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A. INTRODUCTION 

The field of inorganic photochemistry is currently experiencing a phenom- 
enal growth. The excited state chemistry of tris-chelated complexes of Ru(I1) 
with ligands 2,2’-bipyridyl and l,lO-phenanthroline, in particular, has at- 
tracted intense interest in recent years. As one of the few transition metal 
complexes that luminesces strongly in solution at room temperature and 
exhibits powerful photosentitisation capacity for electron- and energy-trans- 
fer processes, it has generated some lively debate on the fundamental 
questions concerning the factors that govern the excited state processes. 
Further impetus for more investigations has been the intriguing possibility of 
its capacity to split water into its elements by the utilisation of visible light. 
The literature on Ru(bpy)z’ is consequently quite extensive and is growing 
rapidly. Our aim here is to illustrate some of the wide variety of photochemi- 
cal studies on the bpy, phen complexes of Ru(II), in the hope of stimulating 
more in depths studies on this and related complexes of other transition 
metals. Topics under review here cover areas such as photophysical studies 
leading to the characterisation of the excited state manifold, photochemical 
investigations on quenching via redox and energy transfer, photoredox 
systems for the light induced H, and d, evolution from water, studies in 
photoelectrochemical cells including sensitization of semiconductor elec- 
trodes, photochemistry with surfactant derivatives as well as studies in 
multiphase systems of monolayers, micelles, vesicles, polyelectrolytes, ieolites, 
cellulose etc. The literature coverage is fairly extensive and an attempt has 
been made to provide a summary of existing data in the form of numerous 
tables. Several shorter reviews covering various topics under discussion 
already exist [l- 151. Unless stated otherwise, all studies refer to, the tris- 
chelated complexes of Ru(I1) with 2,2’-bipyridyl or l,lO-phenanthroline as 
ligands. 

B. CHARACTERISATION OF THE EXCITED STATES 

(i) Photophysical studies 

For the characterisation of the excited state, there is hardly any other 
transition metal complex or organic molecule that has received more careful 
scrutiny and attention than the complex Ru(bpy)g’ . Table 1 presents a 
chronological listing of some of these studies [16-551. Assignments of the 
orbital, spin labels to the various absorption bands and of luminescence has 
been very vacillatory. Numerous studies that have been carried out can be 
broadly classified into four main topics: (a) early studies leading to the 
assignment of the lowest emitting excited state’ as due to the MLCT in 
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TABLE 1 

Photophysical studies and evolution of models on the nature of the luminescent and 
photoactive excited states of Ru(bpy):+ 

Year Authors Ref. Processes studied and assignments 

1959 
1964 

1965 

1966 
1967 
1967 

1968 

1968 
1968 

1968 

1969 

1970 

1971 
1973 

1973 

1973 
1974 

1974 

1975 

1975 

1975 

1975 

Paris and Brandt 16 
Porter and Schlafer 17 

Crosby, Perkins and Klassen 18 

Palmer and Piper 
Day and Sanders 
Klassen and Crosby 

Klassen and Crosby 

Demas and Crosby 
Zuloaga and Kasha 

Hanazaki and Nagakura 

Lytle and Hercules 

Demas and Crosby 

Demas and Crosby 
Fujita and Kobayashi 

Harrigan and Crosby 

19 
21 
20 

22 

23 
24 

25 

26 

27 

28 
29 

30 

\ 

Harrigan, Hager and Crosby 30a J 
Crosby, Hipps and Elfring 31 

Baker and Crosby 31a 

Hager and Crosby 32 

Hager, Watts and Crosby 33 

Hipps and Crosby 34 

Van Houten and Watts 35 

Emission; or*-d CT fluor. 
Emission; (3T,, -+‘A,s) d-d 
(LF) phos. 
Emission; (‘Z’,, +‘Ars) d-d 
(LF) fluor. 
Pohuised crystal spectra; CT 
Crystal field talc. 
Absorption, emission in low temp. 
glasses 
Absorption, emission of Ru2+ 
chelate, CT luminescence 

Q. mech., spectral studies; CT 
fluor. 
M.O. talc. on Fe(bpy):+; CT 
transitions in EPA 
Temp. dependence of r, + 
(80-285 K); CT phosphorescence 
0, r at 77 K in alcohol glass; CT 
spin forbidden 

Polarisation of emission in EPA 
at 77 K; lowest emitting triplet is 
3E-+1A 
T vs. (+, T) in the range 2-70 K; 
an electronic coupling model 
involving three states 

Emission at 2-10 K and 
magnetic field effects 
Assignment of spin labels 
to excited states 
+, 7 for substituted bpy com- 
plexes; CT luminescence; rapid 
thermal relaxation among 
emitting levels 
Theoretical correlations of energy 
level splittings and rate parameters 
Electron ion coupling model for 
dn* excited states 
T vs. (+, 7) in H,O in the range 
(273-373 K); isotope effects; 
two sets: a lower set of 
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TABLE 1 (continued) 

Year Authors Ref. Processes studied and assignments 

1976 Van Houten and Watts 36 

1976 Bensasson et al. 56 

1976 Allsopp et al. 37 

1978 Allsopp et al. 38 

1979 
1979 

1979 
1979 

1979 

1980 

1980 DeArmond et al. 

1980 Hipps 

1981 Elfring and Crosby 

1981 Belser et al. 

1981 Motten et al. 

1981 Ceulemans et al. 

1981 Forster and Hester 

Lachish et al. 
Creutz et al. 

Bensasson et al. 
Dallinger and Woodruff 

Felix et al. 

Felix et al. 

58 
60 

59 
39a 

40 

41 

luminescent CTTL type; upper 
sets nonluminescent, photo- 
substitutionally active 
Transient absorption spectrum for 
the excited state by laser 
photolysis 
T vs. (+, T) in various solvents; 
model for upper reactive excited 
state levels 
T vs. (c$, T) in various solvents; 
model for upper reactive excited 
state levels 
Reinvestigation of the transient 
absorption spectrum for the 
excited state by laser photolysis 

Resonance Raman spectrum for the 
charge transfer excited state of 

Ru(bpy): + 
Polarised single crystal absorption 
at 8 K 
Extent of spin orbit coupling: 
symmetry less than D:, suggested 
for the excited state 

4346 Luminescence photoselection 

42 

45 

44 

50 

52 

39 

spectra at 77 K 
Luminescence photoselection 
study: EIP model questioned 
Luminescence of mixed ligand 
complexes 
CD spectrum of A-Ru(bpy)$+ and 
spectral analysis 
EPR of Ru(bpy): and Ru(bpy);: 
one electron ring model 
Interpretation of photoselection 
data 
Resonance Raman spectrum for 
the excited state: detailed 
analysis 

character; (b) low temperature (2-100 K) studies of luminescence quantum 
yields ($) and of lifetimes (T), leading to the development of the “closely 
coupled three-level model”; (c) studies of temperature dependence of +, 7 in 
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fluid solutions (273-373 K) and those in films (77-273 K) leading to the 
location of the upper photoreactive states and (d) complimentary studies of 
luminescence polarisation (photoselection), resonance Raman spectral stud- 
ies and flash photolysis studies which cast doubt on OS symmetry descrip- 
tions for the excited state. 

Before we elaborate the photophysical studies, towards a theoretical 
description of the excited states manifold, it is useful to digress a little on the 
localised molecular orbital model of the excited states. Figure l(a) shows a 
simplified representation of the electronic situation for a @-complex (such 
as Ru(I1)) in an octahedral microsymmetry (Q). The ground and the low 
lying excited states can be discussed in terms of the, t,, (stabilised) and es 
(destabilised) d orbitals of the metal ion and r-bonding, Ir*-antibonding 
orbitals of the ligand aromatic system. In a strong field configuration, the 
ground state would be (t2$, leading to ‘A, ground state label. One electron 
excitations would then lead to four possible orbital types for the excited 
states: d --, d*, d + Q*, T + d* and 7r + (TT*, both singlets and triplets. Transi- 
tions such as promotion of an electron from t, to e orbitals are essentially 
confined to the metal and such d --, d or metal-centred transitions give rise to 
weak (Laporte forbidden) absorption bands (e = ca. 100). Excitation of a 

(a) 

6 -,’ 
,--‘A, 

2 

states 
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zooc 

15OC 

lOOO( 

5OOC 

-1 
cm _ (b) 

Fig. 1. Electronic state, orbital descriptions for the luminescent photoactive excited states of 

Ru@py): + . 

metal t, electron to s*-antibonding orbital on the ligand gives rise to d + v* 
states. Such transitions involving transfer of electronic charge from the metal 
to the ligand (or vice versa) are labelled charge transfer (MLCT or LMCT) 
transitions. These transitions have significant absorptions in the visible 
region (6 = ca. 20,000-25,000). Transitions within the ligand s-bonding 
orbital to the Ir*-antibonding orbital, labelled v +a* or ligand-centred 
transitions, usually lie at high energies and are substantially ligand in 
character. In addition, in suitable cases there can be interactions with the 
solvent molecules leading to charge transfer to solvent (CTTS) transitions as 
well. These descriptions of transitions as metal-centred, ligand-centred or as 
charger transfer ‘are somewhat arbitrary and they lose their meaning whenever 
the states cannot be described adequately with localised orbital configura- 
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tions. This is what actually caused considerable confusion in the assignment 
of absorption, emission bands of the Ru(bpy)z+ over several years. 

Figure 2 presents the absorption and the emission spectrum of the 

Ru(bpy)f+ complex in aqueous solution at room temperature. Indicated 
therein are the current assignments for the various absorption bands [3,7]. 
Absorptions at h = 185 nm (log c = 4.95), 208 sh (log e = 4.67) and 285 nm 
(log E = 4.94) are easily assigned as ligand-centred TIT--IT* transitions by 
comparison with the spectrum of the protonated bipyridine ligand 
[26,60a,60b]. Similarly, the weak shoulders at 323 nm and at 345 nm (log 
e = 3.81) as well as the twin peaks at 238 nm (log E = 4.47) and at 250 nm 
(log c = 4.40) are assigned to the metal centred d-d transitions. The intense 
absorption band in the visible with maximum at 452 nm (log c = 4.16) is 
assigned to a CT transition in which an electron is promoted from the metal 
t, orbital to the excited t, orbital associated with the ligands (core ‘t; +‘tzvr*). 

The assignment of the long wavelength absorption% tail above 500 m (at 546 
nm with c = 700) has been the object of long dispute. Crosby et al. [18] 
originally assigned it to a d + d transition due to its low extinction coeffi- 
cient and later [22] labelled the tail as due to the vibrational component of 
the charge transfer band. Its recent assignment to a spin-forbidden MLCT 

Fig. 2. Absorption and emission spectrum for Ru(bpy):+ in aqueous solution at room 
temperature along with the assignments for the various bands. 
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transition has been found to be consistent with various experimental results. 
It is also believed that it is this band which gives rise to the luminescence 
[24,26]. 

The orbital nature of the emitting state has long been a centre of 
controversy. Ru(bpy), 2+ shows a broad, structureless orange-yellow emission 
in solution at 293 K around 600 nm. In glassy solutions at 77 K however, the 
spectrum is well resolved. The band origins are at 579.9 nm for the 

Ru(bpy):+ and at 565 nm for the Ru(phen), 2+. At low temperatures both the 
absorption and the emission show vibrational progression with Au = ca. 1300 
cm-’ for the bpy complex and Au = ca. 1700 cm-’ for the phen complex. 

Paris and Brandt [ 161 initially assigned the emission as due to the r *-d 
CT fluorescence and this was disputed by later authors who assigned it as 
due to d *-d ligand field phosphorescence [ 171, d * -d ligand field fluorescence 
[ 181, charge transfer [ 19,221 m*-d charge transfer phosphorescence [26] and 
finally as r*-d charge transfer luminescence with no specific multiplicity 
[22]. The reasons for the shift in assignments are wide. They range from 
identification of certain absorption bands to impurities, arguments based on 
similarity/dissimilarity of the absorption, emission bands of other d6-com- 
plexes and long emission lifetimes usually associated with spin-forbidden 
triplet-singlet transitions. Crosby et al., in an elegant series of studies 
[3,18,20,22,23,27,28,30-34,45,47] extending over a decade, have attempted to 
provide a unifying, rational picture for the absorption and luminescence 
properties of the Ru(bpy):+ complex. These include synthesis and char- 
acterisation of optical properties of a series of substituted bpy, phen com- 
plexes and mixed ligand complexes with concomitant development of ap- 
propriate theoretical models. Table2 summarises data on the absorption, 
redox and luminescence properties of the Ru(bpy)z+ , Ru(phen)z+ com- 
plexes in aqueous solution at 25°C. Table 3 presents similar data for a series 
of substituted Ru(I1) complexes, both of the type RuL:+ and RuL,X, 
(where L stands for some substituted bpy, phen ligand and X Cl, CN- , ox, 

en, etc.) and also mixed ligand complexes. It is now firmly established that 
the luminescence from the RuL;+ -type complexes is essentially of charge 
transfer type, spin-forbidden in character at least at 77 K [28]. 

In Ru(bpy)g+ and Ru(phen)$+ , the unique, intense charge transfer emis- 
sion occurs at lower energy than does ligand Q--IT* phosphorescence in the 
free ligand. This in conjunction with the intense CT absorption bands 
implies a substantial metal d-ligand 7~ interaction. If the magnitude of the 
d-orbital contribution is large, spin-orbit coupling associated with this 
system will mix singlets and triplets such that, for these systems spin 
quantum number S is not well defined. Consequently, the emission is better 
described as occurring from a manifold of spin-orbit states rather than from 
a spin triplet electronic state. The electronic states would then be delocalised 
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through the entire Q chelate system i.e., the orbitals are multi-ring orbitals 
as opposed to single chelate ring orbitals, as formulated for complexes of 
Rh(II1). This would then imply an effective C,, symmetry for the excited 
state. We elaborate more on this later. 

Based on the luminescence quantum yields and decay characteristics in 
polymethylmethacrylate (PMMA) matrix, Crosby et al. [30,30a] proposed an 
electron-ion parent coupling (EIP) model and used it to assign the symme- 
tries of the manifold of states inferred from the experimental data. The 
salient features of the model are as follows: (i) It treats the luminscence 
complex in terms of a 4d5 Ru core and three bpy ligands with one 
transferred electron in the lowest antibonding IT* orbital of the coupled 
ligands (belonging to the a, representation of point group D,). (ii) Analysis 
leads to a set of three emitting levels separated by about 10 and 80 cm-’ 
respectively, whose relative populations are described by a Boltzmann distri- 
bution throughout the luminescence process. (iii) The symmetries of the 
three levels are A,, E and A, in order of increasing energy. A schematic 
representation of this is shown in Fig. l(b). Later in 1975, extending this 
model, Crosby et al. [32,33] predicted a temperature-dependent intensity 
distribution for the luminescence and also a strong z-polarised luminescence 
between 6 and 30 K and an unspecified polarisation below 6K. With the 
recent results on polarised absorption, emission data, the EIP model has 
been subject to some criticism. 

Polarised single crystal absorption data of Ru(bpy):+ in Zn(bpy),SO, - 

7H,O, Zn(bpy),Br, - 6 H,O host crystals has been reported by Palmer and 
Piper [ 191. The absorption in the visible perpendicular to the C, axis is more 
than ten times as intense as that parallel to C,, i.e. the CT absorptions are 
dominantly x-y polarised (z- is the three fold axis direction). Their results 
have recently been confirmed by Felix et al. [40,41] who noted the inequiva- 
lence of the x,y polarisation in the Br--host crystal. These authors also 
associate the differences in the x-y polarised absorption coefficients with 
low site symmetry in the host. Photoselection data measured by Fujita and 
Kobayashi [29] and also by DeArmond et al. [43,46] also indicate dominant 
x,y polarisation in the emission of the Ru(bpy)z+ complex in EPA host 
matrix at 77 K. The value for the limiting polarisation ratio P = (I,, - 
IJ/(I,, + II), however is far in excess of what one would predict for a 
purely x, y polarized absorption, followed by an x, y polarised emission. 
Hipps’ measured P values of > l/7 [42] cannot be obtained from a O3 
symmetry molecule whose emission is principally x,y polarised, irrespective 
of the absorption polarisation. The conclusions are that, the Ru(bpy):+ ion, 
in the PMM or EPA matrix is not of O3 symmetry in its ground state and/or 
excited state. Such a situation would arise from either of the following two 
sources: (a) the ground state ion may have less than O3 symmetry due to 
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asymmetric potential field of the surrounding environment and also to the 
formation of ion-pairs in low dielectric constant matrices, or (b) the ion may 
distort in the excited state with the excited electron localised in one of the 
three ligands. 

The assignments of Felix et al. [40,41] that, “The two prominent peaks in 
the visible MLCT spectrum cannot be attributed to the vibrational structures 
of one single electronic transition but must instead be assigned to two 
different states.” is in disagreement with refs. 34, 44, 52 and 52a. Measure- 
ment of the CD spectrum of A-Ru(bpy):+ in the region of MLCT [44] shows 
significant CD activity for the most intense visible absorption band. 

The question as to whether the electron located on the ligands are 
delocalised in a MO extending over all the ligands or whether they are 
located on an orbital of one ligand remains to be solved [45]. The excited 
state resonance Raman data reported recently [39,39a] (the Raman spectra 
shows lines corresponding to reduced bpy (bpy:) ligand) for the emitting 
state is the most direct evidence for the presence of single ring orbitals in the 
excited state of the complex. Other experimental evidence on this line comes 
from EPR [50] and flash photolysis [58-601 studies. Transient absorption 
spectrum for the emitting excited state show significant absorptions in the 
region corresponding to singly reduced bipyridyl anion (bpyT ). Similarly 
EPR of Ru(bpy)z suggests that the reduced electron is located on a single 
ligand rather than delocalised over the three. In solution, the electron hops 
from one ligand to another broadening the ESR line. In triply reduced 
Ru(bpy); , one electron is on each ligand and there is no hopping. Theoreti- 
cal studies by Day et al. [21,55] and also of RI% [53,54] are in accord with 
such models. Consistent with this line of interpretation are the recently 
reported absorption spectra of [Ru(bpy),]’ species, z = 2 + , 1 + , 0 and - 1 
[51]. The spectra are shown in the insert in Figure 3. The fully reduced 
species [Ru(bpy)J shows a detailed resemblance in band positions and 
structures to [Na(bpy)] and [Mo(CO),(bpy)]- which both contain chelated 
bpy- radical anion. Also stepwise reduction of [Ru(bpy)J2+ is accompanied 
by progressive growth of the bands which typify [Ru(bpy),]- and by 
matching loss of bands characteristic of the parent complex. Interestingly, 
the lower-valent Ru-complexes show significant absorption in the IR region. 
As will be shown later in section D, bpy, phen complexes of Ru(II) readily 
undergo photoredox reactions with a variety of molecules; reactions in which 
the excited state is either oxidised to give Ru(bpy):+ or reduced to yield 
Ru(bpy)T . Such ease of oxidation or reduction of the excited state is often 
explained in terms of a model where the excited state has complete CT 
character with an electron deficient d5 (Ru3’) centre and an excess electron 
localised on one of the bpy ligands as in (Ru3+bpy2.bpyT). The significant 
isotope effects in + and 7 observed for the luminescence (for data in H,O, 
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400 450 
h (nm) 

500 550 

Fig. 3. Absorption spectrum of Ru(bpy):+ in 1 N H,SO,, prepared from the (2+) complex 
by oxidation with PbO,. Shown in the insert are the absorption spectra of various reduced 
forms of [Ru(bpy),]’ complexes with I = +2 (spectrum a); z = + 1 (spectrum b); z =0 
(spectrum c); z = - 1 (spectrum d). 

DzO see Table2) suggest that the CT excited state also has considerable 
CTTS character. 

Recently there have been some doubts as to the photochemical stability of 
the Ru(bpy)z’ complex towards substitutional photochemistry, especially at 
elevated temperatures. As mentioned earlier, according to the EIP model, 
there exist three closely coupled levels, A,, E and A, which are responsible 
for the luminescence at low temperatures 4-77 K. Based on the photoinert- 
ness of the complex to substitution and deuterium isotope effects on the 
emission, it has been proposed that the number of levels responsible for the 
properties of the complex to be nearly the same as at 77 K. However, 
extrapolation of Crosby’s model to higher temperature leads to significant 
differences between the measured and calculated #I and T. To reconcile’ the 
data, van Houten and Watts [36] have proposed another model which 
assumes, “A lower set of luminescent levels which undergo weakly coupled 
radiationless deactivation and a higher set of non-luminescent levels which 
undergo strongly coupled radiationless deactivation. The lower set of levels 



174 

are of CTTL character but modified with CM’S configurations. The lower 
levels are photoinert whereas the upper levels which are located at ca. 3600 
cm-’ above the lower set, give rise to ligand substitutional photochemistry.” 
Allsopp et al. [37,38] who also made a temperature dependence study of the 
luminescence (+, 7) reached similar conclusions. A simplified model of the 
luminescent, photoactive excited states of the Ru(bpy):+ , based on the 
above discussions is presented in Fig. lb. More discussions on the substitu- 
tional photochemistry of Ru(bpy)g+ can be found in section K. 

(ii) Flash photolysis studies 

With the availability of pulsed (nanosecond) laser flash photolysis facili- 
ties, attempts have been made to record the transient absorption spectrum 
corresponding to the luminescent excited state of Ru(bpy):+ by several 
authors [56-601. Figure 4 presents the transient absorption spectrum [58] 
recorded at the end of a 20 ns 530 nm Nd laser pulse. It corresponds to the 
luminescent state of Ru(bpy)i+ . It has been verified to be so, by its 
similarity in lifetime to that of emission as well as its quenching in the 
presence of additives which effectively decrease luminescence $I and T. Even 
though the spectrum reported earlier by Bensasson et al. [59] appears similar 
to this one, the extinction coefficients reported by these authors apparently 
are in error. An E = 27,300 for the peak around 360 nm is in good agreement 
with the value reported recently by Sutin and co-workers [60]. The extinction 

Fig. 4. Transient absorption spectrum for the luminescent excited state of Ru(bpy):+ in water 
at room temperature. (Spectrum recorded at the end of a 20 ns 530 nm Nd laser pulse.) 
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coefficient at the wavelength corresponding to the ground state absorption 
maximum, viz. at 452 mn, has been estimated to be 2100. The quantum yield 
for the formation of the CT excited state has been estimated to be 1.0 [28,59] 
and the luminescence lifetime in water at room temperature is about 620 ns 
Meisel et al., [59] have examined the transient absorption changes upon 
excitation in water with a conventional microsecond flash photolysis set up 
and have observed efficient formation of e&. by a photo ionisation process 

Ruhv): + * + Ru(bpy):+ + e,, (1) 

Photoionisation, however, occurs only upon excitation with UV light. 
Flash photolysis is a powerful technique for the study of photoredox 

reactions for it allows a direct monitoring of the decay of the excited state as 
well as the formation and decay of the redox products. It enables one easily 
to distinguish quenching by redox process as against static, energy transfer 
processes and also determination of the rate constants for the forward and 
reverse electron transfer. As will be evident in section D, the technique has 
been used quite extensively in recent years in the study of Ru(bpy)i+ 
photochemistry. Meyer et al. have developed an interesting variation of the 
technique (differential flash photolysis) and applied it to Ru(bpy)g+ photo- 
chemistry. By monitoring the growth and decay of the photoredox products 
in the quenching of a non-luminescent, non absorbing excited state, they 
have shown that it is possible to estimate lifetimes for excited states not 
easily detectable. By competitive electron transfer, it is also possible to 
derive rate constants for electron transfer between various metal complexes. 

C. ENERGETICS OF VARIOUS REDOX STATES OF Ru(bpy);+ 

A distinctive feature which makes studies with bpy, phen complexes 
extremely interesting and worthwhile is the ability to vary significantly the 
redox properties of the resulting metal complex by appropriate substituents 
in the ligand. Thus it is possible to fabricate Ru(I1) complexes which are 
good oxidants or reductants in the excited state or in the ground state. Since 
the early electrochemical studies by Bard and co-workers [61] and of Saji and 
Aoyagui [62-661 on the Ru(bpy)i+ complex, numerous bpy, phen complexes 
with various substituents have been synthesised and their redox properties 
assessed. Essential for deciphering excited state redox reactivity [67-741 is 
information on oxidation potentials for various redox states of the Ru(bpy)f+ 
complex in the ground state. Cyclic voltammetric studies of Ru(bpy):+ and 
Ru(phen), 2+ show several reversible waves corresponding to successive one 
e- oxidations and reductions and the following midpoint potentials were 
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readily evaluated: 

Ru-complex and medium 

Midpoint potential (V) 

(3+/2+) (2+/+) (1+/O) (O/-l) (-l/-2) 

Ru(‘w):+ 9 H,O (vs. NHE) 1.26 - 1.28 
Ru(bpy): + 3 CH,CN (vs. SCE) + 1.29 - 1.33 - 1.52 -1.76 -2.4 
Ru(phen):+, CH,CN (vs. SCE) + 1.36 -1.44 - 1.54 -1.84 - 2.24 

Thus, the Ru complexes in the +3 state are good oxidants (capable of 
oxidising water to 0, (E,(O,/H,O) = + 1.23 V)) and in the + 1 state good 
reductants (capable of reducing water to H, (E,(H+/H,) = 0.0 V)). 

The Ru complex in the +3 oxidation state is readily prepared in acid 
solutions or nonaqueous media either by controlled potential electrolysis or 
with chemical oxidants such as PbO,, Cl,. In aqueous mildly acidic solu- 
tions, the Ru(bpy)i+ is reduced to the +2 state in a thermal reaction with 
water. Figure 3 presents the absorption spectrum of Ru(bpy):+ in 1 N 
H,SO, where the half life for reduction is several hours. The molar extinc- 
tion coefficients at the absorption maxima are 3300 at 420 nm and 680 at 
680 nm. The absorption in the red region is very broad. Ru(bpy)l , however, 

Fig. 5. Absorption spectrum of Ru(bpy): in CH,CN prepared by controlled potential 

electrolysis. 
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being a strong reductant can be prepared only under anaerobic conditions in 
nonaqueous solutions. In the presence of water there is a very rapid 
oxidation reaction to yield mainly the +2 complex. Figure 5 presents the 
absorption spectra of the bpy complex in the + 1 state, recorded by 
electrochemical methods. The absorption spectrum of Ru(bpy)z after reac- 
tion with water has been described by various workers [75-791. The molar 
extinction coefficient for the absorption peak of Ru(bpy)z at 495 nm is 
.about 14000 M-’ cm- ‘. As mentioned earlier, recent work [51] describes 
absorption spectral features of [Ru(bpy),]” species (with z = + 2, + 1, 0, - 1) 
prepared in situ electrochemically (cf. Fig. 3). 

The excited state redox potentials are obtainable from the redox poten- 
tials of the corresponding ground state and the spectroscopic excited state 
energy with the assumption that the excited state energy is all available as 
free energy for the excited state redox processes. Such assumptions are 
justified provided the “Stokes shifts” are quite small (i.e. the excited state 
has approximately the same size, shape and solvation and thus the enthalpy 
content, as the ground state). For Ru(bpy)i’ complexes, the experimental 
results amply confirm this assumption. Spectroscopically, the excited state 
energy has ‘been computed to be 2.12 eV (O-O bands at ca. 575 nm). With 
the ground state redox potentials available by cyclic voltammetry, it is 
possible to compute the potentials for the excited state in a redox quenching 
reaction with another molecule 

Ru(bpy):+ * + Q + Ru(bpy):+ + Q- (oxidative) (2) 

Ru(bpy);+ * + Q + Ru(bpy),’ + Q’ (reductive) (3) 

E,,[Ru(bpy);+ *‘3+] = E,,[Ru(bpy);+‘*+ *] - E0[Ru(bpy):+‘3+] 

Similarly 

= -2.12 + 1.26 = -0.86 V 

E,[Ru(bpy):+ *‘?I = E,,[Ru(bpy);+‘+] - E,[Ru(bpy):+‘*+ *] 

= -1.28-(2.12)= +0.84v 

Comparing the redox potentials for the ground and excited states, it follows, 
that, for the Ru(bpy)i+ complex, the excited state is a better reductant and 
also a better oxidant. Experimental verification for the above estimates on 
the excited state redox potentials comes from studies of luminescence 
quenching. By comparison of the quenching efficiency for a series of 
quenchers covering a range of redox potentials, it is possible to estimate the 
redox potentials for the excited state with the aid of Marcus and Rehm- 
Weller theories [80-831 and these are discussed in the next section. Altema- 
tively, for a given quencher, it is possible to vary the redox potential of the 
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RuL:+ * excited state by suitable substitution at the bpy, phen ligand with 
electron donating or withdrawing groups. In Tables4 and 5 we have col- 
lected data on the absorption, redox and luminescence properties of a series 
of substituted bpy, phen complexes of Ru(I1). These include tris-chelates 
RuL:+ made up of the same ligand L as well as mixed ligand complexes 
where one of the bpy or phen ligands is replaced by the other or by ligands 
such as oxalate, Cl-, CN- , en, etc. The data clearly demonstrate the extent 
of “fine tuning” possible in the redox properties by simple substitution. 

D. PHOTOREDOX REACTIONS 

(i) Quenching mechanisms and their discrimination 

The most striking aspect of the Ru(bpy)z+ photochemistry is its rich 
photoredox chemistry. The excited state redox potentials estimated from 
corresponding ground state values and the excited state energy indicate that 
the luminescent excited state is a strong reductant as well as a good oxidant. 
As elaborated in an earlier section, this is due to the presence of an electron 
deficient d5 metal centre and an excess electron located in the ligand 
network in the excited state. In addition, studies have shown that Ru(bpy)i+ 
sensitises formation of triplet excited states in inorganic, organic molecules 
by the process of energy transfer. 

Thus, whenever the excited state is rapidly deactivated in bimolecular 
reactions with external additives (often called “quenchers”), one can visua- 
lise three principal means: 

(a) excited state acts as an energy donor 

Ru(bpy):+ * + Q + Ruhv):f + Q* 
(b) excited state acts as a reductant (oxidative quenching) 

(4) 

Ru(bpy):+ * + Q + R@w):+ + Q- (5) 

(c) excited state acts as an oxidant (reductive quenching) 

Ru(bpy);+ * + Q + Ruhv),+ + Q’ (6) 
The actual quenching mechanism will be determined by both thermody- 
namic and kinetic factors and most often establishment of the actual 
mechanism is by no means a trivial exercise. The ability to undergo energy 
transfer is related to the O-O spectroscopic energy levels (spectral overlap) 
of the donor-acceptor pair and that of electron-transfer to the redox 
potentials. The kinetic factors are associated with the activation energy 
needed to reorganise the inner and outer shells before electron/energy 



transfer takes place. More than one mechanism may be 
neously. 

operative simulta- 

Quenching.by electron transfer (or charge transfer) is expected to imply 
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some relationship between the quenching rate constant and the redox 
properties of the quenchers. As will be shown in the next section, this is 
verified experimentally by a comparison of the quenching rate as a function 
of redox potential for a series of structurally similar quencher molecules. Of 
considerable assistance in assignment is direct evidence for the formation of 
oxidised/reduced forms of the quencher and/or of the Ru complex in flash 
photolysis experiments for reversible redox systems and by continuous 
irradiation on irreversible systems. Similarly, growth of transient absorption 
or luminescence corresponding to the acceptor excited states on time scales 
concurrent with the decay of the Ru-complex excited state (a few hundred 
nanoseconds) is adequate evidence for the energy transfer process. In cases 
where the quencher excited states are non-absorbing or non-luminescent, 
assignments to energy transfer mechanisms rest either on the observation of 
sensitised photoaquation from the appropriate acceptor excited states or on 
the ruling out of electron transfer from thermodynamic data. The fact that 
the redox potentials of the Ru-complexes can be “tuned” by appropriate 
substitution has been exploited by Lin and Sutin [84] to distinguish electron 
transfer processes as against energy transfer. For the quenching of Ru(bpy)i+ 
excited state either by electron energy transfer by various molecules (organic 
and inorganic) elaborated in this section and the next, one or more of the 
above guidelines have been utilised for establishment of the mechanism. As 
was mentioned earlier, for non-absorbing, non-luminescent Ru-complexes, 
Meyer and co-workers [79,85] have profitably used the technique of differen- 
tial flash photolysis. It should be pointed out that, in addition to the above 
dynamical quenching processes, if there is extensive ground state association 
(complexing or ion-pairing) between the Ru-complex and the quencher, 
there can be additional quenching modes via static quenching. 

(ii) Theoretical correlations of quenching rates 

The kinetics of electron transfer quenching of excited states can be 
analysed in terms of the following reaction scheme, originally proposed by 
Rehm and Weller [80,81] 

Ru(bpy):+* + Q 1: 
kn 

Ru(bpy)$+* --- Q + 

?I 
k32 Ru(bpy):+ a-* Q- 

I 

hv so II encounter complex ion-pair 
ho 

14 
Ru(bpy):+ + Q ( 

4 4 
Ru(bpy):+ *-* Q Wbpy);+ + Q- 

separated products (7) 
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k,, and k,, are forward and reverse rate constants for the formation of an 
association complex between the excited state and Q prior to electron 
transfer. k,, and k,, are rate constants for electron-transfer within the 
encounter complex and corresponding back transfer to return to the excited 
state respectively. k,, is a combined rate constant for processes following the 
quenching step which lead to net quenching. This includes back e- transfer 
to give the ground state and a competitive step to yield separated products. 
Using the Stem-Volmer relationship and steady state approximations, it is 
possible to obtain the following equation for the observed bimolecular 
quenching rate constant kib” 

where AG,, and AG& are the free energy difference and free energy of 
activation between the encounter complex and the ion-pair, respectively. 
Au = (k,,/k,,) represents the encounter volume. Equation (8) reduces to 
eqn. (9) when AG,, becomes large and negative and to eqn. (10) when Ak,, 
becomes large but positive. 

(9) 

(10) 

AG,, can be written in terms of redox potentials of the Ru-complex and the 
quencher as in eqn. (11) 

AG,, = Er,z[Ru(bpy):+/Ru(bpy):+*] - E,,dQ/Q-I+ Wp - Wr (11) 
where W and 

(Ru(bpy);+ 

W, represent the work required to bring the product ions 
and QT) and reactants (Ru(bpy)$+ * and Q) together to form 

the ion pair and encounter complex respectively. For uncharged species W, is 
always negligible. Wp can be estimated from Debye-Htickel theory and is 
( 0.05 eV in most unfavourable cases. From eqns. (9)-( 11) it follows that a 
plot of log kib” versus E,,2 [Q/Q-] is expected: (a) to be linear at low 
E,,, (Q/Q-) values with slope = -( 1/2.3RT); and (b) approach a plateau 
at higher E,,2 (Q/Q-). For reductive quenching, an analogous situation 
exists and a similar plot will approach a plateau at low E1,2 (Q/Q’) values. 

The above predictions based on simple extension of Rehm-Weller treat- 
ment have been amply verified for a wide variety of redox quenchers, both 
for oxidative and for reductive quenching. Rate data for a series of nitro 
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TABLE 6 

Quenching rate constants for the oxidative quenching of Ru(bpy)$+ * a by various organic 
molecules 

Quencher Medium $2 (V * % 

(vs. SCE) (M-’ s-‘) 

A. Nitroaromatics [68,136] 
Nitrobenzene 
4-Me nitrobenzene 
4-F nitrobenzene 
4-Cl nitrobenzene 
3-Me nitrobenzene 
3-NO, benzaldehyde 
4,4’-Dinitrobiphenyl 
4,4’-Dinitrostilbene (cis) 
4-Me nitrobenzoate 
m-Dinitrobenzene 
p-Nitrobenzaldehyde 
o_Dinitrobenzene 
p-Dinitrobenzene 
p-Nitronitrosobenzene 

B. Viologens (bipyridinium salts) [ 137- 143,681 
2,7-Me, diazaphenanthrene 
4,4’-(Me-NC,H,-CsH,N-Me)2f 
4,4’-(Me-NC,H,-CH=CH-C,H,-Me)2+ 

(tram) 

2,2’-(Me-NC,H,-CH=CH-C,H,-Me) 
2,3’-(Me-NC,H,-CH=CH-C,H,-Me) 
3,4’-(Me-NC,H,-CH=CH-C,H,-Me) 
2,2’-(MeN-C,H,-C,H,-Me)2+ 
3,3’-(MeN-C,H,-C,H,-Me) 

4,4’-(R.NC,H, .NCSH4.R)‘+, 
R=CH, 

4,4’-(R.NC,H,.NC,H,R)2+, 
R=-CH,CH,OH 

4,4’-(R.NC,H,.NC H,R)‘+, 
R=-CH,C,H, 

2,2’-(R-NC H,.NC,H,R)2+, 
R= -CH, 

KH,), 

CH,CN 
CH,CN 
CH,CN 
CH,CN 
CH,CN 
CH,CN 
CH,CN 
CH,CN 
CH,CN 
CH,CN 
CH,CN 
CH,CN 
CH,CN 
CH,CN 

CH,CN 
CH,CN 
CH,CN 

CH,CN 
CH,CN 
CH,CN 
CH,CN 
CH,CN 

H2O 

H2O 

H2O 

H2O 

H2O 

H2O 

H2O 

- 1.15 2.0 x 105 
-1.20 3.0 x 10s 
-1.13 8.3 X lo5 
-1.06 8.0 x lo6 
-1.04 1.66X 10’ 
- 1.02 4.9 x 10’ 
-1.0 1.2 x 10s 
-1.0 1.8 X10’ 
- 0.95 6.6 x10* 
-0.90 1.56X lo9 
- 0.86 2.0. x 109 
-0.81 3.1 x109 
-0.69 6.6 x 109 
-0.52 9.2 X lo9 

-0.42 2.9 X lo9 
-0.46 2.4 X lo9 
-0.50 2.4 X lo9 

-0.52 1.6 X109 
-0.60 5.6 XlOs 
-0.63 7.7 x 10s 
-0.73 9.1 x10’ 
-0.84 1.0 x 106 

(-0.44) 
(-0.40) 

(-0.33) 

(-0.72) 

1.03x 109 

1.09x 10s 

1.37 x 109 

1.8 X1109 

(-0.37) 
(-0.55) 
(-0.65) 

1.44x 10s 
5.74x 109 
3.24x lo9 
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TABLE 6 (continued) 

Quencher Medium E,,, (V = % 
(vs. SCE) (M-l s-‘) 

KH,),, 

n=2 (+Q 
2, ,“o 

(CH,), 

HZ0 (-0.48) 

H*O (-0.59) 

9.5 x 109 

6.0 X lo9 

C. Quinones [144] 
Benzoquinone 
1,3,5-Trimethylbenzoquinone 
Anthraquinone 2,6-disulphonate 

Hz0 (0.29) 3.7 x 109 
H,O (0.11) 2.4 X109 

Hz0 (-0.22) 6.0 X lo9 

’ G/2 values quoted in parentheses are vs. NHE. 

aromatics, viologens, amines and methoxy benzenes where this has been 
verified are collected in .Tables 6 and 7. In cases where the nature of the 
redox products are identified by flash photolysis techniques, for a series of 
structurally similar quenchers, plots of log k, vs. E,,z (Q/Q-) or E,,, 
(Q/Q’) can be used in a complementary manner to estimate the redox 
potentials of the metal complex excited state. 

Analogous treatments of electron-transfer mechanisms by Marcus [82] 
and Hush [83] however, predict that plots of log k, vs. E,,2 should be 
parabolic, with log k, decreasing as AG becomes more negative (“inverted 
Marcus region”). There h ve been several attempts to locate cases where one 
observes this inverted Ma arcus behaviour. While quenching of Ru(bpy):+ * 
by various tris-bipyridyl metal complexes shows some positive results, simi- 
lar quenching of Ru[bpy,(CN),]* by N-ethyl pyridium ions show no fall off 
even when AE approaches 2.0 eV. Evidences cited in support have often 
been subject to criticism. 

For electron transfer reactions involving metal complexes (mostly by an 
outer sphere mechanism) it is also possible to calculate rate constants for 
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TABLE 7 

Rate parameters for reductive quenching of Ru(bpy)$+ by various organic molecules 
[68,78,144,146] 

Quencher Medium E,,, (D/D+) k, k, 

2 SCE)= 
(M-’ s-r) 

(M-’ s-‘) 

TMPD 
N, N’dimethylaniline 
N, N’-diethylaniline 
p-(Me,.N.C,H,-C,H,-NMe,) 
p-Me,N.C,H,-OMe 
p-Me,N.C,H,-Me 
p-Me,N.C,H,-Cl 
Triphenylamine (NPh,) 
a-Naphthylamine 
p-Anisidine 
Tetramethylbenxidine 
Diphenylamine (NHPh,) 
Phenothiazine (PTH) 
Phenothiazine 
N-methylphenothiazine 
IO-Me phenothiazine 
Dimethyldithiofulvalene 
CAminodiphenylamine 
N, N-diphenyl p-phenylene- 
diamine 
Benzidine 
N, N’dimethyl-p-toluidine 
Diethyldithiocarbamate 
Ethylxanthate 
p-Methoxydithiobenzoate 
0, O’diethyldithiophosphate 
Benzhydroquinone 
Trimethylbenzhydroquinone 

CH,CN 
CH,CN 
CH,CN 
CH,CN 
CH,CN 
CH,CN 
CH,CN 
CH,CN 
CH,CN 
CH,CN 
CH,OH 
CH,OH 
CH,OH 
CH,CN 
CH,OH 
CH,CN 
CH,OH 
CH,CN 
CH,CN 

0.15 
0.85 
0.76 
0.43 
0.55 
0.71 
0.89 
1.06 
0.63 
0.71 

(0.69) 
(0.80) 
(0.73) 

(0.78) 
0.27 
0.35 

1.0x 10’0 
7.1 x 10’ 
1.5x 108 
4.3 x 109 
5.0x 109 
1.5x 109 

7.4 x 10s 
9.5 x 105 
1.2x 108 
6.4x 10s 
7.4x 109 
2.5 X 10’ 
5.6x lo9 
4.1x109 
1.3x 109 
1.6x IO9 
4.0x 109 
6.7X lo9 
5.8 X lo9 

CH,CN 0.46 4.5 x 109 
CH,CN 0.65 1.1 x 109 
CH,CN 0.05 4.0x 109 
CH,CN 0.21 3.6 X lo9 
CH,CN 0.19 9.0 x 10s 
CH,CN 0.71 7.1 x 10s 

H,Q 0.29 5.0 x 10’ 

H,Q 0.11 5.0 x 10’ 

5.2X lo9 
4.1 x 10s 

Irrev. 

1.1 x 10s 

’ Potentials quoted in parentheses are vs. NHE. 

electron transfer from Marcus theory. Consider for example the equation 

*Ru(bpy):+ + Ru(NH,);+ = Ru(NH,);+ + Ru(bpy);+ (12) 

According to the treatment of Marcus, Sutin, Balzani, et al. the rate constant 
for electron transfer 

k,, = (k,, * k,, - JG, -fi~)“~ 03) 

log h2 = h3 K,2 )2/4 log( k, Ik22/Z2) (14) 
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where kii, k, are the self-exchange rates for the reductant and oxidant 
couples; Klz, the equilibrium constant for the reaction and 2, the collision 
frequency (normally taken as 10” M-’ s-l) when fiz in the above equation 
is ca. 1 (that is when (log K,,)2 and/or k,,k,, are sufficiently small), the 
equation reduces to 

k,2 - (W22&2Y2 (19 

Thus if a series of related relations withf,, = ca. 1 is studied as a function of 
the driving force, a plot of log k,, vs. log K,, should be linear with slope 0.5 
and intercept 0.5 log k,,k,,. 

(iii) Quenching by inorganic ions and molecules 

The quenching of the excited state of Ru(bpy)g+ by a variety of inorganic 
ions and molecules has been investigated by many workers. Available data 
on the quenching rate constant k,, assignment to the quenching as redox or 
energy transfer and redox quantum yields for the products are summarised 
in Table& Ions such as Fe3+, Cu2+ Eu3+, T13+, Ag+, Hg2+ and S,Oi- 
quench Ru(bpy)i+ * oxidatively to keld Ru(bpy):+- as the product. With 
Eu2+, SOi- and ascorbate, the excited state is photoreduced. Quenching by 
Cr3+ and Ti3+ presumably occurs via energy transfer. 

Oxidative quenching by Fe 3+ has been extensively investigated, as it is 
one of the few cases where the reverse e- transfer occurs very inefficiently 
[84-901 

Ru(bpy)i+ * + Fe3+ k: Ru(bpy):+ + Fe’+ (16) 
I 

In 0.5 M H,SO,, the rate constants for forward and back electron transfer 
are 2.7 X lo9 and 5.2 X lo6 M-’ s-l respectively. Under steady state condi- 
tions, this would imply a conversion of > 25% of the Ru-complex into the 
3 + state and hence the reaction has also been examined as a candidate for a 
photogalvanic cell system (cf. Section H). The quenching reaction (16) yields 
over 80% redox product3 The nature of the acid medium influences rate 
constants considerably ( orward 

d 
and reverse) and also the steady state 

conversion yields. This i due to the change in the chemical nature of the 
quenching species themselves. Fe3+ exists as Fe(H,O)i+ only in HClO,, and 
in media such as HCl and H,SO,, it is present as FeCI,, Fe(SO& etc. The 
rate data can be satisfactorily explained in terms of Marcus theory for outer 
sphere e- transfer reactions. 

Quenching by ions such as T13+ (in HClO, or H2S04) and S,Oz- leads to 
irreversible formation of Ru(bpy)z+ with a quantum yield of 2.0 
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[86,94,100,101]. 

Ru(bpy);+ * + T13+ + Ru(bpy);+ + T12+ (17) 

Ru(bpy);+ + T12+ + Ru(bpy);+ + Tl+ (18) 

Overall: 2 Ru(bpy):+ + T13+ 2 2Ru(bpy):+ + Tl+ 
+=2.0 

(19) 

The higher quantum yield arises due to a dark oxidation of a second 
molecule of Ru(bpy) 3’ b y the photoreduced quencher molecule, as shown in 
eqn. (18). 

In photoredox systems involving Ag+ or Hg2+ as quenchers, the reduced 
quencher molecules can dimerise (or aggregate) [98,99,1 lo] in reactions such 
as 

Ru(bpy);+ * + Ag+/Hg’+ + Ru(bpy):+ + Ag’/Hg+ (20) 

Ago + Ag+ + Ag; (21) 
or 

Hg+ + Hg+ + Hg;+ (22) 

and subsequently back react with Ru(bpy):+ in a slow step. Under such 
conditions, Ru(bpy):+ lives long enough to be scavenged by other reductants 
such as TEOA and the system shows significant photopotentials. 

With T13+ and Hg2+ , change in the nature of the acid medium influences 
drastically the quenching rates and yield of the redox products. Quenching 
studies in HCl medium show that even though quenching rates are higher 
(for T13+, k, (HCl) = 3.3 X lo9 M-’ s-i as compared to 1.1 X lo8 M-’ s-l 
in H2S04), +(Ru3+) < 10e2. Here the negatively charged quencher mole- 
cules such as TlCla, HgCl$- interact efficiently with the doubly charged 
Ru-complex but the radical ion pairs do not escape the primary cage. 

Oxygen is one of the few molecules which effectively quenches Ru(bpy)$+ * 
[102-1071 (k, = 3.3 X lo9 M-i s-l). Singlet oxygen formation by energy 
transfer has been suggested with singlet oxygen traps. However, in acid 
media, the quenching mechanisms appear to be complicated. Sutin and 
co-workers [ 151 suggest an electron transfer mechanism to yield initially 

Ru(bpy);+ 

Ru(bpy):+ * + 0, + (Ru(bRy);+ - - - 0, ) -, Ru(bpy):+ + 0, (23) 

Ru(bpy):+ + 0, + Ru(bpy):+ + 0202) (24 

and 0; which react back to give Ru(bpy)i+ and singlet oxygen (‘AZ). 
Ru(bpy):+ indeed has been observed in laser flash photolysis experiments in 
oxygenated solutions of Ru(bpy):+ . Recently, Kunimura and Onimura [ 1071 
have observed efficient formation of Sb(IV) upon photolysis of oxygenated 
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Ru@w), *+ -Sb(III) solutions. Since Sb3+ itself does not quench the 

Ru(bpy),Z + * effectively at concentrations employed, an alternative mecha- 
nism involving reaction of Ru(bpy)z’ (photogenerated via reaction 23) with 
Sb3+ has been proposed. 

(iv) Quenching by inorganic metal complexes 

Wide interest in Ru(bpy)f+ photochemistry started almost a decade ago 
with reports by Gafney and Adamson [ 1111 and by Fujita and Kobayashi 
[ 112- 1141 that Ru(bpy)z+ sensitises redox decomposition of metal com- 
plexes such as Co(NH,),Cl’+ and PtCli- and energy transfer in various 
Cr(II1) complexes. Since then quenching by a wide variety of inorganic 
complexes has been examined and these include oxalates [ 1361, bipyridyls 
[121], phenanthrolines [60,88], ammines [88,111], cyanides [123,127], acac 
[93], EDTA [ 129,130] complexes and binuclear p-0x0 bridged Co complexes. 
Available data on the quenching rate constants and details on quenching 
assignment and redox product quantum yields are summarised in Table9. 

Sensitised redox decomposition of Co(II1) complexes has been investi- 
gated in detail and mechanisms of reaction have been the subject of 
controversy. Co(II1) complexes such as [Co(NH,),X]‘+ upon photoreduc- 
tion to the Co(I1) state, readily decompose yielding the aquo complex 
(X = Cl-, Br- or I-) 

Ru(bpy):+ * + [co~(NH,),x]~+ + Ru(bpy):+ + [Co”(NH3),X]+ (25) 

[co~(NH,),x] + “2 CO:; + 5NH, + x- (26) 

Natarajan and Endicott, in a series of papers [ 116,117,129,130] reporting 
their photolysis, scavenging studies on EDTA and ammine complexes of 
Co(II), argued that the mechanism involved is triplet-triplet energy transfer 
followed by intramolecular oxidation of one of the ligands of the Co(II1) 
substrates. 

Ru(bpy):+ * + [Co(NH3)5Br]2+ + Ru(bpy):+ + [Co(NH3),Br]*+* (27) 

[Co(NH,),Br]‘+ * + Co:: + 5NH, + Br’ (28) 

Br’+Br- + Br; (29) 

Br, +.Ru(bpy):+ + Ru(bpy):+ + 2 Br- (30) 

Contesting this interpretation, Navon and Sutin [ 1151 argue that the sensi- 
tised decompositions occur via direct electron transfer, as outlined in eqns. 
(25) and (26). Since Ru(bpy)z+ is produced 11151 in yields close to 100% for 
all halides, Endicott mechanism implies that the oxidising radicals (X . and 
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X; ) be produced from excited states of the Co with close to unit efficiency 
and these radicals react quantitatively with Ru(bpy)g+. It is difficult to 
conceive both of these conditions being satisfied by the Co complexes. 
Furthermore, none of the Co(II1) complexes investigated had any low-lying 
reactive excited states to act as energy acceptors. Data on the variation in the 
yield of Ru(bpy):+ and Co’+ in mixed solvent systems (such as 50% 
2-propanol) similarly, can be interpreted without invoking competitive radi- 
cal reactions. 

Among the tris(oxalato) complexes of Co(III), Cr(II1) and Fe(III), only 
the Co(II1) complex quenches Ru(bpy)‘+ * by electron transfer efficiently 

( %d, = 0.85). Depending on the nature of the halide (X-) ion, oxidative 
quenching by Co(HEDTA)X complexes produce Coil with quantum yields 
0.1-0.80. Efficient oxidative quenching (+c, = ca. 0.8) has been demon- 
strated recently for Co(p-0x0) dimeric complexes as well. 

Quenching by cyanide complexes has received some attention [123-1281. 
Ni(CN)i- and Cr(CN)z- have been shown to quench by energy transfer and 
Fe(CN)i- , Mo(CN)i- , Ru(CN)z- reductively. With Pd, Pt and Co cyanides 
quenching is very inefficient and Fe(CN)i- quenches Ru(bpy)i+ * fairly 
efficiently by the oxidative process. 

With most of the anionic metal complexes, there is evidence for extensive 
ion-pairing with Ru(bpy)i’ resulting in some static quenching of the excited 
states. Where there is additional quenching by static means, the Ru(bpy)2+ * 
emission intensity is quenched faster than the lifetime. (With static quench- 
ing the excited ion pair very rapidly deactivates so that the emission yields 
decrease without appreciable changes in 7.) 

Ru(bpy);+ + 2 X- 5 [Ru(bpy);+(X-)2] (31) 

From the observed deviation in the Stem-Volmer plot and Debye-Htickel 
theory, it is possible to calculate even the ion-pairing constant for the 
association of the type shown in eqn. (31). Table 10 summarises data on ion 
pairing constants determined by quenching of Ru(bpy)i+ by inorganic 
complex systems. 

(u) Oxidative quenching by organic molecules 

Formation of Ru(bpy):+ as a redox product in the oxidative quenching of 

Ru(bp y) 3 2+ * has been demonstrated for various organic molecules by flash 
photolysis studies. Compounds investigated include nitroaromatics, quinones 
and bipyridinium ions (also called “viologens”). Quenching by viologen salts 
has been of wide interest, [68,137-1431 due to the role they play as a relay in 
light induced H, evolution from water experiments. The simple bipyridinium 
salt, methyl viologen, (abbreviated often as MV2+), for example quenches 
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TABLE 10 

Ion-pairing constants for Ru(bpy)g+ -quencher complexes derived from static quenching of 
the excited state of Ru(bpy):+ * 

Quencher Med- k, Ion-pairing const. B Ref. 
ium (M-’ s-‘) 

Mo(CN);t- 
IrClz- 
ptc1:- 

Cr(C@& 
Co(C,Q.& - 
Cr(mal):- 
Cr(CN); - 
Fe(CN);- 
Fe(CN)i - 

H2O 

H2O 

DMF 

H2O 

H2O 

H2O 

H2O 

H2O 

H2O 

H2O 

3.4x 108 
1.2x 10’0 
1.0x 10’0 
8.5 x 109 
6.7 X lo9 

9.5 x 108 
3.3 x 109 
6.5 X lo9 
5.6X lo9 

300 [128a] 
(50 [128a] 
1000 [128a] 250 [93] 
7820 [114] 
4600 [118] 1900 [93] 
3260 
9480 [ 1141 400 [93] 
3600 
2000 
1600 

93, 105, 123a, 127, 128a 
93, 128a 
93, 105, 118, 128a, 136 
114, 118 
93, 118 
114 
93, 114, 123a, 127 
93, 123a, 127 
93, 123a, 127 
93, 123a, 127 

’ For more than one reference and/or values shown, ref. no. after the ion-pairing constants 
refers to work from which taken. 

Ru@m%+ * oxidatively to yield the one-electron reduced radical MV’+ and 
Ru(bpy);'+ . 

H&-~~-cH3 (t&2+) 

Ru(bpy):+ * + MV2+ “r Ru(bpy):+ + MV+ (32) 

Ru(bpy);+ + MV+ 
k, 
+ Ru(bpy);+ + MV2+ (33) 

InCH,CN,k,andk,are2.4X109M-1s-1and8.3X109M-’s-1andin 
H,O, the corresponding values are 5.6 X lo9 M-’ s-l and 2.4 X lo9 M-’ s-l 
respectively. Rehm-Weller type plots of log k, vs. E,,, have been presented 
[141] for a series of viologen salts in support of the electron transfer 
quenching. However, quantitative studies by flash photolysis have shown 
that only 30% of the redox products escape cage recombination to undergo 
diffusion-controlled back electron transfer of the type shown in eqn. (32). As 
the reaction involves two positively charged ions, it is subject to strong 
coulombic effects [139]. In systems for H, evolution, one uses reductants 
such as EDTA to scavenge Ru(bpy):+ in competition with back transfer. 
Photoproduced MV+ ions subsequently reduce H+ to H, over a redox 
catalyst such as Pt -, 

2 MV++2 H+ :2 MV2+ +H, (34) 
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A summary of redox potentials, quenching rate constants, redox yields for 
various viologens, nitroaromatics and quinone systems can be found in 
Table 6. 

Quinones are also known to quench Ru(bpy)$+ * at diffusion controlled 
rates by the oxidative mechanism [ 1441. 

(vi) Reductive quenching by organic molecules 

The luminescent excited state of Ru(bpy)i+ is also efficiently quenched 
reductively by numerous organic molecules, aromatic amines [68,78] and 
dithioanions [146] in particular 

Ru(bpy):+ * + D = Ru(bpy),’ + D+ (35) 
Ru(bpy)l being a strong reductant, reacts with various substances including 
water and so these reactions are preferably carried out in nonaqueous media 
such as CH,CN or CH,OH. In solvents like CH,CN, the redox reactions are 
reversible. In CH,OH or H,O, most oxidised amines deprotonate and then 
dismutate, so that the quenching reactions are only partially reversible. 
Dimerisation/oligomerisation of amine cations such as that of DMA+ are 
also known to occur. In such cases it is possible to accumulate one or the 
other of the redox products. 

Quenching parameters for organic molecules where the quenching process 
has been shown to be reductive are collected in Table7 along with their 
redox potentials. For most cases even though the absorption spectra of 
Ru(bpy)c and of the oxidised donors are known, efficiencies for electron 
transfer (+rad0X) h ave not been determined. Only with phenothiazine +rd, 
has been estimated to be 0.60 [78]. 

Using irreversible reductants such as dithioanions, Deronzier and Meyer 
[146] have attempted to build up Ru(bpy)l as a stable species during 
continuous photolysis with no success. The slow back reaction between the 
disulphides and the reduced Ru(II) complex returns the system to its initial 
state. However, they have shown that in multicomponent systems containing 

2+ Ru(bpy), 3 dithiocarbonate (dtc-) and weak electron acceptors, it is possi- 
ble to build sufficient quantities of radical anions of these acceptors for 
spectroscopic analysis. 

E. ENERGY TRANSFER STUDIES OF TRIPLET EXCITED STATES 

The early interest in Ru(bpy)i+ photochemistry concerned its potential 
use as an energy sensitiser of triplet excited states for various organic and 
inorganic molecules 

Ru(bpy);+ * + A + Ru(bpy);+ + A* (36) 
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As mentioned in the last section (section D(i)), assignments of quenching 
processes to “energy transfer” on firm grounds require either direct observa- 
tion of the acceptor phosphorescence or at least photoreactions arising from 
the excitation into the acceptor excited states. The number of authenticated 
cases of energy transfer from Ru(bpy), 2+ * has been few. Various quencher 
systems where the “energy transfer” mechanism has been invoked are 
collected in Table 11 along with the acceptor energy levels accessible and the 
quenching rate constants. 

In the very early studies Demas and Adamson [ 1181 demonstrated sensi- 
tised photoaquation of PtCli- to occur by an energy transfer process. With 
most inorganic complexes, in the absence of direct observation of emission 
from acceptor excited states, sensitised photodecomposition/photoaquation 
is often taken as adequate evidence for the occurrence of the energy transfer. 
Thus, in earlier studies, sensitised redox decomposition of a series of Co(II1) 
ammine, oxalato complexes were assigned to energy transfer [ 116,117]. This 
assignment has been subject to long debate, as was elaborated in section 
D(iv); these redox decompositions are now believed to occur by direct 
electron transfer followed by intramolecular redox decomposition. To avoid 
ambiguities, knowledge of the exact location of acceptor energy levels and 
also of the excited states from which photoreactions occur is essential. 

Cr(CN)i- quenching of Ru(bpy)z+ * is a clear-cut example of direct 
energy transfer, as has been demonstrated by the observation of sensitised 
phosphorescence from the chromium complex [ 123-1271. Sensitisation by 
the Ru-complex or erythrosin leads to populating of the lowest doublet state 
( 2E,). Sensitisation of Cr(CN)z- phosphorescence by organic molecules such 
as naphthalene, acridine or xanthone however leads to photoaquation. These 
photoreactions presumably arise from populating the lowest quartet state 
( 4T2,). Quenching of Ru(bpy), 2+ * by energy transfer by various Cr(II1) 
complexes has also been studied in various rigid solutions, host crystals and 
in double salts by Fujita and Kobayashi [ 112- 1141. Most of the anionic Cr 
complexes form ion-pairs with the Ru-complexes and hence the energy 
transfer processes are believed to be intermolecular in the ion-pair. 

Sensitisation of triplet excited states of organic molecules [147,148] 
anthracene, stilbene etc., or of aromatic ketones such as benzophenones are 
easily shown to occur by a direct energy transfer process. Wrighton et al. 
[149] have investigated the quenching of Ru(bpy)i’* by various metallo- 
cenes. With ferrocene and its substituted derivatives, the quenching is very 
efficient and the mechanism operative is believed to be one of energy 
transfer. As mentioned in section D(v), the efficient quenching of the 
Ru-excited state by molecular oxygen is often attributed to an energy 
transfer process resulting in the production of singlet oxygen. In alcoholic 
solvents this seems to be the case as evidenced by the high uptake of oxygen 
in the presence of scavengers such as 2 : 3 dimethyl butene. 
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F. CHEMILUMINESCENT REACTIONS OF Ru(bpy)$+ 

Thermal (dark) electron-transfer reactions of transition metal complexes 
such as Ru(bpy):+ in different oxidation states, often result in the produc- 
tion of the MLCT excited state and subsequent light emission from the 
solution. The phenomenon is known as chemiluminescence and if the light 
emission occurs from the reactions of ions generated at an electrode surface, 
as “electrogenerated chemiluminescence” (ECL). Chemiluminescence has 
been shown to occur both in the oxidation of Ru(bpy)z and also upon 
reduction of Ru(bpy)!+ [ 150-1621. 

Luminescence corresponding to the emission from the Ru(bpy)i+ * was 
first observed by Hercules and Lytle in 1966 [ 1501, upon neutralising an 
acidic solution of Ru(bpy):+ with concentrated alkali (OH-) 

Ru(bpy);+ + OH- -, Ru(bpy);+ * + OH’ (37) 

Subsequently similar observations have been made for the thermal reduction 
of Ru(bpy):+ with reductants such as N,H,, NaBH,, EDTA [150,151] 
organic acid salts such as oxalate, pyruvate [ 16 1,162] etc. The luminescence 
is also observed upon reduction of the (3 + ) complex with solvated electrons 
in pulse radiolysis experiments 

Ru(bpy):+ + e; --, Ru(bpy):+ * ‘(38) 

Similarly reactions of Ru(bpy)T with oxidising agents such as lo-methyl 
phenothiazine radical cation results in Ru(bpy):+ * 

Ru(bpy),’ + MPTH+ + Ru(bpy):+ * + MPTH (39) 

In all cases, the emission has been unambiguously assigned to that arising 
from the direct photoexcitation of the Ru(bpy)z+ complex. 

In distinct contrast to the chemiluminescence involving organic systems 
[149a, b] (+ c 0.5, often in the range of I%), the efficiencies of these 
homogeneous electron transfer reactions of Ru-complex are quite high. In 
pulse radiolysis experiments in aqueous solution, for example, 38% of the e; 
consumed produce the Ru(bpy), *+ MLCT excited state and another 55% 
produce some high energy products which may occur through a Ru(bpy)g+ 
intermediate excited state. 

Electrogenerated chemiluminescence resulting from mutual annihilation 
reactions 

Ru(bpy);+ + Ru(bpy),’ -, Ru(bpy):+ * + Ru(bpy);+ (40) 

has been investigated by Bard and co-workers [ 157,159], Itoh and Honda 
[158] and Glass and Faulkner [160]. In these studies, Ru(bpy)i+ , Ru(bpy)l 
species are produced alternately near the electrode by pulse methods and 



202 

their mutual reactions followed spectrophotometrically. ECL quantum yields, 
+ncr, in the range 3%6% have been reported for reaction (40) shown above. 
Compared to the luminescence quantum yield, +lm, of 0.042 for Ru(bpy):+ * 
measured in water at 25”C, by direct photoexcitation methods, the reported 
+nc,_ values imply that the efficiencies for the formation of the CT excited 
state in the ion-annihilation reactions are near 100%. Thus, the Ru(bpy)i+ 
redox system is the only case known conforming to the predictions based 
upon the Marcus theory of electron transfer, viz. the highest energetically 
accessible product state will be the one most efficiently populated in an ECL 
reaction. This assumption implies that in cases where the emitting state is 
directly populated (as opposed to energy transfer or T-T annihilation), ECL 
efficiency in principle should be limited only by the luminescence quantum 
yield. The fact that with the Ru-complex, ECL efficiencies are close to 100% 
has also been verified by the measurement of temperature dependence of 
ECL emission yield, &,-r and its direct correlation with the luminescence 
quantum yield. 

Data on the luminescence intensity versus time (I vs. t) in ECL reactions 
of the type shown above provide more information about the details of the 
mechanism. For most ECL systems studied, experimental data on I-t curves 
deviate significantly from theoretical predictions for ideal energy-sufficient 
“S-route” systems. (S-route systems are those where emitting species are 
produced directly in the electron transfer reaction. Energy-deficient systems 
of T-route are those where the electron transfer is energetically insufficient 
to leave a product in the observed emitting state.) Recently, Bard, Faulkner 
and co-workers, have shown independently, by the potential sequential step 
techniques for the study of I-t behaviour that the Ru(bpy)z+ system is the 
first case to follow the ideal S-route behaviour. 

G. Ru(bpy):+ AS A PHOTOSENSITISER IN SOLAR ENERGY CONVERSION 

(i) Photodecomposition of water with metal complexes 

Among the various methods that are being explored for the photochemical 
conversion and storage of solar energy, a challenging problem is the photo- 
dissociation of water with ,,visible light. The extensive redox chemistry 
exhibited by the Ru(bpy), 2+* has prompted several investigations on the 
possible utility of this complex as a photosensitiser for the above process. 
The photodecomposition of water can be considered in terms of two half-cell 
reactions 

e-+H,O+OH-+t H, (41) 

H,O+2H++i 0,+2e- (42) 
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Generation of a molecule of hydrogen or oxygen involves multielectron 
transfers (2 e- for H, and 4 e- for 0,) with the redox potentials for the 
above processes 0.0 V and 1.23 V (vs. NHE) respectively at pH 0. 

Discussions on redox potentials for the various oxidation states for the 
Ru(bpy);+ complex in the ground and excited states (section C) (E, Ru(2 + 
*/3 +) = -0.81 V; E, Ru(3 +/2 +) = 1.23 V; E,, Ru(2 + */+) =0.81 V; 
and E. Ru( + /2 + ) = - 1.26 V) reveal that it is possible to envisage several 
redox schemes involving some of these states to achieve one or more of the 
above processes. (Even though the CT excited state has the required redox 
potential to reduce water directly, there has been no report of its actual 
occurrence.) 
(a) Photoreduction of water either with Ru(bpy)l or with a suitable acceptor 
relay reduced in an oxidative quenching step. 

cat. 
2A-+2HzO-+2A+20H-+H, (43) 

A- = Ru(bpy)z or other reduced acceptors such as Eu*+ or MV+ . 
(b) Photooxidation of water either with Ru(bpy):+ or with some suitable 
oxidised donor produced in a reductive quenching step. 

4D++2H20c$4D+4H++02 (44) 

In recent years there have been several successful reports on efficient 
photogeneration of these strong oxidants and reductants as well as coupling 
of these to water oxidation or reduction reactions respectively. In this section 
we review some of these studies. The success of these experiments are due as 
much as to the development of suitable redox cycles as to the development 
of redox catalysts for efficient occurrence of reactions (43) and (44). 

In schemes where either water oxidation or reduction is carried out, for 
charge equivalence, it is inevitable that one of the components be oxidised or 
reduced irreversibly. In general, systems for the light induced H, evolution 
from water have a sensitiser such as Ru(bpy):+ , an electron acceptor relay 
(capable of carrying out reaction (43)), an electron donor to regenerate the 
sensitiser from its oxidised state and a redox catalyst. Similarly, systems for 
light induced 0, evolution from water invariably utilise an acceptor which 
decomposes/disproportionates upon photoreduction and a redox catalyst to 
facilitate Ru(bpy):+ oxidation of water. Multi-electron processes such as 
shown in eqns. (43) and (44) are grossly inefficient in the absence of redox 
catalysts. Redox catalysts that have been employed have been both of the 
homogeneous and heterogeneous type. We also briefly mention studies 
which utilise Cr(bpy)z+, Rh(bpy)z+ as sensitisers for water reduction and 
Fe(bpy):+ for the water oxidation in the dark. 
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(ii) Photoproduction of hydrogen from water 

The photoredox system Ru(bpy)$+ -methyl viologen @IV)‘+ with EDTA 
or triethanolamine (TEOA) as the electron donor and a Pt catalyst, has been 
thoroughly studied as a system leading to light-induced H, evolution from 
water [138,163-1891. Upon visible light excitation, Ru(bpy):+ reduces MV2+ 
to its radical, MV+ 

Ru(bpy);+ + MV2+ 2 Ru(bpy):+ + MV+ (45) 

Kinetic analysis of the oxidative quenching process at different MV2+ 
concentrations by laser flash photolysis yields the rate constants for the 
forward and reverse electron transfers as 5.5 X lo* M-’ s-l and 2.4 X lo9 
M-’ s-’ respectively. The reaction is subject to strong ionic strength effects 
[139]. The cage escape yield for the redox products is about 30%. The back 
reaction in eqn. (45) can be prevented by the addition of a third component, 
an electron donor, such as TEOA, which is capable of reducing Ru(bpy):’ 
to the 2 + state 

Ru(bpy);+ + R,NCH,CH,OH + Ru(bpy);+ + R; NCH,CH,OH (46) 

With increasing amounts of TEOA, reaction (46) removes Ru(bpy)s+ in 
competition with reverse electron transfer of eqn. (45), leaving part of the 
MV+ formed as a stable product. 

The MV+ radical yields are pH dependent, decreasing in the acid pH 
reactions due to reactions such as 

MV+ +R; NCH,CH,OOH + R2NCH2CH20H + MV2+ 

and at alkaline pH, almost doubling due to the following reactions 

(47) 

Rf NCH,CH,OH 
pK,=7.8 

= R,NCH,CH’OH + H+ (48) 

R,NCH,CkOH + MV2+ + R,NCH,CHO + MV+ +H+ (49) 

One observes essentially similar behaviour with EDTA as the electron donor. 
In the presence of Pt catalysts, MV* radical reduces water to H,, according 
to the equation 

2 MVt+2 H20c;2 MV2+ f2 OH- +H, 

The H, yields are also pH dependent, being maximal around pH 4-5 with 
EDTA as the electron donor. At low pH values, the H, yields fall off due to 
fall off in the MV+ yields due to reactions such as (47). The fall off at 
pH > 6 presumably arises from the thermodynamic inability of MV* radi- 
cals ( E, = -0.44 V, vs. NHE, pH independent) to reduce water at these high 



205 

pH values. Reaction (50) is thermoneutral at pH 6.0. The maximal quantum 
yields for H, has been found to be ca. 15% [ 138,169]. Towards improving the 
efficiency of the system, quenching efficiencies and H, yields have been 
studied with various viologens and bpy, phen complexes with substituents 
covering a range of redox potentials. The other variations of this system 
include studies with polymeric systems with pendant viologen groups, 
surfactant derivatives of Ru(bpy)z+ and MV*+ , redox partners incorporated 
in the organised media of micelles, synthetic surfactant vesicle systems, as 
adsorbed on cellulose etc. Some of these studies will be elaborated in later 
sections. 

Lehn and co-workers [ 119,190] have reported efficient H, production on 
visible light photolysis of the Ru(bpy)i+ , Rh(bpy)j+, TEOA system in 
aqueous solution in the presence of K,PtCl, which turns into an active 
colloidal Pt catalyst during irradiation. The mechanism involved has been 
shown to be oxidative. 

Ru(bpy):+ * + Rh(bpy):+ + Ru(bpy):+ +Rh(bpy);+ (51) 

There has been some speculation as to whether or not the Rh(bpy):+ acts as 
a one electron relay like MV*+ or as a two electron relay undergoing a 
Rh(III)-Rh(1) cycle. Detailed studies by Sutin and co-workers [ 120,121] 
have shown that H, evolves mainly from Pt”-catalysed reactions of Rh(I1). 
As in the MV*+ system, the Ru(bpy)z+ is reduced by the electron donor 
TEOA to the 2 + state. The oxidised, deprotonated TEOA+ radical being a 
good reductant, reduces another molecule of Rh(bpy)z+ . In the absence of 
Pt, Rh(bpy)i’ undergoes aquation and subsequent disproportionation yield- 

ing Rh(bpy)t . The Rh(1) complex can exist in a variety of chemical forms 
depending on the Rh-complex concentration and pH: at low pH as Rh(bpy): 
and the hydride [Rh(bpy),(H,O)H]‘+ and at high pH as [Rh(bpy)*]*’ 
(dimer) and as [Rhbpy,] *H 3+ None of these species evolve H, in the dark . 

by themselves. The cage escape yield for the Rh(I1) species is 0.15 in reaction 
(51) and +u, = 0.11, a value close to &,.,~Ij in the absence of Pt catalysis. 

A number of heterogeneous catalysts such as colloidal metals [ 119,190], 
polymer supported metals [ 169,173,177], metals deposited on solid supports 
such as zeolites [ 1901 and semiconductor powders [ 188,189,19Oa] phthalo- 
cyanine dispersions [189a] have been prepared and their efficiency to cata- 
lyse H, evolution tested with the two photoredox systems above. To date, 
the best efficiencies have been with Pt or Rh as colloids or as deposited on 
semiconductor powders of TiO, or SrTiO, [ 188,19Oa]. 

Physical descriptions of the redox catalysis step (reaction (50)) on the 
noble metals have been in terms of “microelectrode” concepts. Herein the Pt 
particles are pictured to behave as if they were electrodes polarised cathodi- 
tally by the reduced MV+ (or Rh(I1)) radicals. With low overvoltages for H, 
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evolution, they then catalyse water reduction efficiently. Miller and Mc- 
Lendon [183] have described the model in more quantitative terms and 
obtained experimental verification with various noble metals and with 
viologens of different redox potentials. 

In addition to these popular systems based on the oxidative quenching of 
Ru(bpy);+ *, systems involving reductive quenching of the excited state have 
been described by Sutin and co-workers [ 191,192] and Whitten and co- 
workers [ 1931. Here, the Ru(bpy)g + is converted to the more strongly 
reducing, long lived Ru(bpy)l state and the H, evolved directly from it with 
a Pt catalyst or via reduction of a metal complex yielding an unstable metal 
hydride. The latter systems involving Co(I1) complexes, for example, are 
attractive, for they provide a means of homogeneous catalysis for the 
photoreduction of water. In the studies of Whitten and co-workers [193], 
hydrophobic, substituted bpy complexes of Ru(I1) are photoreduced to the 
(+) state with TEA in H,O-CH,CN mixtures. In dry CH,CN, the reaction 

Ru(bpy):+ * + TEA + Ru(bpy),’ + TEA+ (52) 

is irreversible and @au + = 2.0 due to reactions of the type outlined earlier 
(deprotonation and subsequent dark reduction of Ru(bpy)z+ by the TEOA+ 
radical). Crutchley and Lever [179] have described a similar system with 
Ru(bpz);+ as the sensitiser. With added MV2+, eMV+ = 0.77. In the pres- 
ence of water and a Pt-catalyst, the Ru(2 + ) complex is regenerated 

2 Ru(bpy),+ + 2 H,O 2 2 Ru(bpy);+ + 2 OH- +H, 
cat. (53) 

In systems involving Co(I1) either as a macrocyclic complex or as a labile 
bipyridine complex, Co(bpy) 2+ formed in situ and Ru(bpy),f (produced via 
reductive quenching with ascorbate or Eu2+ ions) reduced Co(I1) to Co(I). 
The latter, as a coordinatively unsaturated d8 complex, undergoes oxidative 
addition of H30+ to form a d6-hydride. The hydrides of the Co system are 
unstable and undergo spontaneous decomposition to yield the parent com- 
plex and H,. The quantum yields for H, production are significant, reaching 
as high as 13%. H, evolution via oxidative quenching of Ti3+ [96] has been 
proposed but the results have been questioned recently [97]. 

Photoreduction of other transition metal bipyridyl complexes is also 
known to lead to H, evolution, e.g. Cr(bpy):+ [ 1941, Rh(bpy):+ [ 1191 and 
Rh(bpy),Cl, [ 1951. However, these complexes have their long wavelength CT 
absorption bands in the 300-400 nm region and +n, even where the Pt 
catalysts are quite low. The cage escape yields of redox products and 
quantum yields for H, for various bpy-based systems are compared in Table 
12. 
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(iii) Photooxidation of water to molecular oxygen 

Prior to a discussion on the photooxidation of water, it is useful to review 
results obtained on the thermal oxidation of water with the oxidised forms of 
bpy, phen complexes of transition metals. Bpy, phen complexes in higher 
oxidation state, M(LL):+ e.g. Ru(bpy)z+, are known to undergo rapid 
reduction upon addition of alkali (OH-) and such reactions have been 
postulated to involve oxidation of water to oxygen [196-204,204al. 

4 M(LL);+ + 4 OH- + 4 M(LL);+ + 2 H,O + 0, (54) 

(M = Fe(III), Ru(III), Os(III), and LL = bpy or phen). 
Nord and Weinberg [ l96,197]originally investigated kinetics of such reduc- 
tions by stopped flow techniques and observed H,O, and 0, as oxidation 
products. Later Creutz and Sutin [ 1981, and Shafirovich and co-workers 
[ 199-2041, in detailed studies, found that the 0, yields are strongly depen- 
dent on pH (maximal 0, yields of over 75% obtained in the pH range 8-10 
for the Ru(bpy)z+ complex and pH 13.0 for Fe(bpy)z+ ) and on the complex 
concentration. However studies with more purified samples of Ru(bpy)z+ 
[203] showed that 0, yields are much lower (ca. 15%) but the 0, yields 
increase significantly in the presence of small amounts of hydrolisable ions 
such as Co” or Fe 3+ ( 10-5-10-4 M). This form of catalysis of 0, evolution 
from water; homogeneous with ions such as Fe3+, Co2’, Mn2+ [ 199-2041, 
and heterogeneous with RuO, [205-2101, IrO, (either as powders, colloids or 
on zeolite supports) in reaction (54) shown above, have advanced rapidly in 
the recent years. It has been clearly established that both the pH profile and 
0, yields can be influenced by the addition of redox catalysts. 

Studies of redox-catalyst assisted reduction of Fe(bpy):+ in water with 
RuO, [205,215] show that maximal yields of oxygen are obtainable in the pH 
range 7-8 for powders, pH 9-10 for colloidal forms of RuO, and pH 13.0 
for the unassisted process. With Ru(bpy):+ , the maximal yields are obtained 
in the pH range 4-5. These optimal pH ranges for these two systems show 
that the overvoltages for oxygen evolution can be reduced to ca. 200 mV on 
catalysts such as RuO, or IrO,. Parmon and co-workers [21 l] have also 
investigated Fe(bpy)g+ veduction in the presence of various homogeneous 
forms of redox catalysts of Co(I1) and obtained similar results. 

A simple scheme for the photooxidation of water that has been widely 
studied involves oxidative quenching of Ru(bpy):+ * with suitable acceptor 
molecules. The sequence of reactions that take place is as follows 

Ru(bpy);+ * + A + Ru(bpy);+ + A- (55) 
A- + irreversible products (56) 

4 Ru(bpy):+ + 2 H,O + 4 Ru(bpy):+ +.4H+ +O, (57) r.Xt 
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Several acceptors which upon reduction, undergo irreversible decomposition 
(in reactions such as disproportionation, dimerisation, photoaquation), and 
hence do not react back with the Ru(bpy):+ , have been studied and these 
include Co(NH,),_Cl’+ [206,209], Co(C,O,):- [206], S,Oi- [212], T13+ [206] 
and Ag+ [99]. Table 13 lists systems of this type that have been studied 
along with their quenching characteristics and redox catalyst forms em- 
ployed. Co(II1) complexes such as Co(NH,),C12+ decompose (aquate) 
rapidly upon reduction 

Co(NH,),Cl’+ fe- + Co;; + 5 NH, + Cl- (58) 

and are used widely. With acceptors such as T13+ or S20,2-, in the reduced 
state A-, they are strong oxidants capable of oxidising a second Ru(bpy)$+ 
molecule in the dark and so +Q+ = 2.0 with these systems. The above 
reaction can also be carried out in photoelectrochemical cells, as shown in 
the next section. 

H. STUDIES IN PHOTOELECTROCHEMICAL CELLS 

The wide variety of photoredox reactions exhibited by the Ru(bpy)i+ 
complex has prompted its use in various forms of photoelectrochemical cells 
(PEC): photogalvanic cells, sensitisation of semiconductor electrodes as well 
as in photoelectric-catalytic/synthetic cell systems. In the latter redox prod- 
ucts are produced in the bulk homogeneous solution and they are 
oxidised/reduced with catalytic electrodes to achieve net chemical processes 
(photoelectrosynthetic and photocatalytic cells). 

(i) Photogalvanic cells 

The potential changes produced upon illumination of dilute aqueous 
solutions of redox couples have been recognised for a number of years, 
These potentials are a consequence of the changed composition of the 
irradiated solution relative to the unirradiated one and such situations 
usually arise if there is a significant difference in the rates of forward and 
reverse electron transfer in a given photoredox process. A well characterised 
photogalvanic cell system is that composed of thionine and Fe3+. Starting 
with the early studies of Rabinowitch [217] the system has been investigated 
by several workers, more recently by Albery and Foulds [218]. 

Rate differences of the order of lo4 observed in the photoredox kinetics 01 
the Ru(bpy):+ -Fe3+ system suggests it to be a candidate for a photo- 
galvanic cell. 

Ru(bpy):+ + Fe3+ = Ru(bpy):+ + Fe’+ (591 
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Upon visible light photolysis of Ru(bpy)g’ in the photogalvanic cell, 
Pt/Ru(bpy)z+ , Fe3+, 1 N H,SO,/Pt, Lin and Sutin [219] have observed 
significant photopotentials of ca. 160 mV. Calculations indicate that in the 
steady state, over 35% of the initial Ru(bpy)z’ complex is converted to the 
(3 + ) state. Ferraira and Harriman [89] have observed large differences in 
the electron transfer rates as a function of acidity and hence the steady state 
conversion yields depend upon the nature of the acid medium. CF,SO,H has 
been suggested to be the best medium for carrying out the photolysis. The 
quantum yield and the electrode selectivity aspects have been investigated by 
Albery et al. [220] by rotating ring disc electrode (RRDE) techniques. An 
essential requirement for the efficient performance of a photogalvanic cell is 
the ability of the electrodes to discriminate one redox couple from the other 
(Ru(bpy):+/‘+ from Fe3+i2+ or vice versa) and it appears that Pt electrodes 
covered with a thin layer of the thionine dye [221] have better selectivity for 
the system than naked Pt. Transient processes in the cell have been investi- 
gated by Zelewsky and co-workers [222,223] by measurement of the 
current-time, potential-time characteristics of the cell and the data ex- 
plained in terms of a simple theoretical model. 

DeGraff and Demas [ 1 lo] have recently investigated Ru(bpy)z+ -Hg’+ 
photoredox system as a candidate for the photogalvanic cell. While there is 
hardly any separation of the redox products ( $red0X = 10m2) in HCl medium, 
in HClO, Hg2+ efficiently quenches Ru(bpy)z+ * to give Ru(bpy):+ and 

Hg+ (&d, ~0.6). Dimerisation of Hg+ to give Hgi+ competes with back 
electron transfer, leading to a biphasic type time profile for the decay of 
Ru(bpy):+ - 

Ru(bpy):+ * + Hg2+ = Ru(bpy):+ + Hg+ 

2 Hg+ -+ Hg;+ 

(60) 
(61) 

2 Ru(bpy):+ + Hg;+ + 2 Ru(bpy);+ + 2 Hg2+ (62) 

Irradiations in HClO, in a photogalvanic cell with Pt counter electrode lead 
to development of photopotentials in the range of 130-230 mV. 

(ii) Sensitisation of semiconductor electrodes 

For efficient capture of solar energy, there has been a sustained interest in 
the improvement of the photoresponse of wide band gap (> 3 eV) semicon- 
ductor materials by coating them with a thin layer of visible light absorbing 
dyes. A recent approach to the photodissociation of water in photoelectro- 
chemical cells, is to use a dye, which upon excitation by visible light will 
transfer an electron to the conduction band of an n-type semiconductor and 
subsequently return to the ground state by oxidation of water. Provided the 
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conduction band of the semiconductor and the oxidation potential of the 
dye are suitably placed with respect to water reduction and oxidation 
respectively, one can then envisage a sustained cyclic cleavage of water. 

Ru(bpy) f + as the dye and semiconductors TiO, (rutile), SrTiO, are attractive 
candidates as they readily fulfil these requirements. The advantage of the 
method against homogeneous photoredox systems is that the electrons are 
exchanged between the semiconductor electrode and the excited dye mole- 
cule in solution only in one direction. 

Towards understanding the factors that control redox reactions on 
semiconductor electrodes, Memming and co-workers in a series of studies 
[224-2291 have investigated charge injection from the excited state of the dye 

Ru(bpy);+ to the conduction band of doped n-SnO, electrodes. The occur- 
rence of charge injection has been verified by the observation of anodic 
photocurrents and its action spectrum similar to that of the dye. The 
question as to whether only the adsorbed dye molecules alone or those in the 
electrolyte also are involved in the charge transfer, is related to the excited 
state lifetime of the dye. With a lifetime of ca. 620 ns for the CT excited state 
for the Ru(bpy)i+ complex, the diffusion length is ca. 210 A (L = ( &)'I2 
with diffusion coefficient of ca. lo-’ cm2 s-l). This implies that only 
molecules very close to the semiconductor surface can participate in the 
reaction although they need not necessarily be absorbed. Oxidation of water 
to 0, has been invoked as the reaction responsible for the regeneration of 
the dye 

4 Ru(bpy);+ + 2 H,O + 4 Ru(bpy):+ + 4 H+ +O, (63) 

In the presence of reductants such as allylthiourea or OH-, which rapidly 
react with the oxidised form of the dye, there is a significant increase in the 
anodic photocurrents (process known as “supersensitisation”), consistent 
with the above model. Similarly the presence of quenchers of the excited 
state of the dye in solution also quenches the photocurrent. 

Electrode processes initiated by the excitation of adsorbed molecules as 
against those in solution are easily distinguished in experiments with insolu- 
ble dyes coated as monolayers on the semiconductor electrodes. In one study 
Memming and Schroppel examined sensitised photocurrents in monolayer 
assemblies of stearyl carboxy ester derivatives of Ru(pby)g+ deposited on 
SnO, electrodes [228]. Quantum yield studies of photocurrents showed that 
only ca. 15% of the excited dye molecules charge transfer to the semiconduc- 
tor conduction band. With highly conducting SnO, electrodes, cathodic 
photocurrents are also observed in the presence of oxygen at pH less than 8. 
Detailed examination revealed that the photochemical effects of the follow- 
ing type (reactions occurring in the electrolyte bulk) were involved: photoex- 
citation in the presence of oxygen leads to formation of Ru(bpy):+ which 
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diffuses to the electrode where it gets reduced. 

Ru(bpy);+ * + 0, --* Ru(bpy):+ + 0, (64) 

Ru(bpy): + + e&,, + Rutbpy): + (65) 

Since the cathodic photocurrents were observed only with highly doped 
SnO,, the electrons are transferred to Ru(bpy)z+ , presumably by tunnelling 
through the space charge layer. Photoelectrochemical cells involving 

Ru(bpy); + covalently attached to n-SnO, have been examined by Ghosh 
and Spiro [230]. The derivatised electrodes were prepared via a silination 
procedure involving Ru(4-(CH,CHSiCl,)-4’-methyl2,2’ bpy)(2,2’bpy)(PF,),. 
A thick coating of ca. 1000 layers was produced which was stable to organic 
solvents as well to aqueous acids and bases. The anodic photocurrents were 
twice those observed for SnO, in contact with aqueous solutions of 

Ru(bpy);+. 
Spectral sensitisation of n-TiO, electrodes by Ru(bpy)i+ has been ex- 

plored by Clark and Sutin [231] and followed quite recently by Goodenough 
and co-workers [232-2341. As with SnO,-electrodes, upon irradiation with 
visible light (X Z 400 nm) an anodic photocurrent was observed, whose 
action spectrum was similar to that of the-dye. A distinct feature of the work 
is to use a chopped light, and phase sensitive detection to measure the small 
photocurrents (ca. nA). Recent studies have revealed the existence of a slow 
risetime cathodic photocurrent in addition to the fast risetime anodic photo- 
current observed earlier. The former is believed to arise from the surface 
0; ions on the TiO, surface. Derivatised versions of Ru(bpy)i+ on n-TiO, 
[233] with carboxy-ester derivatives have also been prepared and tested. With 
this derivatised electrode, only a d.c. anodic photocurrent was observed with 
no slow risetime cathodic component. Intriguingly, the photoresponse also 
did not show a peak around 450 nm in the action spectrum. Machor and 
Schoonman [235] have used the surfactant derivatives of- the Ru(bpy)g+ as 
the sensitisers for n-SrTiO, electrodes, and interpreted their results in terms 
of charge injection from the excited dye to the conduction band of the 
semiconductor followed by regeneration of the oxidised dye in a thermal 
water oxidation process. Redox catalysis by Ru(bpy)i+ on n-MoS, has also 
been demonstrated by Tributsch [236]. For reference, Table 14 summarises 
all reported studies on Ru(bpy)z’ sensitisation of semiconductor materials. 

Gratzel and co-workers have recently reported on the photodecomposition 
of water sensitised by Ru(bpy)z+ and derivatives in the presence of semicon- 
ductor dispersions loaded with two redox catalysts Pt and RuO, [ 18 1,188,189]. 
Finely reduced Pt” particles were deposited on n-TiO, powders (loaded with 
Nb) by a chemical reduction or photoplatinisation procedure and the 

Ru(bpy);+ complexes were photolysed with visible light in the presence of 
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TABLE 14 

Sensitisation of semiconductor electrodes with Ru(bpy):+ and its derivatives 

Semi- 
conductor 

Ru-complex Medium Ref. 

n-TiO, 

n-TiO, 
n-TiO, 
n-SrTiO, 
n-SnO, 
n-SnO, 
n-SnO, 

n-SnO, 

n-ZnO 
n-MoS, 

Ru(bpy): + 9 
Ru(4,7,Me,phen):+ 

Ru(bp y): + 
Ru(bpy):+-derivatised on electrode 
Ru(bpy)$+ as hexadecyl ester monolayer 

Ru(bpy): + 
Ru(bpy): + 
Ru(bpy):+ and as 
stearyl ester monolayer 
Ru(bpy):+ and as 
covalently bound derivative 

Ru(bpy):+ 
Ru(bpy):+ 

0.5 M H,SO, 231 

0.5 M H,SO, 232 
233, 234 0.5 M H,SO, 
235 

0.1 N H,SO, 224, 225 
H,O, pH 9.0 227 
H,O, pH 9.0 228 

0.1 N H,SO, 230 

236 
CH,CN 236 

these dispersions and colloidal RuO,. Decomposition of water to hydrogen 
and oxygen is believed to occur by charge injection mechanisms referred to 
earlier. 

There have also been several studies reported recently by Meyer and 
co-workers which concern synthesis and characterisation of bpy, phen com- 
plexes derivatised on electrode materials such as Pt [237-2401, bis bpy 
derivatives with reactive ligands such as (NO) [241-2441 as well as mixed 
valence Ru dimers composed of bis bpy, bis phen derivatives [245-2471. 
These newly synthesised materials have provided extensive spectral data to 
serve as a testing ground for various theories on electron-transfer phenomena 
in metal complexes. Photochemical properties of these complexes are yet to 
be explored. Derivatised electrode materials appear to be promising for use 
as catalytic electrodes. 

(iii) PhotoeIectrqchemicad cells based on photoredox reactions 

With the recent reports of light induced H,, 0, evolution from water 
sensitised by Ru(bpy)t’ and its derivatives, there has been some interest in 
the study of such reactions in photoelectrochemical cells. The advantage of 
the PEC systems is that parts of cyclic water cleavage can be carried out in 
two separate compartments enabling spatial separation of the two gases H,, 
0,. In addition to being explosive in nature, HI--O, are difficult to separate. 
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PEC versions of the homogeneous systems for the light induced H, 
[248,249] evolution from water discussed earlier in section G(ii), have been 
demonstrated. In the following cell 

Pt/Ru(bpy);+, MV2+ , TEOA, pH 9.0 //l N HCl/Pt (66) 
buffer 

photolysis leads to permanent reduction of MV2+ to MV+ radicals by 
reaction sequences outlined earlier. In the former system, H, evolution is 
catalysed by colloidal Pt particles while in PEC’s, it occurs on the Pt 
electrode remote from the photolysis compartment. Photocurrents of the 
order of 200 PA stable over an hour were observed. Optimisation studies 
with EDTA as the reductant show that it is possible to increase the 
photocurrents to 2.0 mA, in a cell with no chemical bias, i.e. pH of the anode 
and cathode compartments the same [250]. 

The rapid reactivity of MV+ radicals towards oxygen has been exploited 
in a PEC [251] involving the reversible photoredox system Ru(bpy):+ - 
MV2+ . If one carries out the photolysis in the presence of O,, MV+ radicals 
are completely scavenged by 0, to yield O’, and Ru(bpy)i+ 

Ru(bpy):+ + MV2+ = Ru(bpy);+ + MV.t (67) 

MV+ +O, + MV2+ +O’, (68) 

O’, + H+ + HO, - + H,O, (69) 

Under acidic conditions, O’, radicals rapidly protonate to give HO’, 
(ultimately H,O,) and Ru(bpy):+ builds up as a stable product. Carried out 
in the cathode compartment, photogenerated Ru(bpy):+ is reduced to the 
(2 + ) state with concomitant oxidation of water to 0, at the counter 
electrode. The overall reaction in such a cell, Pt/Ru(bpy)$+ , MV2+ , O,, 1 N 
H,SO,//l N NaOH/Pt, would be 

2H20+0,--+2H20, (70) 

a reaction driven uphill by the visible light absorbed by the Ru-complex. 
Cells of this type have come to be known to be as photoelectrosynthetic cells 
[252]. 

Photoelectrochemical cells leading to overall oxidation of water, halide 
ions etc., involving Ru(bpy)z’ -sensitised redox reactions have been assem- 
bled [212-214,253,254] and their efficiencies examined for various acceptor 
molecules. 

Cell I [253,254] : Pt/Ru(bpy):+, Co(C,O.,)~-, 

1 N H,SO,//l N NaOH or Fe2+/Pt 
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Cell II [212,214] : C/Ru(bpy):+, S,Oz- , 

pH 4.7 buffer//pH 4.7 buffer/RuO, 

Cell III [213] : C/Ru(L):+, S,Oi- , 

1 N H,SO.,//H,O (pH 1.8) or 1 N HCl/RuO, 

(L = isopropyl ester of carboxy bipyridine) 

Cell IV [214] : C/Ru(bpy):+, A, 

The cells are based 
At the cathode: 

1 N H,SO,//H,O or 1 N HCl or 1 N HBr/RuO, 

(A = Co(NH3)$12+ , Co(C,O,):-, S,O,2- or T13+). 

on the following reaction scheme. 

Ru(bpy);+ * + A + Ru(bpy);+ + A- 

A- --, irreversible products 
(bulk) 

TABLE 15 

Ru(bpy)$+ sensitised anodic oxidations in photoelectrochemical cells 

(71) 
(72) 

Ru-complex Cathode compartment 

Acceptor Electrolyte 
conditions 

Cathode 

Ru(bpy):+ 
Ru(bpy):+ 
Ru(bpy): + 

R~PY): + 

R~(~PY): + 

R~PY): + 

R~(~PY): + 

RuL$+ (isopropyl ester) 
RuL$+ (isopropyl ester) 
RuL:+ (isopropyl ester) 

R@PY):+ 

Mv2+, 0 

CoGOk 
S,O,z- 

s,o,2- 

s,o,z- 

Co(NH,),C12+ 

Tls+ 

s,o;- 
s,o;- 
s,o;- 
Co(NH3),C12+ 

1 N H,SO, 
1 N H,SO, 
pH 4.7 
buffer + 
1 N Na,SO, 
pH 4.7 buffer 
+I N Na,SO, 
pH 4.7 buffer 
+ 1 N Na,SO, 
pH 4.7 buffer 
+l N Na,SO, 
1 N H,SO, 

1 N H,SO, 
1 N H2S04 
1 N H,SO, 
pH 4.7 buffer 
+l N Na,SO, 

Pt 
Pt 
Carbon cloth 

Carbon cloth 

Carbon cloth 

Carbon cloth 

Carbon cloth 

Carbon cloth 
Carbon cloth 
Carbon cloth 
Carbon cloth 
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Ru(bpy)i+ + e’ -+ Ru(bpy):+ (electrode) 

At the anode: one of the following reactions 

Fe*+ --, Fe3+ + e- 

2H20+4H++02+4e- 

2HX+2H++X2+2e- 
(X = Cl, Br) 

(73) 

(74) 

(75) 

(76) 

A distinct feature of these studies is the utilisation of RuO,-based electrodes 
as anodes for the oxidation of water and halide ions. These electrodes are 
known to have low over-voltage requirements for these difficult oxidations. 
Table 15 summarises observed photocurrents and potentials at the cathode 
for various acceptor systems at various incident photon fluxes. Oxidation of 
water at low pH values and of chloride ions requires generation of rather 
high photopotentials (> 1.35 V, vs. NHE) and these are easily reached if one 
employs the hydrophobic complexes of Ru(I1) composed of di-isopropyl 
4,4’-dicarboxy ester of 2,2’-bipyridine ligands. The oxidised forms of these 
complexes (in the 3 + state) are extremely reactive towards water. In order 
that one utilises all of the photogenerated oxidants in reduction on the 

Anode compartment 

Electrolyte Oxidation 
conditions process 

Anode 

Ilhun. 
source 

0400 
I@ 

Photo- 
currents 
(nL4 cm-q 

Ref. 

1 N NaOH 
1 N NaOH 
pH 4.7 buffer 
+l N Na,SO, 

1 N HBr 

1 N HBr 

pH 4.7 buffer 
+ 1 N Na,SO, 
pH 4.7 buffer 
+l N Na,SO, 
1 N H,SO, 
1NHCI 
5 N NaCl 
1 N HBr 

H,O+O, 
H,O+O, 
H,O+O, 

Br- + Br, 

Br- + Br, 

H,O+O, 

H,O+O, 

H,O+O, 
cl- *Cl, 
cl- *Cl, 
Br- + Br, 

Pt 0.16 251 
Pt 0.09 253, 254 
RuO, 60 W 0.62 212, 214 

Ru02 6ow 1.40 

250 w 4.70 

RuO, 60W 0.35 

RuO, 250 w 0.32 

RuO, 250 w 0.39 213 
RuO, 250 w 0.70 213 
RuO, 250 W 0.80 213 
Ru02 250 W 2.40 214 

212, 214 

212, 214 

214 

214 
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electrode and not in the electrolyte bulk, it is advantageous to employ an 
additional relay species such as Ce4+ in such systems. 

The observed photopotentials and photocurrents in photoelectrochemical 
cells of this type can be correlated in terms of a simple kinetic model [214] 
and utilisation of Evans-type diagrams: by the intersection of the current 
(i)-potential (E) curves for the respective redox processes at the cathode 
and the anode (Ru(bpy):+ reduction on the C cathode and H,O + O,, 
Cl- + Cl, on the RuO, anode). For the Ru(bpy)i+-acceptor systems under 
illumination, the steady state current vs. potential curve can be shown to be 
of the form 

i,, = -I,.&..F(l-lOexp{e.C,,.d.[f(e)-i,,/i,]}) (77) 

where I, = incident photon flux, F = the faraday constant, C, = initial con- 
centration of the Ru-complex, c = the absorption coefficient of the complex 
and f(e), a function which indicates the form of the oxidation wave for the 
Ru-couple and i, the mass transfer limited photocurrent for the oxidant. $+ 
is the effective quantum yield for the formation of Ru(bpy)i+ 

(78) 

where [Q] is the concentration of the quencher employed, k,, the quenching 
rate constant and 4, the redox quantum yield for the quenching step. i,, 
cannot be expressed explicitly but can be measured experimentally as a 
function of the potential. The intersection of this curve with that of the 
anode determines the cell current and the potentials. The experimentally 
measured photocurrents and potentials at the anode have been found to be 
in good agreement with these predictions. 

I. PHOTOCHEMISTRY WITH SURFACTANT DERIVATIVES AND IN ORGANISED 
MOLECULAR ASSEMBLIES 

(i) Photochemistry with surfactant derivatives in monolayers, micelles and 
vesicles 

With the reports of Sprints&n& et al. in 1976 [255] that monolayer bound 
long chain surfactant derivatives of Ru(bpy)$+ decomposed water to hydro- 
gen and oxygen, there has been a growing interest in photochemical studies 
with surfactant derivatives, especially those of Ru(bpy)$+ in several organised 
molecular assemblies such as monolayers, micelles, vesicles, polyelectrolytes, 
etc. Unfortunately, the original report could not be confirmed in subsequent 
detailed studies [256-2591 and the failure has been attributed to some 
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adventitious impurities, probably some hydrolysis products that accumulated 
either during the synthesis or during the photochemical investigations. Since 
then, there have been several reports on the careful synthesis and characteri- 
sation of long chain surfactant derivatives of Ru(bpy):+ [260-2651 both of 
the carboxy ester type (Ru(bpy), - (bpy-COOR),) and alkyl chain sub- 
stituents on one or more of the bpy ligands. The carboxy ester derivatives are 
very susceptible to hydrolysis even under mild alkaline conditions. In Table 
16 we have collected spectral data on some of these surfactant derivatives 
that have been reported. 

In their original work, deposited monolayers of di-octadecyl ester of the 
Ru-complex (R, = R, = COOC,,H,,) on glass slides were reported to de- 
compose water to H,, 0, with a quantum yield of 0.1 upon exposure to 
visible light. The preparations gave good surface pressure-area isotherms 
with an area of ca. 40 A2 molecule-‘, both for the pure and for mixed layers 
with arachidic acid at a pressure of 30 dynes cm-‘. Subsequent preparations 
[256-2591 gave much higher surface areas (ca. 85 A2 molecule-‘) at 30 dynes 
cm-‘. The carboxy esters are very susceptible to hydrolysis and HPLC 
analysis of the original samples showed presence of partially hydrolysed 
surfactant esters of the complex. Kuhn and co-workers [259], Valenty and 
co-workers [260] and others [262,263] have shown that mixtures of separately 
synthesised materials corresponding to these hydrolysed materials do indeed 
show this abnormally low surface area. The low surface-area data have thus 
been explained but the reasons for the absence of water oxidation remain 
obscure. Hydrolytically stable alkyl chain derivatives are better in this 
context and Sasse and co-workers [264], Gaines and co-workers [265] have 
reported on the synthesis and characterisation of several of these alkyl chain 
complexes. The monolayer absorption spectra of these are very similar to 
that in homogeneous solutions. a-A isotherms and luminescence spectra 
however showed significant dependence on the nature of the anion em- 
ployed. 

Intrigued by the results obtained in the monolayer experiments, these 
surfactant derivatives have been studied in a variety of other organised 
molecular assemblies of micelles and vesicles [266-2841. Solubilisation of the 
surfactant derivatives of the carboxy ester type in aqueous micellar solutions 
causes significant perturbations in absorption and emission spectra, relative 
to that in organic solvents. For example, the broad absorption peak around 
450 rnn with a shoulder in the shorter wavelength side observed in CHCl, 
changes to two well-resolved peaks (425, 490 run), the one at longer A being 
of lower intensity. The emission shows about 30-40 nm red shift. Similar 
behaviour is also observed in monolayers and mixed aqueous solvents. The 
alkyl chain derivatives do not show such differences. 

Whitten and co-workers [10,285,286] have also reported on the synthesis 
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and photoredox properties of a series of substituted “hydrophobic” com- 
plexes RuL;+ , in which the polar, charged Ru(bpy)$+ core is surrounded by 
aliphatic groups of varying size. Table 17 gives a summary of their absorp- 
tion, emission and redox properties of CH,CN. An interesting feature of 
these complexes is their selectivity to electron transfer reactions. In dry 
CH,CN, there is efficient quenching by amines such as triethylamine (TEA) 
or dimethylaniline (DMA) 

RuL2,+ * + TEA + RuL,+ + TEA+ (79) 

but, with di-isopropyl ester, for example, there is no back reaction and 
RuLz builds up as a stable product upon photolysis. The +red0X is 0.35 and 
the product is stable for a period of days in dry CH,CN. However, in the 
presence of water or air, there is rapid return to the initial (2 + ) species. The 
radical cations of amines presumably react in subsequent steps to give 
non-radical products (CH,CHO has been identified as one of them). H, 
generation has been demonstrated in the thermal oxidation step in CH,CN- 
H,O mixtures in the presence of a Pt catalyst 

2 RuL; +2 H,O:2 RuL;+ +2 OH- +H, (80) 

Concurrent with the development of systems for the light induced H, 
evolution from water (section G) efficient photosensitised reduction of 
MV*+ in the presence of added electron donors in cationic micelles [266] has 
also been demonstrated. Herein the sensitiser Ru-complex was bound to the 
hydrophobic sites of the mice&r interior. The donor, acceptor molecules 
being very water soluble are present in the bulk aqueous phase. More 
clear-cut examples of organisation of reactants at the molecular level are 
studies in vesicle systems. In single bilayer vesicles and multi-bilayer 
liposomes (these can be composed of naturally occurring lipids or of 
synthetic surfactant derivatives with two alkyl chains) there are distinct 
regions of hydrophobicity (made up of lipid chains arranged in the form of 
bilayer) and aqueous hydrophilic phase boundaries both in the interior and 
on the outside. With such systems it is possible to incorporate photoredox 
partners in spatially separated regions. Several studies involving surfactant 
derivatives of Ru(bpy)i+ in such systems have been reported recently. In an 
elegant study, Calvin and co-workers [274] have examined photosensitised 
electron transport across phospholipid vesicle walls with di-C,, carboxy ester 
derivatives of Ru( bpy) 32’. By a suitable procedure of sonication and gel 
filtration, a photosystem was constructed wherein the Ru-complex is bound 
to the lipid phase, acceptor MV *+ located in the outer aqueous phase with 
donor EDTA ‘being present in the inner aqueous phase. A kinetic model 
allowed derivation of an order of magnitude estimate for the rate constant 
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for the electron transport across the lipid vesicle walls. Analogous experi- 
ments of photosensitised electron transport across vesicle bilayers of various 
photoredox couples have been reported recently by Matsuo and co-workers 
[269-2721 and Fendler and co-workers [278,280]. Flash photolysis data on 
the growth and decay of the redox products in these systems are of 
considerable assistance in the assignment of mechanisms, as has been 
demonstrated by Fendler and co-workers. Table 18 provides a summary of 
various photoredox systems that have been examined, in micelles, natural 
lipid liposomes and synthetic bilayer vesicles. 

(ii) Luminescence and photoredox processes of Ru(bpy)i+ in micellar media and 
in polyelectrolytes 

Solubilisation of molecules in aqueous micelle-forming surfactant solu- 
tions alter distinctly their photophysical, photochemical properties in many 
ways, and interest in the exploitation of this phenomenon has been growing 
rapidly in recent years [294-2961. The ability of micelles to solubilise a wide 
variety of water-insoluble molecules and the presence of a charged interface 
region provide in these systems a unique opportunity to study the influence 
of spatial separation of reactants and charged interfaces on the efficiency of 
charge separation in photoredox processes [297]. Several studies of lumines- 
cence behaviour of Ru(bpy)f+ and its quenching by additives in micelles 
have been reported. 

Lachish et al. [291] examined the emission decay of Ru(bpy)z+ in aqueous 
anionic micellar solutions of sodium lauryl sulphate (NaLS) and observed a 
biphasic behaviour in the decay time profile: a fast initial part followed by a 
slower component having the normal lifetime of ca. 600 ns. The fast 
component became more pronounced at sub-c.m.c. (c.m.c. ca. 8.0 X 10m3 M) 
concentrations of NaLS and it was attributed to the association of Ru(bpy)g+ 
to the negatively charged micelles. Recently [292] the fast component has 
been interpreted as due to, “self-quenching” resulting from the high local 
concentrations of Ru(bpy)i+ in the clusters of NaLS containing several 

Ru(bpy); + - 
Kinetic measures of quenching of Ru(bpy):+ * by N-methylphenothiazine 

[293], methyl viologen [283,284,287,288] and 2-methylanthracene 
[292,298,299] in micellar media have been examined in some detail. Maestri 
et al. [293] have described a phenomenological model for describing the 
kinetics of fast intramicellar redox reactions. It takes into account the 
influence of compartmentation and of statistical distribution of reactants 
and the derived kinetic equations differ from the rate laws of homogeneous 
kinetics. The distribution of water-insoluble solutes in micelles is adequately 
described by a Poisson distribution. According to this, the probability P, of 
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finding n solute molecules in a given micelle is given by 

P, = m* - eem/n ! (81) 

where m is the mean (average) number of solute molecules per micelle. 
In cases where both the excited state and the quencher are exclusively 

bound to the micelle, a Poisson distribution of quenching species results, e.g. 
quenching by 2-methyl anthracene. The luminescence decay in such cases 
shows multiexponential character and consists of components of emission of 
excited states in micelles containing varying number of quencher molecules. 
The decay at long times (often a single exponential) corresponds to the 
emission of the unquenched Ru-complex. A method for determination of the 
micellar aggregation number is also described [298,300]. A second case arises 
where the quencher is partially water-solubilised. Here again, multiexponen- 
tial decay is observed but the decay at long times corresponds to quenching 
by quencher molecules present in water. An example of the latter situation in 
MV*+ quenching of surfactant Ru(bpy)i+-complex (a C,, dialkyl deriva- 
tive) in anionic NaLS micelles [283,284]. Kinetic analysis of this intramicel- 
lar quenching enables determination of the binding constant of MV*+ onto 
the micellar surface as well as rates of binding and dissociation. The 
exchange of MV*+ molecules has been found to be very rapid relative to the 
decay of the Ru-complex excited state. The quenching rates and the associa- 
tion constants are strongly influenced by the presence of added electrolytes 
[284]. The model also allows analysis of these specific electrolyte effects on 
the quenching kinetics. 

An interesting variation of the above situation is provided in the quench- 
ing of Ru(bpy);+ * by a series of surfactant viologen salts C,,MV*+ (n = 11, 
13, 15, 17) in water and in aqueous cationic micellar solutions [287,288]. 

Ru(bpy);+ * + C,,MV*+ + Ru(bpy);+ + C,MV+ (82) 
The forward electron transfer occurs with the viologens present in the 
aqueous phase with k, = 6.7 X lo* M-i s-‘. (Evidence in support comes 
from the observation that the specific rate for quenching increases linearly 
with C&IV*+ concentration until c.m.c. is reached where one observes a 
plateau. This implies that only monomers of C,MV*+ are effective in 
quenching.) Upon reduction, the relay acquires hydrophobic properties 
leading to rapid solubilisation in the micelle. The subsequent thermal back 
reaction is impaired by the positive surface potential of the micelles and is 
reflected in a 500-fold drop in the rate constant. 

Polyelectrolytes such as polyvinylsulphate (PVS) are also an interesting 
class of systems for the study of the influence of molecular organisation and 
of electronic forces on reaction kinetics. Photoredox quenching by Cu*+, 
Fe3+ or Ru(bpy)i+ * in PVS has been studied by Meisel and co-workers 
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[301-3031 Rabani and co-workers [304,305]. In negatively charged polyelec- 
trolytes such as PVS, cations like Cu’+, Fe3+ and even Ru(bpy)i’ adsorb 
strongly onto the surface, resulting in relatively high local concentrations of 
these species on the surface. At moderate Cu*+ concentrations, it quenches 
the Ru-excited state with Stern-Volmer constants 2000 times higher than in 
the absence of PVS. With a limited number of binding sites on the polyelec- 
trolyte, further increase in adsorbing quenchers results in the displacement 
of previously adsorbed sensitiser complex. This results in the phenomenon of 
“quenching reversal”. Similar behaviour was observed for Fe3+ quenching. 
A linear increase in quenching rate with Fe3+ concentration was observed 
up to 25% coverage of the sites. At higher concentrations, the rate dropped, 
presumably due to some configurational changes of the polymer caused by 
the adsorbed cations. 

(iii) Ru(bpy)i+ photochemistry in other multiphase systems of clays, zeolites, 
polymers and membranes 

Van Damme and co-workers [306,307] have investigated the absorption, 
emission properties of Ru(bpy):+ , Cr(bpy)i+ as exchangeable cations in 
clay membranes of the Smectite and Hectorite type. These are layer lattice 
silicates of very high surface area (up to 800 m* gg ‘) and are known to show 
excellent catalytic properties due to the high degree of dissociation of 
adsorbed water and due to the presence of Lewis acid sites. The absorption 
spectrum of adsorbed Ru(bpy), *+ showed large differences with respect to 
the spectrum in water (intensity of rr+ * bands near 290 nm significantly 
reduced with new bands developing near 320 nm) and the results interpreted 
as due to the formation of covalently hydrated or slightly distorted bpy 
ligands. Based on IR, XPS data, the adsorbed Ru-complex is pictured to be 
slightly distorted with weaker Ru-N bonds but with stronger Ru-H,O 
interactions [307]. The efficiency of quenching by various M3+ quenchers 
(Eu3+, Cr3+ and Fe3+) and of oxygen were also examined. Ru(bpy)i+- 
Hectorite samples were found to be photoinert at room temperature but 
irradiations at higher temperatures (7OOC) led to the formation of Rum-oxo- 
bridged dimers, via photoaquation followed by thermal redox dimerisation. 

Synthesis and spectral properties of Ru(bpy)z+ incorporated in Y-zeolites 
have been reported by DeWildes et al. [308]. The bpy complex was synthe- 
sised by reacting the ligand with a Ru(NH,),-Y form of the zeolite. The 
resulting complexes are characterised by absorption, emission bands similar 
to those in aqueous solutions. The relatively high concentration of the 
adsorbed dye results in “concentration quenching” of the excited state. The 
role of adsorbed water on the luminescence has also been investigated. 

Lee and Meisel[309] and Thornton and Laurence [3 lo] have provided an 
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interesting study of the effects of the morphology of perfluorosulphonate 
membranes of the Nafion type on the excited state quenching kinetics of 

Ru(bpy), . 2+ The loading of the Ru-complex and that of quenchers was 
carried out by equilibrating a well-stirred solution of the former with the 
membrane samples for about 12h. While the absorption spectrum of the 
adsorbed complex is very similar to that in aqueous solution, the emission 
spectrum showed a more pronounced effect (ca. 12 nm blue shift and ca. 10 
nm narrowing of the width at half height as compared to aqueous solution). 
By comparison of spectral properties in vdous micelles, polyelectrolytes, the 
environment in the membranes is pictures as close to that in Na-perfluorooc- 
tanoate micelles. The quenching of excited states by various metal ions 

(Cu 2+, Cr3+ and Eu3+) all occur by a dynamic process but the detailed 
nature of the process was found to be very similar to the inhomogeneous 
quenching as observed in micellar systems. Rubenstein and Bard [ 1621 also 
adsorbed Ru(bpy)i+ on Nafion-type membranes and studied chemilumines- 
cence processes. 

The possibility of photoinduced charge separation at the solid-liquid 
interfaces utilising a polystyrene pendant Ru(bpy)i+ has been explored by 
Kaneko et al. [311,3 121. The polystyrene complex is insoluble in water or 
methanol but soluble in DMF, CHCl,,’ THF as well as in DMF-water 
mixtures. Light induced formation of MV+ in the presence of EDTA, MV2+ 
as well as formation of H, in the presence of added Pt-black were observed. 
These authors also adsorbed MV2+ on a cellulose and studied photoreduc- 
tion of MV2+ in the solid phase sensitised by Ru(bpy):+ present in the 
aqueous phase. A significant feature of this system is the accumulation of 
MV+ even in the presence of oxygen [313]. 

Earlier, Clear et al. [314] have reported on the synthesis and properties of 
polyvinyl pyridine-bound Ru(bpy)z+ . The polymer supported complex how- 
ever was found to be unstable, undergoing photochemical ligand substitution 
reactions. Recently, a similar report appeared [315] concerned with the 
synthesis and properties of the Ru(bpy),(terpy) moiety attached to poly4- 
vinylpyridine. Absorption and emission studies showed that, in these 
metallo-polymers, at low degree of metallation, the optical properties of 
polymer-bound sites are essentially those of the related monomer but at a 
high degree of metallation, evidence for interaction between sites has been 
obtained. 

J. PHOTOSUBSTITUTION AND RACEMISATION REACTIONS OF Ru(bpy):+ 

One of the main attractions of the Ru(bpy)z+ complex for photochemical 
studies is its ability to retain its chemical identity as a tris-chelated complex 
when it undergoes a wide variety of photochemical reactions. For studies in 
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aqueous media at room temperature, it behaves strictly as a photosensitiser. 
However, several studies in recent years indicate that the Ru-complex does 
undergo photosubstitution reactions especially at elevated temperatures, in 
strongly acidic, alkaline conditions and also in a few selected organic 
solvents such as DMF or CH,Cl, [74,316-3191. 

Van Houten and Watts [317] have investigated photoaquation behaviour 
of Ru(bpy):+ in 0.1 M HCl in the temperature range 40-95°C. Photolysis 
with visible light (X = 436 nm) led to significant changes in the absorption 
spectrum of the complex. Analysis of the photoproducts showed the pres- 
ence of two main products: a possible Cl--anation product where one Cl- 
and one monodentate bpy ligand are bound to Ru(I1): [Ru(bpy), - (bpy)(Cl)]+ 
and another, based on its pH dependence of absorbance formulated as 
[Ru(bpy), - (OH)(bpy)]+ . The monodentate bpy hypothesis has been pro- 
posed to explain the recovery of the starting tris-bipyridine complex in 
CH,CN. Similar complexes with monodentate bpy ligands have been pro- 
posed as intermediates in the thermal reduction of Ru(bpy)i+ in water to 
give Ru(bpy)i+ [204a]. The photosubstitution reactions are thermally 
activated with quantum yields in the range 1O-3-1O-s. A kinetic model has 
been proposed which assumes that the photochemical reactions occur from a 
set of ligand field (LF) levels located at about 3560 cm-’ above the CT 
levels and are in thermal equilibrium with them. 

Concurrent to these investigations, Gleria et al., [316] have reported that 
Ru(bpy),Cl, is photolabile in chlorinated solvents such as CH,Cl, giving 
Ru(bpy),Cl, as the major product. In CH,Cl,, + = 0.02, a value much 
higher than that (ca. 10e3) observed in DMF or EtOH. In low-polarity 
solvents, factors such as ion-pairing and solvation effects appear to play an 
important role in the substitutional photochemical behaviour. Detailed 
investigations by Meyer et al. (unpublished results quoted in ref. 74), showed 
that the reactions involve ion-pairs and photosubstitutions occur through an 
upper, probably d-d excited state which is thermally populated from the 
emitting CT state, such as proposed by Van Houten and Watts [317]. The 
lack of significant entering group dependence suggests that the substitution 
step is largely dissociative. The absence of any significant net substitutional 
photochemistry in DMF or water at ambient temperature is attributed to 
possible, efficient, rapid re-chelation of the intermediates such as [Ru(bpy), - 
(b9 - W,0)12+ - PWwW1,l is formed as a substitution product in 
CH,Cl, only with [Ru(bpy),]Cl, and not from [Ru(bpy),][PF,],, [74,320] 
indicating that the chloride source for the dichloro complex in chlorinated 
hydrocarbons is the counter anion rather than the solvent. Efficient forma- 
tion of substitutional products such as Ru(bpy),X, (X = Cl or Br) and 
Ru(bpy), (DMF)(X)+ upon photolysis of Ru(bpy),X, in DMF have also 
been observed [74]. Ion-pair formation has been implicated as the primary 
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photoactive species during photolysis. Table 19 summarises available data on 
the photosubstitution reactions of Ru(bpy)t+ and its analogues. 

Another photoreaction of Ru(bpy) :+ that has been investigated is photo- 
racemisation [321]. In aqueous solutions at neutral pH, the A-complex 
racemises upon irradiation with visible light and the reaction readily moni- 
tored by following the decrease in the circular dichroism spectrum. The 
racemisation, like photosubstitution, is thermally activated, has a quantum 
yield in the range of 10-3-10-4, and occurs via the luminescent excited 
state. Competitive (photodecomposition versus photoracemisation) studies 
implicate again a common five-coordinated achiral intermediate involving a 
monodentate bpy. 

TABLE 20 

Absorption, emission and quenching properties of dicyanowmplexes, Ru(bpy),(CN), and 
Ru@hen),(CN), [322,324] 

Property Medium Ru(bpy),(CN, ) Ru(phen),(CN), 

Absorption 
A,,,, (nm) and c (mM) CH,OH 

H2O 

458 (8.9) 
325 (7.8) 
432 (6.0) 

452 (10.1) 
415 (9.2) 
435 (9.0) 
395 (9.3) 

Emission 

L,, (W/77 K CH,OH-H,O 

A,,,, (nnW298 K CH,OH 
X,, (nm/298 K H2O 

r (ps)/298 K CH,OH 
T &)/298 K H2O 

T (ps)/298 K DMF 
pK, (ground state) H,O-/HCl 
pK,* (excited state) H,O/HCI 

Quenching rate constants, k, (M-’ s-l) 
Co(NH,),C12+ H2O 

COW-W:’ H2O 

Ni(CN)i- H2O 

Fe(CN);- H2O 

Fe(CN)i - H2O 

co(c2ax- H2O 

570,605 568, 610 
660 628 
638 613 

0.40 1.58 
0.27 0.71 
0.22 0.09 
0.13, -0.07 0.13, -0.07 
5.0, 2.0 6.0, 2.0 

3.3 x 109 3.9 x 109 
1.39x 109 2.3 x109 
4.38 x 109 5.6 X109 
0.61 X lo9 0.51 x 109 
6.9 X lo9 6.54X lo9 
2.98 x 109 3.24X lo9 
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K. ACID-BASE PROPERTIES OF EXCITED STATES IN SUBSTITUTED bpy, phen 
COMPLEXES OF Ru(I1) 

Excited state acid-base reactions of organic molecules have long been 
known and studied by luminescence methods. There have been a few cases 
of distinct changes in the acid-base properties on excitation to higher 
excited states in substituted bis bpy, phen complexes of Ru(I1) [322-3271. 

Demas and co-workers have investigated in some detail excited state 
acid-base reactions in Ru(bpy),(CN), and Ru(phen),(CN),. Like the tris- 
chelated complexes, the dicyanocomplexes are good luminescence donors, 
with long lived CT emission in fluid solution and undergo a variety of 
photoredox reactions [322-3241. Table 20 gives a summary of selected data 
on the absorption, emission and quenching properties of the two dicyano 
complexes. The cyanide is sufficiently basic to be protonated at low pH to 
exist in two acid forms: [Ru(bpy),(CN)(CNH)]+ (HD+) and [Ru(bpy), 
(CNH2)]2+(H2D2+). At room temperature, at 0.3 M > H+ < 3 M, substan- 
tial amounts of HD+ and H2D2+ can co-exist with D but on excitation 
HD+* and H2D2+* are such strong acids that they deprotonate very 
rapidly, and only CT emission from D* is observed 

H2D2+*+HD+*+H+ (83) 

HD+*=D*+H+ (84) 

The deprotonation reactions thus occur with 100% efficiency. 
Introduction of substituents such as hydroxyl or carboxyl in one of the 

bpy, phen ligands also alters the absorption, luminescence properties of the 
resulting complex upon changes in the pH of the solution, as has been 

TABLE 22 

Excited state acid-base properties in substituted, mixed 
Ru(I1) 

ligand bpy, phen complexes of 

Ru complex PK, Ref. 

Ground state Excited state 

Ru[bpy,.(4,7-(OH),phen)12+ 10.1 5.1 326 
Ru[(4,4’-Me,bpy)z.(4,7-(OH),phen)]2+ 10.0 5.4 326 
Ru[phen,.(4,7-(OH),phen)]2+ 10.1 4.7 326 
Ru[(3,4,7,8-Me~phen)2(4,7-(OH)2phen)]2+ 9.8 5.6 326 
W'~PY),*WW, 0.13, -0.07 5.0, 2.0 322, 324 
Ru(phen),(CN), 0.13, -0.07 5.0, 2.0 322, 324 
Ru(bpy2(4,4’_(HOOC),bpy))2+ 1.75, 2.80 8.5 325, 327 



233 

demonstrated by Wrighton and co-workers [325,326]. Table 21 presents data 
on the absorption, emission properties of acidic, basic forms of the 
hydroxyl-substituted bpy, phen complexes of Ru(I1). As the pK,* values 
indicate, the complexes are stronger acids in the excited state compared to 
the ground state. Upon deprotonation, the absorption and emission spectra 
are red shifted, suggesting the deprotonated forms are strong n-donors. 
Similar results have .been obtained for carboxyl-substituted derivatives 
[326,327]. For these complexes at pH 3.5, the deprotonated form is almost 
exclusively excited while luminescence is observed from the protonated form. 
pK, values in the ground and excited states for these various substituted 
bpy, phen complexes are collected in Table 22. 

ADDENDUM 

Since the completion and submission of the manuscript, several publica- 
tions dealing with various aspects of Ru(bpy)z+ photochemistry have ap- 
peared and we briefly review them here. 

Tinnemans et al. [328] have described the synthesis and properties of 
several binuclear 1: 10 phen/2,2’bpy complexes of Ru(I1). Electrochemical 
studies indicate that the redox reactions of these complexes involve two 
electron transfer. Similarly Belser and co-workers [329,330] have described 
properties of Ru-complexes of the type Ru(bpy),_,,(LL)~+ (where n = O-3, 
LL = di-t-butylbpy, dimethylbpy or a diquinoyl derivative DMCH). The 
DMCH derivative, in particular, appear to have some interesting visible’light 
absorption, redox properties well suited for solar energy conversion. Careful 
luminescence measurements by Demas and co-workers [331] on Ru(bpy)z+ 
dispersed in either polyvinylalcohol or polyvinylpyrrolidone solid films 
suggest that the Ru-complex can serve as a luminescence counter. 

Reductive quenching of Ru(bpy)f* by benzenethiolate (PhSH) in 
acetonitrile has been shown to be efficient [332] (k, = 5.7 X lo9 M-’ s-l) 
and the back reaction is suppressed by rapid dimerisation of the thiyl 
radicals (PhS - ). Such systems also exhibit significant photogalvanic effects 
[333]. Similarly reductive quenching of RuL;+ * (L = carboxy esters of bpy) 
by amines, quinone and aromatic ethers and subsequent reactions of the 
redox products have been examined by laser flash photolysis by Monserrat 
et al. [334]. The mechanism of H, evolution with photoreduced RuLl 
species and colloidal Pt catalyst is explored in some detail. Ru(bpy)i+- 
mediated photoreduction with olefins and nicotinamide derivatives via 
reductive quenching have also been demonstrated [335,336]. 

Ru(bpy):+ sensitised H, evolution from water with methyl viologen 
(MV2”) and colloidal redox catalysts continue to receive special attention 
[337-3511. Pt catalysts produced via citrate reduction and protected by 
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carbowax evolves H, from MV+ in quantitative yield [337,338]. Quantitative 
description of “microelectrode” concepts for the action of the redox catalysts 
has been presented by McLendon and co-workers [339,340]. Irreversible 
photoreduction of the viologen relay with inefficient Pt catalysts limit long 
term performance of the photosystem [341]. As expected, the H, yields vary 
as a function of the viologen redox potential [342]. The role of functionalised 
viologen relays, of micelle and of colloids such as SiO, in effecting charge- 
separation in the Ru(bpy)i+ -viologen system have been elaborated by 
various authors [343-3471. Interesting photceffects have been shown with 
Nb-doped TiO, catalyst particles [348,349]. In the presence of EDTA, the H, 
yields are maximal and the system evolves H, from water even in the 
absence of EDTA by direct charge injection from MV+ to the conduction 
bands of TiO,. Studies have been reported also on the oxidation of water by 
photogenerated Ru(bpy)g’ , mediated by heterogeneous [352,353] or homo- 
geneous [354,355] catalysts. Sensitisation of metal, semiconductor electrodes 
by derivatised versions of Ru(bpy)$+ continue to receive some attention 
[356-3581. The photodecomposition of Ru(bpy):+ complex in very acidic 
HCl solutions has been the subject of a report by Giro et al. [359]. Kurimura 
et al. [360] have described light induced oxidation of ascorbic acid and 
formation of H,O,, via oxidative quenching with molecular 0,. 

CONCLUDING REMARKS 

It is encouraging to note that in just a decade since the report of Demas 
and Adamson in 1971 on the possible use of Ru(bpy)i+ as a photosensitiser, 
the Ru-complex and its derivatives have established themselves clearly as 
superior sensitisers especially for photoredox processes. Its recent use in 
studies on the photodissociation of water tempt many authors to call it “an 
inorganic substitute for chlorophyll-u in in vitro photosynthesis”. Clearly 
many more interesting studies on this and related complexes are bound to 
come. It should also be mentioned that considerable progress has been made 
in recent years in the photochemistry of bpy, phen complexes of other 
transition metals, especially those of Cr, Ir, Rh and Co. Cr and Rh 
complexes have already shown good promise for possible use in studies of 
solar energy conversion and storage. 
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