to effect the photo-induced decomposition 
of water is concerned. Since the thermodynamic aspects of photochemical 
energy conversion have been considered in several publications [ 1 - 3 ] these 
will not be discussed here; instead the kinetic and mechanistic aspects of the 
problem will be emphasized. In so doing use will be made of theoretical 

*Paper presented at the Second International Conference on the Photochemical 
Conversion and Storage of Soiar Energy, Cambridge, August 1978. 
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models that have been developed for thermal electron transfer reactions in 
solution, and, based upon these models, some criteria for selecting systems 
for study will be proposed. 

The electron transfer reactions of the excited state of tris(2,2’-bipyri- 
dine)ruthenium(II) (*Ru(bpy)g+ ) were first reported by Gafney and 
Adamson [4] while Creutz and Sutin [ 53 were the first to point out that the 
tris(bipyridine)ruthenium complexes might be capable of effecting the 
decomposition of water induced by visible light. Numerous investigators 
have contributed to characterizing the properties and reactions of *Ru(bpy)i+ 
[6 - 231. These studies have shown that the ground state complex absorbs 
visible light to form a d-to-n* charge transfer excited state which is relatively 
long lived (lifetime 0.6 ps in water, Table 1) and which undergoes facile 
electron transfer reactions: 

Rug+ 
hV 

- *[Ru3+(bm)i1 (1) 

The formation of the excited state can be viewed as the creation of an 
electron-hole pair within the complex (eqn. I). As a consequence the excited 
molecule is expected to be both a stronger reductant and a stronger oxidant 
than the ground state molecule by the excitation free energy of 2.1 eV. This 
is reflected in the reduction potentials shown in Table 2. It should be noted 
that *Ru(bpy)g+ is not as good a reductant as Ru(bpy)i nor as good an 
oxidant as Ru(bpy);+ . It is also evident that the excited states of the OsLg* 
and FeLi+ complexes tend to be shorter lived than those of the correspon- 
ding RuLg’ complexes (Table 1) and that *Os(bpy)t+ is a better reductant 
and Os(bpy)i+ a poorer oxidant than the ruthenium analogs (Table 2). It has 
not yet been determined whether the approximately 1 ns long excited state 
of the FeLi’ complexes is charge transfer or ligand field in character. 

Unlike many metal complexes, Ru(bpy)g+ does not readily undergo 
photochemical loss of ligands. In fact, in the absence of other reagents, this 

TABLE 1 

Excited state lifetimes for iron( II), ruthenium(I1) and osmium( II) poiypyridine complexes 
in water at 25 “C 

Ligand L 

W'-(CW,bw 

bpy 

l,lO-Phenanthroline(phen) 

4,7-(CcH@03)2phen 2- 

Terpyridyl( terpy) 

FeLg+ RuLE 
TO(da rObslb 

OsL% 
To(~)= 

0.76 330 ==Q 

0.81,0.83= 600 19 

- 920 a4 

0.43 3860d 

2.54 G5, >1.2f 

a From ref. 24; b from ref. 14; c from ref. 7 ; d from ref. 25, with p = 0.1 M; e from ref. 26 ; 
f from ref. 27. 
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TABLE 2 

Formal reduction potentialsa of iron( ruthenium(I1) and osmium(I1) polypyridine 
complexes at 26 “C 

Couple M = Fe M = Ru M - OS 

E” 0’) E” 0’) E”(V) 

M(bpy)p + e = M(bpy)? 

*M(bpy)r + e = M(bpy)$ 

M(bpy$ + e = *M(bpy):+ 

M(bpy)? + e = M(bpy)$ 

+1.05b 

- 

-l.27f 

+o.t32c 

+0.59c 

-0.96b 

-1.22= 

aPotentials against the normal hydrogen electrode. b From ref. 14; =from ref. 7; d from 
ref. 18; e from ref. 28; f estimated from ref. 28. 

complex undergoes no net photochemical reaction when oxygen-free 
aqueous solutions at room temperature are irradiated with visible light. The 
reactions of the excited molecule are therefore restricted primarily to outer 
sphere electron transfer and to energy transfer processes. It undergoes three 
types of bimolecular reaction. These are electron loss (eqn. (2)), electron 
addition (eqn. (3)) and energy transfer (eqn. (4)) 

*RuL;+ + Q - RuL;+ + Q- 

*RuL;+ + Q - RuL; + Q’ 

*RuL;+ + Q - RuL;+ + Q* 

(2a) 

(3a) 

(4) 

In the first reaction (oxidative quenching) the excited state transfers a II* 
electron to a suitable substrate while in the second (reductive quenching) 
an electron is added to the dS metal centers of the excited state. The products 
of these reactions are RuLS3+ and RuLi , respectively. The former is a very 
powerful oxidizing agent and the latter a very powerful reductant (Table 2). 
The quenching reactions thus convert the excited state into ruthenium 
species which have longer lifetimes than the excited state and which are 
more oxidizing (eqn. (2)) or more reducing (eqn. (3)) than the excited state 
itself. As will be seen, the properties of the quencher are crucial to the 
efficient use of the energy of the excited molecule. As a consequence of the 
reaction of the excited complex with a redox quencher the electron and hole 
produced by photon absorption are separated and become localized on 
different molecules: 

[Ru3+ Wvhl + Q- WI 

* 1 R~~+(bpy)il + Q 

[Ru”+ (bw&l + Q’ (3b) 



A suitable quencher thus must satisfy several conditions: its reaction with 
the excited complex must be rapid (since the lifetime of the excited state is 
short) but not too exothermic (since this will decrease the energy available 
for storage), and the back reaction of the reduced or oxidized quencher with 
the oxidized or reduced complex must be relatively slow (so that the 
electron transfer products can undergo secondary reactions). 

2. Oxidative quenching 

The excited state of RuLg+ 
[lo], Fe38G 

can be oxidized by aquo ions (e.g. Tl,s1“ 
[ 8, 141, ELI:: [ 141 and Cut: [16] ), metal complexes (e.g. 

Ru(NH3)i+ and CO(NH~)~X~+ [4,8,9] ) or organic molecules (e.g. paraquat 
(N, N’-dimethyl-4,4’-bipyridinium2+ ion) and nitroaromatics in acetonitrile 
[8, 121). The assignment of an oxidative quenching mechanism to these 
reactions is based upon the detection of the expected electron transfer 
products after flash photolysis of the systems or upon free energy or other 
rate considerations. 

The quenching reactions are generally followed by the back reaction of 
the primary products to re-form the ground state reactants: 

k, 
*Ru(bpy)$+ + Fezi - Ru(bpy)g+ + Fezi (5) 

Ru(bpy)i+ + Fe% 
kt 

---+ Ru(bpy)$+ + Fe:: (6) 

In the example cited, the back reaction is relatively slow (k, = 4.9 X lo6 
M-l s-l) compared with the quenching reaction (kp = 2.9 X 10’ M-l s-l) 
[ 141. As a consequence, appreciable steady state concentrations of Ru(bpy)i+ 
and Fe:: are attained under continuous photolysis conditions and these 
can be readily detected by photogalvanic measurements which thus afford 
another means of characterizing the system [ 29). 

3. Reductive quenching 

Aquo ions, of which the best characterized is the Eutl system [23], 
can reduce the excited state of Ru(bpy)z+ to Ru(bpy)$. The absorbance 
changes after flash photolysis of solutions containing Ru(bpy)i* and ELI:: 
are consistent with the following scheme: 

kci 
*Ru(bpy);+ + ELI:; - Ru(bpy); + Eu:; (7) 

Ru(bpy); + Eu:: 
kt 

- Ru(bpy);+ + Eu:: (8) 
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The first reaction is the reduction of the excited state by ELI:: (12, = 2.8 X 
10’ M- ’ s- 1 ) and the second is the re-formation of the ground state reactants 
in the back electron transfer reaction (k, = 2.7 X 10’ M-l s-l). Other 
reducing agents that can convert *Ru(bpy)g+ to Ru(bpy)$ include metal 
complexes such as Fe(CN)i- and Ru(NHs)g+ [ 181, anions such as sulfite 
and ascorbate [ 301, and organic amines, for example, N,NdimethylaniIine 
or triethylamine in acetonitrile [ 31, 321. (As in the oxidative case, 
the assignment of a reductive mechanism in these cases is based upon the 
detection of the electron transfer products, or, less directly, upon relative 
rate considerations.) There is good evidence [30] that the reaction of 
Ru(bpy)$’ with sulfite is a two-photon process with Ru(bpy)i being 
produced by charge transfer absorption within a *Ru(bpy)g+-sulfite ion pair: 

hv 
*Ru(bpy);+ ISOg- -d Ru(bpy)$ + SO, (9) 

4. Simultaneous formation .of RuLg’ and RuLz in quenching reactions 

Perhaps the simplest method of generating both RuLg+ and RuLi from 
*RuL$+ is the disproportionation of two excited molecules according to 

Z”RuL;* - RuL$+ + RuL; 

Although the disproportionation is too slow to be detected in solution (k < 
10’ M-’ s-l [ 33]), it is promoted on micelles [ 341. As pointed out 
previously [ 71, the disproportionation may be catalyzed by a pair of redox 
quenchers such as Ru(NHs)i+ and Ru(NHs)t+. The reduced form of the 
couple generates Ru(bpy)i from the excited state while the oxidized form 

3+ generates Ru(bpy)s . Since the back electron transfer rates for this pair of 
quenchers are diffusion controlled, high yields of the disproportionation 
products would not be obtained. By contrast, relatively high yields can be ob- 
tamed by irradiating an acetonitrile solution containing both paraquat (PQ*’ ) 
and dimethylaniline (DMA) [35] : 

*Ru(bpy);+ + PQ*+ - Ru(bpy):+ + PQ’ (10) 

*Ru(bpy);+ + DMA - Ru(bpy); + DMA+ (11) 

These quenching reactions are followed by the back reactions 

Ru(bpy):+ + DMA - Ru(bpy):+ + DMA+ (12) 

Ru(bpy); + PQ*+ - Ru(bpy)$+ + PQ+ (13) 

The reaction of an excited molecule with its parent ground state molecule 
generally does not proceed spontaneously: 

*ML;+ + ML;+ - ML:+ + ML; (14) 
However, this type of reaction can occur if the ground and excited state 
molecules are different. Thus it has been proposed [7] that a reaction 
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analogous to reaction (14) could account for the observations of Sprintschnik 
et 02. [ 36,371. These authors reported the formation of hydrogen and oxygen 
from the photodecomposition of water mediated by monolayers of RuL%+ 
complexes but these observations could not subsequently be reproduced 
with purified materials [ 37 - 391. The presence of RuLi2+ impurities in the 
original RuL%+ sample could have led to the formation of the +l and + 3 
complexes which might have produced hydrogen and oxygen in subsequent 
reactions. 

5. Photochemical conversion and storage reactions 

We have seen that reactions of *Ru(bpy)i+ with redox quenchers 
convert the excited state into a powerful oxidant Ru(bpy)g+ or a powerful 
reductant Ru(bpy)i and that the quenching reactions are generally followed 
by relatively rapid back reactions which re-form the ground state reactants. 
We next consider ways of competing with these back reactions so that the 
net conversion of the excitation energy into chemical, electrical or light 
energy might be accomplished. 

The back reaction in the oxidation quenching sequence 

hv 
Wbw)$+ - *Wbw):+ 

*RuOwy)ii+ + Q 
4 

- Ru(bpy)$+ + Q- 

Ru(bpy):+ + Q- ” - Ru(bpy)!+ + Q 
can be suppressed if either Ru(bpy)g+ or Q- can be scavenged very rapidly. 
The removal of Q- occurs in the reaction of *Ru(bpy)g+ [4,9] (or, better 
yet, of *Os(bpy)g+ [40] ) with halopentamminecobalt(II1) complexes 
Co(NH&X2 + where the aquation of Co(NHs)sX+ is competitive with its 
oxidation by Ru( bpy )z’ : 

*Ru(bpy)$+ + Co(NHs)sX2+ - Ru(bpy)g+ + Co(NHs)sX+ (15) 

Ru(bpy)g+ + Co(NH&X+ - Ru(bpy);+ + Co(NH&,X2+ (16) 

Co(NH&X+ 
H+ 

- (30:; + 5NH+, + X- (17) 

When 02-Ti(IV) is used as a quencher, Ru(bpy)i+ also accumulates in the 
system [ 411, possibly as a result of Ti( IV) combining with the 0; produced 
in the quenching reaction. In these systems the back reaction is prevented 
when the photoproduced reductant is removed. By contrast, removal of 
Ru(bpy)g+ (the oxidized photoproduct) can be accomplished by the addition 
of a reducing agent: 



k 
Ru(bpy):+ + Red - Ru(bpy);+ + Ox 

25 

(18) 

For aqueous media, reductants which react rapidly with Ru(bpy)g+ and 
which do not rapidly quench the excited state include sulfite (k = 2 X 10’ 
M-l s-l [30], ascorbate (k 2 3 X 10’ M-l s-l, estimated from data in ref. 
42), ethylenediaminetetraacetic acid (EDTA) (k = 2 X 10’ M-’ s-l, pH 8.2 [50] 
and triethanolamine (TEA) (k = 2 X lo7 M-l s-l [43] ). Relatively high concen- 
trations of the paraquat radical cation have been generated in aqueous solution 
using this approach [ 441. When a solution containing Ru(bpy )I+, paraquat and 
EDTA is irradiated, the Ru(bpy), 3+ formed in the oxidation of the excited 
state by paraquat (PQ2’) is reduced to Ru(bpy)g+ by EDTA: 

*Ru(bpy)$+ + PQ2+ - Ru(bpy);+ + PQ’ (19) 

Ru(bpy);+ + EDTA - Ru(bpy)i+ + oxidation products (20) 

This occurs even when the EDTA and the paraquat are separated by a vesicle 
wall [ 451. In acetonitrile PQ’ can be generated by reducing RuLi* com- 
plexes with triphenylamine [ 461, pyridine, 2&lutidine, N,N-dimethyl- 
formamide or water [47]. Interest in systems of this type derives from the 
fact that the paraquat radical cation is capable of generating H2 in the 
presence of a catalyst, such as hydrogenase 1481 or platinum [ 491. 

Since Ru(bpy)g+ is a very strong oxidizing agent it is not surprising that 
it reacts rapidly with a large variety of reductants. A particularly remarkable 
reaction of Ru(bpy)i+ is its ability to oxidize hydroxide ion to O2 (eqn. 
(21)), a process which could find important application in the catalyzed 
photodecomposition of water [ 51: 

Ru(bpy):+ + OH- - Ru( bpy);+ + + O2 + $ Ha0 (21) 

In an analogous manner, the back reaction in the reductive quenching 
sequence 

Ru(bpy);+ 

*Ru(bpy)$+ + Q 

Ru(bpy): + Q’ 

hu 
- *Ru(bpy);+ 

k’ + Ru(bpy); + Q’ 

k, 
- Ru(bpy):+ + Q 

can be suppressed if either RuLi or Q’ can be scavenged very rapidly. When 
Q = triethylamine and RuLg+ is an ester of the 4,4’dicarboxylic acid derivative of 
Ru(bpy):* the back reaction is sufficiently slow (presumably because of 
electrostatic effects and the shielding of the ruthenium center by the hydro- 
phobic groups) for the radical cation to undergo secondary reactions 
either with the solvent or with the unreacted quencher [ 321. As a consequence 
of these reactions, RuL$ can be generated in high yield in acetonitrile. This 
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system thus provides an example of the suppression of the back reaction by 
the removal of Q’ . Since Ru(bpy)i is a powerful reducing agent the back 
reaction can also be suppressed by the addition of a relatively mild oxidant: 

Ru(bpy); + Ox - Ru(bpy);+ + Red (22) 
One example of this is the irradiation of a solution containing Ru(bpy)i+, 
ascorbate and OS(NH~)~X~+ [ 501: 

*Ru(bpy)$+ + HA- - Ru(bpy): + HA* (23) 

Ru(bpy); -t- 0s(NH&,X2+ - Ru(bpy);+ + Os(NH&X+ (24) 

The net result of reactions (23) and (24) is the light-driven reduction of 
0s(NH&X2+ by ascorbate. Analogous results are obtained when Ox = 
Rh(bpy)zC1i [43] or CoL(HaO)$+ (L = Mes[l4]4,lldiene N*) [51]. ‘Ihe 
reduced forms of these oxidants may form hydrides which might decompose 
to form H2 under suitable conditions. With this end in view these systems are 
currently under active investigation [ 25, 511. Preliminary results indicate 
that H2 is indeed produced when a solution containing Ru(bpy)g+, CoL(H,O)i+ 
and either ascorbate or Eu~: is irradiated with visible light. The following 
reductive quenching sequence can account for these observations: 

Scheme I 

hv 
RWvy);+ - *Ruomd+ 

*Ru(bpy);+ + Red - 

Ru(bpy); + Co”L - 

Ru(bpy)Q -I- Ox 

Ru(bpy );+ + Co’L 

FT+ 

Co’L + H+ - Co”‘LH- - Co”‘L + H 2 

Co”IL + Red - Co”L+Ox 

Net: 
hv 

2Red + 2H+ -+ 20x + H2 (25) 

Although the net reaction (eqn. (25)) is not uphill when Red = Euz:, it is 
when Red = ascorbate [ 511. Scheme I with Euzl as the reductant is thus an 
example of a photo-assisted reaction (in this instance the assistance is by 
visible light; the reaction of Euzi with acid can also be promoted by the 
direct excitation of Eui,+ with ultraviolet light 1521). By contrast, Scheme I 
with Red = ascorbate is an example of an energy storage reaction. 

By changing the relative concentrations of Red and Co,nL it is, in 
principle, possible to arrive at the same net reaction (eqn, (25)) by an 
oxidative quenching sequence. This is shown in the following scheme: 
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Scheme II 

Ru(bw ,f + 

*Ru(bpy)g+ + ConL 

Ru(bpy)i+ + Red 

Co’L + H+ 

Co*“L + Red 

Net: 2Red + 2H+ 

hv 
- *Ru(bpy);+ 

- Ru(bpy);+ + COIL 

- Ru(bpy);+ + Ox 

H+ 
’ C0”‘LI-r - Co”*L + H 2 

- CO’IL + ox 

hv 
- 20x+H, (25) 

However, Scheme II will not work for the particular system considered since 
Co”L does not quench the excited state of Ru(bpy)i+ (kp Q 6 X 10’ MB1 
s-l [ 511). As we have seen (Table 2), *Ru(bpy)g is a poorer reductant than 
Ru(bpy)$ and *Ru(bpy)$’ therefore generally reacts more slowly with a 
given oxidant than does Ru(bpy)i (k = 1.6 X 10s M1 s-l for the reaction 
of Ru(bpy)z with Co% [ 511). Nor is the situation improved by the shorter 
natural lifetime of *Ru(bpy)s’ or the more rapid back reaction expected for 
the primary quenching products in Scheme II (but see below). Scheme II 
does, however, have one advantage over Scheme I, namely, the powerful 
oxidant Ru(bpy);+ is generated as an intermediate in Scheme II. This affords 
the possibility of using milder reductants in Scheme II and, in particular, if 
Red = OH-, of making the net reaction the photo-induced decomposition 
of water into H2 and O2 [ 51. This might be accomplished in a cell of the 
following type. In one compartment is placed a solution containing the 
oxidative quencher (Q = Co%, PQ2’ or Rh’“(bpy){+ (see later)) and any 
catalyst that may be required for the evolution of hydrogen. This compart- 
ment is separated from a Ru(bpy@ solution at pH * 9 [ 51 by a membrane 
containing a membrane-soluble Ru(bpy)2(bpjr)2+ derivative (cf. ref. 45). 
Upon illumination the following reactions could occur 

*Ru(bpy)2(bp;)2+ + Q F RuOwyMbph3+ + Q- 

Q- + Hz0 (or H+) ‘3 Q++H, +OH 

*RWwy)~+ + WbwhOxh”’ - RWvy);+ + RWvyMbp;~‘+ 

Ru(bpy),a+ + OH- -, Ru(bpy);+ + to, + +H20 

Net: +HeO - fHe ++O, 



It has been reported [ 531 that Hz is produced when a mixture of a 
rhodium-bipyridine complex (Rh(bpy)i+ or Rh(bpy)z(HzO)g’), TEA/ 
TEAH+ and chloroplatinate are irradiated with visible light. Evidence was 
presented that the formation of Hz occurs via a rhodium(II1) hydride 
(Rh(bpy)zH(HzO)2’) which is decomposed by the colloidal platinum formed 
in the photochemical decomposition of the chloroplatinate. Since TEA/ 
TEAH+ does not quench *Ru(bpy)g’ but Rh(bpy)i+ quenches *Ru(bpy)i’ 
at a close-todiffusion controlled rate [ 431, a mechanism involving the 
formation of Ru(bpy)$ can be ruled out. This suggests that the reaction 
proceeds via an oxidative quenching pathway or, perhaps, by an energy 
transfer mechanism. Evidence for a pathway involving oxidative quenching 
comes from the fact that Ru(bpy)i+ and Rh(bpy)g+ are produced in the 530 
nm flash photolysis of-mixtures of Ru(bpy)i+ and Rh(bpy)g+ either in the 
presence or absence of TEA/TEAH+ [25,43] . The Rh(bpy)c presumably 
undergoes very rapid ligand loss to produce Rh(bpy)f+ which then dispropor- 
tionates to form Rh(bpy)i and Rh(bpy)z(HsO)$+ [25,43]. 

The various hydrogen-generating systems that have been discussed are 
summarized in Table 3. For the sake of completeness, Table 3 also includes 
a non-sensitized system. It will be of interest to learn how the optimum 
quantum yields for H, formation for the sensitized systems compare with 
those that can be obtained by direct photolysis of colored metal complexes. 

Before concluding this section some other applications of photo- 
chemically generated RuLi+ and RuLg should be noted. The use of the 
Ru(bpy )g+ /Fez: system in a photogalvanic cell has already been mentioned 
[ 291. A somewhat different application involves the use of a cell consisting 
of an n-type TiO, electrode connected to a platinum electrode [ 551. In this 
cell the Ru(bpy)g+ acts as a sensitizer. The excited state injects an electron 
into the conduction band of the TiOZ electrode; this electron flows through 
the external circuit to the platinum electrode where hydrogen is produced. 

TABLE 3 

Summary of Ru(bpy)%+-sensitized systems that produce hydrogen with visible light 

Quencher Reductant Oxidant Catalyst Reference 

PQ2* 

PQ2+ * 

Rh(bpy)p or 

Rh(bpy)2(H20);+ 

Eu2* or 
ascorbate 

EDTA - 

EDTA - 

TEA 

- 

Pt 45 

Hydrogenase 44 

Pt 

CoL(H20$ b - 

[(Rh)2(bridge)dH]84C - 

*The sensitizer is proflavin not Ru( bpy$. b L = Mes[ 14]4,11-diene Nq. =Not a sensitized 
reaction but the direct photolysis of the rhodium(I) dhner; bridge = 1,3-diiicyanopropane. 
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In another application, Ru(bpy)g+ is oxidized by holes generated photo- 
chemically in the valence band of an MoSa electrode [ 561. The formation 
of oxygen then occurs by hydroxide reduction of Ru(bpy)%+ rather than 
by the oxidation of hydroxide at the electrode surface. As a consequence 
the oxidation of the sulfur atoms at the electrode surface to sulfate is 
inhibited. 

The excited state of Ru(bpy)g+ can be generated in the reduction of 
Ru(bpy )%+ by Ru(bpy)g [ 571, sodium borohydride [ 581, e;, [ 591, 
hydra&e [ 601, EDTA [ 611 or hydroxide ion [ 601. This chemiluminescent 
reaction can be used to provide a dramatic demonstration of the formation 
of Ru(bpy)i* in, for example, the reaction of *Ru(bpy)p with Co(NHs)sX2* 
complexes. Irradiation of Ru(bpy)t+ 
produces Ru( bpy ) t’ 

solutions containing Co(NHs)sC12+ 
according to reaction (15). Injection of the irradiated 

solution into excess NaOH-EDTA yields a bright flash of luminescence from 
the radiative decay of the *Ru(bpy)g+ produced in the reduction of 
Ru(bpy):+. 

6. Theoretical considerations 

We have seen that the excited states of RuL$+, OsLi+ (and CrLg+) 
complexes undergo facile electron transfer. We next consider some of the 
factors determining electron transfer rates. 

Bimolecular electron transfer reactions proceed in three steps. In the 
first step the separated reactants come together to form a precursor complex. 
No bonds are made or broken in forming the precursor complex 

A+B w AIB 

AIB w A+IB- 

A+IB- - A+ + B- 

in outer sphere reactions. Reorganization of the precursor complex to form 
the activated complex occurs in the second step. In this step the inner coor- 
dination shells of the reactants and the polarization of the surrounding 
medium adjust to the configuration appropriate to the activated complex. 
This reorganization is required by the F’ranck-Condon principle. The actual 
electron transfer may (K < I), and usually does (K = l), take place during the 
latter stages of the reorganization of the precursor complex. The dissociation 
of the successor complex (formed by electron transfer within the precursor 
complex) occurs in the third step. In terms of this mechanism the rate 
constant for electron transfer is given by 

k et = Kyexp (-2) (27) 
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where I&, is the equilibrium constant for the formation of the precursor 
complex from the separated reactants, k,, is the first order rate constant for 
electron transfer within the precursor complex, K is the probability of 
electron transfer within the activated complex and AG: is the free energy 
required to reorganize the precursor complex prior to the electron transfer. 

The free energy of activation can be broken down into two contribu- 
tions: an intrinsic contribution and a thermodynamic contribution [ 62,631. 
The intrinsic contribution to the activation barrier is the energy required to 
reorganize the inner and outer coordination shells of the reactants prior to 
electron transfer when the standard free energy change for the reaction is 
zero. The intrinsic barrier can be obtained from the rates of electron transfer 
reactions in which the reactants and products are either identical (exchange 
reactions) or differ only slightly (for example, by only minor modifications 
of the ligands). 

TABLE 4 

Rate constants for electron exchange of ground and excited states of metal complexes at 
25% 

Reaction k 
1 -1 P- 8 1 

Reference 

cr2+ + cr3+ 
EuZ + E:g 
v2+ + v3+ 

FYd + Fz!& 
Ru(NH3)t’ + Ru(NH& 

Cr(bp&+ + Wbp&+ 

Cr(bpy$ + *WbpY)g 

Ru(bp&+ + Ru(bp& 

Ru( b py )$+ + * Ru( bp&+ 

Ru(bpy): + Ru(bp& 

*Ru(bp&+ + Ru(bp&+ 

< 10-5 64 

< 2 x 1o-4 66 

1 x 1o-2 66 

4.0 67 

4.3 x lo3 68 

=S 2 x log 69. 

w 1x log 69 

2x 10gb 70 

> 1x lo* 7 

> 1x 108 14 

= 1x lo* 7 

aSee footnote 48 of ref. 69. bThe value reported (1.2 X 10’ M-l IS-‘) has been corrected 
for diffusion control using l/kti = l/k,b, - l/k,w with k w = 3 X 10’ M-l s-l. 

Rate constants for a number of electron exchange reactions are 
presented in Table 4. It will be seen that, although the electron transfers all 
involve reactants of charges 2+ and 3+, the rate constants span some sixteen 
orders of magnitude. As discussed elsewhere [ 71,721 the origin of the rate 
variations lies p-y in the differences in the inner and outer sphere 
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reorganization energies for the different pairs of reactants. For our purposes 
the relatively slow exchange rates of the aqua ion systems and the very rapid 
exchange rates of the excited polypyridine systems are of particular interest: 
the very rapid electron exchange rates of the excited polypyridine complexes 
make them ideal as electron donors or acceptors in quenching reactions, 
while the slow exchange rates of the aquo ions favor slow back electron 
transfer. (Note the very rapid exchange rate of tbe Cr(bpy)i+ + *Cr(bpy)i’ 
couple; rapid electron transfer is not restricted to charge transfer excited 
states [ll, 69,73,74] .) Moreover, in reactions of the ground and excited 
state polypyridine complexes with aquo ions the largest contribution to the 
intrinsic barrier will come from the aquo ion couple. This is discussed further 
below. 

When the reactants and products of the electron transfer reaction are 
no longer identical it becomes necessary to consider the effect of the 
thermodynamic changes in the reaction on the electron transfer rate. This is 
most conveniently done in terms of the Marcus cross relations [ 76 - 731. 
These equations relate the kinetic parameters for a reaction accompanied by 
a net chemical change (a cross reaction) to the kinetic parameters for the 
component exchange reactions: 

lwf,*, = ~lw&2)2 
410g(k11k22/Z2) 

AGf 
AG;, AG& AGE L-+-+- 
2 2 2 (1 +a) 

AS;, AS; 
- + - 

2 2 
(1 + 2ar) 

(29) 

(39) 

(31) 

(32) 

A% 
a 

= 4(AG;, f A&) 

The subscript 12 refers to the cross reaction and the subscripts 11 and 22 
to the exchange reactions. 

As an example of an electron transfer reaction in which the reactants 
and products are very different we shall consider the oxidation of Fe:: by 
Ru(bpy):+ : 

Fe:: + Ru(bpy)i’ ----+ Fe:: + Ru(bpy)i+ (33) 
This reaction illustrates many of the features that am important in asymmetric 
electron transfer reactions. The activation entropies and enthalpies for the 
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oxidation of Fez: by Ru(bpy)i+ are -33 cal deg-l mol-’ and 4.3 kcal 
mol- ‘, respectively [ ‘79 1. Note that the activation entropy is very negative 
and that the activation enthalpy is slightly negative; because of the latter 
the rates actually decrease with increasing temperature. This behavior can 
be rationalized in terms of the above equations. Substitution of the relevant 
parameters for the Fez:- Ru(bpy)i+ reaction into eqns. (31) and (32) gives 
ASfi = -29 cal deg-l mol-’ and AH,‘, = -2.9 kcal mol-I, in good agreement 
with the observed values [ ‘781. This calculation shows that there is nothing 
special about the oxidation of Fe,, 2+ by Ru(bpy)i’ : the unusual activation 
parameters for the electron transfer reaction derive from its atypical thermo- 
dynamic parameters (ASL = 43 cal deg-l mofl, AHi = -27 kcal mol-l). 
The origin of these unusual thermodynamic parameters is as follows. The 
value of (Sg+ - Si+ ) is essentially zero for the bipyridine complexes since 
the relatively large bipyridine ligands effectively shield the surrounding 
medium from the effect of the charge on the central metal ion. In contrast, 
C%+ - S,“+) is large and positive for the Fe::*‘+ couple. As a consequence 
the standard entropy change for the Fez,-Ru(bpy)%+ reaction is very 
negative. Since AG” = AH” - TAS” and AGi2 << 0 it follows that AH& must 
also be very negative. As a consequence AH;, is negative, (A statistical 
mechanical interpretation of the negative activation enthalpy is given else- 
where [ 781.) Similar considerations obtain whenever the differences in the 
standard entropies of the oxidized and reduced forms (Si, - S,“,) for the 
two couples are very different, as also occurs, for example, in the thionine- 
Fezi system. 

The effect of the thermodynamics on the reaction rate is perhaps most 
readily visualized in terms of potential energy surfaces. This is shown in 
Fig. 1 in which the potential energies of the close-contact reactants (left-hand 

NUCLEAR CONFIGURATION 

Fig. 1. Profile of the potential energy surface of the reactants (left-hand curve) and the 
products (right-hand curve) of an electron transfer reaction us. the nuclear configuration 
of all the atoms in the system for different values of the standard free energy change for 
the reaction: A, exchange reaction (AGL = 0); B, “normal” electron transfer reaction; C, 
diffusion-controlled electron transfer reaction; D, “inverted” electron transfer reaction, 
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parabola) and close-contact products (right-hand parabola) are plotted as a 
function of nuclear configuration for various values of AG,“, . The distance 
from the minimum of the reactant curve to the intersection region is a 
measure of the activation energy for the reaction. Figure I(A) is for an 
exchange reaction for which AG$ = 0. The curves are identical and are 
simply displaced horizontally. The case of a typical cross reaction with a net 
chemical change is shown in Fig. l(B). It will be seen that the activation 
energy is lowered as a consequence of the net free energy change for the 
reaction. Figure l(C) is for a diffusion controlled reaction; this occurs when 

AG% = -2(AGi, + AG&). When AG& < -2(AGfl + AG&) the intersection 
of the two parabolas occurs on the left-hand side of the reactant parabola 
(Fig. l(D)). This is the so-called inverted region where the rate constants are 
predicted to decrease with increasing driving force for the reaction [77,78]. 
Although nuclear tunneling effects are expected to diminish the magnitude 
of this rate decrease, tunneling is not expected to eliminate it entirely since 
the nuclear tunneling distance increases with the exothermicity of the 
reaction [ 33,78,80 ] . 

The rates of a number of very exothermic electron transfer reactions 
are indeed slower than expected. These reactions include the oxidation of 
*RuL;+ by ML:+ complexes [ 331, the disproportionation of *Ru(bpy)$’ 
[33], the reaction of eiQ with Ru(bpy)i+ [81] and the reaction of e& with 
electron acceptors in micelles [ 821. Although the relatively slow rates of 
these reactions provide some experimental support for the inverted region 
predictions, the rate decreases are, in general, smaller than those calculated 
from the semiclassical model. This could be due to the nuclear tunneling 
effects mentioned above. Finally, it should be noted that a rate decrease 
with increasing driving force in the inverted region is also expected on the 
basis of the energy gap law of radiationless transition theory [ 69,801. 

7. Implications of the electron-transfer models 

The efficient conversion and storage of light energy requires that the 
quenching reactions be rapid and the back reactions slow. Some of the 
important quenching and back reaction steps in a detailed electron transfer 
quenching scheme are shown in the following scheme [ 83,84 ] : 

Scheme III 

A+Bw AIB 
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Use of the steady state approximation for the concentrations of *AlB and 
A+ IB- leads to the following expression for the quenching rate constant: 

( km -1 

k,= 1+-+ 
kmb 

kzs bdkm + h) 
kl2 (34) 

Various limiting forms of eqn. (34) have been considered [ 121. For our 
purpose we shall assume that km + ka >> k,,; in other words, we shall 
mume that the reverse of the quenching step can be neglected (neglect of 
k,, is, in general, not justified if the quenching is endothermic). With the 
above assumption the expression for k, reduces to 

k, = 
kaka 

km + kzs 

If the quenching reaction is not diffusion controlled then kal>> km and 
k, is given by 

k, = 
k12kzs 

k2l 

(35) 

In sn entirely analogous manner, the rate constant for the back electron 
transfer reaction is given by the following equation (provided, as before, that 
km + ka >> km): 

kt = 
bok48 

kso +k, 
(37) 

If the back electron transfer reaction is not diffusion controlled then kM >> 
km and kt is given by 

12, = 
ksoka 

ka4 

Finally, since k12 

by 

kck k2a -=- 

kt kao 

(33) 

= ka and ktl = km it follows that the ratio k,/kt is given 

(32) 

provided that neither k, nor k, is diffusion controlled and the reverse of the 
quenching step can be neglected. The ratio k&k= should be high if efficient 
quenching and a high yield of separated electron transfer products are 
desired. It also follows from eqn. (37) that Y, the yield of separated electron 
transfer products, is given by 
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Y= k34 
ho +h 

(40) 

where kditf = k, is the diffusion controlled rate constant for the back 
electron transfer. Similarly, the fraction of back electron transfer is given by 

l--y= k, 
kdirf 

(41) 

We have seen that the rate of an electron transfer reaction responds 
differently to driving force or exchange rate changes depending upon 
whether the intersection of the potential energy surfaces for the reaction 
occurs in the normal or in the inverted region. We have also discussed the 
general condition for normal or inverted behavior. In applying these ideas to 
electron transfer within the encounter pairs of Scheme 1, it is necessary to 
consider three potential energy surfaces. One surface describes *AIB, another 
describes A+IB- and the third describes AIB. Thus we need to consider two 
intersections each of which can be normal or inverted. Consequently we 
distinguish four situations. 

6.1. Class I: both the quenching and back reactions are normal 
In this case AGO, > -2(*AG;, + AG&) and AG; > -2(AG;, + AG&) 

where *AGil is the free energy of activation for the excited state exchange 
reaction. The intersections of the potential energy surfaces of *AIB, A+ IB- 
and AIB are as in Fig. 2 and the rates of both the quenching and the back 
reactions will increase with increasing driving force for the reactions. More- 
over, since the excitation free energy is equal to the sum of the free energy 
changes for the quenching and back reactions, 

*AG = AG; + AG; (42) 

increasing the exothermicity of the quenching reaction to increase its rate 
will also decrease the rate of the back reaction by decreasing its exothermicity. 
Unfortunately, increasing the exothermicity of the quenching reaction also 
decreases the fraction of the light energy available for storage, thereby 
decreasing the efficiency of the overall process. 

It is evident from eqn. (30) that there is another way of modifying the 
rate of an electron transfer reaction besides changing its driving force and 
that is by changing the intrinsic barrier for the reaction. In practice this is 
most effectively done by changing the quencher since, as we have seen, the 
polypyridine couples have very rapid election exchange rates and thus their 
reorganization energies make only a very small contribution to the intrinsic 
barrier. (Changing the quencher will, in general, also change the driving force 
for the electron transfer.) Increasing the exchange rate of the quencher will 
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*AIB 

NUCLEAR CONFIGURATION 

NUCLEAR CONFIGURATION 

*AlB *AlB 

n*l B’ A+! B- 

Fig. 2. Profile of the potential energy surfaces for a normal quenching reaction and a 
normal back electron transfer reaction. 

Fig. 3. Profile of the potential energy surfaces for a normal quenching reaction and an 
inverted back electron transfer reaction. 

increase the horizontal displacement of the minima of the AlB and A+ IB- 
parabolas, effectively increasing the barrier for the back (and quenching) 
reactions. This is probably the main reason why high yields of ‘electron 
transfer products are found when aquo ions are used as quenchers: because 
of the relatively slow exchange rates of the aquo ions the back reactions tend 
to be slow despite the favorable driving force for the back electron transfer. 
Although the quenching reactions will also tend to be slow, the rate of the 
quenching reaction can be increased by increasing the concentration of the 
quencher. Thus by a judicious combination of driving force and exchange 
rates a quenching reaction with modest exothermicity can be coupled with a 
slow back reaction. 

6.2. Class II: the quenching reaction is normal but the back reaction is 
inverted 

This case is illustrated in Fig. 3. For this case, AG: > -2(*AG;, + AG&) 
and AG: < -2(AGL + AG&). Under these conditions increasing the 
exothermicity of the quenching reaction (to increase the quenching rate) will 
increase the rate of the back reaction (by decreasing the energy gap). 
However, as in the previous case (and indeed for all the cases considered 
here) increasing the exothermicity of the quenching reaction will decrease 
the fraction of the excitation energy that is available for storage. 

We next consider the effect on the reaction rates of changing the 
intrinsic barrier. Increasing AG& in this system (for example, by using an 
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aquo ion as the quencher) will decrease the rate of the quenching reaction 
but will increase the rate of the back reaction by decreasing the nuclear 
tunneling distance from the A+IB- to the AIB potential energy surface 
(Fig. 3). 

6.3. Class III: the quenching reaction is inverted but the back reaction is 
normal 

For this case, AG”, < -2(*AG;i + AG&) and AG; > -2(AG;, + AG&)). 
This situation will obtain if the quenching reaction is very exothermic, a 
condition which favors a slow back (and quenching) reaction but which is 
very inefficient for energy storage. Increasing the displacement of the A+IB- 
and AlB parabolas (by increasing AG& ) will increase the quenching rate but 
decrease the rate of the back reaction. 

6.4. Class IV: both the quenching and back reactions are inverted 
In this case, AG; < -2(*AGi1 + AG;s) and AG; < -2(AGf, + AG;s). 

This case is illustrated in Fig. 4. In many respects this and Class II represent 
the optimum situation for energy storage: these Casey can combine a small 
exothermicity of the quenching reaction (and consequently a relatively 
efficient storage of the excitation energy) with a slow back reaction rate. 

NUCLEAR CONFIGURATION 

“AI6 

A+i B- 

t 
AlI3 4 

Fig. 4. Profile of the potential energy surfaces for an inverted quenching reaction 
inverted back electron transfer reaction. 

8. Applications 

and an 

Most of the systems that we have discussed fall into Class I. Both the 
quenching and the back reactions have normal free energy dependences and 
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the back reaction rates are controlled by using a quencher with a slow 
exchange rate, such as an aquo ion, or a quencher which undergoes a net 
two-electron change (for example, paraquat or ascorbate) and where the one- 
electron transfer product either has a different configuration from the 
quencher, in other words a slow exchange rate {the paraquat radical cation), 
or undergoes disproportionation which can compete with the back reaction 
(the ascorbate radical). The effect of the exothermicity of the reaction on 
the back reaction rate is illustrated by the Fe:: [ 141 and Cut: [ 161 
quenching data. The steady state concentrations of Ru(bpy)%* and Fe:: 
show the predicted correlation with the standard free energy change for the 
back reaction. (Note that because of the negative Ap for the reaction of 

2+ Ru(bpy)g+ with Fe,, , the rate of the back reaction will decrease and the 
steady state concentration of Ru(bpy)%+ and F2.G will increase with 
increasing temperature). Similarly, the fraction of back electron transfer 
occurring in the Cu2+ aQ quenching reaction is given by eqn. (41) and shows the 
normal dependence on the exothermicity of the back reaction [ 161. 

As mentioned above, if there is a rate decrease in the inverted region, 
then Class II and IV systems offer the most promise for the conversion and 
storage of solar energy. To reach the inverted region the donor and quencher 
should both feature very rapid exchange rates and the driving force for the 
back reaction should be large. An example of Class II behavior could be the 
*RuLg+--CoL(H,O)$+ system: the quenching reaction is not very 
exothermic and could lie in the normal region; by contrast, there is some 
evidence that the back reaction of RuLg+ and CoL(H20)z lies in the inverted 
region (see Table III of ref. 85). If this result is substantiated, then it suggests 
that very reactive cobalt(I) species could be generated in quenching reactions 
for which the back reactions are very exothermic but which nevertheless 
proceed at rates that are slower than diffusion controlled. The use of the 
inverted region to control back reaction rates appears promising and clearly 
merits further study. 
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