
1 DEVELOPMENT AND BASIC TERMS 
OF PHOTOCHEMISTRY OF COORDINATION 
COMPOUNDS 

For many years mankind knew of phenomena such as the fading of dyes, the 
necessity of sunlight for the growth of plants and the darkening of certain silver 
salts due to exposure to light, which were connected with the interaction of light 
and chemical substances. The ever increasing knowledge of the properties of 
light and matter has led to a gradual change from the qualitative recording of 
photochemical changes of substances to the study of the quantitative aspects of 
the interaction between radiation and matter. 

The theory, frequently in close contact with practical needs, has dealt with 
both the questions of the proper interaction between light and matter and the 
chemical consequences of this interaction. The quantitative aspects of light 
absorption were solved in 1729 by Bouguer, who formulated the light absorp- 
tion law which is now known as the Lambert-Beer law. 

In 1817, Grotthiis realized that photochemical changes were not due to the 
passage of light through a system, its diffusion or reflection, but that they were 
due to light absorption. This fact is essential for thefirst law ofphotochemistry 
(the Grotthiis-Draper law), which states that only the light absorbed by the 
reacting system can be effective in producing a chemical change. This law 
expressed the qualitative aspects of photochemical changes. 

Understanding of the quantitative aspects of light-induced chemical changes 
was conditioned by the knowledge of quantum physics. Starting from the fact 
that light is emitted in discrete quanta, called photons, with an energy propor- 
tional to the frequency of the light, and that absorption corresponds to the 
capture of a photon by the molecule (atom or ion), Einstein and Stark for- 
mulated the second law ofphotochemistry: each light quantum absorbed acti- 
vates one molecule. It should be noted that there have been no demonstrations of 
the simultaneous excitation of two or more molecules by one photon; on the 
other hand, with the advent of high-intensity lasers, multiphoton excitations of 
one molecule have been detected. 

It is worth keeping in mind that several decades have passed since the 
discovery of the first two fundamental laws of photochemistry, during which a 
substantial amount of new information has been obtained. The importance of 
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these laws, however, has not decreased, their validity has not been disproved 
and “the third law of photochemistry” is still expected. 

Chemistry has been dealing with the terms complex, coordination com- 
pound, central atom and ligand since the last century, particularly as a result of 
the systematic studies of Werner. 

Along with the study of structure, composition and spontaneous (dark) 
reactions of coordination compounds, attention has also been focused on the 
effect of light on the properties and reactivity of these compounds. 

The particular studies which not only recorded but, within the frame of the 
given theoretical and experimental possibilities, also purposefully investigated 
the effect of light on chemical transformations of complexes started to be 
published in scientific journals more regularly in the 1920s (photosubstitution 
and photoredox processes); papers on photoisomerization were published in the 
1930s. 

In the 1950s and 196Os, the approach of crystal field and later ligand field 
theory was applied to the interpretation of the electronic absorption spectra of 
coordination compounds, and experimental techniques were developed (equip- 
ment for continuous photolysis, monochromatization of radiation, develop- 
ment of UV and visible light sources, improvement of the quality of spectral 
methods and increase in their number) that stimulated the development of 
photochemistry in general, and that of coordination compounds particularly. 
Knowledge of the mechanisms of photochemical reactions has been expanding. 

Naturally, the quantitative increase in knowledge and information resulted 
in the 1960s in attempts to classify photochemical reactions, and to formulate 
generalizations and laws or rules based on which it would be possible not only 
to elucidate but also predict the photochemical properties of coordination 
compounds. 

The first review classifying the data from approximately 250 papers was 
published by Szychlinski in Wiadomosci Chemiczne [l] in 1962. At the end of 
the 1960s other papers [2-51 on similar topics were published, and in 1967 
Adamson formulated [6] the first rules of photochemical reactivity applicable to 
the photosubstitution reactions of most Cr(II1) complexes. Attempts to sum- 
marize and classify all data on the photochemistry of coordination compounds 
culminated in an excellent monograph by Balzani and Carassiti entitled 
Photochemistry of Coordination Compounds published in 1970 [7]. 

The 1970s and 1980s have been characterized by the development and 
application of new techniques (e.g., nano-, pica- and femtosecond flash photoly- 
sis and laser techniques), improvements in older research methods (e.g., applica- 
tion of Raman, infrared and electronic absorption spectroscopy to particles in 
their excited states; utilization of EPR spin trapping) and the orientation of 
photochemical research to the solution of important practical problems (syn- 
thesis of new compounds; photocatalysis; solar energy utilization). 
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The photochemistry of coordination compounds has exploited and stim- 
ulated the development of theoretical chemistry (particularly in the field of 
thermodynamics and kinetics) and an intensive transfer of information has 
taken place between the photochemistry of coordination compounds and other 
scientific disciplines (orghnic photochemistry, catalysis, biochemistry, elec- 
trochemistry, etc.). 

As the rate of growth of information during the above period has excluded 
the possibility of processing all available data (except for the photochemistry of 
organometallics [9]), review papers have been devoted either to selected types of 
compounds, or to theoretical, practical and methodical phenomena of the 
photochemistry of complexes. A successful attempt to express the new direc- 
tions in this field can be exemplified by the book Concepts of Inorganic Photo- 
chemistry by Adamson and Fleischauer [!I: Several books on photochemistry of 
complexes [7-131 can be included among essential monographs on topics such 
as molecular and electronic structures and the reactivity of coordination com- 
pounds [ 14-161. These monographs [7-131 not only complete the existing system 
of knowledge but also develop and extend the views on coordination com- 
pounds by presenting details of new aspects such as the dimension of electroni- 
cally excited states. 

In this review, the terms generally accepted in photochemistry are used, being 
defined where necessary. With the development of the photochemistry and 
chemistry of coordination compounds its terminology has also been developing, 
and it can be assumed that the terms and their meanings will be extended and 
gradually made more precise as the available knowledge deepens. In spite of 
this, it seemed to be useful to give the meanings of at least the essential terms 
used in this review. Photochemistry is a branch of chemistry that deals with the 
study of causes and courses of chemical deactivation processes of particles from 
their electronically excited states, usually with the participation of UV, visible 
or near-infrared radiation. Chemical changes of particles that are the conse- 
quence of the electronic excitation of the set of these particles in the system due 
to external energy effects are called photochemicul reactions. Photochemical 
reactions differ from spontaneous (dark) reactions, which denote chemical 
changes without previous electronic excitation induced by external effects. Here, 
it should be noted, that electronic and molecular structures of the particles from 
which the given chemical change takes place (thexi state for photochemical 
reactions and the transition state for spontaneous reactions) need not differ, 
only the way they are generated is different [8]. Sometimes, reactions resulting 
from vibrationally excited but electronically ground state are also called 
photochemical reactions in the literature. 

Complex denotes a multiatom particle containing at least one central atom 
chemically bonded with a number of atoms of other elements that is larger than 
the absolute value of its oxidation number. A complex can be an electronically 
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neutral molecule, ion or polymer fragment, the composition of which corre- 
sponds to the empirical formula. The substance consisting (at least partially) of 
the complex particles is a coordination compound. 

The review is divided into six chapters. The contents of the chapters and their 
sections has been elaborated so as to correspond with the individual processes 
in the sequence of a photochemical reaction. In accordance with this, Chapter 
2 deals with the modes of formation and with the properties of electronically 
excited complexes. Photophysical deactivations are discussed in Chapter 3. The 
“centre of gravity” of the work lies in Chapter 4, in which the specific 
types of photochemical reactions are classified and discussed, and the rules of 
the photochemical reactivity of complexes are presented. Chapter 5 summarizes 
practical applications of the knowledge in the field of the photochemistry of 
coordination compounds. Chapter 6 concludes the review with general remarks 
and prospects for the development of the photochemistry of coordination 
compounds. 

Because of the limited extent of the review, thermal reactions and necessary 
information on the structure of coordination compounds are not presented 
separately (for details see, e.g., [13-161) but they are adequately discussed in the 
various sections where required. 

The photochemistry and photophysics of coordination compounds are 
characterized by an enormous growth of publications, and it was impossible to 
list them all. Therefore, in References mainly works of a review character and 
monographs are presented. The original papers are cited only in special cases 
(e.g., presentation of numerical data, data for the figures). 

The current state of knowledge in the field of the photochemistry of coor- 
dination compounds documented in later chapters indicates that the research on 
different types of compounds and their properties and reactions is rather uneven 
and the state of knowledge is heterogeneous. The aim of this book is to 
emphasize the chemical aspects of photoprocesses and to point to the broad 
extent of knowledge being achieved in the photochemistry of coordination 
compounds. The objectives chosen might stimulate photochemists towards the 
transfer of knowledge between the individual fields of photochemical research 
and to focus their attention on “blank” areas. Emphasizing chemical rather 
than physical aspects of photoprocesses should point to the analogy between 
spontaneous (dark) and photochemical reactions, and thus to generally valid 
regularities in the chemical changes of complexes. 

Chapters 2 and 3 and Sections 4.1, 4.2, 4.3, 4.5, 4.6 and 5.4 were produced 
by J. Sims and Sections 4.4, 4.7, 5.1, 5.2, 5.3 and 5.5 by J. Sykora. Chapters 1 
and 6 were written by both authors. 



2 FORMATION AND PROPERTIES 
OF COORDINATION COMPOUNDS 
IN EXCITED STATES 

2.1 Introduction 

The essential problem in the photochemistry of coordination compounds is the 
study of relationships between the composition and electronic and molecular 
structures of complexes in excited states, and the course of their chemical and 
physical deactivation processes. From this point of view, a photochemist is 
interested especially in : 
- the distribution of electron density in different electronically excited states of 

a complex ; 
- the molecular structure of complexes in excited states; 
- the thermodynamic properties of complexes in excited states; 
- the relationship between the above properties and deactivation processes, 

especially the photochemical reactivity of complexes in excited states. 
With respect to the chronology of the processes, the first step is the formation 

of an electronically excited state of the complex. The individual modes of the 
transition of the complex from the ground state to the excited states (photoex- 
citation, energy transfer, chemical reactions, effects of mechanical energy) are 
covered in Section 2.2. The electronic structures of the complexes in excited 
states and their impact on the electronic absorption spectra are presented in 
Section 2.3. The data on molecular structure and spectral properties of com- 
plexes in excited states are presented in Section 2.4. The last Section, 2.5, deals 
with thermodynamic properties of the complexes in excited states. 

2.2 Physical conditions of the formation of 
complexes in excited states 

2.2. I Pho toexcitation 

In the study of most photochemical processes, excitation takes place by inter- 
action of radiation with the complex, i.e., by photoexcitation: 
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A + hv+ A* (2.1) 

where A is a complex in the ground state (acceptor of photon energy hv) and 
A* a complex in an excited state (an asterisk will be used for labelling the excited 
state throughout this book). 

The term photoexcitation designates the electric dipole transition. Other 
types of transitions (magnetic dipole or electric quadrupole transitions) are not 
of interest from the photochemistry viewpoint. Photoexcitation is a resonance 
process which can take place if: 
- the difference between the energy of any of the excited states (the state 

described by the wavefunction YE,) and that of the ground state (the state 
described by the function Yo,) is equal to the energy of a photon interacting 
with the complex, i.e., 

EEs - E,, = It v (2.2) 

- a specific interaction takes place between the electric vector of radiation and 
the electron system. 

The rules determining the probability of the formation of excited states by 
photoexcitation are based on the following postulates: 
- the total wavefunction can be factored into electronic, Ye, vibrational, ul,, 

and rotational, ul,, components, which are mutually independent owing to 
the different rate of electronic transition (ca IO-” s), vibrational (ca lo-‘* s) 
and rotational motions (ca lo-‘s): 

Y = YeYvYr (2.3) 

- the electronic component, Ye, of the total wavefunction can be expressed as 
follows: 

Ku,= Y,ul, (2.4) 

where Y0 and YS denote the orbital and spin parts, respectively, of ‘y,, as Y0 is 
a function of the spatial coordinates, and YS is not; 
- one-electron functions Ye (molecular orbitals) are the same for the ground 

state and excited states of a molecule (frozen orbitals). 
The probability of light absorption is expressed by means of the oscillator 

strength, $ 

8ltmvg 
2 

.f’= 7 (2.5) 

where h is Planck’s constant, v the frequency of radiation, g a number referring 



to the degeneracies of the states Yes and YES, ii the dipole moment operator and 
e and m are the charge and mass of an electron, respectively. 

It results from a detailed analysis of eqn. 2.5 that the transition moment 
(integral in eqn. 2.5) has a zero value for certain transitions, and such transitions 
are forbidden. Conditions under which the transition moment reaches the zero 
value are expressed by selection rules: 
- electric dipole transitions between states of equal parity are forbidden (orbit- 

ally forbidden transitions); 
- transitions between states of different multiplicity are forbidden (spin- 

forbidden transitions); 
- transitions involving the simultaneous excitation of two or more electrons 

are forbidden. 
In general, a molecule is electronically excited with simultaneous excitation 

of an appropriate odd vibration, which is known as vibronic coupling. It results 
from group theory that if a transition is to be vibronically allowed, the product 
of Ye for the ground and excited states involved and the component of the dipole 
moment operator ii must be of the same representation as an odd vibration of 
the molecule. If this condition is not fulfilled, the transition is vibronically 
forbidden. 

As the postulates considered for deriving the selection rules are not strictly 
valid in the electronic absorption spectra of coordination compounds, the bands 
of forbidden transitions can also be found. For the allowed transitions the 
oscillator strength isf x 1O-3 - IO-‘; that for orbitally forbidden, spin-allowed 
transitions is f x 10m4- 10e3 and that for spin-forbidden transitions is 
f x 1o-8-1o-4 [17]. 

In spectroscopy and photochemistry, the experimentally measurable spectral 
characteristics (absorbance, molar absorption coefficient, band width) are used 
more frequently than the theoretical value (oscillator strength). Between the 
oscillator strength f and experimental quantities, the following relationship is 
approximately valid : 

f z 4.6 x 1O-9~,,, Av,,, (2.6) 

where Av,,, is the half-width of the absorption band (frequency difference at 
which E = O.~E,,,,,) and .Y,,,~~ is the molar absorption coefficient (in I mol-’ cm-‘) 
in the absorption band maximum. 

Let us consider as an example [ 181 the spectrum of the [Co(NH,)J3+ complex. 
To the orbitally and spin-forbidden transition ‘A I? .+ 3TlR corresponds an f value 
of 4 x 10-6, &T,O”m = 0.23 1 mol-’ cm-‘; for or&tally forbidden, spin-allowed 
transitions ‘A,, + ‘TIR and ‘A ‘R + ‘TzR, f = 9 x lop4 and 8 x 10e4, &472”,,, = 56 
1 mol-’ cm-’ and E J39nm = 46 1 mol-’ cm-‘, respectively. For orbitally and 
spin-allowed LMCT transitions, f = 0.8 and cZWnm = 20000 I mol-’ cm-‘. 
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The relationship between the molar absorption coefficient, Q, absorbance, 
A,, intensity of incident light, ZO.L and intensity of light absorbed, Za,L at a given 
wavelength is expressed by the equation 

A, = .qcd = log 
I 
‘A 

(I,,4 > 
(2.7) 

n.l 

where c is the molar concentration of a solute (a complex in our case) and d the 
path length (cm). In most photochemical experiments, the electronic absorption 
spectra of coordination compounds were measured in their solutions (and also 
in frozen solutions). 

If more species absorbing radiation of a given wavelength are present in a 
system, the amount of radiation absorbed by one of them (jth species), Zatr bears 
the following relationship to the total amount of absorbed radiation, I&,,: 

where c,. are the molar concentrations of the individual components of the 
system and + are molar absorption coefficients of these species at the 
wavelength 1. Equations 2.7 and 2.8 are used especially for the study of the 
course of photochemical reactions of kinetically labile complexes. 

The spectral line shape depends on the Franck-Condon factors YL,(cSj Y,,(,s,, 
where u and u’ are vibrational quantum numbers. As u and U’ refer to different 
electronic states, the changes in the vibrational quantum number on electronic 
transitions are not limited by the selection rules. In general, the greater the 
difference between the force constants of bonds in the ground and excited states 
of a complex, the more distinct the difference between equilibrium internuclear 
distances in both states and the higher the value of Av,,, of the band of the 
corresponding transition in the spectrum. For examples, see Section 2.3. 

2.2.2 Formation of complexes excited by energy transfer 

The thermodynamic condition of energy transfer between a donor in the excited 
state D* and an acceptor in the ground state A, 

D*+A+D+A* (2.9) 

is expressed by 

6% - &S)D 2 (&s - J%S)A (2.10) 
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Energy transfer is the simultaneous deactivation of the originally excited mole- 
cule D* to its ground state and the promotion of the acceptor molecule A to an 
electronically excited state. 

Energy transfer may occur via a radiative or a non-radiative mechanism [19]. 
Radiative energy transfer can be described as the emission of a photon by D* 
which is followed by absorption of the emitted photon by A. This mode of 
formation of excited complexes is very uncommon in the photochemistry of 
coordination compounds. 

Non-radiative energy transfer may occur by a long-range resonance mechan- 
ism or by an exchange mechanism. In the former instance the interaction takes 
place via the electromagnetic field and physical contact between the interacting 
partners D* and A is not required. The resonance dipole-dipole interaction may 
take place if Y&., - YE, transitions of the donor and acceptor are allowed, and 
if the acceptor absorption spectrum and donor emission spectrum overlap. This 
scarce mode of energy transfer in photochemistry is not limited by the spin 
selection rules (spin correlation, suggested by Wigner) [9]. The resonance mech- 
anism cannot be excluded, at least when the medium is a rigid glass and the 
donor and acceptor are on average ca 5000 pm or more apart. 

The exchange mechanism of energy transfer requires a collision between the 
partners D* and A as orbital overlap is needed. The efficient energy transfer and 
excited A* formation are conditioned by the validity of the Wigner rule of spin 
conservation, which means that at least one of the spin states formed by the 
interaction of D* and A in the pair D*/A must be identical with some of the spin 
states of the pair D/A*. From this point of view, for example, the triplet excited 
state of the organic donor {and also of a complex, e.g., triplet MLCT state of 
Ru(I1) complexes [20]} can be quenched by the Cr(II1) complex, which results 
in the production of both quartet excited and doublet excited LF states of the 
Cr(II1) complex. For the pair 3D*/4A the states 5/2,3/2 and l/2 exist, for the pair 
‘D/4A* the states 3/2 and l/2 exist and for the pair ‘g/2A* the state l/2 exists. 
For some Cr(II1) complexes as acceptors, it has been observed experimentally 
[21] that, depending on the triplet energy of the organic donor, either a quartet 
or a doublet excited LF state was produced by energy transfer. 

Provided that D and A are complexes, not every encounter results in energy 
transfer [22] and the rate constant of energy transfer does not reach the limiting 
diffusion-controlled rate constant value, which is approximately 5 x lo9 1 mol-’ 
s-’ for water at room temperature, whereas for glycerine, for example, it is 
about 5 x IO6 1 mol-’ SK’. For example [21], the rate constant of energy transfer 
between [Cr(NN)#+(NN = 2,2’-bipyridine or 1, lo-phenanthroline) in the dou- 
blet excited state and [M(H20),$+ ions [M = Cr(III), Fe(III), Co(II), Mn(II), 
Ni(I1) and Cu(II)] in the ground state varies within the range from 4 x lo3 to 
3.7 x lo6 1 mol-’ SK’ in aqueous media. 
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2.2.3 Formation of excited complexes as products 
of a chemical reaction 

A complex in the excited state can be a product of chemical (electrochemical) 
reaction provided that 

I -WI 2 I&s - WI (2.11) 

where AG, is the change in the Gibbs reaction energy. If the products and 
reactants of the reaction are complexes, the selection rules have in fact negli- 
gible influence on the course of the reaction. If at least one of the reactants is 
a complex, the chemical reaction through which the complex excited state is 
produced is a redox reaction 

B-+A++A*+B (2.12) 

or 

B++A-+A*+B (2.13) 

Experimentally, the formation of A* is followed by measuring the emission 
spectra of A*, and the processes are called chemiluminescent reactions. As an 
example [23], the reaction of the [Cr(phen),]*+ complex with S20i- anions, for 
which AG, = - 3.65 eV, can be considered. As the energy of the doublet excited 
LF state of the [Cr(phen)J3+ complex is 1.70 eV, the reaction product may be 
an excited complex, which has been confirmed by investigation of its phospho- 
rescence. For the reaction 

[CrWW312+ + DWw9313+ -+ PW=N313 + + DW-vy)312 + (2.14) 

AG, = - 1.5 1 eV. The Gibbs reaction energy change is sufficient for the produc- 
tion of both *[Ru(bpy),]*+ in the triplet excited MLCT state (with an emission 
maximum at 607 nm) and *[Cr(phen),]‘+ in the doublet LF state (with an 
emission maximum at 727 nm). It resulted from emission spectra measurements 
that in reaction 2.14 both complexes are produced in the excited states quoted 
above. 

Study [24] of the chemiluminescent reactions of Ru(III) and Co(I) complexes 
has shown that the yield of the MLCT excited state of poly(pyridine)rutheni- 
um(I1) complexes increases with the exergonicity of the reaction. For example, 
for the reaction of [Ru(bpy)3]3’ with [Co(4,CMe,bpy),]+ the yield is 31 + 4% 
(AG, = - 0.29 eV); for the least exergonic system studied (the reaction of 
[Ru(4,7-Me2phen),13+ with [Co(bpy)3]+, where AG, zz 0 eV, the yield of the 
excited ruthenium(H) complex is 7 + 2%. 
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2.2.4 Formation of excited complexes caused by 
application of mechanical energy 

The application of mechanical energy to a solid can cause emission of light, a 
phenomenon known as triboluminescence. The fact that a triboluminescent 
spectrum is frequently almost identical with the photoluminescent spectrum has 
led to the conclusion that triboluminescence takes place from electronically 
excited state; in other words, the excited states of substances (and also of 
complexes) may also be formed as a result of mechanical energy applied to solid 
substances (coordination compounds). 

It has been suggested [25] that triboluminescence should take place at the 
surface of newly created fracture surfaces by electron-impact excitation or 
electron-hole pair recombination. The detailed mechanism of electronic excita- 
tion is not yet clearly understood. 

A comparison of triboluminescent and photoluminescent spectra of Mn(II) 
and UO:+ compounds has shown [26] that in the former instance Mn(II) 
complexes were formed in a forbidden quartet LF state owing to the effects of 
mechanical energy, and in the latter instance UOi+ complexes were formed in 
the triplet 3x” state. 

The study of the photochemical properties of complexes in excited states 
achieved by the application of mechanical energy has not yet been carried out. 
Research in this field is focused rather on the elucidation of mechanisms for the 
formation of excited complexes by the application of mechanical energy than on 
the chemically possible deactivation processes. 

2.3 Electronic structure of complexes in excited states 

2.3.1 Electron density transfer during excitation 

In Section 2.1, conditions for the achievement of excited states of complexes 
were presented without a description of the properties of these states. As the 
differences in chemical reactivity of complexes in the ground and excited states 
are connected especially with different distributions of electron density, we 
prefer to characterize the processes of excitation A + A* according to localiza- 
tion of the electron density transfer in the complexes. Such transfers can take 
place within a complex, or exchange of an electron may occur between the 
complex and its environment. Here, it should be emphasized that even when 
talking about the electron transfer between.molecular orbitals to achieve the 
spectroscopic excited state (i.e., a state in which the population of vibration 
levels is determined by quantum-chemical Franck-Condon factors), the whole 
electron system of the complex is always changed (interelectronic repulsion is 
changed, in addition to degenerations of levels, energy of orbitals, etc.). 

The extent of electron transfer in the case of spectral transition is not the 
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same in all instances and it is not necessarily equal to unity. Its calculation based 
on the experimental study of the complexes in their ground and excited states 
has been considered only rarely. For example [27], from the frequencies in the 
time-resolved resonance Raman spectra of OS(I), Ru(I1) and Re(I) complexes 
with 2,2-bipyridine in their ground and MLCT excited states, it has been 
calculated that the extent of electron transfer, X, within the transition 

(2.15) 

is in the range x = 0.74- 0.91. 
Much valuable information on changes in the electronic structure during 

excitation was obtained by the study of single-crystal spectra with application 
of polarized radiation, by the study of circular dichroism and magnetic circular 
dichroism and by other spectral techniques. In the following sections, attention 
is focused particularly on such knowledge, which is of great importance in the 
photochemistry of coordination compounds. 

Despite the fact that the absorption spectra of complexes reflect the complex- 
ity of their electronic structure, from the photochemical point of view it is 
convenient to classify the electronic transitions according to the localization of 
the molecular orbitals involved. Specifically, four fundamental types of elec- 
tronic transitions may be identified: 

(a) Transitions between MOs predominantly localized on the central atom 
(polymetal moiety in cases of polynuclear complexes containing at least one 
metal-metal bond). Such transitions can be divided into LF transitions (electron 
density transfer between d-orbitals orf-orbitals of the same principal quantum 
number), Rydberg transitions (transfer between orbitals differing in principal 
quantum number) and IVCT transitions (transfer from one to the other central 
atom in polynuclear bridged complexes). 

(b) Transitions between MOs localized predominantly on ligands. These are 
usually called IL transitions (electron density transfer between MOs localized on 
one ligand) or LLCT transitions (electron transfer from one ligand’s HOMO to 
the other ligand’s LUMO). 

(c) Transitions between MOs of different localization. Depending on the 
direction of electron density transfer, there are MLCT transitions (displacement 
of negative charge from the central atom to the ligands) and LMCT transitions 
(opposite flow of negative charge). 

(d) Transfer of an electron between the complex and an environmental 
particle. These transitions can be divided into CTTS (an electron is ejected from 
the complex to an unspecified molecule in its environment) and IPCT (exchange 
of an electron between the complex and usually ionic component of its secon- 
dary coordination sphere). 

These types of transitions will be discussed in more detail in the following 
sections. 
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2.3.2 Transfer of electron density between orbitals localized 
predominantly on the central atom 

Depending on the character of molecular orbitals taking part in transitions of 
the above type, they are conventionally classified into ligand field (LF) tran- 
sitions (&d and f-f LF transitions in the complexes of transition and inner 
transition elements, respectively) and Rydberg transitions connected with a 
change in the principal quantum number of the orbitals involved [for instance, 
(n - 2)f+ (n - 1)d transitions in the complexes of lanthanoids and actinoids]. 

LF transitions are orbitally forbidden and can also be spin-forbidden. The 
bands of such transitions are usually present in the visible and near-IR regions 
of the spectrum. Their position, intensity and shape are very sensitive (for h-d 
transitions) to the character of the coordinated ligands and the symmetry of the 
chromophore (Table 1). The bands with values of &max x lo’--lo21 mol-’ cm-’ 
correspond to the spin-allowed d-d transitions, and the bands with 

z 10W3-10’ 1 mol-’ cm-’ correspond to the spin-forbidden transitions. For 
zmple [28], in the spectrum of the [Mn(H20),l12+ complex, eight bands of 
spin-forbidden transitions from the sextet ground state 6AIg into the quartet 
excited states are present. The bands are in the range 530-245 nm and the E,,,,, 
values range from 0.0145 to 0.0783 1 mall’ cm-‘. 

TABLE I 

LF transitions in electronic absorption spectra of chromium(II1) complexes [36] 

, 

4E, 
4% 4A, 

Complex 
kw (Gil,,) 4E, 
(nm) (lmol-‘cm-.‘) 

trans-[Cr(en),FJ+ 
rrans-[Cr(en),ClJ+ 
trans-[Cr(en),Br,]+ 

cis-[Cr(en),FJ+ 
cis-[Cr(en),Cl,]+ 
cis-[Cr(en)2Brz]+ 

525( 19.0) 466(24.0) 350( 18.0) 430(16.1) 
578(24.5) 453(22.9) 396(33.9) 367(22.9) 
607(33.7) 460(24.0) 418(30.9) 

4E 44( + ‘E) 
5 16(75.0) 375(37.9) 
528(70.6) 402(68.5) 
544Q39.4) 415Q33.0) 

Spectral bands off-f transitions have been measured for several compounds 
of lanthanoids and actinoids [18, 291. These bands have a small half-width and 
values of .c,,, x lo-‘-10’1 mol-’ cm- ‘; for example [30], the bands of the f-f 
transitions for the [Pr(H20)J3+ cation have E~~,~,,, = 1.9, cqgjn,,, = 4.0, 
& 469”,,, = 4.6 and &&“,,, = 10.5 1 mol-’ cm-‘. The bands of thef-ftransitions are 
less sensitive to the environment of the central atom as thef-orbitals are shielded 
from the environment. Albin and Horocks [31] presented the results of a study 
of the spectra of 36 Eu(III) compounds in which the maximum of the band of 
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the ‘F, + 5D, transition ranged from 581 to 579 nm and the half-width of the 
band did not exceed lOcm_‘. 

The Rydberg transition bands are present in the visible and UV regions of the 
spectrum, with E,,,,, z lo’-lo* 1 mol-’ cm-‘. For the ion [Pr(H20)J3+ the band 
with .s215nm = 50 1 mol-’ cm-’ has been assigned to the 4f + 5d transition. The 
bands of Rydberg transitions depend on the structure and symmetry of the 
coordination sphere of complexes, and on interaction of the complex with its 
environment. For example [32], the band of the 5dz2 + 6pZ transition in 
[PtCld*- and [Pt(NH3)J2+ can be found in “isolated” complexes at 215 and 196 
nm, but at 280 nm for [Pt(NH,),] [PtCl,]. If the interaction between the platinum 
atoms is stronger (even if the formation of Pt-Pt bonds is not considered), the 
band of the 5dz2 --+ 6p, transition occurs in the visible part of the spectrum, for 
example, for [Pt(bpy),] [Pt(CN),] . 2H,O at 485 nm. 

The electron density distribution between the central atom and ligands in the 
excited LF and Rydberg states is similar to those of the ground state of the 
complex. Excitation is not accompanied by a more significant change in the 
radial distribution of the negative charge and hence the redox properties of 
complexes in the ground state and the above-presented excited states do not 
differ very much. Owing to the changes in the force constants of the central 
atom-ligand bonds in LF transitions (the changes are not the same for all 
bonds, as they depend on the ligand properties), the tendency of the excited 
complexes to undergo substitution reactions is greater than for complexes in the 
ground state. The relationships between the changes in the force constants of 
particular bonds between the central atom and ligands and the course of 
photosubstitution reactions have been intensively studied and resulted in the 
formulation of several “rules of photochemical reactivity of complexes” (for 
details, see Section 4.4.4). 

The group of transitions localized on the central atom can also involve the 
transitions between MOs formed by combination of d-orbitals of central atoms 

TABLE 2 
Metal-metal moiety localized transitions in electronic absorption spectra of [Tc$ld3- [35] 

Complex Transition An,., 
(nm) 

%WX 
(1 mol-‘cm-‘) 

1695 630 
735 35 
637 172 
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in bi- and polynuclear complexes with metal-metal bonds [17, 331. The tran- 
sitions may be orbitally allowed, which is evident from the values of E,,,,,, which 
are ca 102-lo4 1 mol-’ cm-‘. The bands of such transitions are found especially 
in the visible and UV regions of the spectrum, and are sensitive to the properties 
of the environment of central atoms. For example [34], the spin-allowed singlet- 
singlet do + da* transition occurs in the spectra of [Pt2(P20,H2),XJ4- as a band 
with Earn,,,,, = 4840 1 mol-’ cm-’ for X = Cl, E~,,~~,.,, = 55 420 1 mol-’ cm-’ for 
X = Br and Earn”,,, = 42930 1 mol-’ cm-’ for X = I. 

By measuring the polarized electronic absorption spectra of single-crystal 
compounds at low temperature and by theoretical analysis of the spectra, the 
bands have been assigned to several transitions involving MOs formed by 
interaction of d-orbitals in binuclear complexes. For example [35], Table 2 
presents an interpretation of the spectrum of the [Tc2C1J3- ion for which the 
derived MOs are al&o)‘, e,(lr>“, b2Js)‘, b’,(S*)‘, e,(lr*)O, b,,(& -Jo and 
~~,(a*)’ in the ground state. 

2.3.3 Electron density transfer between orbitals 
localized predominantly on ligands 

Transitions of this type, when localized on one ligand, are called intraligand or 
internal ligand transitions, and are designated IL transitions. 

IL transitions are found with complexes that contain organic ligands with a 
multiple bond (bonds), such as pyridine, 2,2-bipyridine, l,lO-phenanthroline, 
phthalocyanine and porphyrin. The IL transitions are usually orbitally and spin- 
allowed, and they occur in the spectra as intense bands in the visible and UV 
regions with values of E,,,..~ x IO’-10’ 1 mol-’ cm-‘. In contrast to the bands of 
MLCT and LMCT transitions (Section 2.3.4), with which they frequently 

TABLE 3 

IL and LLCT transitions in electronic absorption spectra of coordination comoounds 

Compound &n.x 9,x 
(nm) (I mol-’ cm-‘) 

IL transitions [371 
PC 698 162200 
MgPc 675 87100 
ZnPc 672 281800 
CrPc 689 83200 

. CUPC 678 2 I8800 
PtPc 650 72400 
AlPcCl 680 125900 

LLCT transitions [38] 

[Zn(phen)(tdt)] 475 80 
[Zn(bpy)(tdt)l 465 65 
[Zn(biqu)(tdt)] 590 40 
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overlap in the spectra, the bands of IL transitions depend only slightly on the 
character of the central atom and on the presence of other ligands in the 
coordination sphere. This is supported [37] by data on the most intense IL 
transitions in phthalocyanine (PC) and its complexes, listed in Table 3. 

The electron density distribution between the central atom and ligands 
remains in fact unchanged in IL transitions. Complexes in the IL states fre- 
quently undergo analogous chemical changes to the ligand itself in the particular 
excited state. 

In closed-shell compounds containing both a good Ir-acceptor ligand (such as 
l,lO-phenanthroline or 2,2-bipyridine) and a good x-donor ligand (such as an 
aromatic thiol), a new kind of transition was observed which was named 
interligand transmetallic charge transfer [38] or ligand-to-ligand charge transfer 
[39, 401 (LLCT). Electron density transfer from HOMO localized on a certain 
ligand (thiol) into LUMO localized on another ligand (N-donor heterocycle) 
mediated by the central atom is manifested in the spectra by a broad band in 
the visible region. LLCT transitions are orbitally allowed and may also be spin- 
allowed, in the band maxima with E,,,,, = lo’-lo3 1 mol-’ cm-‘. The LLCT 
transition bands are markedly influenced by the properties of the environment 
in which the complex is present. For example [39], the LLCT band in the 
spectrum of the [Pt(bpy)(tdt)] complex in ethanol has E~,~“,,, = 4100 1 mol-’ 
cm-’ and in chloroform Earn”,,, = 3900 1 mol-’ cm-‘. The spectral characteristics 
of LLCT transitions in some Zn(I1) complexes are presented in Table 3. 

As a significant redistribution of the negative charge takes place in the LLCT 
transition, a photochemical consequence of such a transition may be a redox 
process. 

2.3.4 Electron density transfer between molecular orbitals 
localized predominantly on the central atom and ligands 

Depending on the direction of electron density transfer, we can recognize 
LMCT (ligand-to-metal charge transfer) and MLCT (metal-to-ligand charge 
transfer) transitions, i.e., electron transfer from an MO localized on a ligand 
into an MO localized on the central atom, and vice versa [17, 181. In such 
transitions radial redistribution of the charge takes place. The transitions are 
usually orbitally and spin-allowed, and they are represented by intense bands in 
the visible and UV regions with values of E,,,~~ w 103-lo5 1 mol-’ cm-‘. The 
energy of LMCT transitions increases with increasing oxidation state of the 
central atom and with ionization energy of the ligand involved. For the given 
central atom M and ligand L, the energy of LMCT transition is not remarkably 
influenced by the other ligands in the coordination sphere, chromophore sym- 
metry and environment of the complex. For example [ 17, 411, the energetically 
lowest band of the transition Cl- + Cu(I1) in chlorocopper(I1) complexes can 
be found in the spectra from 370 to 525 nm (Table 4). 
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An increase in the electron density on the central atom in an LMCT tran- 
sition (and thus in fact reduction of the central atom and an equivalent decrease 
in the electron density on the ligands) markedly influence the capability of the 
complex to undergo inner-sphere redox processes. The population of the anti- 
bonding orbitals localized on the central atom in the complex lowers the 
strength of central atom-ligand bonds and complexes in an LMCT state are 
deactivated by substitution processes, too. For example [41, 421, it has been 
found that during irradiation of chlorocopper(I1) complexes in non-aqueous 
media, both photoreduction of Cu(II) to Cu(I) and photosubstitution reactions 
take place simultaneously. 

TABLE 4 
Energetically lowest LMCT transition in some copper(H), iron(II1) and iron(H) halogen0 complexes 

P71 

Complex Chromophore 

[Cu(Me,en)ClJ, square-pyramidal CuN,Cl, 
CuCI, (gaseous) linear CuCI, 
Cs,[CuCl,] tetrahedral CuCI, 

WeNH,)KuCl,I square-planar CuCl, 

l’WNW,IlCuC~,I trigonal-bipyramidal Cut.& 

k,, (LMCT) 
(nm) 

392 
526 
435 
417 
370 

Cs,NaY(Fe)Cl, octahedral FeCI, 446 
(NIWn(Fe)CW,O) octahedral FeOCI, 434 
( WVlFeCW tetrahedral FeCl, 364 
(EVWeW tetrahedral FeBr, 472 
(W’WeW tetrahedral FeI, 699 
(WWFeC1,l tetrahedral FeC& 220 
(WWFe%l tetrahedral FeBr., 256 

MLCT transitions are expected when the ligand possesses low-lying empty 
orbitals (usually 11’ LUMO) and the central atom is easily oxidizable. MLCT 
transitions lie at lower energies than IL r + I1c transitions of the ligand itself. 
The energy of an MLCT transition (and also the value of the molar absorption 
coefficient) depends on the properties of the solvent (or, in general, the environ- 
ment), especially on its polarity (Table 5). MLCT transitions decrease in energy 
as the ligand becomes more reducible, and/or the central atom becomes more 
easily oxidizable, and the bands of these transitions are usually found in visible 
spectra with .s,,,~~ x 102-lo4 1 mall’ cm-‘. 

A study [27] of excited complexes of some central atoms with two or three 
molecules of 2,2’-bipyridine (or 1 ,lO-phenanthroline) by time-resolved re- 
sonance Raman spectroscopy confirmed that the transferred electron density is 
localized in the lowest R* orbital of one ligand rather than delocalized over the 
Ir* orbitals of the all available ligands on the vibrational time scale. 



TABLE 5 
Solvent dependence of MLCT transition in [Ru”(NH&(Me-4,4’-bpy)]‘+ (I) and of LMCT tran- 
sition in [Ru”‘(NH3)S(dmapy)r+ (II) [43] 

Solvent DN (solvent) 

nitromethane 2.7 
benzonitrile I I.9 
acetonitrile 14.1 
acetone 17.0 
dimethylformamide 26.6 
dimethylacetamide 27.8 
dimethyl sulphoxide 29.8 
hexamethylphosphoramide 38.8 

krntix (M LCT, I) 
@ml 

561 
600 
584 
605 
658 
670 
672 
729 

A,,, (LMCT. II) 

(nm) 

610 
583 
589 
577 
537 
527 
532 
439 

In comparison with the ground state of the complex, the electrostatic attrac- 
tion between the central atom and ligands is stronger in MLCT excited states, 
which results in a reduction in the probability of deactivation by substitution 
processes. The reactivity of ligands to electrophilic agents in MLCT states 
increases. The reactivity of the central atom to nucleophilic agents also in- 
creases, but to a lesser extent because of steric hindrance. 

2.3.5 Electron density transfer between central atoms 
in bridged polynuclear complexes 

The interaction of a reducing and an oxidizing metal centre, mediated by a 
bridging ligand, leads to the appearance of an intervalence charge transfer 
(IVCT) absorption band in the electronic absorption spectrum. The electron is 
transferred from the reducing to the oxidizing central atom by an intramolecular 
or inner-sphere process. 

The IVCT bands are broad and appear in the visible and near-IR regions. 
They are sensitive to the structure of the coordination sphere; molar absorption 
coefficients in the maxima of IVCT band reach values of E,,,,, x lo’-lo3 1 mol-’ 
cm-‘. 
TABLE 6 
IVCT transitions in electronic absorption spectra of binuclear bridged complex [ 17, 441 

Binuclear complex An,,, %&4X 
(nm) (I mol-’ cm-‘) 

I 
[(NH,),Co”‘-NC-Ru”(CN),I- 
[(NC),Co”‘-NC-Ru”(CN),I”- 
[(NC),Co”‘-NC-Fe”(CN),lh- 
[( NC)&o”‘-NC-Os”(CN),Ih- 
[(H,O)(NH,),Cr”‘-NC-Fe”(CN),j- 
[(NH,),Ru”‘-pyr-Ru”Cl(bpy),l”i 
[(NC),Fe”‘-CN-Fe”(CN),I”- 
[( NC)IFe”‘-pyr-Fe”(CN),l’- 

375 690 
312 460 
385 630 
360 734 
376 2500 
960 530 

I300 3180 
1205 2200 
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IVCT transitions have been studied for Ru”-Ru”‘, Fe”-Fe”‘, Pt”-Pt’” and 
heteronuclear complexes (such as Co”‘-Ru” and Cr”‘-Fe”); examples are 
presented in Table 6. The spectra of such complexes (and also others, e.g., 
electrochemical properties) are not only the sum of the spectra of the related 
mononuclear complexes. A classical example is the intense blue colour of 
Prussian Blue (due to the IVCT Fe ” -+ CN--+ Fe”’ transition), whereas hexa- 

cyanoFe(I1) and -Fe(III) complexes absorb mainly in the UV region. 
In contrast to other types of excited states, the consequence of IVCT tran- 

sitions is the creation of a redox isomer of the complex in a vibrationally and 
not electronically excited state. Owing to the radial redistribution of electron 
density in an IVCT transition, a change in the redox properties is observed, 
particularly in non-symmetric heteronuclear complexes. 

2.3.6 Electron transfer between the complex and a component 
of its secondary coordination sphere 

If an ion complex interacts with an oppositely charged ion, an electron transfer 
can take place from an MO localized on the complex into an MO localized on 
the counter-ion, or vice versa. This type of transition is called OSCT (outer- 
sphere charge transfer) or IPCT (ion-pair charge transfer). 

The bands of IPCT transitions have been observed for systems containing an 
ion pair in which one ion is a complex, and also for the systems in which both 
components of the ion pair are complexes. Analogously to bridged complexes 
(Section 2.3.5), the presence of the ion pair is evident from the new spectral 
band(s) which is (are) not present in the spectra of separated solutions of the ions 
given. For example [45], the bands of IPCT transitions for [Co(NHj)$+ . I- and 
[Ru(en),13+ . I- ion pairs and others are present in the visible region of the 
spectrum, with E,,,~~ x lo*-lo4 1 mol-’ cm-‘. 

TABLE 7 
1PCT transitions in electronic absorption spectra of ion-pair systems [4447] 

Ion pair Lax Emax 

(nm) (I mol-’ cm-‘) 

530 110 
434 120 
450 110 
520 20 
643 38 
654 40 
910 33 
940 32 
932 29 
898 33 
344 5750 
317 3500 
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If a system contains kinetically inert, oppositely charged complexes of an 
oxidizable and a reducible central atom, these preserve their identity in the 
system and the central atoms are not bonded by a bridging ligand. In such 
systems, light-induced electron transfer can take place between the complexes 
[44]. Some examples [17, 44, 46, 471 of IPTC transitions for such systems are 
presented in Table 7. 

IPCT transitions are connected with a change in the oxidation state of the 
ion-pair components, with a change in electrostatic interactions between them 
and change in solvation of the interacting particles. Formation of the IPCT state 
frequently results in a redox process. 

2.3.7 Electron transfer from the complex to the environment 

The type of transitions known as CTTS [ 18,481 (charge transfer to solvent) can 
take place if the oxidation number of the complex central atom is low, if with 
an increase in the oxidation number of the central atom the structure of the 
coordination sphere is unchanged, and if the complex with a central atom with 
a higher oxidation number is stable. An electron emitted from the complex in 
a CTTS transition is solvated by the solvent molecules. In the next step, 
influenced by the reduction properties of the solvent molecules, the electron 
enters an MO localized in the solvent molecule, which usually results in secon- 
dary thermal reactions. 

CTTS transitions are usually allowed. The CTTS transition bands appear in 
the UV region of the spectrum, and are characterized by E,,,,, x lo’--lo3 1 mall ’ 
cm-’ . The positions of the bands and the values of &,,,,, are markedly influenced 
by the solvent reduction potential. The easier the reduction of the solvent 
molecule, the lower is the transition energy. For example [49], the CTTS band 
in the spectrum of [Fe(CO)(Cp)], h as its maximum in Ccl, at 3 16 nm 
(E;‘: = -0.78 V vs. SCE), in CHCl, at 299 nm (E$ = - 1.67 V) and in CH,Cl, 
at 294nm (Ey! = - 2.33 V). The effect of the solvent on the value of &ax can be 
exemplified [50], by the CTTS transition of ferrocene, for which E,,,,, = 
49.3 1 mol-’ cm-’ in cyclohexane, 147 1 mall’ in 1,2-dibromomethane and 
960 1 mall’ cm-’ in tetrabromomethane. 

CTTS transitions result in the oxidation of the central atom. 

2.4 Molecular structure of complexes 
in excited states 

The electronic and molecular structures of compounds are mutually con- 
ditioned. There are many references to the crystal and molecular structures of 
coordination compounds in their ground state. The molecular structure of 
excited complexes is estimated from the absorption and emission spectra, quan- 
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turn-chemical calculations, the time-resolved resonance Raman and IR spectra, 
and electronic absorption of excited complexes. 

Theoretically based considerations on different equilibrium geometries of 
Cr(II1) complexes in the ground and excited LF states have been postulated by 
Adamson [6, 511, who stated on comparing absorption and emission spectra 
that vibrational relaxation of the quartet excited states must be accompanied by 
both considerable radial and angular distortions, that is, excited complexes have 
both different bond lengths and different symmetries with respect to the ground- 
state structure. These excited-state distortions can be evaluated by using 
Franck-Condon analysis when a highly resolved spectrum including vibronic 
progression is available. Unfortunately, the electronic emission and absorption 
spectra of inorganic molecules in condensed media typically contain broad, 
featureless bands, or their individual vibronic components are not well resolved. 

The study of the absorption and emission spectra of Pt(I1) complexes and of 
the cis-tram photoisomerization of such square-planar complexes has resulted 
in the assumption [ 171 of a tetrahedral-like configuration distorted towards the 
square-planar arrangement (transoid and cisoid configuration) in the energeti- 
cally lowest LF state, which was assigned to the lowest triplet with D, (distorted 
tetrahedron) molecular geometry. On the other hand, from recent results [52] 
based on Franck-Condon analysis of the single-crystal polarized luminescence 
spectra of KJPtX,], where X = Cl or Br, the following conclusions were drawn: 
- the emitting state is significantly distorted along the totally symmetric 

stretching coordinate; 
- the excited state is assumed to retain Da symmetry. 

However, it should be noted that the differing results [7, 521 may be due to 
the different environments of the complex when studying its properties. 

Theoretical quantum chemical studies have also contributed to the classifica- 
tion of the structures of excited complexes. For example, an ab initio study of 
the [Re$l,]*- complex in its ground state and 6+ 6c excited state has shown 
[53] that excitation is accompanied by torsional distortion from D,(GS) to- 
wards DW(ES) geometry. For the [Co(CO),(NO)] complex, which has a tetrahe- 
dral configuration and a linear Co-N-O fragment in its ground state, a planar 
structure of the chromophore and a bent structure of the given fragment are 
assumed in the MLCT state [54], derived from calculations [MLCT means the 
transition Co-‘-(NO+) + Co’-(NO-)]. 

One of the fields of application of pulsed laser flash photolysis within the 
range of nanoseconds to picoseconds is the study of the spectral properties of 
electronically excited complexes. Information on the electron system of the 
excited complexes and on the kinetics of deactivation is provided by ESA 
(excited-state absorption) spectra. Moreover, time-resolved resonance Raman 
spectra (preresonance Raman spectra) have significantly contributed to the 
determination of the molecular structure of excited complexes. 
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The conditions for the study of ESA spectra and their changes with time are 
a sufficiently long lifetime of the excited particles (excluding the duration of 
spectrum measurement) and different spectral properties of the particles in the 
ground and excited states studied, expressed in terms of the molar absorption 
coefficients, .Q(GS) and .Q(ES). 

Possibilities offered by ESA spectra can be exemplified [55] by the study of 
an aqueous solution of the [Ru(bpy)J2+ complex. Excitation of the complex by 
flashes at ;Z = 265, 353 or 530 nm results in the same ESA spectrum of the 
excited complex with a band at 360nm [E&ES) > +,,,(GS)]. 302 quenches the 
excited state of the complex with a rate constant kq = 3.3 x lo9 1 mol-’ cm-‘, 
which means that the complex is in the triplet state. Based on the changes in the 
ESA spectrum with time at 360nm (the absorbance decreases with time) and 
453nm [the absorbance increases with time as s&ES) < E.,~~(GS)], the rate 
constant of the transition from the excited to ground state was calculated. Its 
value in both instances (for calculations based on the change in absorbance at 
both of the above wavelengths) was the same (k = 1.5 x 1 O6 s-l). Also, the value 
of s&ES) = 2730 1 mol-’ cm-’ was calculated; its magnitude indicates that the 
band in the ESA spectrum corresponds to the spin-allowed transition. The 
complex in the excited triplet state also emits radiation with a maximum at 
610nm and a rate constant of emission quenching of 1.5 x 106s-‘. 

Similarly, it has been found [56] (by a comparison of the phosphorescence 
rate constant and the ESA spectra changes) that the bands in the ESA spectra 
of Cr(II1) complexes correspond to LF transitions between the energetically 
lowest and higher doublet states. The band in the ESA spectrum of 
[Pt2(P20,H,).,]4- at 325 nm was assigned [57] to the 5do + 5ddr transition in the 
excited 3A2U state; four bands in the ESA spectrum of [PtC1412- were attributed 
[52] to LF transitions in the 3E,(3A2,) state of the complex, based on theoretical 
analysis of the possibilities of spectral transitions (maxima of the bands at 1190, 
551, 377 and 333 nm, .Y,,,~~ x 102-lo31 mol-’ cm-‘). 

Recently, together with Franck-Condon analysis of vibrational progressions 
observed (unfortunately very rarely) in absorption and emission spectra, the 
study of excited complexes by time-resolved resonance Raman spectroscopy has 
been widely used, which offers experimental data for the calculation of the 
structure of these complexes. For the calculations of the bond length displace- 
ment between the ground-state bond lengths and those of the excited state, 
Badger’s rule [27] or Zink’s method [58] is employed. A description of the 
continuously developing methods for the determination of molecular structure 
of excited complexes is beyond the scope of this book; here we present a few 
results achieved by a comprehensive study of the properties of selected com- 
plexes in excited states. 

The ground state of complexes with a metal-metal bond, [Pt2(P20SH2)4]4- 

and [Rh,(l ,3-(CN),pn),12+, is ‘A,, with HOMO (do)2 (dcP)2. During excitation 
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with formation of the energetically lowest excited state, 3A2u, the metal-metal 
bond energy increases as the electron is transferred from the &(dc) orbital to 
the bonding p,(a) orbital. The ratio of the metal-metal bond energy in the 
excited state to that in the ground state is approximately 3 for the rhodium(I) 
complex [59] and about 1.8 for the platinum(I1) complex [57]. The increase in 
the order of the metal-metal bond in the transition from the ground to the 
excited state is also demonstrated by a reduced metal-metal distance from 
292.5 to 271 pm for the platinum complex and from 324.4 to 293 pm for the 
rhodium complex. On the other hand, with [Mo~‘(RCO),] complexes the 6 + 6c 
transition causes a change from a quadruple to triple bond between the molyb- 
denum atoms, which results [60] (for R = CF,) in an increase in the Mo-MO 
distance by 7 pm in comparison with the ground state. The 6 + R* transition in 
this complex [58] results in an increase in the Mo-MO distance by 4.5pm. 

The energetically lowest excited state of [W(CO),py] and [w(CO),pip] com- 
plexes is the triplet state 3E. In this state, the metal-ligand distances related 
to those in the ground state increased as follows: for [w(CO),py], 
A(W-N) = 18 pm, A(W-Cl) = 12pm and A(W--C~,J = 4pm; and for 
[W(CO),pip], A(W-N) = 30 pm, A(W-C,) = 25 pm and A(W-C_,.) = 5 pm. In 
both complexes the N-donor ligand was coordinated along the z axis. The most 
marked increase in internuclear distances on this axis is due to the fact that 
during excitation (&, dyr + &), the electron density is increased to the greatest 
extent just along the z axis. 

For calculations of distortions in [Cr(CN),(NO)]‘- in the excited MLCT state 
towards the structure of the ground state, resonance Raman overtone intensities 
in addition to the ,intensities of fundamentals in the Raman spectra were 
taken into account [58]. Displacements assuming uncoupled normal modes 
are as follows: A(Cr-C) = 7 pm; A(Cr - N) = 10 pm; A(C - N) = 3 pm and 
A(N-0) = 1 pm. 

Theoretical analysis of the resonance Raman spectra of [Os(bpy),Y(Pz)3_,]2+ 
complexes where P2 = cis-(C,H,),PCH =CHP(C,H,), and x = 1, 2, 3 in the 
ground-state and time-resolved Raman spectra of these complexes in the 
3MLCT excited state has shown [27] that on excitation the electron from the 
central atom Os(I1) moves to an antibonding ti orbital localized in one 2,2-bi- 
pyridine ligand to form bpy-. Application of Badger’s rule to the Raman data 
and Franck-Condon analysis of the emission data led to two independent 
determinations of average bond lenght displacements in the ‘MLCT state 
(vs. the ground state), which are 1.26 pm for [Os(bpy),]*+; 1.84 pm for 
[Os(bpy)2(P2)]2+ and 1.99 for [Os(bpy)(Pz)2]2+. The two approaches yielded 
displacement values that agreed within 0.1-0.3 pm. 

With regard to the efforts to obtain the most comprehensive information on 
the properties of complexes in their excited states, one can expect even wider 
application of methods devoted to the study of the spectral and molecular 
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structures of such complexes, and a search for relationships with their photo- 
chemical reactivity. 

2.5 Thermodynamic properties of coordination 
compounds in excited states 

Changes in the electronic and molecular structures of a complex accompanying 
electronic excitation result in changed thermodynamic properties. The change 
in energy content on excitation is commonly described by AC values (ergonicity 
of a process). It should be noted that in numerous instances AC values are 
presented without a knowledge of the AS values, or they are neglected. The 
differences in entropy on going from the ground to some of the excited states of 
the complex may be due to the changes in dipole moment, solvation, the internal 
degrees of freedom, orbital and spin degeneracies, etc. An exact determination 
of the values of entropy changes on excitation has not been elaborated so far 
either experimentally or theoretically; the changes in AS are estimated from the 
Stokes shift (energy difference between the maxima of the bands in absorption 
and emission spectra corresponding to the transitions between the same states). 
If the differences in solvation, shape and size of the complex in the ground and 
excited states are not too high, the Stokes shift is usually small (up to 5000 
cm-‘), and in such instances the changes in AS can be neglected. Therefore, the 
relationships between thermodynamic quantities in this section are presented 
with application of this approximation. 

The distribution of vibrational levels on transition from the ground to an 
excited state is determined by quantum-chemical quantities, i.e., values of 
FranckCondon factors. Within several vibrations (for 10-‘3-10-‘2 s), the set of 
complex particles reaches from the spectroscopic state a thermal equilibrium 
with the environment. The state in which the set of excited particles is in 
thermodynamic equilibrium with the environment is called [63] a thexi state 
(thermally equilibrated excited state). The energy of the thexi state is significant- 
ly higher than that of the ground state (by as much as 500 kJ mol-‘) and 
generally leads to markedly higher reactivity of a complex in the excited than in 
the ground state. In the following chapters on using the terms of equilibrium 
thermodynamics we assume that the lifetime of excited particles is sufficiently 
long to achieve a Boltzmann distribution of vibrational and rotational levels, 
i.e., the thexi state. 

The relationships between the changes in some thermodynamic quantities 
due to electronic excitation of the molecules and the energy of photons corre- 
sponding to 0 + 0 transitions have been elaborated in a general form by Gra- 
bowski [61, 621. Their qualitative form for equilibrium constants of acid-base 
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processes (pK) and redox potentials (E’) is illustrated in Fig. 1, where Ox, Red 
are oxidized and reduced forms of the Briinsted base B (acid A), respectively, 
and hv are 0 + 0 transition energies between the complex in question (for the 
sake of simplicity charges are not presented). 

Rd 

A” I I 

1 

I I I 
B ox 

Fig. 1. Schematic representation of relationships between the energies of 0 --, 0 transitions (h v), 
acid-base equilibrium constants (pK) and redox potentials (Z?) for complexes in their ground and 
excited states. 

From the fundamental relationships of thermodynamics, quantitative rela- 
tionships between particular quantities were derived. Thus, for example, for a 
change in the equilibrium constant of an acid-base reaction of a particle in the 
ground and excited states, the following equation is valid: 

pP-pK= 
hv, - hv, 

2.303kT 
(2.16) 

where pK* and pK are values for the acid-base equilibrium in the excited and 
ground states of acid A and base B, respectively, and hv, and hv, are energies 
of 0 + 0 transitions of the acid and base. As an example [64] of the application 
of the above relationship to coordination compounds, the acid-base equilib- 
rium between [Ru(bpyMCN)J complex as the Briinsted base and the H30+ ion 
can be considered. For the ground state of the complex the reaction equilibrium 
constant K = 0.75 + 0.1 and for the complex in MLCT excited triplet state 
K* = 5 x 10’. 

For the difference in redox potentials of a particle in the ground and excited 
states under standard conditions, the following relationship has been derived: 

(2.17) 
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where N and Fare the Avogadro and Faraday constants, respectively, and n is 
the number of exchanged electrons. The potential E*” relates to the electron 
exchange between both the oxidized and reduced forms of the particle in excited 
states. In the study of the photochemical properties of coordination compounds, 
the reactions of electron exchange between one form of the complex (e.g., 
reduced) in the excited state and another form (oxidized) in the ground state are 
usually followed. The change in question can be expressed by the following 
equation [48] : 

E*O (Ox/Red*) - qOx,Red) = h”,,, N 
nF 

(2.18) 

In the opposite case (the oxidized form of the complex is excited), the following 
equation is valid: 

E*:Ox*,Red, - qOx,Red) = hvox ’ 
nF 

(2.19) 

Provided that the values hv are expressed in eV (lOOOcm-’ correspond to 
0.1245 eV), the difference in the redox potentials is identical with hv energy. 

As an example [48], the changes in the oxidation and reduction properties of 
the [Ru(bpy),]*+ complex during its transition from the ground to the energeti- 
cally lowest triplet MLCT state (the energy of the 0 + 0 transition is 2.12 eV) are 
presented in Fig. 2. 

hJ 2.12e 

Fig. 2. Redox potentials of [Ru(bpy),] *+ in its ground and ‘MLCT excited states. 

It is obvious that the accuracy of the E*’ value determination depends on 
the exactness of the determination of 0 + 0 transition energy. For emitting 
complexes one can find the value of hv corresponding to 0 + 0 transition from 
the vibrational structure of the bands, or a point of intersection of the bands of 
corresponding transitions in the absorption and emission spectra (provided the 
same conditions are used). Commonly, the values of E*’ are determined from 
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experimental data obtained from the study of electronic transitions between an 
excited complex and a series of quenchers with different redox potentials in the 
ground state. Direct electrochemical measurements in irradiated solutions with 
the use of‘semiconductor electrodes has occasionally been employed [65]. 

The changes in the redox properties of complexes due to excitation are 
connected with the increase in their electron affinity and the decrease in their 
ionization potential. Thus, the excited complex will be a stronger oxidizing 
agent and at the same time a stronger reducing agent than the complex in the 
ground state. 

Of other quantities, the so-called threshold energy of reaction (Et,,) is used in 
photochemistry, defined as the energy of radiation at which the quantum yield 
of the given reaction approaches zero [66]. This quasi-thermodynamic quantity 
is determined experimentally from the dependence of the quantum yield of a 
certain chemical reaction vs. the energy of excitating monochromatic radiation 
initiating the reaction in question. It should be noted that even if a chemical 
change often takes place in the complex fragment (for example, with sub- 
stitution of one of the ligands), the Et,, value is significantly determined by the 
composition and structure of the whole complex, in addition to the properties 
of the medium in which the complex is present. For example [67], the threshold 
energies of photooxidation of ligands X- = Cl-, Br- and N; in [Fe([l5]py- 
dieneN,)X,]+ (369, 311 and 276 kJ mol-‘) are significantly lower than those of 
photooxidation of the same ligands in [Fe([lS]pyaneN,)Xd+ complexes (469, 
410 and 364kJ mol-‘). 

Some experimental results and theoretical approaches indicate that photo- 
chemical reactions (or photophysical transitions between two excited states) can 
also take place from vibrationally non-relaxed states, i.e., before the thexi state 
is achieved. A reaction that is in competition with vibrational equilibration 
requires a rate constant for the processes forming products of k > 10” s-‘. 

In this way the results of the study of photophysical and photoaquation 
processes of [Cr(bpy),13+ [68], [Co(NH,),Cl]‘+ and others were rationalized (for 
details, see Section 4.4). 

Such processes, from the viewpoint of their kinetics, cannot be treated in 
transition-state theory language. In the light of thermodynamics, the approach 
of non-equilibrium thermodynamics should be employed for their description. 



3 PHOTOPHYSICAL DEACTIVATION PROCESSES 

3.1 Deactivation modes of the excited states 
of coordination compounds 

The term deactivation designates the formation of an energetically lower elec- 
tronic state from a complex in a particular excited state [8, 221. Possible modes 
of deactivation of a complex in the ith excited state are shown in the following 
Scheme 1. Monomolecular processes 3.1 to 3.3 and bimolecular processes 3.4 to 
3.6 are photophysical deactivation processes; processes 3.7 and 3.8 are photo- 
chemical reactions. 

ki,Ik,<’ 
A: 

(3 .ll 

A + h3 
(3.21 

A+ heat 
(3.3) 

IA...Ql* keni A + 8 
A+Q+hV 

A+Qtheat 

13.4) 

13.51 

13.6) 

(3.71 

reaction products of A 
(3.6) 

Scheme 1 

Considerable attention has been paid to the study of photophysical deactiva- 
tions in the photochemistry of coordination compounds [8, 221, as the results 
frequently determine the correct interpretation of the photochemical properties 
of complexes. Process 3.1, expressing the transition between two excited states 
of a complex, can be either the internal conversion (both states have identical 
multiplicity) or the process of intersystem crossing (the states differ in their 
multiplicity). In the literature, appropriate rate constants are represented by k, 
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(internal conversion) and ki, (intersystem crossing). The radiative deactivation 
(process 3.2) results in the ground state of the complex and is divided into 
fluorescence (multiplicities A: and A are identical) and phosphorescence (multi- 
plicities AFand A differ). In the non-radiative deactivation of A: energy is 
released into the environment in the form of heat (process 3.3). 

Interaction of A? with another particle of the medium, Q, can result in energy 
transfer with the formation of Q* (process 3.4), non-radiative deactivation 
(process 3.6) and, in the case of exciplex formation, also in exciplex radiative 
deactivation (process 3.5). It should be mentioned that, in general, *(A.. . Q) 
designates a state formed by interaction between A* and Q, and a chemical 
bond between A* and Q need not necessarily be formed. 

The lifetime of a complex in certain excited state A* is defined by the 
following relationship : 

(3.9) 

where the superscript O designates the quantities in the absence of quenchers (Q) 
and k,, are rate constants of the given monomolecular deactivation processes. 
The statistical probability of the realization of a certain deactivation pathway 
is expressed by the value of the quantum yield, defined as 

(3.10) 

As the particle in the excited state must be deactivated, the following relation- 
ship is valid: 

p:= 1 (3.11) 
(I 

In the presence of a quencher Q, interactions between particles At and Q take 
place. The possibility of collision depends on the temperature and viscosity of 
the medium, and is expressed by a rate constant of diffusion, kdif, for which the 
following equation has been derived: 

kdir = 
2kT 

3000 q 

where rA and rQ are the radii of the A and Q particles. For aqueous media at 
room temperature, the diffusion rate constant has a value of kdif x 5 x lo9 



1 mol-’ s-‘. For the rate constant of bimolecular quenching, k,, the following 
relationship can be derived: 

(3.13) 

where k_,, expresses the rate constant of reversible decay of *(A.. . Q). In the 
presence of a quencher, the number of A* deactivation modes increases and, 
therefore, the lifetime decreases : 

1 
ri = (3.14) 

kJQ1 + C k. a 
(I 

The relationship between $’ and ri, derived as the ratio of eqns. 3.9 and 3.14, 
is called the Stern-Volmer equation: 

3 = 1 + k,[Q]zp = 1 + &[Q] 
zi 

(3.15) 

and the quantity Ks, is called the Stern-Volmer quenching constant. Equation 
3.15 can be written in other forms depending on the type of the study, whether 
it is photochemical or photophysical. Usually, instead of the lifetime ratio, the 
ratio of quantum yields of a certain deactivation mode or the ratio of emission 
intensities (fluorescence, phosphorescence) in the absence and presence of the 
quencher Q is expressed. The slope K,, is evaluated from the graphical illustra- 
tion of eqn. 3.15 and, after the experimental determination of ri (e.g., by flash 
photolysis), the value of kg can be calculated. 

3.2 Monomolecular non-radiative 
deactivation processes 

The energy of an excited complex can be dissipated by three possible non- 
radiative deactivation modes, during which no chemical reaction takes place 
and no electronically excited particles of the medium are formed [8, 221: 

(a) vibrational relaxation of the excited particles with the particles of the 
medium while the electronic state does not change (in condensed media thermal 
equilibrium with the environment takes place within 10-“-10-‘3 s); 

(b) spin-allowed internal conversion with k, x 10’zs-‘. 
(c) spin-forbidden intersystem crossing with ki, x 109-1013 s-l. 
If light is absorbed by complex A, we expect the transition A + A* to be a 

vertical one, that is, electronic rearrangement is not accompanied by appreciable 
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simultaneous nuclear motion. The consequence is that excited complexes A* are 
not produced in an excited-state equilibrium geometry but in the ground-state 
geometry. If a coordination compound is present in a solution, the ground-state 
solvation sphere remains unchanged during electronic excitation also. From a 
spectroscopic, Franck-Condon collection of complexes, A&, relaxation takes 
place within few picoseconds, which is reflected in a decrease in vibrational A* 
energy due to interactions with the particles of the neighbouring medium, in 
achieving the excited-state equilibrium geometry and the formation of a new 
solvation sphere. The above process is called thermal equilibration. An ensem- 
ble of excited complexes A* with a Boltzmann distribution of vibrational states 
is at ambient temperature with respect to vibrations, and is called the thexi state 

W91. 
From such a thermodynamic state, an electronically excited complex A* 

usually undergoes photophysical or photochemical deactivation processes. 
Cases when this does not happen (prompt processes occurring from highly 
vibrational levels) will be exemplified later. 

Internal conversion : 

“A+ xA,? (3.16) 

intersystem crossing (X = Y + 2): 

X,++ ‘A,? 

or reverse (back) intersystem crossing: 

yA,+ “A,* 

(3.17) 

(3.18) 

can take place if the energy surfaces of the states do not cross, and in cen- 
trosymmetric particles no parity change occurs during transition. The processes 
themselves (13.16 to 3.18) are not processes of total energy content lowering the 
excited complex, as they take place only within the isoenergetic states of the 
complex. 

The energy decrease occurs only in the case of collisions with the particles of 
the medium. Back intersystem crossing (process 3.18) is the more probable the 
lower is the energy difference of the thexi states ‘AT and “A$ Until the energy 
of these states is very close (a difference of a few kg, both states can be in 
equilibrium owing to simultaneous processes 3.17 and 3.18. 

Spin forbiddenness for the intersystem crossing, which is markedly observed 
in organic substances without a heavy atom (usually for organic substances 
k,lki, x 103-106), does not apply with complexes and from the kinetic viewpoint 
both processes are often indistinguishable [22]. 
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Values of rate constants and quantum yields of the internal conversion and 
intersystem crossing are determined from studies of luminescence kinetics, time 
dependence of ESA spectra, consequences of chemical reactions and investiga- 
tion of the energy transfer of A*. 

As an example [59,70] of the calculated k, and ki, values, the results obtained 
by the study of lifetime and quantum yields of phosphorescence of the complex 
[Rh,(l,3-(NC)2pn),,]2+ and by the study of dependences of the ESA spectra on 
the excitation wavelength are presented in Fig. 3. The given complex undergoes 
from an excited state ‘E, localized in a binuclear moiety, both internal conver- 
sion to the state ‘Azu (9, = 0.15) and intersystem crossing (ki, x lOI s-l), which 
mutually compete. However, usually in the absence of upper excited state 
chemistry, @ii, = 1. 

Fig. 3. Values of parameters of photophysical deactivation modes for [Rh,(l,3-(NC),pn),]*+ in its 
singlet and triplet excited states. 

Internal conversion can also take place from atoms other than the central 
atom(s)-localized excited state. In connection with the study of solar-to-chemi- 
cal energy conversion, photophysical properties of the complex [Ru(bpy),12+ 
and its analogues have been studied in detail [48]. Based on the finding that the 
emission quantum yield (3MLCT -P ‘GS) is invariant on excitation to ‘(a + ti) 
and ‘MLCT states (the former in the UV and the latter in the visible region), it 

has been determined that pi, = 1.0 for the process ‘?rti 4 ‘(MLCT). From 
luminescence measurements (study of the intensity of phosporescence on excita- 
tion to an ‘MLCT or ‘MLCT state) and determinations of the quantum yield 
@,=, it follows that for crossing ‘MLCT + ‘MLCT, 1.0 > pi, 2 0.85. 

The effect of the central atom on the ligand-localized ‘(R + zc*) + ‘(w + ti) 
intersystem crossing was considered [71] for the complexes of lanthanides with 
methyl salicylate, M(Me-Sal),, where M = La, Gd and Lu. The chelates were 
investigated by measurements of picosecond fluorescence, ESA spectroscopy 
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and quantum yield measurements. From the experimental results, rate constants 
ki, = 5 x lo’, 7.5 x lo* and 7.9 x 10’ s-’ were calculated, in addition to quantum 
yields a,,, = 0.12, 0.18 and 0.19, for La(III), Gd(II1) and Lu(II1) chelates, 
respectively. 

Photochemical experimental techniques were also utilized for the investiga- 
tion of intersystem crossing dynamics of spin-crossover complexes, for which 
both high- and low-spin electronic ground states are accessible thermally. For 
[Fe(byim)$+ and [Fe(phenmethoxa),]*+ complexes, lifetimes of first-order 
quintet + singlet relaxation of 45 ns for the former complex and 110 ns for the 
latter in acetone [72] at 298 K were determined by pulse flash photolysis. 

The process 3.3, in the course of which a complex in the ground electronic 
state A,, is formed from the excited complex ‘A,y’A,$ also belongs to the 
monomolecular photophysical non-radiative deactivations. If the excited com- 
plex is deactivated by monomolecular photophysical processes only, the values 
of non-radiative deactivation rate constants, kd, can be calculated from the 
following equation: 

(3.19) 

Determination of the rate constant, k,, and quantum yield, oe,,, of radiation 
deactivation is presented in Section 3.3. Of the values of @ and k, determined 
for phosphorescence *E + 4A2 of Cr(II1) complexes, the values kd x lo’-104 s-’ 
were calculated [73], and for phosphorescence 3T, --* ‘A, of Rh(II1) complexes 
the values [74-761 kd x lti-lo5 s-’ and for the transition ‘MLCT + ‘A, of 
Ru(I1) complexes the values k,, x 104-lo6 s-’ were determined [77]. In these 
examples, phosphorescence was measured at 77 K. 

In non-radiative deactivation, energy is dissipated into the environment in 
the form of heat. The marked effect of temperature on non-radiative deactiva- 
tion (kd increases exponentially with temperature) becomes manifest in lowered 
parameters of competing deactivation processes (e.g., intensity and lumines- 
cence lifetime). From the thermal dependence of kd the Arrhenius parameters 
can be calculated. Thus, for example, for [Rh2(Me2(CN),hx),]*+ in different 
media, values of the activation energies (E, = 0.248-0.409 eV) and the fre- 
quency factor for activated non-radiative decay (A = 2 x lo”-3 x lOI s-‘) were 
calculated [78]. 

3.3 Monomolecular radiative deactivation processes 

Monomolecular radiative deactivations in general can take place from all types 
of excited states of complexes. Until now they have been intensively studied for 
the complexes of transition metals in the LF excited states with d*%i* configura- 
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tions, complexes of rare earth-metals withf’-f” configurations, and complexes 
with an aromatic ligand(s) in IL, MLCT and LLCT excited states. 

Luminescence is expressed by the luminescence (emission) yield, Qe,,, which is 
the number of photons that are emitted per photon absorbed by the system. It 
results from Scheme 1 that the following equation is valid for the complex A? 

‘WA,? = 
4 

k + kc + kc + h + kp + ktif [Ql 
(3.20) 

In practice, the @(Ai”) value is determined in such a way that under identical 
conditions the number of emitted photons of I(A,‘) and I(L*) is calculated from 
emission spectra of the investigated A: complex and a standard L*, and the 
value of @&A,? is evaluated from the relationship 

oe(Ai’3 = ‘og?(L*) 
I(L*) 

(3.21) 

As a standard Rhodamine B is.usually used [79], for which @e = 0.69. 
Another quantity of great importance in photochemistry and photophysics 

is the lifetime of an excited complex A: It is generally measured by pulse 
techniques in such a way that luminescence decay following termination of the 
flash is monitored and analysed. From a semilogarithmic plot of intensity versus 
time, the value of the lifetime is obtained [80]. 

The shape of a luminescence spectrum, i.e., the dependence of the number of 
emitted photons on their wavelength (frequency), is connected with changes in 
the bond force constants in excited and ground states of the complex and the 
measurement conditions (medium, temperature, pressure, excitation energy). 
The effects of these factors will be illustrated using radiative deactivation of 
complexes with d3 and d6 configurations of the central atom in LF and MLCT 
excited states, respectively. 

Both modes of radiative deactivation, fluorescence and phosphorescence, 
usually take place from the energetically lowest excited spin-allowed, or spin- 
forbidden state, to the ground state, thus following the so-called Kasha rule. 
However, if the energy difference between the first (energetically lowest) excited 
state and other (energetically higher) excited states is high (analogy with azulene 
in organic photochemistry [SS]), radiative deactivation from higher excited 
states can also occur. 

According to current theories of radiative transitions, kinetic parameters and 
other properties of luminescence are not significantly influenced by the proper- 
ties of the luminescent particle. The dependence of these properties on the 
environment (temperature, pressure, etc.) is connected with changes in par- 
ameters of other deactivation processes, e.g., non-radiative deactivation, chemi- 
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cal deactivations. Therefore, we shall present mainly kinetic parameters of 
luminescence, which should be regarded as values measured under particularly 
defined conditions. 

Fluorescence : 

XA+ ‘A,, + hv (3.22) 

taking place from LF excited states of complexes of transition metals was 
studied particularly in the case of d3 complexes of Cr(II1) and Mn(IV). The 
oscillator strength for fluorescence reached values offx 1O-5-1O-3. 

The transition 4T2 + 4A2 (tzB 2ei -+ 4 in the field of Oh symmetry) is connected 
with depopulation of an antibonding orbital, eg, which evokes a significant 
increase in the force constants of central atom-ligand bonds and thus also a 
change in the equilibrium structure. Thus, from the Franck-Condon principle, 
levels with higher vibrational quantum numbers are populated on both absorp- 
tion and emission of a photon. The bands in the absorption and emission 
spectra are wide (the half-width of a fluorescence band being v,,, > 1000 cm-‘) 
and the Stokes shift is very large (> 2000 cm-‘), which is evident from the 
results in Table 8. The fluorescence bands do not exhibit vibrational structure, 
even at low temperatures. 

TABLE 8 
Stokes shifts for 4T2 cr4Az transition in some Cti’-doped compounds and complexes [8, 110, 11 l] 

Compound 
Stokes shift 
(cm-‘) 

Cr’+ in ruby AI,O, 
Cr’+ in Be Al Si 0 3 6 18 

Cti’ in LiI&O, 
CIj’ in LiTaO, 
Cr3+ in borate glasses 
CrCl, 
CrBr, 

(NH4MCrFJ 
KKrF5(W91 
(NH4)lWNF41 
lCrF3(Wn31 
lCrF3(H+J)31 . W 
KrF3U-W31. 2W-3 
[CrF5(H20)I@iF6) 
[Cr(H,O)dF, 
[Cr(urea)6]3+ (solution) 

3600 
3300 
5050 
4630 

>3ooo” 
2550 
2800 
2240 
3200 
3840 
3920 
3540 
3620 
5490 
4170 
3700 

a Spectral properties influenced by the composition of the borate glass and temperature [53]. 
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The spin-allowed quartet state of Cr(II1) and Mn(IV) complexes can be 
achieved by photoexcitation during irradiation into the relevant LF bands, by 
transitions from energetically higher excited states (e.g., CT states) and by back 
(reverse) intersystem crossing (process 3.18). As the following equation is valid 
[8] (for 4T2 and *E states of complexes with d3 configuration): 

khisc -=- 

ksc 
(3.23) 

the efficiency of the reverse intersystem crossing increases with increasing tem- 
perature. In eqn. 3.23, g are degeneracies of the states involved and AE is the 
energy difference between 4T2 and *E states. 

From the relationship between the ratio of quantum yields of fluorescence 
and phosphorescence and temperature : 

In 
@ k,d4T2) AE “=ln - -- %h [ 1 k,,d*E) RT (3.24) 

values of AE = 29OOcm-’ and kfl/kph = 6000 were calculated. For [Cr(NH3),13+, 

PWH3MNCV12+ and trans-[Cr(en),(NCS)J+ complexes, the calculated val- 
ues were kbisc = 5 x 103, lo4 and 5 x lo4 s-‘, respectively, and AE x 4OOOcm-‘. 
The above type of thermally determined fluorescence is called delayed fluores- 
cence [8 I]. 

In conjunction with the utilization of lanthanoid compounds for colour 
television and monitor screens, the luminescence of such compounds which 
could be the result off +f transitions was investigated. Bands in emission 
spectra measured at low temperatures show vibrational structure and they are 
the consequence of not only electronic dipole transitions but also magnetic 
dipole transitions [82-841. The Stokes shift is small (ca lo* cm-‘) owing to 
shielding off-orbitals from the environment and the bands are in the visible and 
IR regions. This can be exemplified [82] by the fluorescence of [TmBrJ3- cf” 
configuration), for which the bands of the transitions 3F3 + 3H6, 3H4 + ‘Ha, and 
‘H, -P 3Hg were centred in the regions of 710, 810 and 1200 nm, respectively. 

Binuclear complexes with metal-metal bonds show fluorescence in addition 
to phosphorescence, not only at low temperature but also in solutions at room 
temperature. Thus, for example [24], the anion [Pt2(P20SH2)4]4- deactivates from 
excited states by both phosphorescence (3A2, + ‘AIg, &,,,, = 520 nm, r = lo4 ns) 
and fluorescence (‘A,, + ‘Alg, d,,,,, = 410nm, r = 2 ns). With regard to the 
redistribution of electron density on deactivation, both processes can be ex- 
pressed as the transition (d&dcP’po’) + (dc?dcP*). Simultaneously occurring 
phosphorescence and fluorescence were observed [70] in a study of the 
photophysical properties of the [Rh,( 1 ,3-(CN)2pn)4]2+ complex. Fluorescence 
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with a maximum at 656nm was attributed to the transition ‘AZ” --* ‘A,, (the 
maximum of the corresponding absorption band is at 553 nm) and at 20°C in 
CH,CN OR = 0.07,r = 1.3 ns. Under the same conditions, the complex exhibits 
phosphorescence with a maximum at 825 nm, a quantum yield cpph = 0.32 and 
a lifetime of 8500 ns. Significant Stokes shifts (fluorescence 28OOcm-‘) are in 
agreement with the marked changes in the strength of the Rh-Rh bond during 
transition (see Section 3.2). 

Fluorescence can also be due to intraligand transitions. Until the energy 
difference between the first and higher spin-allowed excited states is large, 
fluorescence can take place not only from the first (energetically lowest) but also 
from higher IL states. Such a phenomenon [86-881 was observed in closed-shell 
porphyrin complexes, for which AE(S,-S,) B 6500 cm-‘. Together with tluores- 
cence S, 3 S, (@a z 10-4-10-’ ), a band of & + S,, (@x 10-6-10-3) fluorescence 
is also present in the emission spectra. Data for some complexes are given in 
Table 9. The lifetime in the S, state (second singlet excited state) was determined 
to be r“ < 3 ps and the rate constant of the deactivation S, + S, was kR z lo9 s-‘. 

TABLE 9 
Data on S, + S, and S, + S, fluorescence for some metailoporphyrins 

Complex Solvent @(S, * So) @(S? + So) Ref. 

Zn(TPP) 
Zn(TPP) 
Zn(TPP) 
Zn(TBP) 
Cd(TPP) 
Al(TPP)Cl 
Lu(TBP)CI 
Lu(TPP)(acac) 
Y(TPP)(acac) 
Th(TPP)(acac), 
H,TPp+ 

ethanol 
hexane 
ACN 
ACN 
ACN 
ACN 
ethanol 
methanol 
methanol 
methanol 

2.2 x 1o-2 
1.8 x 1O-2 
3.3 x 10-2 
0.35 
1.0 x 10-3 
0.14 
2.1 x 10-3 
1 x 10-3 
6x lO-3 
1 x lo-4 

1.0x lo-’ 
9.0 x 10-4 
3.7 x 10-4 
1.6x 1O-3 
1.1 x 10-4 
6.7 x lO-4 
1.3 x 10-3 
I x 10-3 
I x 10-j 
4 x 10-4 
5.9 x 10-S 

[1121 
11121 
WI 
1871 
1871 
1871 

11121 
WI 
WI 
WI 
WI 

Analogously to fluorescence, also phosphorescence: 

‘A+ ‘Aos + hv (3.25) 

can take place from different types of excited states of the ‘A: complex. A type 
of spin-forbidden, energetically lowest excited state can be determined by coor- 
dination sphere composition for complexes of the particular central atom. As an 
example [89], phosphorescence accompanying the deactivation Y(triplet) + 
X(singlet) for Ir(II1) complexes takes place from the ‘IL state for [IrC1,(5,6- 
Me,phen)J+, from the 3MLCT state for [IrCl,(phen)J+ and from the 3LF state 
for [IrCl,(phen)]-. Differences between the equilibrium geometries of the given 
complexes in the emitting excited state and the ground state are seen in the 
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emission spectra. For the first two complex cations there are four bands with a 
small half-width (Av,,~ < lOOOcm_‘) in the range 454-624nm; the emission 
spectrum of the third anion consists of one wide band (Av,,~ x 4OOOcm-‘) 
centred around 920 nm. 

It follows from the above data (small energy differences between the par- 
ticular types of excited states and significant differences in the Stokes shifts) that 
Ir(II1) complexes are appropriate for the study of the mutual relationship 
between molecular and electronic structures of excited complexes. If under 
external force effects, e.g., pressure, the molecular structure changes (equilib- 
rium internuclear distances), then the sequence of excited state energies should 
also change. After demonstrating the capability of changing molecular structure 
and electronic configuration [reversible change of a high-spin to a low-spin 
Fe(I1) complex] of complex in their ground state, such changes for excited 
complex have also been investigated [72]. The population of c& orbitals in the 
LF excited state of Ir(II1) complexes results in the volume of, for instance, 
[IrCl,(bpy),]+ in the 3LF state, being greater by approximately 4cm3 mol-’ than 
its volume in the 3MLCT state. The energetically lowest excited state at low 
pressure is 3LF for the given complex and at a sufficiently high pressure it is the 
3MLCT state for a compressed complex. These principles were confirmed by 
investigating the dependence of the phosphorescence of the complex on press- 
ure. With increasing pressure the intensity of emission from the ‘LF state 
decreased (the band at 14000cm-‘) and the intensity of phosphorescence from 
the 3MLCT state increased (bands in the region of 17000-22000 cm-‘). The 
dependence of the logarithm of the ratio of these intensities on pressure was 
linear. 

The band width in emission spectra and the Stokes shifts depend on the 
changes in the electron density distribution in the complex on transitions 
analogous to those for the complexes deactivated by fluorescence. If this is 
unchanged, the position of the maxima in the absorption and emission spectra 
will correspond to a 0 -+ 0 transition, the bands will have a small half-width and 
the Stokes shift will be minimal. As an example [90] for the [Cr(urea),13+ 
complex the Stokes shift is 1 IOcm- ; the bands in the emission and absorption 
spectra (Fig. 4) correspond to 2E t) 4Azg transitions with a change in the spin of 
one of the d-electrons only. The complex cation [Cr(urea),13’ is one of a few 
complexes showing both fluorescence and phosporescence simultaneously. 

During t&e: -P t$ transitions (3T, -P ‘A, in the field of Oh symmetry), the 
electronic configuration of the central atom changes. Depopulation of the 
antibonding orbital es on deactivation results in strengthening of the bonds and 
in shortening of equilibrium distances between the central atom and the ligands. 
These changes are reflected in the emission spectrum as a wide band [8]. The 
determination of the Stokes shift is usually difficult as the band of the spin- 
forbidden transition ‘A, --* 3T, is overlapped in the absorption spectrum by more 
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intense bands of spin-allowed LF transitions, and it is not always easy to 
identify it. 

Vibrational structure of the bands was only observed at very low tem- 
peratures. From the analysis [91] of the emission spectra of complexes with D, 
([RhX,L,]+ cations where X = Cl, Br and L = pyridine and its derivatives) and 
0,, symmetry ([Co(CN),13- anion) measured at 2 K, it can be seen that the 
complexes have the same symmetry in both the ground state and triplet LF 
state. The differences in the equilibrium M-L distances for complexes in their 
ground and excited states are approximately 1 pm. 

:m-’ 
Fig. 4. Electronic absorption and emission spectra of [Cr(urea),]‘+. 

Examples of binuclear complexes with metal-metal bonds which are deac- 
tivate simultaneously by both fluorescence and phosphorescence were con- 
sidered above. Some polynuclear complexes exhibit only phosphorescence. For 
example [92], there are [Pt2(P205H2)4XJ4- complexes (X = Cl, Br, NCS) which 
exhibit strong red triplet + singlet phosphorescence at 77 K in an EtOH/MeOH 
glass (centred at 685, 715 and 754 nm, respectively). The phosphorescence is 
cation- and solvent-sensitive (T z lo4 ns) and the emissive excited state has ddc 
character and is strongly distorted along the Pt-Pt coordinate. Not only d’-d’ 
Pt(II1) complexes, presented above, are deactivated by phosphorescence, but 
also d8-dB Rh(I), Ir(1) and Pt(I1) complexes. For example [93], [Pt,(P,0,H4)]4- 
exhibits green phosphorescence (A,,, = 517nm, r = 1O”ns). The emitting state 
is 3A2U (ddcpo). 

Phosphorescence can also be due to f-f transitions in the complexes of 
lanthanoids and actinoids. In the [TmBrJ3- ion a vibrationally structured band 
of phosphorescence ‘G4 + 3H6 centred at 485 nm (the absorption maximum of 
3H6 + ‘G, is at 475nm) is also present in the emission spectrum together with 
fluorescence [82]. Great attention was paid to the study of the luminescence of 
Eu(II1) complexes in which the Eu(II1) ion possesses non-degenerated ground 
(‘FO) and emitting excited (‘D,,) states. The study of the spectral properties of 
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thirty-six Eu(III) complexes has shown [31] that the 7F, + ‘D, transition exhibits 
a band with a very small half-width, the position of the emission maximum 
being in the range 17 226-l 7 275 cm-‘, depending on the types of ligands present 
and the experimental conditions. 

Phosphorescence as a manifestation of intraligand Ir* -+ K transitions was 
observed in some diamagnetic complexes with aromatic ligands. The kinetic 
parameters of IL phosphorescence depend on the properties of the central atom. 
For example [86], the lifetimes of phosphorescence for porphyrin Y(III), Lu(II1) 
and Th(IV) complexes decrease as 29 x 10m3, 2.8 x low3 and 3 x 10p4.s and the 
quantum yield increases to 0.01,0.02 and 0.03. Reduction of the spin forbidden- 
ness of triplet-singlet transitions due to spin-orbit coupling induced by the 
central atom results in a marked decrease in the excited coordinated ligand 
lifetime compared with a non-coordinated ligand. Under the same conditions, 
for example [94], the triplet IL state of non-coordinated 1, lo-phenanthroline has 
a lifetime r x 1.5 s; on the other hand, when coordinated in the [Rh(phen),13+ 
ion a lifetime r = 0.048 s is observed. 

An interesting situation occurs with some mixed ligand complexes, e.g., 

[WpheMwN3+ and [WpheSm%l 3+ For these complexes a definite . 
non-exponential decay curve can be deconvoluted to give two lifetimes, r (bpy) 
and r(phen), the magnitudes of which are identical with those measured for the 
pure precursor complexes [Rh(phen),13+ and [Rh(bpyh13+. Apparently, the 
ligand localized phosphorescence from the mixed ligand complexes occurs from 
states essentially characteristic of a single chelate (phen or bpy) ring [95]. It is 
possible that also for complexes [Rh(bpy),13+ and [Rh(phen)3]3+ phosphores- 
cence will be a consequence of the intraligand transition localized on one of the 
ligands, and not due to the transition between MO delocalized on the whole 
coordination sphere. The phenomenon of simultaneous emission from several 
energetically close excited states of one substance is called multiple state emis- 
sion [95]. 

Multiple state emission is observed with some complexes with a low-lying 
LLCT excited state. Thus, for example [40], [Zn(4-Cl-PhS)] exhibits a 
prominent structured blue-green emission that decays in 0.76 s and originates 
from ‘IL(phen), in addition to a broad band with a maximum at 17000 cm-’ 
(r x lo4 ns) which originates from the ‘LLCT state of the complex. Other mixed 
ligand complexes of Zn(I1) and Cd(H) are also deactivated by phosphorescence 
from the ‘LLCT state. 

With d6 complexes of the second and third transition-row elements with 
bipyridine and phenanthroline and their derivatives, radiative deactivation 
‘T,” --+ ‘A,,(& rt, + f$, where t,, is a R* orbital localized on the ligand) has been 
followed in connection with the study of solar energy utilization. Considerable 
attention was, and still is being paid particularly to the [Ru(bpy),]‘+ complex. 
The emitting excited state is a state of 3MLCT character. Interest in this complex 
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and its derivatives was evoked by the fact that these complexes absorb radiation 
in the visible region and have long lifetime (r z 10-9-10-6 s) in the excited 
emitting state, as well as at room temperature in solutions [48]. 

The effect of pressure on the equilibrium between the 3MLCT and 3LF excited 
states of the [Ir(Mephen),ClJ+ complex has already been presented. Multiple- 
state emission covering the MLCT excited state was also observed [95] with 
other Ir(II1) complexes. In the Re(1) and Cu(1) complexes phosphorescence 
from the MLCT state is accompanied by phosphorescence from the IL excited 
state. 

In the introduction to this section, it was mentioned that fluorescence and 
phosphorescence are intramolecular deactivation processes. The effect of exter- 
nal factors (pressure, temperature, solvent, counter-ion) on luminescence can be 
considered with regard to (a) the effect on other deactivation processes and (b) 
the effect on the molecular and electronic structure of the emitting complex 
itself. 

The first factor, for example, can be seen in the effect of temperature on 
excited state lifetimes when temperature influences the rate of non-radiative 
deactivation, and this is reflected in the kinetics of luminescence quenching 
(usually l/r is inversely proportional to l/T). As an example [96], luminescence 
lifetimes of [Ru(bpy),]*+ in CH,CN are 1020 ns at 20°C, 730 ns at 30°C, 460 ns 
at 40°C and 270 ns at 5OOC. 

The counter-ion and solvent influence both non-radiative decay rate con- 
stants and the spectral characteristics of the absorption and emission of the 
complex (positions of band maxima, shape of the spectral line, radiative decay 
rates) as a consequence of changes in ion-dipole interactions with changes in the 
counter-ion or solvent. The solvent effect exhibits itself in luminescence analo- 
gously to that in absorption and it is mainly the result of the effect of the electric 
field of solvent molecules forming the secondary coordination sphere on the 
electronic system (HOMO and LUMO) of the complex. 

In addition to the above interactions, the effects of the counter-ion can be 
realized by the formation of ion pairs. The tendency to form ion pairs for excited 
complexes depends on the charge of the complex, the type of excited state and 
the properties of the solvent. Of course, changes in the formation of ion pairs 
in the excited state versus the ground state of the complex can take place only 
if the lifetime of the excited complex is sufficiently long for reorganization of the 
secondary coordination sphere. Of the various solvent properties, its dielectric 
constant is particularly important. For example [97], the emission spectrum of 
[Os(phen),]*+ ion in propylene carbonate (dielectric constant 4 = 65 at 20°C) 
does not depend on the counter-ion X-, but in CH,Cl, (dielectric constant 
c, = 9) the position of the emission maximum from the 3MLCT state changes 
depending on X- from 694 nm (X- = BPh;) to 714 nm (X- = Cl-) the lifetime 
from 357 ns (X- = BPh;) to 245 ns (X- = Cl-) and the rate constant of non- 
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radiative deactivation, k,, from 2.8 x 106 s-’ (X- = BPh;) to 4.08 x lo6 s-’ 
(X- = Cl-). 

The change in the tendency to form an ion pair in the excited state versus the 
ground state depending on the type of excitation depends on the change in 
dipole moment (e.g., the dipole moments in the excited states 
[Ru”‘(bpy)2(bpy-)]2+ and [Os”‘(bpy)2(bpy-)]2+ have been estimated to be 14 f 6 
and 13 + 6 D [97]), hence it will be larger in CT than, e.g., in LF excited states. 

Studies of the effect of pressure on phosphorescence of the [Ru(bpy),]‘+ 
complex (the use of [Ru(bpy)j](PF6)2 monocrystals ruled out solvent effects) 
have shown [98] that with increasing pressure the emission intensity decreases, 
in addition to the band half-width in the emission spectrum and the transition 
energy. These changes are due to a reduction in the volume and an increase in 
the rigidity of the complex under the action of pressure changes in the properties 
of the electronic system of the complex and changes in the non-radiative 
relaxation rate. 

The effect of pressure on photochemical and photophysical properties has 
been investigated more widely for solutions of coordination complexes than for 
monocrystals. From the data obtained (activation volumes of particular 
processes), much valuable information on the mechanism of deactivation 
processes can be derived. For example, it has been found [99] that the effect of 
pressure on phosphorescence from the LF state of the [Rh(NH,),Cl]*+ complex 
depends on the solvent properties. If the solvent is DMF, the emission lifetime 
decreases with increasing pressure (Vf, = + 1.2 cm3 mol- ‘), whereas if the 
solvent is FMA or DMSO a reverse situation is observed (V& = -0.6 and 
-0.5 cm3 mol-‘, respectively). These data together with the parameters for 
photosubstitution deactivation processes, enabled in detail the energy changes 
on substitution of an NH, molecule or Cl- anion in the complex to be evaluated. 

Not only the dependence of activation parameters on pressure, but also the 
dependences of rate constants, quantum yields and lifetime on applied pressure 
have been investigated directly. For example [96], for [Ru(bpy)3]2+ in CH,CN at 
25OC the quantum yield of phosphorescence and the lifetime increase with 
increasing pressure (by 42% and 39%, respectively, at a pressure of 300 MPa 
when compared with normal pressure), the rate constant of radiative deactiva- 
tion hardly changes with pressure (3% increase) and the rate constant of 
non-radiative deactivation decreases with pressure (by 30% at a pressure of 
300 MPa). These changes concern specifically the given complex and are not 
applicable to the general trend for the other complexes. For example, a structur- 
ally similar complex of [Os(phen)3]2+ under analogous conditions changes its 
characteristics with pressure to a much lesser extent and with the opposite 
tendency (the quantum yield of luminescence decreases by 5%, the rate constant 
of non-radiative deactivation increases by 8% and the lifetime decreases by 
7%). 
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In connection with the discussion of the effect of external factors on the 
characteristics of radiative deactivations, it should be mentioned that lumines- 
cence can be evoked by external force effects (see Section 2.2.4). The hitherto 
known [25, 261 triboluminescence cases of coordination compounds include 
phosphorescence [e.g., 4T+6A in the LF excited compounds of Mn(I1); 
‘Eu(3A,,) + ‘A,, in Pt(I1) complexes; ‘lr, + ‘Zj in the LF excited salts of UO:+]. 
It seems to be worth mentioning that also photoluminescence and temperature- 
induced spontaneous emission of UO:+ originate in the ‘lr, state [104]. 

In the study of possibilities of the conversion of solar energy into chemical 
and electric energy, properties of systems containing micelles have been and still 
are being studied. Investigation of the kinetic parameters of the phosphores- 
cence of Ru(I1) complexes with l,lO-phenanthroline and its derivatives in 
systems in the absence and presence of Triton X-100 and Triton X-l 14 micelles 
has shown [ 1001 that binding of the complexes to the micelles has little effect on 
the phosphorescence lifetime. The ratio of rcM values (a system with a complex 
bonded to a micelle) to f (free complex in solution) was not higher than 1.9. The 
effect of micelles on the luminescence lifetime is thus similar to the effect of the 
solvent (for example [42], the [Ru(bpy),(CN)J complex at 21°C has lifetimes of 
f = 220 ns in DMF, 400 ns in CH,OH and 270 ns in H,O). 

3.4 Energy transfer 

Quantum chemical and thermodynamic conditions of energy transfer are ex- 
plained in Section 2.2.2; relationships between thermodynamic and kinetic 
parameters of energy transfer are analogous to those of electron transfer (Sec- 
tion 4.2). The lifetime of an excited particle D* (determined by the rate constants 
of competing deactivation processes) must be sufficient for energy transfer 
within the observable range. Therefore, on energy transfer the excited donor of 
energy D* is usually in a longer-lived spin-forbidden state. 

Quenching of donor D* with acceptor A usually suggests the process of 
energy transfer but it should be borne in mind that quenching can be due to 
other processes, e.g., redox processes or photochemical reactions of excited 
acceptor A. 

When discussing eqn. 3.15, it was shown that the ratio f/r can be replaced 
by the ratio tiplo, or P/I for luminescence. However, this is only true when no 
association between A and Q takes place (e.g., formation of ion pairs). If 
association (characterized by the value of the association constant &J does take 
place, the form of the Stem-Volmer equation of quenching is different for the 
ratio of lifetime and quantum yields of luminescence. This difference is illus- 
trated [20] using the results of phosphorescence quenching from the triplet 
MLCT state of the [Ru(phen),(CN)J complex with ions of Ni’+ in water; in this 
process the AQ associate does not emit radiation and does not decay on 
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excitation forming A*. The dependences of r”/rand @‘/@on Ni2+ concentration 
are shown in Fig. 5. From the slope of the linear dependence of r”/r on Ni2+ 
concentration (Ks, = 14.3) and the triplet lifetime 9 = 710ms, a value of 
kg = 2 x lo71 mol-’ s-’ was calculated. The dependence of @‘/@ on [Ni’+] is 
non-linear. With dynamic and static quenching, provided that [Q] 9 [A] and 
that the AQ pair does not emit radiation and does not decay on excitation 
forming A*, the following equation is valid: 

; = 1 + J%Ql = 1 + [QlUGv + BK,, + [QI&,PK,,) (3.26) 

For solutions with absorbance lower than 0.1, p = 1; for optically concentrated 
solutions (absorbance higher than 2), p is equal to the ratio of the molar 
absorption coefficients of A and AQ associate at the excitation wavelength. For 
the above example, values of K& = 55 and K,, = 20 1 mol-’ were calculated 
from the experimental data. 

5 10 15 

I Ni*‘l x lo*, mol dme3 

Fig. 5. Plots of &‘/cP and f/r vs. the concentration of Ni*+ Ions in the phosphorescence quenching 
of the *[Ru(bpy)*(CN)J complex by Ni*+ ions in aqueous solution at 21T. 

Analogous to the energy transfer in the associate of donor A* with quencher 
Q is the energy transfer within the polynuclear complexes. As an example [loll, 
energy transfer from LF excited states ’ Tlg and 3Tlg localized on the Co(III)C, 
chromophore to the states of 4T, and 'Eg localized on the Cr(III)N, chromo- 
phore in the binuclear complex [(NC),Co-CN-Cr(NH,)J can be considered. If 
the spectral properties of this complex are compared with the photophysical and 
photochemical properties of the mononuclear complexes [Cr(NH3)J3+ and 
[Co(CN)J3- (the spectrum of a binuclear complex is almost identical with the 
superposition of the spectra of the mononuclear complexes) (some parameters 
are shown in Fig. 6), it can be seen from the photoexcited LF states localized 
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on the CoC, chromophore that intramolecular energy transfer takes place with 
75% efficiency on the CrN, chromophore. 

So far, examples were presented in which energy transfer resulted in the 
formation of the energetically lowest excited state of acceptor A. According to 
the Rehm-Weller theory [ 102, 1031, the value of the Gibbs activation energy of 
transfer (the theory was originally elaborated for electron-transfer processes), 
AG& asymptotically approaches zero with increasing ergonicity of the process 
(by a decrease in AG,,) and the value of quenching rate constant, kq, can be 
equal to that of the diffusion rate constant, kdi~ 

E 

Fig. 6. Spectral properties and parameters of photophysical and photochemical deactivation 
processes of excited [(NC),Co-CN-Cr(NH,),]*. ‘Corresponding values for [Co(CN,)]‘- complex. 
values for the binuclear complex in the 4Tk excited state; the other values are for the binuclear 
complex in its ‘T,, excited state. 

In strongly non-adiabatic processes, at a point in the exoergonic region, the 
formation of energetically higher excited states of A may be expected [19]. This 
is manifested in a stepwise change in the dependence of log kg on AGnA. Such 
a dependence (Fig. 7) was observed for energy transfer between the triplet state 
of different organic donors, 3D*, and the [Cr(acacM complex and other 
Cr(II1) complexes [103]. The plateau region (log k, x 8) corresponds to the 
process 

‘DF+ (GS)[Cr(acac),] + ‘Di + (‘&)[Cr(acac),] (3.27) 

where ‘E, is the energetically lowest doublet of the Cr(II1) complex, the triplet 
energy ‘0: being lower than 2.5eV. The following plateau (log kq x 9) corre- 
sponds to the process 



‘Dy+ (GS) [Cr(acacM + ‘Dj + (2TJ [Cr(acac),] (3.28) 

where 2T, represents an energetically higher LF state of the Cr(II1) complex 
(depending on the ligand field symmetry, the states can be split). The process 
occurs if the donor triplet energy ‘D,? is larger than 2SeV. 

6.0 
1.5 2.0 2.5 3.0 

Eo-.o l%“l .eV 

Fig. 7. Plot of log /c, vs. the triplet energy of organic donors for the redox quenching of excited 
donors by [Cr(acac),] and [Cr(dpm),]. The positions of the arrows indicate the energies of 4A,, + ‘E, 

and 4A,, + ‘T2, transitions for Cr(II1) complexes. 

All of the examples of energy-transfer processes discussed so far have in- 
cluded systems in which such processes can be followed by measurement of 
emission spectra. There are also non-emitting systems for which the occurrence 
of an energy-transfer process can only be deduced on the basis of chemical 
changes during irradiation. Systems containing Fe(I1) and Fe(II1) halogen0 
complexes in methanol/acetone mixtures irradiated with light absorbed by the 
Fe(II1) complexes only (& 2 365nm) may serve as an example. 

A detailed investigation of the properties of above irradiated systems led to 
the conclusion that in addition to the spontaneous oxidation of Fe(I1) by 
acetone due to the mutual influence of ligands via the central atom (the reaction 
denoted by the rate constant k4 in (3.29) and the photoreduction of Fe(II1) 
accompanied by the oxidation of methanol (step k3), the oxidation of Fe(I1) 
sensitized by the excited Fe(III)* complexes (steps k5 and k,) also occurred 
[105-1091: 

Fe(H) Fe(H) 

L Fe(II1) + Fe(II)* (3.29) 

Fe(II1) 

In eqn. 3.29, Fe(I1) and Fe(II1) represent the respective Fe(I1) and Fe(II1) chloro 
or bromo complexes and I is the intensity of light absorbed by the Fe(II1) 
complexes. 
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The limiting quantum yield of Fe(II1) formed by the photosensitized oxida- 
tion of Fe(II)* was evaluated from the plot of (@,,,,,,)-’ vs. ([Fe(II)])-’ and 
reached values of 0.1-0.8, depending on the composition of the systems. Based 
on these values, it is obvious that both the energy-transfer (process k5) and the 
Fe(II)* oxidation are very effective processes. 

3.5 Exciplex and excimer formation 

Changes in the electronic and molecular structures of a molecule A due to the 
formation of an excited state can result in chemical bonding between the excited 
molecule A* and another molecule Q of the system, yielding an excited adduct 
(A-Q)*. Such an adduct formed in a bimolecular dynamic adiabatic process: 

A* + Q + (A-Q)* (3.30) 

has been called an exciplex. It should be noted that A and Q can be ions or 
radicals (the term “molecule” will be used, however, in the following text), and 
the molecule Q may, in principle, also be in an excited state. 

If both (or more, in general) molecules are identical in the ground state 
(A = Q) and at least one of them is in an excited state, their excited adduct 
(A-A)* has been named an excimer. The terms exciplex and excimer are 
usually used for cases when adduct formation between ground-state molecules 
does not occur. 

Both exciples and excimers have their own properties (stability constant, 
lifetime, energy content, multiplicity, pathways of deactivation, etc.) and can 
thus be regarded as new chemical species. 

The wavefunction of an exciplex (excimer), ‘y,.., can be expressed as a 
combination of various excitation resonance and charge-transfer terms [ 1131: 

‘y,xc = N@ y(~* - Q) + fJ ?A - Q') + +A+ _ Q-) + dy(;,- - Q + ,) (3.31) 

Depending on the values of the coefficients ed, exciplexes may be classified 
into two basic groups: charge-transfer exciplexes (a, b < c or d) and non-polar 
(covalent) exciplexes (c, d < a or b). In most instances both charge-transfer and 
excitation resonance contribute to the stability of exciplex, but to different 
extents. 

For an exciplex (excimer) to be formed, some requirements must be fulfilled. 
Of the kinetic factors, a sufficiently long lifetime of the excited molecule A* is 
necessary, as the formation of an exciplex is a dynamic diffusion-limited process. 
In this connection, it is obvious that the concentration of excited A* must be 
high enough (usually powerful lasers must be used as the source of light). When 
discussing the possibility of the formation and stability of exciplexes from the 
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viewpoint of thermodynamics, it is worth noting that both enthalpy and entropy 
contributions may be important. Of course, parameters such as redox potentials 
and electron-donating and -accepting ability depend strongly on the electronic 
structure of the molecules A* and Q. 

Exciplexes and excimers are usually studied using laser flash photolysis, 
transient absorption and emission spectra measurements and studies of the 
kinetics of excited-state decay. There are experimental results which have been 
interpreted as being due to exciplex formation, but difficulties with the direct 
observation of the non-emitting exciplexes have been emphasized and often 
exciplex formation involving a coordination compound is speculative. With 
emitting exciplexes, the interpretation of experimental observations is simpler. 

A complex can act in the process of exciplex (excimer) formation as an 
excited molecule A* or as quencher Q. The latter can be exemplified [114] by 
exciplex formation between a singlet excited 9, IO-disubstituted anthracene, 
‘(ANC)*, and singlet ground-state allyl- or benzylstannanes, ‘(St&). The 
quenching of the fluorescence of substituted anthracenes by tin organometallics 
was proposed to occur via a charge-transfer stabilized exciplex-mediated 
bimolecular reaction mechanism. No new emision of the exciplexes 
‘(ANC- - SnR:) was observed. Below the attention will be focused on exci- 
plexes (excimers) formed by an excited complex. 

The formation of exciplexes and excimers is well documented in the 
photochemistry of organic and polymeric compounds but it is not so common 
in the photochemistry of coordination compounds containing a metal atom as 
the central atom. 

As can be seen in Table 10, most exciplexes involving complexes are those 
with a macrocyclic (porphyrin or phthalocyanine) ring. These complexes resem- 
ble organic compounds to a greater extent than inorganic complexes. The 
multiplicity of excited complexes A* is limited (with a few exceptions) to a 
singlet or triplet, as it is in organic systems. Moreover, in many instances the 
interaction of a quencher Q with an excited complex A* does not involve the 
central atom, and “organic fragments” of the exciplex-forming partners are 
directly bonded. The excited states of A* are predominantly I intraligand in 
nature (n - IF triplet or singlet localized on a macrocycle ligand), but the 
formation of exciplexes by excited complexes in the MLCT excited state is also 
known. 

A number of exciplex systems are given in Table 10, and those of excimers 
in Table 11. In this section only a few particular examples are introduced. 

An emitting charge-transfer exciplex formation has been reported [117]. It 
was found that in the presence of N,N-dimethylaniline (DMA), the wavelength 
of phosphorescence of 3[Re(dpphen)(CO)3Cl]* from its excited MLCT triplet 
state was shifted from 575 to 600 nm in non-polar media (alkanes). In acetoni- 
trile the wavelength of emission was not changed but the emission was simply 
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quenched obeying Stern-Volmer dependence. Based on experimental data, the 
enthalpy of formation of the exciplex [Re(dpphen)(CO),Cl--DMA+]* was 
calculated to be AH, = -239 kJ mol-’ and the energy of the exciplex was 
evaluated as 2.08 eV. 

The importance of the contribution of entropy to the stability of exciplexes 
has been pointed out [118]. A very detailed theoretical treatment of the forma- 
tion of the triplet exciplexes ‘[Mg(TPP)(py)-XC,H,NOd* (where X = 4-NO,, 
3-NH*, 4-CH3) led to the conclusion that high stability of the exciplex was due 
predominantly to the positive magnitude of AS values. 

A number of complexes are able to form exciplexes in different excited states. 
It was shown [I 191 that singlet and triplet exciplexes of [Zn(Etio)]*, [Zn(TPP)]* 
and [Mg(Etio)]* with nitrostilbenes did not interconvert and had different 
reactivities in producing cis-tram isomerization in nitrostilbenes (the triplet 
exciplexes were much more active). 

On the other hand, other complexes of Zn(I1) and Mg(II) (chlorophyll a, 
zinc(B) mesoporphyrin IX dimethyl ester [120]) form exciplexes with electron 
accepfors (nitro compounds, p-benzoquinone, chloranil) only when in their 
singlet excited state. Based on experimental observations, the absence of in- 
tersystem crossing in exciplexes Seems to be a general phenomenon. 

Exciplexes of porphyrin and phthalocyanine complex are usually char- 

acterized as. being of the charge-transfer type, or at least with a significant 
charge-transfer contribution. The formation of the non-polar exciplex 
3[Pd(TPPkDMA]* has been described [121]. The stabilization energy of this 
exciplex does not exceed a few kJ mol-’ and the equilibrium constant for 
exciplex formation is K x 10 1 mol-‘. The excitation within the exciplex is 
localized on the porphyrin ring, i.e., in the wavefunction in eqn. 3.31 for the 
exciplex a>> b, c, d. 

Of various medium effects on the formation and deactivation of exciplexes, 
the effects of solvent polarity and ionic strength have been investigated in detail. 

It is believed that the polarity of the solvent should strongly influence the 
formation and stability of charge-transfer exciplexes but has only a small (or 
negligible) effect on non-polar exciplexes. A strong influence of the solvent on 
exciplex formation was demonstrated, for example [ 1171, by investigating the 
properties of solutions of 3[Re(dpphen)(CO)3C1]* in the presence of DMA. 
However, when the sum of the absolute values of the charges localized on the 
particles forming an exciplex is not changed on exciplex formation (charge is 
only exchanged but not formed), solvents should not exhibit a strong influence 
on charge-transfer exciplex formation and such exciplexes could be found even 
in polar media. 

Charge-transfer exciplex formation in a polar solvent (acetone) was reported 
[122] for a case of triplet ‘[Zn(TPP)]*. The excited neutral complex 3[Zn(TPP)]* 
interacts with a diazonium arene cation: 
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‘[Zn(TPP)]* + 4-X-C,H.,N: --, ‘[{Zn(TPP)}+ - (4-X-C,H,N&* (3.32) 

forming a charge-transfer exciplex that is subsequently decomposed: 

3[{Zn(TPP)}+ - (4-X-C,H,N,)q* + [Zn(TPP)]+ + N, + 4-X-C6H4 (3.33) 

(X = H, Br, Cl, CH,, CH,O, N(C,H,),). It was found that the tendency of the 
respective exciplexes to undergo radiationless deactivation follows the Hammett 
parameters of the substituent X. It follows from reaction 3.32 that in exciplex 
formation an electron was trasferred from the excited donor to a diazonium 
cation. 

The effect of ionic strength on exciplex deactivation was investigated [ 1231 for 
aqueous solutions of the triplet excited ‘[Zn(TMPyP)]* and methylviologene, 
MV2+. The exciplex 3[Zn(TMPyP)(MV)]2+ decomposes according to 

[Zn(TMPyP)],, + MV2+ t ‘E + [Zn(TMPyP)]+ + MV+ (3.34) 

where 3E denotes the exciplex. The yield of redox products decreases with 
increase in the ionic strength. Also in the presented example, the exciplex should 
be charge-transfer in nature and was formed in polar media. 

The possibility of exciplex formation may depend not only on the electronic 
but also on the steric properties of molecules A and Q. Some interesting results 
have been published in this connection [124]. The excited triplet ‘[In(TPP)]+ in 
methanol forms exciplexes with MV2+ (cation+ation interaction): 

‘[In(TPP)]+ + MV2+ = ‘[In(TPP)(MV)]‘+ (3.35) 

as well as with triethanolamine: 

3[In(TPP)]+ + TEA e 3[In(TPP)(TEA)]+ (3.36) 

MV2+ is assumed to interact with the porphyrin ring, whereas TEA is bonded 
to the central atom in the axial position of the excited complex. 

Both 3[In(TPP)(MV)]3’ and ‘[In(TPP)(TEA)]+ exciplexes form a three- 
component exciplex ‘[In(TPP)(TEA)(MV)13+ with TEA and MV2+ molecules, 
respectively. The excited analogous complex ‘[In(TPP)(TEA),]+ with a pseudo- 
octahedral chromophore is also effectively quenched by MV2+, but no exciplex 
is formed, owing to steric hindrance of two TEA molecules occupying both axial 
positions in the complex and preventing an MV2+ cation from interacting with 
active sites localized on the excited porphyrin ring. 

Three-component exciplex formation was assumed [ 1251 when interpreting 
the quenching of the excited triplet ‘[Zn(Etio)]* by trans-p-nitrostilbene or 
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p-nitrotoluene in benzene. Based on the observed changes in lifetime with 
quencher concentration, in addition to two-component exciplexes 3(A-Q)*, 
three-component exciplex formation was suggested (3A = 3[Zn(Etio)]*; 
Q = trans-p-nitrostilbene or p-nitrobenzene): 

3A* + ‘Q + ‘(A-Q)* (3.37) 

‘A (a) + ‘Q + 3W-Q)* 2 3@-A-Q)* (3.38) 

The excimer formation was believed to occur in cases when a parameter of 
the quenching process of A* depended either on the ground-state A concentra- 
tion or on the concentration of A*. In the former instance the rate constant of 
an observed quenching process obeys the equation 

kobs = k, + U-V (3.39) 

where k, is the first-order rate constant of decay (k, = r;‘) and k, is the 
second-order rate constant for ground-state quenching. It was found [I271 that 
the experimental (observed) rate constant for phosphorescence quenching of 
3[Pt(Etio)]* and ‘[Pd(TPP)]*, and also for delayed fluorescence quenching of 
‘[Zn(Etio)]*, can be fitted by eqn. 3.39 and thus the process can be schematized 
as follows : 

A* + AcGSj= (A-A)* -+ 2&o,, (3.40) 

The formation of the excimer (A-A)* occurs only in fluid solution (THF, 
mineral oil). In rigid solution [poly(methyl methacrylate)], the luminescence 
lifetime is independent of the ground-state complex concentration as the 
medium prevents collision of an excited A* with a ground-state molecule A. 

Analogous but anion-mediated excimer formation has been described [128]. 
The emission lifetime of (2T,/2&‘)[Cr(phen)3]3+ was found to depend on the 
ground-state [Cr(phen),13+ (obeying eqn. 3.46) and on the anion present (the k, 
values decreased in the order ClO; > NO; > Br- > BrO; x SO:- > Cl- > 
HSO;). Anion mediation is suggested to arise from encounters of ex- 
cited and ground-state complexes to form the ion-bridged excimer 

*[{Cr(phen)3}3+-X--(Cr(phen)3}3+]. It follows from temperature studies that the 
enthalpy of excimer formation is AH, x 17 kJ mol-‘. 

The apparently first evidence of excimer formation by self-association of 
excited complexes was published in 1986 [129, 1301. Based on the results of an 
excited-state decay kinetics study and of the influence of solvent polarity and an 
external magnetic field, the following mechanism of triplet annihilation was 
proposed : 
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2 3A* -_, ‘(A-A)* + ‘A* + ‘Ao, (3.41) 

where A denotes [Zn(TPP)], [Zn(OEP)], [Al(Pc)Cl] and [Si(Pc)(C,H,O)J; the 
triplet and singlet excited states are 'E, and ‘AIg, respectively. The bonding in 
singlet excimers is covalent in nature. The concentration of the excimers in- 
creased with increasing flash-light intensity. 

At the beginning of this section it was stated that exciplexes and excimers are 
not very common in the photochemistry of coordination compounds. There is 
no reason, however, why their formation should not occur, particularly with 
long-lived excited complexes. It might be that weak exciplexes are frequent but 
hidden precursors to photoproducts. The lack of information on exciplexes and 
excimers in the photochemistry of coordination compounds might be due to the 
simple fact that they have not been systematically looked for. 



4 PHOTOCHEMICAL REACTIONS 
OF COORDINATION COMPOUNDS 

4.1 Chemical deactivation and classification 
of photochemical reactions 

The term chemical deactivation (photochemical reaction) designates a process 
in which at least part of the energy difference of a complex in an excited and 
a ground state is used to produce a chemical change in the complex. A photo- 
chemical reaction can be either a monomolecular (process 3.22) or a bimolecular 
(process 3.21). The molecularity depends on the presence of the potential 
reaction partners and the values of the kinetic and thermodynamic parameters 
of the possible deactivation modes of the complex under given conditions. 

Depending on the energy content of a reactant(s), R, and a product(s), P, the 
photochemical reactions can be in general divided into three groups 
[151] (Fig. 8). 

In the first instance (Fig. 8a), the energy of absorbed radiation is utilized to 
overcome the energetic barrier AGZ of a spontaneously realizable reaction (from 
the viewpoint of thermodynamics). This means that absorption of radiation has 
in fact a catalytic effect on the course of reaction. 

In the second instance (Fig. 8b), photochemical transformation of reactants 
with a low energy content to products with a high energy content takes place. 
This type of spontaneously forbidden reactions is being intensively studied in 
connection with the conversion of light to chemical energy (see Section 5.2). 

An excited state can also be the product of a chemical reaction of reactants 
in the ground state (Fig. 8~). The possibility of such a process is determined by 
the AG value of the spontaneous reaction and the energy of the excited state. 
The process when the excited particle is also deactivated by photon emission is 
called chemiluminescence. In this book, reactions will be discussed in which the 
excited particle is a complex. 

Compared with organic compounds [ 152, 1531, the multiplicity of photoreac- 
tive excited states of complexes exhibits a wider range, but without always being 
exactly defined (owing to strong spin-orbit interactions). The energetically 
lowest excited state of a given multiplicity need not be photoreactive, but 
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frequently only higher states are photoreactive, e.g., [(CO),Rh@-TPP)Rh(CO)J 
undergoes photochemical decomposition from the third and higher excited 
singlets only [154]. Analogous to the photochemistry of organic compounds, 
where an intersystem crossing S, + T, often precedes photoreaction, coordina- 
tion compounds do not necessarily react chemically from that excited state 
which was achieved by photoexcitation (for examples, see Section 4.4). 

lb) 
n*+Q 

ITT 
A* +Q’ 

hV AG 

A+Q ------ -- 

d+@ 

T-3 
(cl 

PP+Q 
AG 

h? 

- ------ A+0 

Fig. 8. Schematic diagram of the fundamental types of electron-transfer processes involving an 
excited state. (a) Photocatalysis; (b) conversion of light into chemical energy; (c) formation of an 
excited state and chemiluminescence. 

Depending on the rate constants of vibrational relaxation, k, (transition from 
the spectroscopic Franck-Condon to the thexi state), and of product formation, 
kp, the photochemical reaction can run from the thexi state (k, > kJ and is 
designated’ as “slow”, or from higher vibrational levels (k, < k,), designated 
“fast” [ 1551. A special case of fast reaction is a process taking place from higher 
vibrational levels of the ground electronic state (hot ground-state reaction) of 
the complex [ 1561. Individual types of photochemical reactions are discussed in 
more detail in the following sections. 

As in thermal reactions, photochemical reactions of complexes can be classi- 
fied according to various criteria. 

In the first review on the photochemistry of coordination compounds, Szych- 
linski [l] classified photochemical reactions into redox, substitution and iso- 
merization. Balzani and Carassiti [7] classified the results of the study of 
photochemical reactions of complexes according to the central atoms, and 
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Geoffroy and Wrighton [9] classified the photochemical properties of or- 
ganometallics according to ligands. In a book edited by Adamson and Flei- 
schauer [8], various types of reactions and various types of inorganic com- 
pounds were discussed in the individual chapters. 

According to the objectives and purposes of this review, photochemical 
reactions are classified on the basis of the knowledge of the changes in the 
oxidation number of the central atom and ligands in the complex, and the 
structure and composition of the complexes. Photoredox processes are dealt 
with in Section 4.2, non-redox processes during which only the structure of a 
complex is changed are discussed in Section 4.3 and Section 4.4 covers 
photosubstitution reactions. Section 4.5 is devoted to the photochemical non- 
redox reactions of coordinated ligands, while reactions of photoinsertion, pho- 
toelimination and photoaddition are discussed in Section 4.6. 

Each of the above-mentioned types is documented using several carefully 
selected examples with the aim of pointing out the level of success achieved by 
the theoretical approach and experimental techniques used and prospects of the 
investigation in the field in question. 

4.2 Photoredox reactions of coordination compounds 

Photoredox reactions of complexes are classified as follows: 
a) Reactions of an electron exchange between the complex and particles of 

the environment in which the complex composition and structure are preserved. 
This group includes photochemical reactions of solvated electron formation 
(Section 4.2.1) and outer-sphere reactions of the exchange of an electron be- 
tween the complex and a certain particle of the secondary coordination sphere 
(Section 4.2.2). 

b) Reactions of the complex producing changes in structure in which the 
composition of the complex is preserved. Such processes include photochemical 
reactions of inner-complex rearrangements with a change in the oxidation 
number of the central atom (Section 4.2.3). 

c) Reactions of the complex producing changes in composition, divided into 
elimination and addition types (Section 4.2.4), inner-sphere electron-transfer 
decomposition reactions (Section 4.2.5), reactions of the formation and decom- 
position of polynuclear complexes (Section 4.2.6) and photoredox reactions of 
coordinated ligands (Section 4.2.7). 

4.2.1 Photochemical formation of solvated electrons 

The formation of solvated electrons can, in general, be expressed by the follow- 
ing equation : 

*[ML,I”- z W-4(’ -‘) + ei& 
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Most of the reactions of solvated electron formation are believed to be con- 
nected with the CTTS nature of the transition, and to result in oxidation of the 
central atom. Radial redistribution of electron density from the central atom to 
the periphery of the complex which is connected with the CTTS excited state 
formation can be due to photoexcitation in the region of the CTTS transition, 
or to internal conversion from short-lived energy-rich charge-transfer excited 
states. 

Results obtained by the study of the photochemical properties of the anionic 
complexes [Fe(CN)J4-, [Ru(CN)J4-, [Fe(CN),(PBu,)13-, [Mo(CN),14- and 
others [48,157-l 591 have indicated that the efficiency (quantum yield) of sol- 
vated electron production depends on the wavelength of the excitation radiation 
and on the solvent properties. Quantum yields of solvated electrons for 
[Fe(CN),14- as a function of excitation wavelength are summarized in Table 12. 
The electronic absorption spectrum of [Fe(CN)J4- consists of a mutually over- 
lapping CTTS band (centred at 270 nm), an MLCT band at 218 nm and LF 
bands in the lower-energy UV region. The fact that the quantum yield at 228 nm 
is higher than that at 254nm (although the CTTS state is reached directly at 
254nm) can be explained [48] by the hydrated electrons being formed with 
higher yields from higher excited CTTS levels. However, one cannot rule out the 
possibility that in the case of the internal conversion MLCT -+ CTTS, a thexi 
CTTS state with a higher energy content is formed compared with that obtained 
on direct irradiation into the CTTS band, and the difference in the energy 
content of the same excited CTTS state causes a different photoreactivity of the 
complex. This idea is also supported by the fact that solvated electrons obtained 
from the same substance by radiolysis and photolysis often do not have identical 
behaviour. 

TABLE 12 
Quantum yields of solvated electron, 3_, as a function of the wavelength of exciting light for 
[Fe(CN),14- in aqueous solution [157] 

,Wd 229 254 265 289 303 313 365 
@c- 0.89 0.55 0.52 0.18 0.14 0.10 0.02 

The determination of the concentration of solvated electrons produced by 
photolysis of the [Fe(CN),14- complex in water-alcohol mixtures showed that 
the quantum yields of solvated electrons change with change in the composition 
of the mixture [159]. From the theoretical evaluation of the experimental data 
it followed that the thermalization length of the ejected electrons was about 
30OOpm, independently of the solvent composition. The results cannot be 
interpreted in terms of a single parameter of the solvent (such as dielectric 
constant, relaxation time or diffusion coefficient), or explained by a cage effect 
of the solvent only. The viscosity of the solvent can, however, play an important 
role in the secondary thermal reactions of solvated electrons. 
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From the viewpoint of stoichiometry, the formation of a solvated electron 
(process 4.1) is the simplest redox process of an excited complex. The way in 
which the electron separates from its parent complex and the fate of the ejected 
electron have been the subject of much discussion, however. The release of an 
electron from an excited complex can evoke rapid structural changes in the 
solvent surrounding the oxidized complex. The primary products may recom- 
bine or undergo subsequent secondary thermal reactions. 

The formation of solvated electrons is usually detected by measuring its 
absorption spectrum, or by the determination of the products of its reactions 
with solvated electron scavengers. A good specific scavenger is nitrous oxide 
(N,O), which has a high rate constant for the reaction with solvated electrons 
(k = 8.7 x lo9 1 mall’ s-‘). The amount of nitrogen formed in the reaction 

es;,” + N,O + H+ = N, + ‘OH 

is directly related to the yield of solvated electrons. 

(4.2) 

Hydrated electrons have been produced [160] with a high quantum yield 
(@,_ = 1) on irradiation of the hydrated ions Co+, Ni+, Zn+ and Cd+ at 
A. ,TT x 300 nm. It should be noted, however, that in the photooxidation of 
hydrated metal ions in their normal oxidation states (e. g. [Fe(H20)J2+), the 
reaction can be described as an outer-sphere electron transfer though hydrated 
electrons have never been observed [48]. 

Electron transfer from the excited complex into the surrounding environment 
has also been postulated for some complexes in the LLTC state. For example 
[39], from studies of the electronic spectra and the ESR spectra, it has been 
found that on irradiating the [Pt(bpy)(tdt)] complex in CHCl, into the LLCT 
band (a = 577 nm) at 77 K, the photon absorption not only results in electron 
transfer from the tdt*- ligand through the Pt(I1) central atom into the ti orbital 
of the 2,2’-bipyridine ligand, but also a cationic complex with coordinated tdt- 
anion is formed: 

[Wbpy)(tdt)] + CHCl, 2 [Pt(bpy)(tdt-)]+ + Cl- + CHCl; (4.3) 

The cationic complex undergoes subsequent thermal reactions. 
From the viewpoint of sequence, a reverse process to the formation of a 

solvated electron is the reaction of a complex in the ground state with the 
solvated electron. In such reactions a complex in the excited state can be formed 
as, for example [48, 1261, during the reaction 

DWbm)313+ + e& -+ ML&DWbpy)3]2+ (4.4) 

when triplet MLCT state formation was suggested from the emission spectra. 
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Also, the low-spin complex [CO”‘(NH~)~R-]+, generated in the reaction of the 
[Co”’ (NH&R]” complex with a solvated electron (R = nitrobenzene ligand), 
can be considered [ 1611 for the MLCT excited state of the high-spin 
[Co”(NH,),R]+ complex, which is formed by inner-complex electron transfer 
from the reduced R- ligand to the central atom. 

4.2.2 Outer-sphere photoredox reactions of complexes 

Outer-sphere electron-transfer processes are reactions in which no bonds are 
formed or broken, and only the charge of the reactants is changed. The reactions 
can, in general, be described by the following equation: 

*A+Q=A’+QT (4.5) 

where the excited particle, *A in our case, will be a complex and both *A and 
Q can be charged particles (for the sake of simplicity the original charges of *A 
and Q are omitted). 

Simple kinetic treatment shows that only those excited complexes *A with 
lifetimes longer than about lo-” s can be involved in outer-sphere electron- 
transfer reactions [151]. Lifetimes of complexes in their spin-allowed excited 
states are usually shorter (only ca lo-l2 s). From a short-lived spin-allowed state 
via intersystem crossing (k& x 109-10’2 s-l), an energetically lower spin-forbid- 
den state *A is obtained which can be deactivated in the presence of a quencher 
Q by reaction 4.5. 

Reactions in which the oxidation number of the central atom increases are 
called oxidative quenchings and those in which the oxidation number of the 
central atom decreases are called reductive quenchings. 

Thermodynamic conditions for oxidative and reductive quenching are ex- 
pressed by the following relationships : 

E’(A+/A*) < EO(Q/Q-) (4.6) 

E’(A*/A-) 2 EO(Q+/Q) (4.7) 

Elementary steps of the outer-sphere electron exchange during thermal and 
photochemical processes can be illustrated by the scheme in Fig. 9. The first step 
is the formation of precursor complex in which the reactants retain their 
identity. The rate of formation of the precursor complex is diffusion controlled. 
The next step is reorganization (changes of internuclear distances and of the 
bond angles) of the first coordmation spheres and the solvent cage, producing 
an activated complex (not shown in the scheme), and conversion of the latter to 
the successor complex in which the particles have an electron structure corre- 
sponding to the products. The last step is the dissociation of the successor 
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complex (the rate constant, of the process is k,) and solvation of the products by 
the solvent molecules. Exciplex formation is rare in the photochemistry of 
coordination compounds, and is not shown in Fig. 9. The rate constant of 
electron transfer, k,,, can generally be higher than, equal to or lower than the 
diffusion rate constant, kdif. If k,, > kdiR no thexi state of the A* complexes is 
achieved, and the electron exchange can take place only if the A complex and 
Q quencher were in contact at the moment of excitation (for details, see Section 
4.2.6). The rate of such non-relaxed processes can decrease with increasing 
temperature. In the following sections such processes will be discussed for which 
k,, < kdil and to which the parameters of equilibrium thermodynamics and the 
kinetic transition-state theory can be applied. 

A*+O- 
kdif _ 

A"...Q 
I k 

-dlf 

I 
A+O- 

k dif _ & A’...@ 

k:dif k’_,t k-s 

Fig. 9. Kinetic scheme for quenching by outer-sphere electron-transfer process. 

In the most of the systems studied, the quenching process was not accompa- 
nied by permanent chemical changes, indicating that the back electron-transfer 
process is very fast and k,, > k,. These reactions, therefore, can be followed 
only by fast pulse techniques (flash photolysis in the nanosecond and picosecond 
regions). 

Several authors [48, 15 1,163,164] have dealt with the problem of elaboration 
of a theoretical approach and its experimental verification when solving the 
relationships between the experimentally determinable rate constant of 
quenching process, k,, and kinetic and thermodynamic parameters of the 
elementary steps involved in Fig. 9. Of various classical and quantum chemical 
approaches, those commonly used are the Marcus and empirical Rehm-Weller 
approaches. 

A theoretical treatment of the kinetic and thermodynamic aspects of revers- 
ible outer-sphere electron-transfer processes illustrated in Fig. 9 led to the 
following equation under steady-state conditions (a detailed evaluation is be- 
yond the scope of this book): 

k, = ktif 
k-d, k-dir exp (A@iIRT) 

(4.8) 
l+ 

Z exp( - AGa/RT) + Z exp (- AG&/RT) 

where AGT and AGti are the activation free energy and free-energy change 
associated with the given step and Z is the frequency factor. Based on the 
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assumption that the back electron transfer reaction leading to the ground-state 
precursor has no activation energy (AC& = 0, Kbet = Z), Rehm and Weller [ 1021 
derived the simplified relationship 

k, = &if 
k-d, 

(4.9) 
l+- z [exp (AGZIRT) + expWi/Wl 

The expression 4.9 is usually used to calculate the dependence of the experi- 
mental bimolecular quenching constant, kq, on the overall free energy change, 
provided that a functional relationship between AC: and Act is known. In this 
regard, two options are available. 

According to the Marcus theory [165, 1661, AC* depends on A@ as follows: 

(4.10) 

where the reorganizational energy 1 depends on the energies required to reor- 
ganize both the inner coordination shell of the reactants and the surrounding 
medium (outer shell of the reactants). 

Rehm and Weller proposed the expression 

(4.11) 

In the quenching of the excited state of A* by a homogeneous family of 
quenchers Q having variable redox potential, the values of il, kdif, k_dif and Z are 
assumed to be constant. Hence, kg is only a function of the free-energy change, 
which changes with the redox potential of the quenchers according to 

AGO = P(A+/A*) - P(Q/Q-) + wp - wR (4.12) 

where wR and wP are the energies required to bring the reactants and products 
from an infinite distance apart to their separation in the activated complex. 
Equation 4.12 is valid for oxidative quenching of A*, and an analogous equa- 
tion may be written for reductive quenching of A*. It is worth bearing in mind 
that 

- (Ae, + AC”,,) = Em (4.13) 

where E, is zero-zero spectroscopic energy of the excited A*, provided that 
the entropy changes associated with excitation of A are negligible. 
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Depending on whether one uses the Marcus (eqn. 4.10) or the Rehm-Weller 
relationship (eqn. 4.11) to express the dependence of AGZ on A@,, two different 
graphs are obtained for log kg vs. A@“,. Both plots have an analogical Arrhenius- 
type portion in the endoergonic region and a plateau in the slightly exoergonic 
region, but a substantial difference in the highly exoergonic region. In this 
region, using the Rehm-Weller approach, the quenching constant k, remains on 
the plateau, reaching the value of kdif, whereas according to Marcus, a sharp 
drop in log k, vs. A@, is predicted. The available experimental results clearly 
show that the Rehm-Weller relationship is obeyed whereas no evidence for a 
decrease in kg (the so-called Marcus inverted region) has been reported. 

A very illustrative example comparing the experimental and calculated de- 
pendence of log kg on A@ was provided by Balzani et al. [l&t], who studied the 
reductive quenching of LF excited [Cr(bpy)J3+ by aromatic amines and meth- 
oxybenzenes. Results of the experiments and calculations (using a set of par- 
ameters kdif = 1 x 10’Olmol-’ S-‘, k_diF = 8.7 x lo91 mol-‘s-‘, 2 = 1 x 10” S-‘, 
il = 2OOk.I mol-‘) are shown in Fig. 10. 

AGo, kJ mai-’ 

Fig. 10. Plots of log k, vs. AG” for the following quenchings: (a) 0 - Redox quenching of 
+[Cr(bpy),]” by aromatic amines and methoxybenzenes [164]; curves RW and M represent the plots 
calculated according to the Rehm-Weller and Marcus relationships, respectively; (b) l redox 
quenching of excited aromatics by aquated Eu” ions [151]; (c) A - redox and energy-transfer 
quenching of l [Cu(dpp)J+ by aromatics and Cr(II1) quenchers [175]. 

In principle, outer-sphere electron-transfer reactions can be adiabatic or 
non-adiabatic processes. The adiabatic@ of a reaction depends on the electronic 
interaction energy, i.e., on the coupling between the precursor and successor. 
When the electronic interaction is strong (larger than about 0.1 eV), the reaction 
is said to be adiabatic and the probability of electron transfer from donor to 
acceptor is unity (or nearly unity). When the separation between the reactants 
is large, or when the reaction is spin- or symmetry-forbidden, the probability of 
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electron transfer is proportional to the square of the interaction energy and may 
be much smaller than unity. Such reactions are called non-adiabatic (diabatic). 

It is assumed that non-adiabaticity does not play an important role in 
outer-sphere electron-transfer processes of complexes. Some systems are 
known, however [for example [151], electron-transfer reactions of Eu(I1) and 
Eu(II1) complexes involving the transfer of an electron from a 4$orbital], where 
a stepwise plot of log k, vs. A@ suggests a non-adiabatic character of the process 
(Fig. 10). 

In connection with the study of the properties of physiological redox protein 
pairs, mimicking highly efficient biological energy conversion, and with the 
verification of the validity of the theoretical approaches, various aspects of 
distance dependence of electron transfer have been intensively investigated 
[166-1721. In systems in which diffusion is negligible (rigid matrices), electron- 
transfer rates decrease exponentially with increasing donor-acceptor separation 
(up to a few nanometres), and depend on the exoergonicity of the reaction and 
on the lifetime of the excited state involved. As an example [ 1691, a collisionless 
photoinduced electron transfer from excited *[RuLJ*+ (where L are derivatives 
of bipyridine and phenanthroline) to methylviologen dication can be given. 
Depending on the ligand L (and thus on the free-energy change of the process), 
the reaction of electron transfer occurs at centre-to-centre distances of 
122-155 nm, which are approximately equivalent to edge-edge distances of 
2-5 nm. The electron pathway and the mechanism of collisionless long-distance 
electron-transfer processes are the subject of intensive investigation. 

The k, values are calculated from the Stern-Volmer relationship r“/r vs. [Q]. 
The determination of the k, values is demonstrated using the results of the study 
of the electron transfer between the excited *UOi+ ion and carbonyls of some 
metals [ 1731: 

*UO:+ + M(CO), + UO; + M(CO),+ (4.14) 

From the experimentally determined values (by means of flash photolysis) of the 
lifetime of *UO:+ in the absence (~“0) and presence of carbonyl at known 
concentration (r), a plot is made and the Stern-Volmer constant of quenching, 
Ksv, is calculated for each carbonyl (Fig. 11). A ratio between Ks, for the given 
carbonyl and z” is the constant of redox quenching, k,.The same values of k, 
have also been obtained from a study of the changes in the luminescence 
intensity of *UO:+ and changes in the carbonyl concentration. The k, values 
correlate with the values of the standard oxidation potentials of the particular 
carbonyls, and thus with the A@ values of reactions 4.14. 

The oxidation ability of the *UO:+ ion [E(*UO~+/UO~) x 2.6V] and the 
luminescence of this ion have been used [174] in the study of the mechanism of 
alcohol oxidation, where the primary process can be either the exchange of an 
electron between the alcohol molecule RH and *UO:+, producing an RH+ 



alcohol cation that releases proton in the next step, or the abstraction of the H 
atom from the RH molecule producing U02H2+. Based on the finding that the 
log k, values for *UO:+ photoreduction are inversely proportional to the values 
of the dissociation energy of C-H bonds in alcohols and do not correlate with 
the ionization potentials of alcohols, the primary processes were postulated to 
be as follows: 

*UO;+ + RH + U02H2+ + R’ (4.15) 

0 1 2 3 

[Cr(GO&] x10‘, mol drr? 

Fig. Il. Stern-Volmer dependence of the quenching of *UO:+ by Cr(CO),. 

In several cases, together with the redox quenching, quenching by the energy 
transfer mechanism can also take place, as, for example [48], in the quenching 
of *[Ru(bpy)J2+ by hydrated Fe3+ cations. It results from the values of the 
redox potential of &“([Ru(bpy)J3’/*[Ru(bpy)J2+) = -0.86 V and @(Fe3+/ 
Fe2+) = + 0.77 V that the excited Ru(I1) complex can be deactivated by electron 
transfer: 

*[Ru(bpy),12+ + Fe3+ + [Ru(bpy),]‘+ + Fe’+ (4.16) 

Based on the experimental data, the value k, = 2 x lo9 1 mol-’ s-’ has been 
calculated for reaction (4.16). It results from the values of the excitation energies 
of the [Ru(bpyX12+ complex (ca 2.2 eV) and the Fd’ ion (ca 1.5 eV) that 
*[Ru(bpy)3]2+ can also be quenched by Fe3+ via energy transfer: 

*[Ru(bpy),]‘+ + Fe3+ + [Ru(bpyM2+ + *Fe3+ (4.17) 

As E’(*Fe3+/Fe2+) x 2.3 V, the *Fe3+ excited ion is an oxidizing agent toward 

DWwh12 + : 
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[Ru(bpy)$+ + *Fe3+ + [Ru(bpy),]‘+ + Fe’+ (4.18) 

The products of reactions 4.16 and 4.17 provide a thermal reaction: 

[Ru(bpyM3+ + Fe2+ + [Ru(bpy)3]2+ + Fe3+ (4.19) 

The experimentally determined rate constant of reaction 4.19 is 
7.2 x lo5 1 mol-’ s-‘. This reaction has the result that during continuous 
photolysis no observable changes take place. Figure 12 shows the redox poten- 
tials, excitation energies and processes involved in the irradiated system of 

PWWM2+ and Fe3+ ions. 

Fig. 12. Redox potentials. excitation energies and rate constants of energy-transfer and electron- 
transfer processes involved in irradiated systems containing [Ru(bpy),]*’ and Fe(M) ions. 

It should be pointed out that simultaneously occurring electron-transfer and 
energy-transfer processes can result in a sigmoidal (or stepped) dependence of 
log k4 on AC’, as was documented [175] for the quenching of [Cu(dpp),]+ by a 
series of [Cr(acac),] derivatives (Fig. lOc), where the plateau at log kg x 9.5 
corresponded to an electron-transfer mechanism and the plateau at 
log kq z 2 x 10’ corresponded to quenching by energy transfer. 

A typical outer-sphere electron transfer occurs on irradiating an ion-pair- 
containing system in the IPCT bands. In many instances the photoinduced 
electron-transfer reaction is followed by a fast back electron-transfer process 
which returns the system to its original state.This means that no net chemical 
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change is observed. Such reactions are common not only for complexes with a 
cage-type ligand [176] but also for other ion pairs consisting of a “reversible” 
reductant and an oxidant. The mechanism of the reactions is simple, for exam- 
ple [176]: 

[CoiiI(sep)]3+, I- 2 [Co”(sep)]2+, I’ (4.20) 
transfer 

If one (or both) of the counter-ions is an irreversible reductant (such as C,O:-) 
or oxidant (such as [Co(NH3),13+), a net chemical change is usually observed. As 
an example, a photoredox decomposition reaction of the pair [Co(NH,),X]*+, 
[B(C,H,),]- may be considered [45]: 

[Co(NH&X]*+, [B(C,H,)J- $$$ Co% + 5NH3 + X- + PGWd’ 

(4.21) 

The quantum yields of CO*+(&~+ x 0. l-l. 1) decrease with increasing CH,OH 
content, as with increasing polarity of the solvent the equilibrium constant of 
ion-pair formation decreases. The values of @cd+ depend on the acidoligand 
X-, but there is no clear relationship between @co2+ and properties (as ioniza- 
tion potentials or optical electronegativity) of X-. 

It should be noted that a mechanism of electron-transfer quenching (dynamic 
or static) may depend on the experimental conditions of measurement. It was 
found [177] that the luminescence quenching of Eu(II1) cryptate complex, 
*[Eu(oac)13’, is a dynamic bimolecular process at low quencher concentration: 

*[Eu(oac)13+ + [M(CN)$- + [Eu(oac)]*+ + [M(CN)J3- (4.22) 

At high concentrations of [Eu(oac)]” and [M(CN)J4- even in aqueous solu- 
tions (high-polarity solvent!), the formation of an ion pair occurs, a new, 
low-energy IPCT broad absorption band in the visible region appears and IPCT 
excitation leads to a reversible electron-transfer reaction: 

*[Eu(oac)13’, [M(CN)$- e [Eu(oac)]*+ + [M(CN) J3- (4.23) 

In contradistinction to the previous examples of ion pairs, there are many 
systems in which it is difficult to distinguish whether the counter-ions form an 
ion pair in it or if a binuclear bridged complex was formed. Such borderline 



70 

systems can be exemplified by the systems of Mo(IV), Fe(II), W(IV) and Ru(I1) 
cyano complexes containing solvated ions of Fe3+, Cu2+ and others [178]. 

It is clear from the above examples that the outer-sphere electron-transfer 
reactions can involve a complex in various types of excited states. *[Cr(bpy)J3+ 
was quenched from the doublet LF state, *UOz+ from the LMCT triplet, 

*VWwM 2+ from the MLCT triplet and ion pairs from the IPCT states. 
Although in most of the outer-sphere photoredox reactions of complexes the 
oxidation number of the central atom is changed, depending on the type and 
localization of HOMO and LUMO, the electron transfer can also result in 
oxidation (reduction) of the ligand without a change in the oxidation state of the 
central atom. Such processes are possible particularly for the complexes with 
macrocyclic unsaturated ligands, such as phthalocyanine. For example [ 1791, on 
Q-band irradiation, [Ru”(Pc)L,] complexes can be quantitatively photooxidized 
to stable n-cation radical species using either an irreversible electron acceptor at 
room temperature (such as CBr&, or even a reversible one (2,3-dichloro-5,6- 
dicyanobenzoquinone) in a low-temperature experiment. The former process 
can be described by the following equation: 

*[Ru”(Pc*-)L,] + CBr, + [Ru”(Pc-)L,]+ + CBr; + Br- (4.24) 

where L = pyridine, CO, DMSO. 
In the future we may expect increasing interest of photochemists in outer- 

sphere photoreduction reactions, not only in connection with the above- 
mentioned aspects (verification of the conclusions of the theory), but also in 
connection with the problems of solar energy conversion and its storage, and 
with the problems of the elucidation of photochemical reaction mechanisms 
taking place in living organisms (photosynthesis). 

A significant contribution to the theory and practical application of the 
available knowledge results mainly from detailed studies of the relationships 
between the structure and photoreactivity of complexes (including their ab- 
solute configuration influencing the kinetics of electron-transfer reactions in the 
case of optically active substances [180], and localization of the charge transfer 
and photoreactivity (there are possibilities in the “tuning” of the properties of 
the excited state). Results of the study of photoredox reactions that take place 
in heterogeneous systems may also be of great value (study of membrane 
processes, effect of micelle formation on the course of photochemical reactions 
[38]). Of course, entirely new regions in the study of photoredox reactions of 
complexes cannot be ruled out. 

4.2.3 Pho toredox intramolecular rearrangements 

Photoredox intramolecular rearrangements are redox isomerization photo- 
chemical reactions in which the composition of a complex is preserved, but the 
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composition of individual ligands, the oxidation number of the central atom and 
in some instances also the coordination number of the central atom are changed. 
Thus, reactants and products can be considered to be coligand isomers [181]. 

A photoredox rearrangement reaction is frequently one of the steps in the 
mechanism of catalytic processes and syntheses of organic and organometallic 
compounds. As an example, the photochemical transformation of the Ir-com- 
plex [(CO),Fe(CHBr=CHBr)] can be considered, in which the formation of a 
reactive Fe(I1) intermediate can be expressed as follows [182]: 

CHBr 
(OC),Fe’- 11 

CHBr 
-%CQ4Fe” <zi = CHBr 

MLCT 
(4.25) 

However, some other types of reactions exist during which an isolable 
product, a coligand isomer of the reactant, is formed. The first complex contain- 
ing a -C = C-CN group as a ligand was prepared by continuous photolysis of 
[Pt’(PPh,),(NCC,CN)] : 

CN 

(PPh,),Pt’ - Ii 1 G (PPh,),Pt” 

I 
CN 

(4.26) 

Irradiation of the related tetracyanoethylene z-complex of Pt(0) led [183] to the 
reaction 

CN CN 

/c N 
% (PPh,),Pt’j 

C = C(CN), 
I 

CN 

(4.27) 

It was found that reaction 4.27 proceeded at least partially through the primary 
generation of a tetracyanoethylene anion radical. 

The photochemical properties of [Pt(PPh&(C,H.J] were strongly affected by 
the excitation wavelength and solvent [184]. Irradiation with 280~nm light in 
ethanol induced elimination of ethylene and the formation of orthometallated 
dimeric species. In CHCl, solution, the final product obtained was 
[PtCIH(PPh,),]. Continuous photolysis at 254 nm in CH,Cl, led to no observa- 
ble loss of ethylene and an orthometallated monomeric Pt(I1) compound was 
formed according to the reaction involving a “pentacoordinated” r-complex : 
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[Pt’(C,H,)(PPh,)d % 
Ph,P PPh, 

&I& ---) el;; (4.28) 

An alternative mechanism is possible, but not very likely. 
The reactions of coligand isomer formation may be a consequence of migra- 

tion or inversion processes. It should be noted, however, that not all of them 
represent redox processes localized on the central atom. Such reactions will be 
mentioned in Section 4.5. 

For these and other reactions of this type, no relationship between the type 
of excited state of the complexes and the course of the reaction has been 
investigated. The studies were carried out with the aim of employing 
photochemistry as one of the synthetic methods in the chemistry of coordination 
compounds and organometallics. A knowledge of the photochemical generation 
of reactive intermediates (products of rearrangements) could potentially be 
applied to catalytic processes. 

4.2.4 Photoredox elimination and addition reactions 

Photoredox elimination and addition reactions are characterized by changes in 
the oxidation number of the central atom and in coordination number of the 
complex. Usually, an increase in the oxidation number is accompanied by an 
increase in the coordination number, and vice versa. The former reactions are 
called oxidative additions and the latter reductive eliminations. As components 
of reaction mechanisms, these reactions represent the formation of inter- 
mediates and only in a limited number of instances a stable product has been 
isolated and characterized. 

Photoredox addition reactions may take place when the Lewis acidity of the 
central atom in the complexes is increased by excitation, and the reactive particle 
of the system is bonded to the vacant, unoccupied site with simultaneous 
oxidation of the central atom. 

It was found from a detailed kinetic study [185] of the photoredox reaction 
between [Pt(Me),(phen)] and i-PrI that the triplet MLCT state of the complex 
abstracts the iodine atom from the isopropyl iodine molecule and the pentacoor- 
dinated Pt(II1) complex reacts in the presence of the 4-methoxyphenol free-radi- 
cal inhibitor by abstraction of the second iodine atom to produce the final 
[Pt(Me),I,(phen)] complex : 
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In the absence of the free-radical inhibitor the complex [Pt’v(Me)z(i-Pr)I(phen)] 
is formed. 

Four complexes with the formula [Pt”‘(L)Cl(CHClX)], where L- are C- 
deprotonated forms of 2-phenylpyridine and 2-(2-thionyl)pyridine and X is .H 
or Cl, were prepared [186] via oxidative addition of CH,Cl, or CHCl, to a 
*[PtLJ complex. It is probable that also in this instance the MLCT triplet 
excited state will be photochemically active [emissive state of the starting Pt(I1) 
complex]. Both the Pt(I1) starting and Pt(IV) final complexes give strong 
luminescence in the visible region. 

It can be assumed that other reactions, for example [187] 

Ft”(W),W $+ Ft'"Ov$ld 
3 

(4.30) 

also start with the abstraction of an atom by the excited complex in the primary 
photochemical step. 

In some reactions, however, the coordination number of the central atom is 
increased, but only as a consequence of a secondary thermal reaction occurring 
after formation of a coordinatively unsaturated intermediate in the primary 
photochemical process. It can be exemplified by the following reaction [188]: 

SiCl, 
(4.3 1) 

Of the various photoredox eliminations, the elimination of hydrogen from 
hydride complexes has been the most studied. Irradiation of the [FeH,(dp)J 
complex in the IL region localized on the diphos ligand results in the primary 
photochemical process of elimination of an H, molecule [ 1891: 

[Fe”H,(diphos),] s [Fe’(diphos)J + H, (4.32) 

From an analogous complex, [FeD,(diphos)J, D, is released during irradiation. 
Application of EPR spectroscopy and the spin-trapping method has shown that 
in the irradiated systems neither atomic hydrogen nor deuterium is formed. 
Using mass spectrometry, the presence of H, and D1, but no HD molecules, was 
proved in irradiated systems containing both [FeH,(diphos)J and [FeD, 
(diphos)J. These results show that molecules of H, and Dz leave the solvent cage 
of the complexes, and the photoelimination can be characterized as non-radical. 
A similar result [190] was achieved on irradiating systems of complexes of the 
trans-[PtHX(PPh,),] type, where X = CH,CN, CH,(CH),CN or CF,, when the 
HX compounds but not H, or X-X, were identified as reaction products. 



A coordinatively unsaturated complex (product of the primary photochemi- 
cal elimination reaction) is usually very reactive and increases its coordination 
number by an orthometallation reaction, formation of a polynuclear complex 
or an insertion reaction. These are the secondary thermal reactions. 

During the coordination of an 0, molecule, transfer of the electron density 
into ti-antibonding orbitals localized on the dioxygen molecule takes place, 
depending on the properties of the central atom and the composition and 
symmetry of the coordination sphere, yielding the formation of superoxide or 
peroxide groups. Cases in which the negative charge is not increased during the 
coordination of the 0, molecule rarely occur [ 1911. 

Irradiation of dioxygen adducts of complexes can result (particularly with the 
formation of the excited state of charge transfer from the dioxygen moiety to the 
central atom) in elimination of the dioxygen molecule and in a decrease in the 
coordination number. It was found [I921 that the dioxygen adduct of Co(I1) 
tetraphenylporphyrin [usually formulated as a superoxo complex of Co(III)] 
undergoes photoinduced elimination of dioxygen : 

[Co”‘(O;)(TTP)] 2 [Co”(TPP)] + 0, 

owing to the homolytic cleavage of the dioxygen-cobalt bond. 

(4.33) 

In most instances, photolyses of peroxo and dioxygen complexes of tran- 
sition metals lead to the formation of 0, inits triplet ground state. In contrast, 
the photolysis of [PtOz(PPh,),] produces electronically excited singlet dioxygen 
[193], which was evidenced using a singlet oxygen scavenger. 

The photochemical properties of azido complexes strongly depend on the 
properties of the central atom. The photodecomposition of azido complexes can 
yield photosubstitution reactions, azide radical formation, coordinated nitrone 
(singlet or triplet) formation or, in addition, reductive elimination of azide. Such 
elimination and molecular nitrogen formation was found to occur [194] on 
irradiating truns-[Pt(CN),(N,),]*- in water or ethanol : 

trans-[Pt’“(CN),(N,)J2- L [Pt”(CN),]*- + 3N, (4.34) 

The decrease in the quantum yield of reaction 4.34 with increasing pressure 
was interpreted as evidence for the formation of a caged radical species via 
simultaneous scission of both Pt-N, bonds in the LMCT state. 

The mechanism of nitrogen elimination from azido complexes of other 
central atoms [Ni(II), Rh(III), Ir(III), Cr(III)] is different and production of 
nitrene intermediate in the primary photochemical step is suggested. Nitrene 
formation is favoured for central atoms that do not have a stable lower oxida- 
tion number, and for central atoms that possess filled d-orbitals that can 
back-donate into the vacant nitrogen-atom orbitals and thus stabilize the metal 



nitrene. With the [Cf *‘(salen)N,] complex, the nitrogen photoelimination is 
accompanied by oxidation of the central atom and formation of a Cr(V) nitrido 
complex, which was demonstrated [195] by EPR spectroscopy: 

[Cr”‘(salen)N,] z [Cr”(salen)N] + N, 

With regard to the change in the oxidation number of the central atom, 
reaction 4.35 is an oxidative elimination that does not include a change in the 
coordination number or in the chromophore. 

Available data on photochemical and photophysical deactivation pathways 
still do not enable conclusions to be drawn on the relationship between the type 
of the excited state (electronic and molecular structure of the complex in this 
state) and the ability of the complex to undergo photochemical addition and 
elimination reactions. 

Studies focused on these topics are very promising, as the formation of not 
only the final stable products but also of intermediates can be of great impor- 
tance for the practical application of the knowledge available from the 
photochemistry of complexes (see Chapter 5). 

4.2.5 Inner-sphere photoredox reactions of complexes 

In this section, redox reactions of monomolecular complexes are discussed in 
which, after the exchange of an electron between the central atom and one of 
the coordinated ligands in the primary photochemical step, the given redox- 
changed ligand leaves the first coordination sphere of the complex and the 
composition of the complex is changed. In most inner-sphere photoredox 
reactions, the central atom of a complex is reduced and a ligand is oxidized. 
Frequently, the products of the primary photoredox step (oxidized ligand, in 
particular) undergo secondary thermal redox reactions. The processes under 
consideration are a consequence of the radial redistribution of electron density 
and occur from the LMCT excited states in most instances. 

The formation of the LMCT state and redox decomposition can be brought 
about in several ways, as follows. 

The LMCT excited state from which the photoredox deactivation process 
originates can be populated directly by photoexcitation (it is identical with the 
spectroscopically populated LMCT state) as, e.g., in the irradiation of gaseous 
Fe&: 

~MXl,,~ * ,,&[Fe,ClJ + 2FeCl,,, + 2Cl’ (4.36) 

and solutions of Cu(I1) carboxylate complexes: 

[CuOOCCH,];,, : &[CuOOCCH&, + Cu&, + CH; + CO2 (4.37) 



Achieving the LMCT state by internal conversion from another, energeti- 
cally higher excited state and by energy transfer was exemplified [196] in the 
study of the photoredox decomposition of the [Co(phen)J3+ complex. On 
irradiating the complex with light at 254 nm [the region of the MLCT transition 
3d,(Co) --) R*(phen)], Co2+ ions are generated with a quantum yield of 0.004 
in the solution. Irradiation with light at 313 nm (region of the IL transition) 
does not result in a photoredox process. On irradiation of solutions containing 
both the [Co(phenM3+ complex and free l,lO-phenanthroline at 313 nm, the 
intensity of fluorescence of l,lO-phenanthroline decreases with increasing con- 
centration of the complex, and Co2+ ions are formed in these systems. The 
monoprotonated form of 1, lo-phenanthroline does not sensitize the reduction 
of Co(II1) to Co(I1) on irradiation, and its fluorescence is not quenched by the 
complex. The IL state energies for free and monoprotonated l,lO-phenan- 
throline are 3.66 and 3.27 eV, respectively. The limiting quantum yield of the 
photosensitized reduction of Co(II1) to Co(I1) is 0.1. It follows from the above 
experimental data that in a system in which light is absorbed especially by 
free l,lO-phenanthroline, the energy transfer from the singlet state of 
1, IO-phenanthroline to the [Co(phen)3]3+ complex leads to the formation of the 
redox reactive MLCT state: 

[Co(phen),13+ + :,(phen) -+ phen + ,&[Co(phen),]‘+ 

which is deactivated by redox decomposition: 

(4.38) 

L& [Co(phen)313+~ Co:: + 2phen + products of phen oxidation (4.39) 

The energy of the LMCT state of the complex is lower than 3.66 and higher than 
3.27 eV. As the properties of coordinated l,lO-phenanthroline are similar to 
those of the monoprotonated form (Hphen)+, apparently the IL state of the 
coordinated ligand will also be energetically lower than the LMCT state, and 
therefore irradiation of the complex in the region of the IL transitions does not 
cause any photoredox processes. The electron distribution in the MLCT state 
of the complex obtained by irradiation at 254 nm is not suitable for Co(II1) 
photoreduction and hence the redox reactive LMCT state is populated from this 
state by internal conversion. On comparing the quantum yields of Co(I1) in 
direct and sensitized photoreduction of Co(III), it appears that the conversion 
of the spectroscopically populated MLCT state to the LMCT state is low. 

If in the complex being generated the central atom possesses an electron 
configuration conditioning the kinetic inertness of the complex, only its partial 
decomposition takes place, e.g., 

[IrC1J2- + H,O : [11Cl,(H,0)]~- + Cl’ (4.40) 
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In other instances [e.g., the production of kinetically labile Co(I1) complex], 
complete decomposition of the complex can be observed. 

Proposals for the mechanisms of inner-sphere photoredox reactions of coor- 
dination compounds are based first on identification of the radical products of 
the primary photochemical reactions. Of the methods available for this purpose, 
especially the EPR technique at low tempertures, in the presence of spin-trap- 
ping agents, and flash photolysis with radical spectra measurements are being 
used. The presence of some radicals in the irradiated systems was proved with 
radical scavengers. Examples of the results obtained by the different methods 
are given below. 

Irradiation of the [Co(NH,),N,]*’ or [Co(CN),N,]‘- complex in the region 
of the LMCT transitions, apart from leading to photoaquation, also results in 
reduction of Co(II1) to Co(I1). Reduction of the central atom can be due to 
outer-sphere transfer of electrons from the solvent molecules to the complex as 
a consequence of the increase in the oxidation potential of the complex on 
excitation, or to inner-complex electron transfer from the coordinated azide 
ligand to the Co(II1) central atom. Based on EPR spectra of the irradiated azide 
complex systems in the presence of spin-trapping agents (phenyl-N-tert-butyl- 
nitrone, PBN, or nitrosodurene, ND) it was found [197] that in these systems 
adducts of the above agents with the N; radical are formed; adducts of trace 
amounts of CH,OH radical are also formed in methanol solutions. On the basis 
of these results,.homolytic cleavage of the Co”‘-N; bond in the LMCT state has 
been postulated as the primary photochemical process. The reaction rate con- 
stant of the N; radicals with the spin-trapping agents is much higher than that 
with the molecules of methanol, which explains the formation of only trace 
amounts of the CH,OH radicals. In the absence of spin-trapping agents the NY 
radicals were not identified by the EPR method even on irradiating the systems 
at low temperatures. 

When using the PBN and ND spin traps, the problem of the determination 
of the primary photochemical reactions in the course of CT irradiation of the 
[Mo(CN)J3- complex in the presence of methanol from the region of CT bands 
was also solved [198]. On the basis of the characteristic features of the EPR 
spectra, the presence of [Mo(CN),]*-, CH,O’, CN’ and CH,OH radicals was 
proved, and the following mechanism of the primary processes was suggested: 

[Mo(CN)J’- + H+ + CH,O’ (4.41) 

[Mo(CN),]*- + CN- (4.42) 

[Mo(CN)J3- + CN (4.43) 

Hence the primary processes involve both outer-sphere electron transfer (eqn. 
4.41) and inner-sphere redox (eqn. 4.43) and non-redox (eqn. 4.42) processes. 
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The intermediates [Mo(CN),]*- and CH,O’ subsequently undergo thermal 
secondary reactions, leading to the production of [(CN),Mo-CN-Mo(CN)#- 
and CH,OH radicals. 

In several instances, valuable information on the mechanism of photoredox 
reactions was provided by pulsed-laser flash photolysis. The absorption spec- 
trum of a system of Cu(I1) chloro complexes in acetonitrile measured within a 
few nanoseconds after the pulse [199] [light with a wavelength of 437 nm, 
corresponding to the LMCT transitions, which is the region of LMCT tran- 
sitions in the case of Cu(I1) chloro complexes] shows a band that is assigned to 
the Cl; anion radical according to its characteristics (E w 10 000 1 mol-’ cm-‘). 
From the rates of decrease in absorbance of the Cl; radical in the presence of 
different concentrations of Cu*+ and Cu+ ions, the rate constants for the 
reactions of this radical with the above-mentioned cations were calculated. On 
the basis of the evidence of Cl; radicals in the irradiated system, a mechanism 
of the primary process (eqn. 4.44) and of subsequent secondary thermal reac- 
tions of the generated Cl’ radical (eqn. 4.45) has been suggested: 

[CuClJ2- &+ [CuCl#- + Cl’ (4.44) 

Cl’ + Cl- + Cl; (4.45) 

The Cl; and Br; radicals in the irradiated systems of chloro and bromo 
complexes of Fe(II1) were identified [200] analogously by the method of pulsed 
photolysis, and the primary process was postulated as the photoredox decom- 
position of the Fe(II1) halide complex. It should be noted that the presence of 
the X; radical in this system and others is not evidence of an inner-sphere 
electron-transfer mechanism between the ligand X- and the central atom, nor 
evidence that the X’ radical generation is the primary photochemical process. 
Theoretical treatment of EPR studies of the systems of [FeXJ and [CuX,]*- 
complexes has shown [201] that the primary electron transfer takes place be- 
tween the complex in its excited state and the particle in the secondary coordina- 
tion sphere of the complex. 

When using benzoic acid as the radical scavenger, the presence of the OH’ 
(but not of chloro radicals) [202] has been demonstrated in irradiated aqueous 
solutions of Fe(II1) chloro complexes, as the reaction product of the scavenger 
was salicylic and not chlorobenzoic acid. Because the quantum yield of Fe(I1) 
obtained by Fe(II1) photoreduction decreases with increasing concentration of 
NaCl and HCl in the system, and increases with increasing concentration of 
solvated (Fe3+ . OH-)so,v ions, the hydroxo but not chloro complexes of Fe(II1) 
are considered to be photosensitive, and the primary process was proposed to 
be homolytic cleavage of the Fe(III)-OH- bond in the excited state. 

It can be seen from the data available that the conclusions drawn from the 
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study of a particular problem are not necessarily identical when using different 
experimental techniques, however, they do not rule each other out. One of the 
reasons is the fact that it is not always the products of the primary photochemi- 
cal processes that are identified by the methods employed, but the species 
produced in the fast secondary reactions of these products. Another reason is 
that in the irradiated system several primary photochemical reactions .may 
occur, and not all of the methods used are equally sensitive to all products of 
these processes. 

The solvent properties can also have a marked influence on the kinetic 
parameters of photochemical reactions, even if the molecules of the solvent do 
not take part directly in these reactions. This can be demonstrated [203] by the 
effect of the viscosity of the medium (water, glycerol and their mixtures) on the 
quantum yields of the photoredox decomposition of the [Co(NH,),(NO,)]” 
complex and nitro-nitrito isomerization of the above-mentioned complex 
during irradiation of the system into the LMCT band (4, = 366 nm). 

The generation of NO; radicals and Co(I1) is considered to be a primary 
photochemical process : 

(4.46) 

A decrease in viscosity increases the probability of diffusion of the NO; radicals 
from the solvent cage of the radical pair, and thus the quantum yield of the 
photoredox process increases : 

WoW-bM2+, WXN,,,, = Co:; + 5NI-b + (NO;),,, (4.47) 

With increasing viscosity of the medium, the strength of the solvent cage also 
increases. The probability of the radical separation decreases and the probabil- 
ity of back-coordination of the NO; radical increases, not only by nitrogen, but 
also by the oxygen atom. Hence the quantum yield of isomerization increases 
with increasing viscosity of the medium. 

Irradiation of the [CO(NH,),(NO,)]~+ complex with monochromatic radia- 
tion at eleven different wavelengths in water-ethanol mixture with constant 
viscosity, and determination of both the quantum yields of photoreduction of 
Co(II1) to Co(I1) and of nitro-nitrito photoisomerization showed [204] that the 
ratio of the quantum yields does not depend on the wavelength of the excitation 
radiation. On irradiating in the region of the LMCT transitions, the quantum 
yield of the photoredox reaction decreases with decreasing energy of photons; 
on irradiating in the LF bands, it does not depend on the energy of photons. It 
was deduced from these results that the vibrational relaxation in the LF state 
is much faster than any other photophysical or photochemical deactivation 
mode and a thexi LF state is formed from which the LMCT state with a zero 
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or very low vibrational level is achieved by internal conversion. In the LMCT 
state population, chemical deactivation is a much faster process than the 
achievement of the thexi state; by increasing the energy of the excitation light 
the kinetic energy of the primary photochemical reaction products increases and 
hence also the probability of these products escaping from the solvent cage. 

The data obtained from the study of inner-complex photoredox reactions can 
be referred to various energetic characteristics of the irradiated complex and 
products of its decomposition. Relationships between the threshold energy of 
the reaction, Et,,, the energy of the bond split in the primary process, AHb, 
characteristics of the central atom and ligand undergoing a redox change 
(ionization energies, IE; electronegativity, x; electron affinities, EA), solvation 
energies, AH,, and ligand-field stabilization energies, LFSE, were applied in 
particular to pentaammine complexes of Co(II1) and Rh(II1) with acido ligands 
X-. These complexes will be designated [ML5X]*+. 

Generally, the relationship between AHb and Et,, for a process in which the 
spin remains unchanged is 

AHb = ~5th + AH, + AHspin (4.48) 

where AH, represents a change in the solvation energy of the reactant and 
product for the process 

[L,M”‘-X-l*+ 2 [L,M”, X.1 (4.49) 

and can be calculated from thermodynamic cycles and AH,, is the energy 
related to the spin changes in the reaction (e.g., [CoL,X]*+ complexes are of a 
low-spin type, the [CoL,]*+ particle has a high-spin quartet ground state). The 
energy Et,, thus represents the difference between the energies of the reactant and 
product in their ground states. 

My;, + 5L + Xlg] 
IE+EA 

- M:,‘) * 5L + Xi,, 

Uo’ I LFSEIM”‘L,X-1 ub + 

I 

LFSEiMUL51 

M’“LgX- 
A”, 

- M”LS,X’ w 

I A% I A”, 

[M"' Lc,X-1 
A"b+AHs 

SO,” - IM”L,,X’l SOI” 

Fig. 13. Schematic diagram showing the relationship between thermodynamic parameters of inner- 
sphere electron-transfer reaction for [M”‘L,X]*+ complexes. 
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Relationships between the energy parameters are frequently illustrated in 
schemes of energy cycles. One of them is shown in Fig. 13 [205] (for the sake of 
simplicity the given particles are presented without charges). It follows from the 
scheme that 

AH,, = IE + EA + AU,, + ALFSE (4.50) 

where IE is the second ionization energy of the atom M, EA the electron affinity 
of the particle X’, AU, the difference between the spherical components of the 
ligand field potential and ALFSE the difference between the stabilization ener- 
gies for the species [M”*L,] and [M”L,], provided the following equation is valid: 

LFSE[M”‘LS] = LFSE[M’1’L5X] - 4Dq(X-) (4.5 1) 

AH, is related to the properties of the central atom and ligand X- as follows: 

AH,, = [lZ(xx - x~)’ + (E,,Ex,)~5 + 4Dq(X-) + ALFSE (4.52) 

In eqn. 4.52, the Allred-Rochow electronegativity values are used (other pa- 
rameters being in kJ). The term containing electronegativities (x) expresses the 
ionic contribution to the bond energy; the term consisting of energies of the 
M-M and X-X bonds expresses the covalent contribution. For illustration, data 
on the calculation of AH,,, according to eqns. 4.48 and 4.52, for [Co(NH&X]” 
complexes are presented [205] in Table 13 (AH,,, = 47 kJ mol-‘, EC+ = 51 kJ 
mol-‘). 

TABLE 13 
Spectral and thermodynamic data for complexes of [Co(NH,),X]‘+(for details, see text). Energy 
quantities are in kJ mol-’ [205] 

X AHdoW xx 4JMX-) ALFSE AH,,(calc) 

Cl 310 83 273 2.87 74 83 278 
Br 260 73 236 2.74 66 80 245 
I 198 55 186 2.21 46 91 173 
NO2 248 60 273 2.6 149 77 290 
NJ 259 60 247 2.77 75 79 220 
NCS 285 60 273 2.61 99 86 232 
SCN 236 60 225 2.53 88 90 213 

Most photochemical studies deal with kinetically inert complexes. Calcula- 
tion of the kinetic parameters of the deactivation processes of the individual 
kinetically labile complexes with the dynamic equilibrium 
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M $ ML... & ML, . . . $ ML, (4.53) 

where M and ML, are solvated ions of the central atom and solvated complexes 
and n is the maximum number of ligands coordinated to the central atom 
(charges of the particles are not given), is more complicated than for systems 
containing only one photochemically active complex. 

Conditions for the calculation are documented [206] using the determination 
of the quantum yields of a photoredox deactivation of the individual kinetically 
labile complexes, ed, which was applied to the study of the inner-complex 
photoredox reactions of Cu(I1) chloro complexes in acetonitrile during which 
photoreduction of Cu(II) to Cu(I) took place. 

The distribution of the individual ML, complexes depends on their stability 
constants, pi, under the given conditions and can be expressed in terms of 
fractional concentrations, ai: 

(4.54) 

where ci and C~ (cL) denote the equilibrium concentration of the ML, complex 
and total concentrations of M and L, respectively. In a system with different 
C~ : cL ratios (for the calculation, the photochemical properties of a minimum of 
n systems must be studied), the a, parameters assume different values, while it 
always holds that 

ia;= 1 (4.55) 

From the spectral properties of all n systems for any wavelength it is possible 
from n equations: 

A, = cMdi aiqA (4.56) 

to calculate the values of the molar absorption coefficients, E~.~, for each complex 
(d is the optical cell thickness). 

The number of photons absorbed per time unit by the ith complex during 
irradiation of systems with monochromatic light of wavelength il, Ii, can be 
calculated from the following relationship: 

(4.57) 
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or, when introducing Zabs (I,, and ZabS are the number of photons entering or 
absorbed in the system, respectively, per unit time): 

Ii = Zabs Al%__ 

iffiEi. A 

(4.58) 

From the definition of the experimentally determinable rate of photochemi- 
cal reactions : 

V exp = - 
dc,_ c n !k@ 
dt - - i dt 

z 
exp abs 

and an analogous relationship valid for each of the n complexes: 

v. = - dci = @.I, 
I 

dt ” 

(4.59) 

(4.60) 

n equations can be derived: 

i@ia*Fi,A 

aJexp = i (4.61) 

and calculated from the ai values (d& are experimentally found quantum yields 
of the reaction or product in each of the n systems studied). 

The results for systems of Cu(I1) chloro complexes irradiated with 470~nm 
light are given in Table 14. 

TABLE 14 
Values of molar absorption coefficients, E~,,,~,,,. and quantum yields of Cu(I), 4&,), for photoreduc- 
tion of chlorocopper(I1) complexes in acetonitrile [206] 

Complex ’ .sq,Onm (lmol- cm-‘) @ CU(ll 

lCuCl,(ACN),I 217 0.299 
[CuCI,(ACN)]- 1574 0.093 
[CuC1,12- 1289 0.053 

“Complexes [Cu(ACN),]*’ and [CuCl(ACN),]+ do not absorb at 470 nm. 

The above method can also be applied to photophysical processes, e.g., 
emission of radiation, however, the equations: 



must include the ai values obtained under the conditions of the measurement of 
emission spectra (often at low temperatures). 

It is known that efficiency of the conversion of light into chemical energy in 
green plants and algae is high, which has attracted the interest of photochemists. 
It was found that following the absorption of a photon by chlorophyll, the first 
electron transfer reaction is extremely fast (k > IO” s-‘) and proceeds from a 
singlet excited state. The quantum yield of the subsequent electron transfer is 
nearly unity. To understand the processes of photosynthesis in detail, several 
types of model systems have been prepared and the course .of their intramole- 
cular electron-transfer reactions has been investigated. The results obtained 
should be mentioned in this section in spite of the fact that no net chemical 
change (redox decomposition of primary excited systems) was observed. 

In Zn(I1) porphyrin-linked-to quinone molecules, ZnP-R-‘Q, where R is an 
organic linking group bridging the porphyrin complex with the quinone ‘Q, the 
rate constant of electron transfer: 

*[ZnP-R-‘Q] : [ZnP+-R-/Q-] (4.63) 

depends on the driving force of the reaction, the porphyrin-quinone distance 
and the solvent [207]. The relationship between the rate constant and the above 
factors is not unambiguous and, moreover, the rate constant will probably be 
influenced by the mutual orientation of the porphyrin and quinone moieties, the 
properties of the linking group R and external influences. 

The sensitivity of light-driven intramolecular electron-transfer reactions to 
solvation and structural changes was demonstrated [208, 2091 by the investiga- 
tion of the photochemical behaviour of doubly linked diporphyrins consisting 
of magnesium(I1) and free base protonated subunits, MgP-H,P. It was shown 
that the course of deactivation processes was influenced particularly by the 
mutual orientation of the porphyrin rings and the properties of the solvent. In 
any of the systems studied, the primary process of electron transfer did not result 
from the excited singlet state 

‘[MgP-H2P]* = (MgP+-H,P-] (4.64) 

into decomposition of the diporphyrin moiety. 
It is evident from the results presented in this section that the study of the 
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kinetics, thermodynamics and quantum-mechanical aspects of inner-sphere 
photoredox decomposition reactions can contribute markedly to a more de- 
tailed understanding of bond-making and bond-breaking processes and thus to 
the reactivity of chemical compounds in general. 

The inner-sphere photoredox reactions are of great importance to polymer 
chemistry and other fields of practical application of photochemistry (see Chap- 
ter 5). Simultaneously with the development of the theory of such reactions, an 
increase of their practical applications can also be expected. 

4.2.6 Photoredox reactions of polynuclear complexes 

Together with the development of the knowledge of the electronic structure of 
polynuclear complexes (particularly with metal-metal bonds) obtained by pho- 
toelectron spectroscopy, quantum chemistry and electronic absorption and 
emission spectroscopy, the study of photochemical deactivation processes of 
these complexes has also been developed. 

Polynuclear complexes provide redox reactions analogous to mononuclear 
complexes (see previous sections). In this section, redox reactions that are only 
typical for polynuclear complexes will be discussed, namely intramolecular 
electron-transfer reactions from one to another central atom, connected by a 
bridging ligand, redox decomposition of p&nuclear complexes forming mono- 
nuclear compounds, redox synthesis of polynuclear complexes and redox 
rearrangements accompanied by changes in the composition of polynuclear 
complexes. 

Much effort has been devoted to the study of both thermal and photochemi- 
cal intramolecular electron-transfer reactions. Unlike outer-sphere reactions, 
where the precursor and successor complexes are ion pairs or outer-sphere 
complexes, for intramolecular redox reactions the precursor and successor are 
binuclear (or polynuclear, in general) complexes in which a bridging ligand(s) 
connect(s) two central atoms. Thus, the successor and precursor may be re- 
garded as redox isomers. 

In the context of theoretical approaches applied to studies of thermal and 
photochemical electron transfer, ligand-bridged mixed-valence compounds are 
of great interest. In these dimers, the redox sites are held at a welldefined 
distance and geometry relative to one another, electron transfer between sites is 
often a reversible process and, using transient photolysis techniques, much 
valuable information can be obtained experimentally. 

Electron transfer between the central atoms can include both redox changes 
localized on ligands and intramolecular energy transfer depending on the redox 
potentials of redox sites, the energy content of individual excited states and the 
wavelength of the exciting light. 
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As during excitation the redox sites are in direct interaction, the rate constant 
of electron transfer, k,‘, can be higher than the diffusion-limited rate constant, 

k,‘p 
A relatively simple mechanism of electron transfer in a mixed valence com- 

plex can be exemplified [210] by a reaction involving reduction of the pyrazine 
bridging ligand and a change of the oxidation number of the central atoms: 

[(NH,),Ru”(pz)Ru”‘(EDTA)]+ + [(NH,),Ru”‘(pz)*)Ru”‘(EDTA)]+ 

[(NH,),Ru”‘(pz)Ru”(EDTA)]+ (4.65) 

for which rate constants of electron transfer of k, > 10” s-’ and kz = 8 x lo9 s-’ 
have been determined. 

The electron-transfer rate constant for the reaction 

,& [(S)2ClRu”‘(L)Ru”Cl(bpy)J3+ 2 os[(S)$ZlRu”(L)Ru”‘Cl(bpy)J3+ (4.66) 

where bridging ligand L = 4,4’-bipyridine or 1,2-dipyridylethylene and S de- 
notes the bidentate ligand 1,2diphenylthioethane, is keL = 6 x 10” s-’ [211]. The 
intervalence charge-transfer excited state was formed by the following sequence: 

GS L Ru” + L(CT) fast Ru” + (bpy)(CT) = IVCT (4.67) 

which corresponds to the lowering of the energies of the given excited states. 
If the binuclear redox isomer has at least one central atom forming kinetically 

labile complexes, decomposition of the complex from the IVCT excited state 
can take place. This assumption was verified by the study of thermally 
stable binuclear Co”‘-Ru” , Cr”‘-Fe” and other complexes. For instance 

[44], irradiation of a thermally stable (J??‘([CO(NH,),J)~+‘*+ = 0,ll V, 
E”([Ru(CN)&~-‘“- = 0.86 V), kinetically inert complex with a bridging cyanide 
ligand, [(NH3)&o”‘-NC-Ru”(CN)J-, in the region of the IVCT transition 
(d,,,,, = 375 nm) leads to the following redox decomposition: 

[(NH3)5Co”‘NCRu”(CNS)1- $+ *[(NH3)SCo”NCRu”‘(CN),]- + 

-+ Co;; + 5NH, + [Ru”‘(CN),13- (4.68) 
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owing to the lability of the Co(U) centre. The same mechanism was suggested 
[44] for the redox decomposition of the IVCT excited state of the 
[(NH&H,O)Cr”‘-NC-Fe”(CN)J complex [owing to the formation of a ki- 
netically labile Cr(I1) centre]. 

Photoredox decomposition of polynuclear complexes can also be found with 
species other than mixed-valence compounds in their IVCT states. 

Of the binuclear bridging complexes, particularly Co(II1) complexes were 
studied with regard of their photochemical properties [7]. Irradiation of the 
systems of such complexes results in dissociation into monomolecular com- 
plexes, e.g., 

[(NH&Co”‘-O;-Co”‘(NHJ$+ -&&+ Co;,’ + O2 + 5NH: + 

+ [CO”‘(NH,),(H,O)]~+ (4.69) 

It is probable that the complex dissociation takes place from the superoxo 
ligand to the central atom excited state. 

Within the framework of the study of the roles of iron-containing enzymes 
(cytochrome P-450, horseradish peroxidase, etc.) in both oxygen-transfer and 
electron-transfer processes, the redox photodisproportionation of model com- 
plexes, such as p-oxobisporphyriniron(III), has been investigated using con- 
tinuous and flash photolysis and spin-trapping ESR [212-2141. The primary 
photochemical step is redox photodisproportionation of the dimer: 

[(TPP)Fe”‘-&Fe”‘(TPP)] E [Fe’“O(TPP)] + [Fe”(TPP)] (4.70) 

In the absence of an oxidizable compound, primary (cage) and secondary 
recombination are very effective processes and the quantum yield of the mono- 
nuclear complexes is very low (43 < 10m5). 

A careful analysis of the experimental data (the dependence of the quantum 
yield on the excitation energy for oxygen-, nitrogen- and carbon-bridging 
dimers) led to the conclusion [212] that a highly distorted, vibrationally non- 
relaxed CT state is responsible for the primary photochemical step. The reactive 
CT state can be obtained by photoexcitation or by internal conversion (tri- 
plet-triplet transition) from the porphyrin-localized IL excited state. The ferry1 
complex represents a strong oxygen-donor or electron-acceptor oxidant. 

A different photochemical behaviour from that of the usual metallopor- 
phyrins that have one central atom incorporated in a porphyrin ligand is 
exhibited by dinuclear complexes with a porphyrin acting as a bridging ligand 
and two central atoms located on each side of the porphyrin plane. A typical 
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example of such compounds is (@etraphenylporphinato)bis(dicarbonyl- 
rhodium(I)), [(TPP){Rh’(CO),}J. The dinuclear rhodium complex photodecom- 
poses from the lowest vibrational level of each higher excited singlet state, 
S, (n > 2), as was deduced [ 154,2 151 on the basis of an interpretation of experi- 
mental results(the wavelength dependence of the quantum yield, transient 
spectra measurements, steady-state and laser flash photolyses). The primary 
photochemical step following the excitation into a higher singlet state was 
proposed’ to be 

KTPP)Wh’(CW,I : [(TPP)Rh”(CO)-J + Rho + 2C0 (4.71) 

In benzene, an intermediate [(TPP)Rh”(CO)J is converted into a diamagnetic 
dinuclear Rh( II) complex : 

2KTVWCW --+ [(TPP)Rh], + 4C0 (4.72) 

In the presence of carbon tetrachloride, mononuclear Rh(II1) complex is 
formed according to the reaction 

[(TPP)Rh”(CO)J + Ccl, -+ [(TPP)Rh”‘Cl(CO)] + CO + Ccl; (4.73) 

In connection with the-exploitation of photochemistry for the preparation of 
organometallic and coordination compounds, and with the catalytic properties 
of compounds with metal-metal bonds, the photochemical and photophysical 
behaviour of polynuclear compounds with metal-metal bonds has been exten- 
sively investigated. It should be noted that the photochemistry of binuclear 
complexes (in particular those with a single metal-metal bond) differs from that 
of cluster compounds. 

Irradiation of binuclear complexes with a single metal-metal bond in the 
region of transition localized on the central atoms frequently results in homo- 
polar cleavage of this bond, forming coordinatively unsaturated fragments 
[9, 2161 that are able to undergo a redox process, for example [9] 

W95Mn-RWOM 2 [Mn(CO),Cl] + [Re(CO),Cl] (4.74) 

As neither energy transfer from the excited binuclear complex nor luminescence 
takes place, the rate constant of the Mn-Re bond cleavage must be higher than 
IO” s-‘. The bond cleavage is not connected only with a*-orbital population but 
also with depopulation of cr- or dAM)-orbitals localized on the metal-metal 
fragment. This is evident from the fact that an analogous bond breaking occurs 
also when the MLCT state is the energetically lowest excited state. This can be 
exemplified by homolytic splitting of the Re-Re bond during irradiation of the 
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complex [(CO),Re-Re(CO),(phen)] in the region of the a(Re-Re) + Ic*(phen) 
transition. 

In polynuclear complexes with simple metal-metal bonds, the probability 
that monoelectron excitation results in decomposition of the complex is low. An 
example of a reaction during which declustering takes place is decomposition of 
the [HCCo,(CO),] complex with a tetragonal arrangement of the C and Co 
atoms [9] 

2[HCCo,(CO),] + 6C0 + 3H, s 3[Co,(CO),] + 2CH, (4.75) 

Redox reactions of large clusters, such as [TaaBr,J2+, [MO,&]*- and 
[W,Br,J2-, are not usually associated with their decomposition owing to delo- 
calization of the redox orbitals over the whole particle [217]. Unlike binuclear 
complexes, however, clusters may undergo bimolecular electron-transfer reac- 
tions with participation of two or more electrons. The excited states of clusters 
can be distorted but, owing to delocalized molecular orbitals, distortions are not 
likely to be strong. 

Photoexcitation of mononuclear complexes and deactivation connected with 
the formation of coordinatively unsaturated monomeric intermediates may 
result in the production of polynuclear complexes. The composition of a 
product and its structure depend on the properties of the central atom. This 
statement can be supported by results obtained by irradiation of solutions of 
[IrH(PF,),], [CoH(PF,),] or their mixture. In the former instance [218], a com- 
plex with a metal-metal single bond is formed: 

2[Ir’H(PF,)J 2 H, + [(PF,),Ir’-Ir’(PF,)J 

In the latter two instances [219, 2201, 
prepared : 

hv 

(4.76) 

double-bridged compounds were 

2[CoH(PF,),] --, [(PF~~CO~~-H)~-PF~)CO(PF,),I + HF + PF, (4.77) 

[CoH(PF,),] + [IrH(PF,),] s [(PFsXCoOl-H)~-PF31r(PF,U + HF + PF, 

(4.78) 

Complexes with multiple metal-metal bonds also undergo photoredox reac- 
tions. The primary process in irradiation of the systems of such complexes is not 
the formation of mononuclear fragments, but an attack of the excited complex by 
the solvent, electron or atom transfer. As an example, the photoredox properties 
of the [Mo2CJJ4- complex with a quadruple bond between the molybdenum 
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atoms can be considered. Irradiation of the complex in 
pXCl_) + dC(Mo-MO) leads to the following reaction [33]: 

hP_ OH-+ 
H2O 

the region 

In acidic media, the last complex is converted into an aquated cation, 
[Mo@OH)Moj4+, and hydrogen escapes from the system. Studies of the 
photochemical properties of complexes with a quadruple metal-metal bond 
(molybdenum and rhenium compounds) indicate that this bond is split only 
from the energetically higher excited states and the reactions are influenced by 
axial interactions in the complexes. 

A complicated redox rearrangement occurs [221] on irradiating the [Re,Cl,]2- 
anion, which possesses a quadruple Re(III)-Re(II1) bond. The complex in its 
66c singlet state is a very powerful reductant and in dichloromethane solution 
in the presence of [PtC1,12- yields a triple-bridged rhenium(IV) binuclear com- 
plex, [Cl,Re@-Cl),ReCl,]- : 

[Re2Cl,12- + [PtC1,12- --) [Re,ClJ + [PtCl,]‘- + Cl- (4.80) 

During the above-specified photochemical reactions of [Mo,C~,]~- and 
[Re2ClJ2- complexes, the metal-metal bond is cleaved, and an oxidative addi- 
tion process and rearrangement of the complex take place. Opposite processes 
appear during the irradiation [222] of several hydride-bridged binuclear com- 
plexes of platinum(I1) when a reductive elimination process gives rise to a 
binuclear platinum(I) complex containing a single Pt-Pt bond. Reactions can be 
expressed in the form shown in eqn. 4.81, where X = H or CH,, Y = H or CH,, 
L is a solvent molecule (pyridine, acetonitrile, acetone) and P-P denotes a 
Ph,P-CH,-PPh, bridging ligand : 

(4.81) 

Using deuterated compounds and determining the products by mass spec- 
trometry, it was proved that the reductive elimination of HX was an intramolec- 
ular process. The primary photochemical step was probably cleavage of the 
Pt@-H)Pt linkage by excitation of an electron to a @-antibonding orbital 
localized on the Pt-Pt moiety. 
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In contradistinction to the hitherto presented elimination and addition redox 
reactions of binuclear complexes accompanied by metal-metal bond-making or 
bond-breaking processes, redox additions and eliminations can also occur 
without such processes. In this way [223], oxidative additions of ArX (Ar = 
aryl, X = Br, I) to the excited *~,@-P,0,H,),]4- species take place, giving the 
axially disubstituted complexes [Pt2@-P205H2)4(Ar)X]4-. It was proved that aryl 
halide addition occurred by a double activation induced by a single electron- 
transfer pathway. The transfer of an electron from the long-lived excited triplet 
state represented by (d_2)2(&)‘(p,)’ owing to its strong reducing properties 
{E([Pt2@-P20,H2)~-~4-)* = - 1 V} to an aryl halide molecule yields the ArX’ 
radical ion, which rapidly dissociates to Ar’ and X-. Both the Ar’ and X-parti- 
cles coordinate to the platinum atoms of the oxidized binuclear complex form- 
ing the final product. From the viewpoint of stoichiometry, the photoredox 
addition can be described as follows: 

[Pt”(~-P20,H2)4Pt11]4- + ArX z [ArPt”‘@-P205H2)4Pt”‘X]4- (4.82) 

A description of the electronic structure of polynuclear complexes in the 
language of localized molecular orbitals [for the given Pt(I1) complexes, for 
example, GS(dz2)2(#z)2 + ES(dzJ2(~)‘(p,)‘)] is a very rough approximation of 
reality. Substantial delocalization of valence orbitals, spin-orbit coupling and 
relativistic effects complicate significantly the description of the real electronic 
structure of the excited polynuclear complexes. Quantum chemical studies at the 
ab initio level for polynuclear excited particles are still very rare. These and 
other factors have made it impossible so far to formulate the relationships 
between the type of the excited state and the reactivity of polynuclear com- 
plexes. 

4.2.7 Photoredox reactions of coordinated ligands 

Inorganic photochemists have focused their attention on the reactions involving 
changes localized on the central atom of a complex. In addition to central 
atom-localized redox processes, there are also photoredox reactions in which the 
central atom seems to be untouched and the redox process is localized on a 
coordinated ligand(s) only. Ligand-localized photoredox reactions may occur 
when the central atom itself is redox stable towards the given redox change [for 
example, Co(II1) towards the oxidation, Zn(I1) towards the reduction and 
oxidation] and a macrocyclic unsaturated polydentate ligand is coordinated on 
the central atom. It should be noted, however, that ligand-localized photoredox 
processes are not limited to porphyrin, corrin or phthalocyanine complexes. In 
a few instances it was observed that also complexes with monodentate ligands 
can undergo the discussed photoredox changes. 
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It is well known that free (protonated) porphyrins and metalloporphyrins can 
be oxidized (to the r-radical cation or z- dication) or reduced (to chlorines and 
hydrogenated compounds) [224]. As an example [224], the photooxidation of 
tin(IV) tetrakis(N-methyl-4-pyridyl)porphine can be considered. On excitation 
in the visible region [Sn”‘(TMPyP)l’+ f orms the triplet excited state possessing 
a long lifetime, which is quenched by an oxidant producing a z-radical cation. 
The secondary thermal reactions lead to the final product, ketoporphyrin. The 
mechanism of reaction 4.83 is not simple and consists of several steps which, for 
the sake of simplicity, have been omitted. 

R 4+ 

R 
N\ f/N -0 N/Sn\N 

(4.83) 

R i? 

The importance of vitamin B,, for living organisms led to a systematic study 
of its preparation and physicochemical and biological properties, and also of its 
model systems within the context of which attention was also paid to its 
photochemical behaviour. A well-known chemical effect of the interaction of 
light with Co(II1) corrinoid complexes is the homolytic cleavage of a Co(III)- 
axially coordinated ligand bond (usually a Co-C bond), yielding a Co(I1) 
complex. Such a reaction occurs from an axial ligand-to-central atom CT 
excited state. From the viewpoint of the contents of this section, other types of 
photo&ox reactions, not involving the central atom, are of interest. 

A systematic investigation [225-2271 of Co(II1) cobyrinate compounds and 
of vitamin B,, has shown that under certain conditions (irradiation in methanol 
or CC& solution in the presence of molecular oxygen and a sensitizer) the axial 
coordinate remained unchanged and the photoredox reaction was localized on 
the macrocyclic ligand. In all instances, irradiation resulted in the cleavage 
of the corrinoid macrocycle producing a dioxo ligand. For the hexa- 
methyl Coa,Cogdicyano-7de(carboxymethyl)-7,8-didehydr~by~nate (R = 
-CH,CJ-&CO~CH,), the process of opening of the ring and formation of the 
dioxo compound can be expressed as follows: 

h3 
02 

(4.84) 
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The reaction mechanism seems to involve attack of electrophilic singlet 
oxygen on the corrinoid z-system. The singlet state of molecular oxygen is 
photogenerated via excitation of the Co(II1) complex. Some of the photooxy- 
genation products were photochemically prepared in a substantial yield, which 
means that photochemical synthesis should be a convenient tool for preparing 
such “cleavage” compounds. 

The ability of a ligand to undergo the redox change does not depend only on 
the ligand itself, but also on the properties of the central atom, the medium, 
other ligands in the coordination sphere and the radiation wavelength. The 
effect of these factors (especially of the central atom) was elucidated [222-2321 
by means of photoredox properties of complexes with phthalocyanine (PC) 
derivatives. Three types of the primary photoredox step have been observed 
with these complexes. 

A photoinduced dissociation of dimeric complexes into ligand-radical 
products has been observed on ultraviolet irradiation of Cu(II), Fe(I1) and 
diaquacobalt(III)tetrasulphophthalocyanines: 

[M”+(Pc)]$“-“t % [Mn+(Pc,)](‘-“b + [Mn+(Pct)]+“t (4.85) 

The central atom does not undergo an observable photochemical redox change. 
With the Co(I1) dimeric complex, a photoredox dissociation into metal- 

oxidized and metal-reduced species has been observed: 

[co’r(Pc)];- 15 [Co”‘(Pc)]~- + [Co’(Pc)]S- (4.86) 

and the macrocyclic ligand does not participate in the primary photoredox step. 
The complexes [Co”‘(Pc)X]“-, where X- is an axially coordinated Cl-, Br- 

or SCN- ligand, under the action of ultraviolet light decompose, yielding 
[Co”(Pc)14- and radical X’ in the primary step. 

Ligand-oxidized or ligand-reduced intermediates undergo secondary thermal 
(usually redox) reactions, or they can be photolysed if they are stable enough. 
Cation radicals [Rh”‘(Pct)(CH,OH)X]+ may serve as a good example, as they 
are stable for more than 3 days in solution protected from oxygen, water and 
light. The photoredox behaviour of these compounds, with an unpaired electron 
localized in a n-HOMO of phthalocyanine ligand, depends strongly on the 
excitation wavelength. Irradiation in the UV region (A < 320nm) leads to 
photoproduction of the ligand radical (back to the parent PC’-), accompanied 
by the photooxidation of a solvent molecule. Irradiation in the visible region 
(A = 525 nm) gives rise to photodecomposition of the macrocycle. Different 
products are due to the different distributions of electron density in the excited 
states involved, and are also evidence of low communication between these two 
excited states (low efficiency of interconversion). 
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As mentioned before, monodentate ligands are capable, although only in rare 
cases, of being photoreduced (oxidized). In the context of the study of iron(I1) 
diphosphine complexes [189, 2331, the photochemical behaviour of 
[Fe(diphos),(CH,CN)J and [Fe(diphos),(CD,CN)J was investigated in detail. 
In addition to other results, it was found that abstraction of a hydrogen 
(deuterium) atom by an excited Fe(O) complex in CH,CN or CD,CN solution: 

ki phos),Fe’ <~~bl~~ * [ (diphos),Fe’ <~~~~~~] (4.87) 

takes place from solvent molecules and not the dp ligand. A consequence of the 
coordinated acetonitrile reduction is carbon-carbon bond formation. 

It seems that photoredox reactions of coordinated ligands deserve more 
attention, especially because of the possibilities offered by photochemistry in the 
synthesis of new ligands. 

4.3 Photoisomerization reactions of coordination compounds 

4.3.1 Classljkation of photoisomerization reactions 

Photoisomerization reactions are light-induced processes in which the com- 
position of compounds is preserved, and their structure and properties are 
changed. Photoisomerizations may be divided into redox and non-redox reac- 
tions. The former were discussed in Section 4.2.3 and the latter are presented in 
this section. 

For the sake of convenience, photoisomerizations are classified according to 
the changes in the structure, ligand composition and spin state into the follow- 
ing classes : 

- photoisomerization of optical isomers (4.3.2), 
- phototautomerization reactions of complexes (4.3.3), 
- photoisomerization reactions of spin isomers (4.3.4), 
- reactions of photoisomerization of coordinated ligands (4.3.5) 
- photoisomerization of geometrical isomers (4.3.6), 
- linkage photoisomerization reactions (4.3.7). 

In the first four groups (Sections 4.3.2-4.3.5), neither the chromophore 
composition nor its structure is changed. In the reactions included in the group 
of mutual conversions of geometrical isomers, their structure but not the 
chromophore composition is changed. A change in both the composition and 
symmetry of the chromophore takes place during linkage photoisomerization. 
Other types of possible photoisomerization reactions (mutual conversion of 
distortion isomers [234, 2351, coligand isomers [lSl], etc.) have not been inves- 
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tigated so far, although when, for example, the spin isomers have different 
internuclear distances between the central atom and donor atoms of ligands, the 
reactions in Section 4.35 can also be considered to be photochemical mutual 
transformation of distortion isomers. 

The data available indicated that whereas the changes took place in the 
chromophore in the primary photochemical step, the reactions took place from 
the LF excited states, in the case of ligand-localized changes the corresponding 
photoreactive state was an IL state. Linkage photoisomerizations often take 
place from the LMCT excited state. However, inclusion of another type of 
excited state in mechanisms of photoisomerizations cannot be eliminated. 

4.3.2 Photoisomerization interconversion reactions 
of optical isomers 

Of the possible mutual conversions of optical isomers, conversions of one 
enantiomer into another have been studied in the photochemistry of coordina- 
tion compounds [236, 2371. In the studies of such photoenantiomerizations, 
which are not numerous, some complexes [particularly Cr(III), Co(III), Rh(II1) 
and Ru(I1) with symmetric ligands such as acac-, 0x2-, phen, bpy, denoted AA 
and BB, and also with asymmetric ligands such as tfacac-, ate-, denoted AB] were 
used. These bifunctional ligands were bonded in complexes of the type 
[M(AA)$+, [M(AA),(BB)J”+ and cis- and trans-[M(AB)$+(n depends on the 
central atom and ligand charges). The coordination sphere of the investigated 
complexes may also contain monodentate ligands. 

The quantum yields of the conversion of enantiogers D -N L and L -+ D are 
identical owing to the analogous symmetry properties of enantiomers. Irradia- 
tion of one of enantiomers with non-polarized or plane-polarized light may even 

result in the production of a racemic mixture. Such a process, L 2 rat or D 2 
rat, was observed when irradiating [Cr(ox)J3-, [Cr(phen)$+, [Cr(acac),] and 
others. In contrast, on irradiating a racemic mixture with circularly polarized 
light in a region with different molar absorption coefficients of enantiomers, E,.~, 
.suVI, a system rotating the plane of polarized light, containing different amounts 
of the two enantiomers, is formed. As the value of the dissymmetry factor, g, is 
low (E~.~ is the value of molar absorption coefficient when using non-polarized 
light) : 

no distinct photoresolution takes place (see the data in Table 15). 
The quantum yields of photoenantiomerizations are calculated from the time 

dependence of the CD spectra of irradiated systems. 
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For photoenantiomerizations, four types of mechanism have been suggested. 
The first group covers reactions during which none of the bonds in a complex 
is cleaved in the primary photochemical step, and the transition of one enan- 
tiomer into another takes place by a twisting mechanism. It should be noted that 
the probability of such a reaction mechanism is low, particularly for complexes 
containing rigid ligands having a large volume. 

The study of the photoisomerization of Cr(II1) complexes with ligands such 
as l,lO-phenanthroline, 2,2’-bipyridine or acetylacetone has shown that the 
twisting mechanism seems to be plausible for these complexes (denoted CrN, in 
reaction 4.89) : 

(4.89) 

The second and third groups cover reactions in which heterolytic cleavage of 
one of the central atom-bidentate ligand bonds, as a consequence of the 
population of a da*-antibonding orbital in the LF or LMCT excited states, is the 
primary process. Such a cleavage is expected in the [Cr(ox)J3- complex. De- 
pending on the solvent properties, the reaction may proceed through a pen- 
tacoordinated trigonal-bipyramidal intermediate which can be partly distorted, 
as it is in aqueous solution: 

(4.90) 

or through a hexacoordinated intermediate in which one site is occupied with 
a solvent molecule, S, as it is assumed for DMSO solutions: 

(4.9 1) 

It is obvious that in reaction 4.91 not only coordination and displacement of 
the solvent molecule from the coordination sphere of the [Cr(ox),13- complex 
takes place, but in the course of direct reaction distortion of the coordination 
polyhedra must occur in such a way that an optical isomer can be formed. 

The fourth group of photoenantiomerizations covers processes in which a 
homolytic metal-ligand bond cleavage with the production of pentacoordinated 
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intermediates with D,, chromophore symmetry is the primary photochemical 
step, followed by intramolecular recombination yielding the optical isomer of a 
reactant. Such a mechanism is expected in the photoracemization of a A- or 
A-complex of [Ru(bpy)J*+ [where bond breaking takes place from the MLCT 
triplet forming Ru(II1) and reduced ligand], and also with the [Rh(tfacac),] complex 
[with reduction of Rh(II1) and oxidation of a tfa ligand in the LMCT state]: 

(4.92) 

Hence the mechanisms of photoenantiomerizations are analogous to those of 
thermal isomerizatiops of optical isomers. 

The appearance of induced optical activity was observed [237] on irradiating 
a system containing a mixture of A-(Ru(bpy),]*+ and racemic [Co(acac),]. This 
occurs because of a higher rate of bimolecular deactivation of excited 
*[Ru(bpy)J*+ by the A-isomer of the [Co(acac),] complex in comparison with 
that caused by the A-isomer. Although the mechanism of quenching consists in 
the electron-transfer process in which the triplet MLCT excited Ru(I1) complex 
acts as an electron donor, no permanent decrease in the [Ru(bpy),]‘+ concentra- 
tion was observed. 

4.3.3 Phototautomerization reactions 

These reactions are rare in the photochemistry of coordination compounds, and 
no systematic attention has been paid to them so far. 

Phototautamerizations taking place together with cis-tram isomerization of 
azomethine group helped to explain the photochromism of several metal di- 
thizonates, such as [23g] 

(4.93) 

Thus, with dithizonates the reaction is an inner-ligand proton transfer con- 
nected with a change in the ligand structure and localization of n-bonds. 

The proton transfer between two coordinated ligands was observed [240] 
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during irradiation of the [Ir(bpy),(H,O)]‘+ complex, in which one of the 2,2’-bi- 
pyridine ligands was bonded monofunctionally: 

hY (4.94) 

The increased proton affinity of a non-coordinated nitrogen atom of a mono- 
functionally bonded ligand is due to the increase in the negative charge on this 
ligand in the MLCT excited state. 

It can be assumed that also in other instances the phototautomerization 
reactions will be connected with the change in the electron density distribution 
on the ligand, and unless they result in the decomposition of the complex, these 
will be reverse processes. It is known [241,242] that in organic systems excited- 
state proton-transfer reactions occur very rapidly (in several instances the rate 
constant of the intramolecular excited-state proton-transfer reaction is 
kPT > 10” s-‘, even at 4K) and the reaction has no potential barrier. The kPT 
values and hence the values of phototautomerizations have not yet been meas- 
ured for inorganic compounds, but they also are expected to be high. 

4.3.4 Photoisomerization reactions of spin isomers 

In living organisms, compounds exist whose biological funetion is connected 
with changes in their spin state. A classical example is haemoglobin, providing 
a diamagnetic dioxygen molecule-containing complex with the coordination 
number 6, and a high-spin pentacoordinated complex not containing oxygen. 
There are many iron(I1) compounds that, depending on the conditions (tem- 
perature, pressure), exist in both a low-spin diamagnetic singlet state and a 
high-spin paramagnetic quintet state. These compounds are known to exhibit 
thermally (or pressure) [72] induced high-spin=low-spin transitions [243] 

(5T k=‘A,, in the ligand field of octahedral symmetry). 
It was observed that low-spin-+high-spin isomer conversion can also be 

light-induced and the high-spin isomer trapped at a sufficiently low temperature. 
Such a phenomenon has been called “light-induced excited-spin-state trapping” 
[244, 2451. 

Conversions of spin isomers can be light-induced in one or both directions: 
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and these complexes, such as [Fe(ptz)&BF& [Fe(phen),(NCS)J and 
[Fe(2-pic),]Cl, . C,H,OH, exhibit photochromic behaviour. 

The energy content of the low-spin ground-state ‘AIg, high-spin ground-state 
‘Tzg and excited states taking part in the photoexcitation and deactivation 
processes increase in the following order: ‘A,, < ‘Tlg < 3T,g < ‘TIg < ‘E, 
< IT,, < ’ Tzg. Photochromism of the given spin-crossover compounds lies in 
these processes, the photoexcitation of a low-spin complex leads to a population 
of the excited singlet states ‘T,g or ‘Tzg. The excited singlet states are very 
short-lived and decay to both the ground-state ‘A,, by internal conversion, and 
to the triplet state 3T,g via intersystem crossing. The triplet state will decay either 
to the ground-state ‘A,, or the high-spin ‘T2* state, both through intersystem 
crossing. Provided that the temperature is sufficiently low, the energy barrier 
between the ‘A,, and ‘Ta states is not thermally overcome, the high-spin isomer 
of a complex remains trapped. Given that the M-L bonds in the high-spin 
isomer are longer than in the low-spin isomer, the partial molar volumes of the 
isomers differ (a consequence of the presence of electrons in iron-localized 
e,-orbitals), the phase transitions ‘A ,g + ‘T2* may be accompanied by the de- 
struction of a crystal. 

Photoisomerization reactions of spin isomers can also occur in solution [72]. 
An investigation of the pressure effect on the spin relaxation dynamics for 
spin-crossover Fe(H) coordination compounds shows that the changes in geo- 
metry associated with the intersystem crossing at high-spin --) low-spin conver- 
sion involve a radial compression of the M-L bonds, i.e., the volume of each 
activated complex is smaller than that of the respective high-spin isomer. 

Based on the experimental data obtained from the study of several spincross- 
over coordination compounds, it seems to be well established that light-induced 
excited-spin-state trapping is a general phenomenon in such compounds. 

4.3.5 Photoisomerization reactions of coordinated ligands 

Photoisomerizations of coordinated ligands are non-redox processes in which 
the change in ligand structure takes place and both the composition and 
symmetry of the chromophore are preserved. Of the hitherto known reactions, 
photochemical cis-rruns isomerizations of coordinated substituted olefins, 
atropisomerization of a porphyrin ligand and “envelope” isomerization of 
coordinated dideuterobutadiene will be discussed in this section. 

Of photoisomerizations of coordinated olefins, cis-truns isomerization of 
4-styrylpyridine has been studied in detail. The reactions taking place during 
irradiation of the complex system with this ligand, [Ru(bpy)z(stpy)J2+, can be 
illustrated [246, 2471 as follows: 
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bpy),Ru 
/ 

\ 

2r 

(4.96) 

Cis-tram isomerization of coordinated 4-styrylpyridine in the Ru(II), W(0) 
and Re(1) complexes and the ratio of isomers in the photostationary state 
depend to a great extent on the radiation wavelength. The dependence of the 
cis + truns and truns + cis quantum yields on the excitation wavelength has 
been elucidated by two different independent methods. When interpreting the 
properties of the W(0) and Re(1) compounds, it is assumed that photochemically 
active states are the singlet ‘IL(K + Ir*)(stpy), achieved by photoexcitation at 
313 nm, and the triplet 31L, reached by internal conversion (intersystem cross- 
ing) from the energetically higher LF or MLCT states. The assumption of the 
photochemically active ‘IL state was confirmed [248] by a study of the reaction 

[ReX(CO),(trans-stpy)J f: [ReX(CO),(truns-stpy)(cis-stpy)] (4.97) 

(X = Cl, Br), sensitized by the excited molecules in their triplet state *T and 
analogous reaction of free truns-stpy. 

Interpretation of the results for the Ru(I1) compounds is based on the 
presumption that photoisomerization takes place from both the ‘IL state and 
the MLCT state, whereas the ‘IL state does not undergo internal conversion 
into the MLCT state because of its very short lifetime (f(‘IL) G 2 x lo-l3 s). 
This result is in agreement with the knowledge that the lifetimes of IL states are 
strongly influenced by coordination of the given ligand. It also can be assumed 
that cis-truns isomerizations of olefins, catalysed by metal carbonyls, also occur 
in the coordination sphere of a catalyst. 

Irradiation of atropisomers of some porphyrin Zn(I1) and Pd(I1) complexes 
results in processes [249] that can be illustrated schematically as follows: 
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where R are sterically hindered organic groups bonded to the porphyrin ring. 
Quenching of reactions with dioxygen indicates that photoatropisomerizations 
take place from the triplet state of complexes. After a sufficiently long period of 
irradiation a photostationary state is stabilized in a system that contains all four 
isomers. The Cu(I1) complexes do not undergo photoatropisomerizations owing 
to the very short lifetime of their excited states. 

By means of stereochemical labelling experiments, a photochemical envelope 
isomerization of 1,3-butadiene derivatives coordinated on the cobalt(I) central 
atom in the Ir-complex [Co(Cp)(diene)] was studied [250]. The results clearly 
show that the given photodiastereoisomerization reaction occurs by the en- 
velope inversion mechanism synchronous with isotopomerization without 
ligand crossover (R = C,H,CH,CH,CH,): 

COCP 

R~“-R+CP-~+ (4.99) 

cocp 

The reverse process is also light-induced, and irradiation leads to equilibrium of 
the reactant with the product. 

4.3.6 Photoisomerization reactions of geometrical isomers 

During the mutual conversions of geometrical isomers to be discussed in this 
section, a change in the symmetry of the chromophore takes place while the 
chromophore composition and the primary coordination sphere of the complex 
are preserved. 

So far, studies have been oriented particularly at the photochemical cis-truns 
isomerizations of square-planar complexes of the [MA,BJ type and of octahe- 
dral complexes of the [MA4BJ type, and mer-fat isomerizations of the octahe- 
dral complexes of the [MA,B,] type, where A and B are the donor atoms of 
ligands [7, 2361 (see the data in Table 16). 

The suggested mechanisms of the reactions discussed are analogous to those 
for photoracemizations (Section 4.3.2), and for trans + cis (mer +fac) photo- 
isomerizations they can be expressed using 4.100 (for the reverse course the 
picture is analogous). 
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(4.100) 

It should be noted that the structures of intermediates represent equilibrated 
structures of thexi states obtained during vibrational relaxation. An excitation 
itself is not accompanied by changes in molecular structures. 

The marked axial positions are not occupied in square-planar complexes. In 
cis-trans isomerization reactions of octahedral complexes they are occupied by 
identical ligands A, A; in-mer-fat isomerizations there are different ligands A, 
B. The symbol S denotes solvent molecules, or a molecule of another of the 
ligands present in the solution in excess (accordingly, the processes are called 
“solvent-assisted path” and “ligand-assisted path”). 

The intermediates I and II in process 4.100 have a tetrahedral and trigonal- 
bipyramidal structure, respectively, and their formation is a consequence of the 
formation of a complex in an excited state. The studies carried out hitherto with 
square-planar complexes [Pt(II) and Pd(I1) compounds] and with octahedral 
complexes [particularly of Cr(II1, Co(II1) and Ir(III)] show [236] that the 
photochemically active states are mostly spin-forbidden LF states. The fact that, 
for example, in Pt(I1) complexes the quantum yield of photoisomerizations does 
not depend on the excitation wavelength, is taken as evidence that the primary 
photochemical process takes place from the energetically lowest triplet thexi 
state. The photochemical reactivity of Cr(II1) and Co(II1) complexes in their LF 
states will be analysed in more detail in Section 4.4. 

The course of the photoisomerization reaction by the intramolecular “twist- 
ing” mechanism (formation of the intermediate I) has been studied with a 
number of Pt(I1) complexes, e.g. [251, 2521 

cis-[PtCl,(PEt,),] s trans-[PtCl,(PEt,)J (4.101) 
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The amount of cis-isomer in the photostationary state increases with increasing 
polarity of the solvent in which the reaction takes place. Under suitable experi- 
mental conditions (e.g., use of a solvent in which the two isomers have different 
solubilities), photochemistry can be employed as a method for the synthesis of 
one of the isomers. A discussion of the Pt(I1) and Pd(II) complexes prepared by 
photochemical synthesis will be presented in Section 5.3. 

Experiments (use of the triplet-state quenchers, determination of quantum 
yields of cis + truns isomerizations, etc.) have demonstrated that photoiso- 
merizations include the triplet thexi state and the &-isomers of the Pt(II) 
complexes are mostly thermodynamically more stable than the Pd(I1) com- 
pounds. The potential energy surfaces of the energetically lowest triplet state of 
the Pt(I1) complexes show two minima corresponding to the pseudo-tetrahedral 
“transoidal” and “cisoidal” geometries. It is probable that the existence of two 
minima (on the potential energy curve of the ground state is one local minimum 
in the tetrahedral configuration) is due to the analogous vibronic interactions as 
applied in the case of Jahn-Teller deformations. 

Unlike the photoisomerizations of Pt(II) complexes, where the course of the 
reactions by the twisting mechanism was proved by means of the labelled ligand 
method (for example, labelled free chloride ions in process 4.100 did not enter 
the coordination sphere), with octahedral complexes the course of photoiso- 
merizations through the above-specified mechanism is only a matter of deduc- 
tion. 

An example of a solvent-assisted path mechanism [253] involving inter- 
mediate III is cis + tram photoisomerization of the cis-[PtCl,(py)d complex in 
chloroform, during which pyridine was identified in the solution. However, the 
study of the kinetics of reactions taking place in this system (slow re-coordina- 
tion of the released pyridine, not corresponding to the value @mm = 0.038) 
indicated that photoisomerization by the twisting mechanism also takes place. 
A further complication might arise from the low coordination ability of 
chloroform molecules. 

Photoisomerization involving the intermediate II with a coordination num- 
ber one unit lower than that in the reactant can be observed particularly in the 
octahedral complex. However, such a mechanism cannot be ruled out with 
square-planar complexes either. 

As in photosubstitution reactions, in the primary photochemical step of the 
photoisomerizations of octahedral complexes with intermediate II, a release of 
one of the ligands from the primary coordination sphere of the complex, and 
subsequently a heterolytic cleavage of one of the bonds between the central 
atom and polydentate ligand, take place. The identity of this ligand can be 
determined [so far for the Cr(II1) and Co(II1) compounds] by means of the 
Adamson rules, or other models of the photosubstitutional reactivity of com- 
plexes (see Section 4.4.4). The primarily formed intermediate with a square- 
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pyramidal structure (not shown in process 4.100) is converted into intermediate 
II. By the interaction of intermediate II with the original ligand in a medium that 
does not contain competing ligands a new isomer is formed, for example [254] 

mer-[IrCl,(PEt,),] : fuc-[IrCl,(PEt,),] 

If the system contains other possible ligands, a photosubstitution 
can occur, e.g. [255] 

mer-[IrCl,(PEt,)J + 3NCO- E fuc-[Ir(NCO),(PEt,),] + 3Cl- 

(4.102) 

reaction 

(4.103) 

The mer-fat change indicates that reaction 4.103 involves the intermediate with 
the structure II. 

A frequent competing process of photoisomerization is a photoaquation 
reaction during which the labilized ligand (Section 4.4) is substituted in the 
coordination sphere by a water molecule (for example, aquation of the “en” 
ligand in [Cr(en),(H,O)(OH)]“). 

It can be deduced from the symmetry properties and thermodynamic stability 
of isomers that in several instances photoisomerization takes place in one 
direction only [256], e.g. cis + trans in the case of the complexes [Cr(en),X,]+ 
running by the solvent-assisted path mechanism. A reverse process observed in 
such instances (photochemical truns + cis isomerization) occurs by the twisting 
mechanism. 

The group of photochemical reactions discussed can also include photoin- 
duced conversions of configuration isomers, e.g., diamagnetic square-planar to 
paramagnetic tetrahedral Ni(I1) complexes. As opposed to the Pt(I1) and Pd(II) 
complexes, several Ni(I1) compounds with tetrahedral configuration of the 
donor atoms are stable and cannot be considered to be intermediates. One of the 
few Ni(I1) complexes whose isomerization was studied is [Ni(dpp)ClJ which is 
present in acetonitrile in both isomeric forms. It was found [257] that depending 
on the excitation wavelength a change in the equilibrium in the directions 

takes place (sq denotes a square-planar and td a tetrahedral structure). 
The conversions of isomers can be explained in such a way that the absorp- 

tion of a photon at 530 nm by the square-planar isomer populates the electron- 
density transfer from the d,, or dyz orbitals into the dx2_y2 orbital, and the triplet 
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state formed is stabilized by tetrahedral symmetry. A light quantum of 
L = 1060 nm absorbed by the tetrahedral isomer induces the electron-density 
transfer in opposite direction, thus stabilizing the square-planar complex. 
Owing to the kinetic lability [Ni(II) complexes are thermally equilibrated within 
ca lO-‘j s], the individual isomeric forms were not isolated or separated. For the 
same reason, evaluation of the kinetic data on the equilibria discussed calls for 
the use of fast relaxation techniques. 

It should be noted that understanding the mechanisms of photoisomerization 
reactions requires many detailed studies, as there are some areas in this field with 
missing information. For example, the mechanisms proposed do not involve the 
associative type, although the change in the molecular structure conditioning 
isomerization can be due to both dissociation and association. In no case with 
octahedral complexes has a ligand-exchange study been performed, so that 
proof for or against a bond-breaking mechanism is missing. In addition to 
redox-stable platinum(I1) and chromium(II1) complexes, some cobalt(II1) com- 
pounds undergo photoisomerization, but it is not clear whether the reactions are 
associated with the reduction of Co(II1) or not. No data are known concerning 
photoinduced trigonal bipyramid t, tetragonal pyramid conversions for pen- 
tacoordinated complexes, although such a step is assumed in the mechanism of 
photoisomerization reactions. 

Answers to these and other questions should contribute not only to the 
elucidation of the course of photoisomerization but also of photosubstitution 
and other photochemical reactions of complexes. 

4.3.7 Linkage photoisomerization reactions of complexes 

Electron excitation of complexes with polyatomic ligands involving non-equiv- 
alent donor atoms X, Y (which need not necessarily be different) can result in 
a change in ligand coordination, i.e., in mutual conversion of linkage isomers. 
The reaction can be simply expressed as follows: 

[L”M-XY]‘“+ 11; [L,M-YX]‘“+ (4.105) 

During these photoisomerizations, the structure of the chromophore is usually 
changed. In some instances the symmetry of the chromophore and the structure 
of a ligand, are changed, too. 

In contradistinction to the spontaneous mutual changes of the linkage iso- 
mers, conversion of a thermodynamically more stable to a less stable isomer can 
also be performed photochemically, and photochemistry can be employed as a 
tool in the synthesis of such isomers (examples are shown in Section 5.3). 

Another difference between the thermal and photochemical isomerization 
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reactions of the linkage isomers is the fact that the primary step in the thermal 
reactions consists in heterolytic cleavage of the M-XY bond, whereas the 
photochemical process usually involves homolytic splitting of the M-XY bond, 
resulting in the reduction of the central atom and oxidation of the XY ligand. 
As the most convenient distribution of the electron density for this redox 
intramolecular process is that in the LMCT state, it is assumed that the primary 
photochemical process takes place from such a state. Experiments, particularly 
those with Co(II1) complexes, confirm this. Simultaneously with linkage pho- 
toisomerization a photoredox process often also takes place. 

In studies of linkage photoisomerization, Co(III), Pt(IV), Fe(I1) and Mo(I1) 
compounds with NO;, SCN-, HCOO- and O,S-C,H,-NH, have so far been 
used (see Table 17). 

Detailed experimental information is available [236] for a small number of 
coordination compounds undergoing linkage photoisomerization in solution or 
in the solid state, e.g., [Co(NH,),(NO,)]‘+ and [Co(NH,),(SCN)]‘+. The 
photochemical behaviour of these complexes in solution consists of simul- 
taneously occurring redox decomposition yielding solvated Co2+ ions, and 
nitro + nitrito or thiocyanato + isothiocyanato linkage isomerization. The 
quantum yields of the photoreactions increase with increasing energy of the 
exciting light, but the 0dox:Qi-m ratio is constant and independent of the 
wavelength of the light. In the solid state only linkage photoisomerization was 
observed. 

The mechanism of the reactions is demonstrated by the following scheme 
(L = NH,): 

,,,“,Ic0~~xY1*’ - [CO”L5.XY*l:I”.,gs - ,,WL,XY 12’ 

ICo”LJ2’. XY' 
.)// y 

ICOULSYX12’ c& + 5NH, l XY’ 

(4.106) 

The higher the kinetic energy of primary radicals (i.e., the higher the propor- 
tion of photon energy that can be converted to kinetic energy of the radicals in 
the relaxation of the dissociative LMCT excited state), the greater the probabil- 
ity of the formation of a solvent-separated radical pair, and the greater the 
probability of the occurrence of both photochemical processes. Their ratio in 
the given medium is constant. The more rigid the environment, the lower is the 
probability of a photoredox decomposition of a complex (the XY’ radical is not 
able to escape), and hence the higher is the Qiirom:Q)rcdox ratio. The experimental 
data also indicate that whereas the primary caged radicals can produce only the 
reactant by back reaction, the solvent-separated radical pair provides only the 
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linkage isomer of the reactant. This was indicated by experimental finding that 
on LMCT excitation of the nitrito complex [Co(NH,),(ONO)]‘+ or the isothio- 
cyanato complex [Co(NH,),(NCS)12+, no linkage photoisomerization was ob- 
served, although the solvent-separated radical pairs should be indistinguishable 
from those originating from nitro or thiocyanato complexes. 

The question of multiplicity of the LMCT state from which the primary 
radical pairs ,originate has not yet been satisfactorily answered. A theoretical 
treatment of the discussed photoreaction has shown that the photoreactive 
LMCT state is a dissociative one (energies of spectroscopically available 
Franck-Condon levels of the LMCT state pass into the region of non-quantum 
energies of the radical pair without achieving a minimum). The region of 
“dissociation continuum” is energetically lower than the energy of the LF state, 
which confirms the photoredox decomposition of complexes also during their 
irradiation into LF bands. 

As opposed to the relatively stable nit&o, isothiocyanato and S-sulphinato 
complexes of Co(III), the complex containing an HCOO- ligand coordinated by 
a carbon atom is short-lived intermediate (lifetime ca 0.1 s). The reaction 
mechanism [236, 2581 involves two different excited states, the triplet LMCT 
state and the IL state. The former state is responsible for the photoredox 
decomposition of the complex producing Co2+, NH, and HCO; radicals. The 
latter state probably corresponds to the n-4’ transition localized on the formate 
ligand. Such an IL state results in the production of an intermediate (linkage 
isomer) that undergoes decomposition in the subsequent thermal reaction with 
formation of solvated Co’+ ions and HCO; radicals. The multiplicity of the IL 
state and the overall mechanism are not sufficiently explained and the question 
of the relationship between the properties of the [CO(NH,),(HCOO)]~+ complex 
in different excited states and its deactivation modes from these states requires 
further study. 

A mechanism that does not involve the formation of redox intermediates was 
suggested for the linkage photoisomerization of the complexes 
[M(Cp)(CO),(SCN)], where M = Fe and n = 2 or M = MO and n = 3. Thio- 
cyanato and isothiocyanato complexes are interconverted in tetrahydrofuran 
solution by 366~nm light [259]: 

[M(CP)(COM=N)I ; (M(CPW%(NCS)I (4.107) 

Both iron(H) isomers are thermally stable; the photostationary state is a 1: 1 
mixture of them. The molybdenum thiocynato complex is not thermally stable 
and is converted spontaneously into the isothiocyanato complex. 

The photochemical interconversion of the dihydrido-bridged complex 
[(PEt,),HPt@-H),Pt(PEt,M+ to its monohydrido-bridged structural isomer 
[(PEt,),HPt@-H)PtH(PEt,),l+ [239] can also be mentioned in this section as it 
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is connected with a different coordination mode of a ligand (a hydrido ligand 
in this case). 

4.4 Photosubstitution reactions of coordination compounds 

The term photosubstitution reactions denotes such photochemical non-redox 
transformations during which an exchange of ligand(s) between the primary and 
secondary coordination spheres takes place, the composition of the complex 
changes and the coordination number of the central atom is retained. Reactions 
of photosubstitution of the central atom have not been studied. The results of 
the study of photosubstitution reactions markedly inIluenced progress in the 
understanding of the photochemistry of complexes, particularly connected with 
the deactivation of LF excited states. 

This section is focused particularly on the typical features of photosub- 
stitutions that have been described so far, and the examples presented also 
demonstrate the relationship between the character of the deactivation process 
and the properties of the reactive excited state. The reactions are discussed 
together with a presentation of the type of the excited state primarily populated 
by photon absorption (LF, MLCT, LMCT, CTTS, IL). The above facts should, 
together with the results of other experimental and theoretical procedures, 
enable the nature of the excited state from which a complex is deactivated by the 
substitution process to be identified. More results of studies of photosub- 
stitution reactions carried out for other purposes (e.g., photochemical prepara- 
tion of complexes) are presented in the appropriate sections. 

The studies of photosubstitution reactions carried out so far were focused 
mostly on kinetically substituted inert complexes; this was determined by practi- 
cal advantages in the analysis of the composition of the systems investigated and 
interpretations of the experimental data. Particular attention was paid to hexa- 
coordinated Cr(II1) complexes [274, 2751 of 3d3 configuration, Co(II1) [276] 
(3d6) and its 4d6 and 5d6 homologues [277-2801, Ru(II), Rh(III), Ir(II1) and 
Pt(IV) and d5 complexes of Ru(II1) and Ir(IV). There are no data on photosub- 
stitution reactions of 4d3 and 5d3 complexes, except the 4d3 Tc(IV) complex 
anion [TcCl,]*- [282]. 

Of the square planar complexes with the da configuration, particularly the 
behaviour of Pt(I1) has been studied [236, 281, 2831, but many results have also 
been obtained by investigation of the Ni(II) complexes [284]. The study of 
eight-coordinated complexes was focused on cyano complexes [28 l] of MO(V), 
W(V) and Mo(IV). Within the context of the study of catalytic and preparation 
aspects of the photochemistry of organometallic compounds, photosub- 
stitutions of CO in Fe(CO), (da, symmetry D,,,) have been investigated [9]; 
photosubstitution reactions of some other metal carbonyls [3, 2851 such as Cr, 
MO, W, Mn and Rh have also been reported. The study of the photosubstitution 



112 

reactions of coordination compounds with other central atoms and different 
stereochemistry has been carried out only sporadically. 

Most photosubstitution reactions differ distinctly from the thermal sub- 
stitution reactions of the given complex in their kinetics and the composition 
and stereochemistry of the products (which is of great importance particularly 
from the viewpoint of synthesis). 

Several examples exist of a drastic increase in the substitution reactivity of a 
complex in its excited state in comparison with ground state. For example [286], 
substitution of the ligand X = Cl- in the energetically lowest excited state in 
[Rh(NH,),X12+ is characterized by a rate constant (kr = 1.3 x 10’ s-‘) that is as 
much as 14 orders of magnitude higher than that for an analogous thermal 
reaction; similar increases in rate constants have also been determined for the 
complexes of other central atoms. In general, photosubstitutions in the excited 
complexes last for a few picoseconds. 

The differences in the compositions of the products of thermal and photo- 
chemical substitution reactions can be illustrated by aquation reactions of the 
[Cr(NH,),X12+ complex in aqueous media (X = Cl, Br, NCS, . ..) [275]. In 
contrast to thermal substitution of the ligand X 

[Cr(NH,),X12+ + H20 4 [Cr(NH,),(H20)13+ + X- (4.108) 

the photochemical reaction leads to products of different composition formed 
by photosubstitution of the NH, molecule: 

[Cr(NH,),X]‘+ + I-&O+ z cis-[Cr(NH,),(H20)X12+ + NH: (4.109) 

The difference in the factors that influence the course of thermal and 
photochemical reactions has been manifested in their stereospecificity [275,279, 
2871. For example [275], the complex ion trans-[Cr(NH,),ClJ+ undergoes ther- 
mal aquation of the Cl- ligand without a stereochemical change: 

trans-[Cr(NH,),ClJ+ + H,O : truns-[Cr(NH,),(H20)Cl]2+ + Cl- (4.110) 

However, its irradiation results in the formation of a &-isomer: 

rruns-[Cr(NH,),ClJ+ + H,O z cis-[Cr(NH,),(H20)C112+ + Cl- (4.111) 

4.4.1 Types of complex systems involving photosubstitutions 

Photoexcitation of a complex by irradiation from the region corresponding to 
the LF transitions usually leads to non-redox deactivation reactions (photosub- 
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stitution, photoisomerization, etc.), and only in complexes with a few central 
atoms [e.g., Co(III)] also to photoredox deactivations. In this section, examples 
of photosubstitutions with one and more products will be presented as examples 
in which photosubstitution is accompanied by simultaneous photoisomeriza- 
tion and by a photoredox reaction. 

Analogously with other deactivation processes of electronically excited coor- 
dination compounds, photosubstitutions will also be determined by many fac- 
tors, e.g., by the character of the central atom and ligands, the structure of the 
complex and excited state conditions. 

The most common consequence of the LF excitation of complex with d3 and 
d” configuration is labilization of ligands and substitution of one of them (81. 
For exampk, for the [M(NH&j3+ complexes where M = Cr, Rh or Ir, NH, 
photosubstitution in aqueous medium was observed: 

[M(NHdd3+ + JW : [M(NH&(H20)13+ + NH, (4.112) 

The photosubstitution quantum yields for the Rh(II1) and Ir(II1) complexes 
(as = 0.07-0.09) did not depend on the irradiation wavelength [288, 2891. The 
energetically lowest triplet LF state 3T,B was photochemically active. Analogous 
conclusions have also been drawn [290] with [Co(CN)d3-; however, this is in 
sharp contrast with much lower values of @s (ca 5 x 10V4-5 x 10e3) for the 
]Co(NH,),]3+ complex [291], which significantly increase with decreasing excita- 
tion radiation wavelength. These facts indicate that NH, photosubstitution in 
[Co(NH3),13+ frequently takes place from energetically higher, probably vibra- 
tionally excited, states than the energetically lowest electronic excited (thexi) 
state. Such a situation is typical of the Co(II1) complexes, and photosubstitution 
probably takes place only in the case of the complexes with higher vibrationally 
excited states the energy content of which, Evibr, satisfies the relationship 

(4.113) 

where Ethexi is the energy content of the thexi state. 
The experimental data indicate that the threshold energy of photochemical 

substitution (Eth) and the activation energy of analogous thermal substitution 
(E#) are identical within the limit of experimental errors (e.g., for replacement 
of Cl- by a molecule of H,O in the [Co(NH,),Cl]‘+ complex the values 
E# = 100.8 f 4.2 kJ mall’ and Eth = 109.2 + 12.6 kJ mol-’ were measured 
[13, 292, 2931). If the thexi state is achieved by vibrational relaxation, only 
non-radiative deactivation to the ground electron state of the complex takes 
place. 



114 

Rh(II1) and Ir (III) excited complexes are deactivated from their thexi states, 
which is in agreement with the conclusions obtained from the ESA spectra and 
the luminescence measurements. 

Also in other instances a conclusion was drawn that photoaquation takes 
place from the lowest excited state of the given multiplicity [for a Cr(II1) 
complex, the 2Eg and “T18 states in Oh symmetry]. The Cr(III) complexes with the 
chromophore of Oh symmetry [ 1381 (with a homogeneous coordination sphere 
involving NCS-, NH,, CN-, ox*-, en and urea ligands) are deactivated by 
photoaquation; the @s values do not depend on the irradiation wavelength, but 
they are well correlated with the position of ligands in the spectrochemical 
series: the higher the Dq(L) value, the higher is the value of as. 

The effect of the medium or the secondary coordination spbre on pho- 
toaquation can be properly demonstrated using the supercomplex [295] 
Co(CN),[32-N,H,] . 5f Surrounding [Co(CN)J- by the entirely protonated form 
of the macrocyclic ligand (Fig. 14) partially restrains the photoaquation reac- 
tion of CN- : 

Co(CN),(32-N,HJ5+ $+ CO(CN)~(H~O)[~~-N~H$‘+ + CN- (4.114) 
7 

H 

(al 

Fig. 14. Macrocyclic ligands: (a) 32-N,Hfl+; (b) 32-C,-N,Hg+; (c) 24-N,Hz+. 



with a decrease in the quantum yield to 0.10, 0.11 and 0.16 [296, 2971 for the 
supercomplexes of [Co(CN)J3- with polyammonium macrocyclic ligands 
32-N8Hi+, 32-Cg-N6Hz+ and 24-N6Hz+, respectively, in comparison with 0.31 

for the complex anion [298] [Co(CN),J3-. 
It is assumed [295] that a macrocyclic ligand does not influence the character 

of the reactive LF excited state, but it enables the ligand photosubstitution to 
be controlled and altered by using a suitable molecule of macrocycle. This 
possibility was verified by the study of several supercomplexes [299] consisting 
of, for example, [Fe(CN)J4-, [Ru(CN),14- and protonated forms of some 
macrocycles (Fig. 14a, b and c). 

Another example of photosubstitution with one product is photoanation 
reactions, e.g. [300] 

[Cr(H,0)J3+ + X- = {[Cr(H,0)J3+, X-}2+ z [Cr(H,O),X]‘+ + H,O (4.115) 

where X = Cl or NCS. It is assumed that this reaction, with a relatively low 
quantum yield (@Jo x 10-2-10-4), is based on the photolysis of an pair, 
{[Cr(H20)J3+, X-}2+. 

The range of reactions studied that are due to LF excitation was considerably 
extended for complexes with a heterogeneous coordination sphere. In general, 
two or more simultaneous chemical deactivation processes are observed, where 
the prevailing photochemical reaction often differs from the dominating thermal 
reaction. 

A typical example of deactivation of the LF excited state by two different 
photosubstitution reactions is photosolvation of NH, with halide X- ligand in 
the complex ion [301] of [Rh(NH3),X12+: 

P 
truns-[Rh(NH,),SX]‘+ + NH, (4.116) 

[Rh(NH,),X]‘+ + S q 

s, 
[Rh(NH,),S]‘+ + X- (4.1 17) 

Which of the processes dominates depend on the X- ligand and the solvent S 
[286]. If X = Cl and S = H,O, the ratio of the quantum yields of photoactiva- 
tion of Cl- and NH, is 9: 1; for X = Br in water reaction 4.116 is dominant. In 
organic solvents, NH, is preferentially substituted. 

As the spectral properties of the [Rh(NH3)5Cl]2+ complex are almost 
independent of the solvent, the basis of the different photoreactivity will not lie 
in perturbation of the electronic system of the complex by the solvent, but in the 
change in the kinetic parameters determining the deactivation of the complex. 
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A change in the rate constant of Cl- substitution (in the equation 4 = kr) from 
lo5 s-’ in DMF to 10’ s-’ in HZ0 is explained [286] by the ability of the HZ0 
molecules to stabilize charge separation of the [(NH,),RhJ3+-Cl- bonds in the 
transition state; with NH, no similar separation takes place. The results ob- 
tained by a detailed study by pulsed-laser flash photolysis, quenching and 
luminescent measurements and the determined quantum yields have led to the 
conclusion that a photoreactive state is the energetically lowest excited LF thexi 
state produced by non-radiative deactivation (U& = 1) of the primarily pop- 
ulated singlet excited state. 

Another type of system in which two deactivation reactions take place 
simultaneously is that involving photoaquation and photoisomerization of, 
e.g. [256], the ci.s-[Cr(en),(OH),]+ complex: 

trans-[Cr(en),(OH)J+ (4.118) 

[Cr(en)(l&O),(OH)J+ + en (4.119) 

In both instances, the photosubstitution of different ligands can be accompanied 
by isomerization. For example [302], 

cis-[Cr(NH,),(H,O)(NCS)]‘+ + Cl- 

trans-[Cr(NH,),(NCS)Cl]++ H,O *” -c 
(4.120) 

cis-[Cr(NH3),(H,0)Cl]2+ + NCS- 
(4.121) 

Photostereochemical changes in the above examples are in agreement with the 
Kirk rule (Section 4.4.4). 

The complex ion trans-[Cr(NH,)ADMF)C1]Z+ offers three photoaquation 
reactions [303] (see Section 4.7); two of the products have a &configuration, 
viz., cis-[Cr(NH3)XH10)Cl]‘+ and cis-[Cr(NH,),(DMF)(H,0)1)+. 

Experimentally, c&runs isomerization was also observed accompanying the 
photosubstitution [304] : 

cis-[Rh(NH,),Cll]+ + HZ0 2 truns-[Rh(NH3)~(H20)Cl]2+ + H20 (4.122) 

Similar cases of the photoaquation of two different ligands with a simul- 
taneous change in stereochemistry of at least one of the photoproducts have also 
been reported for some binuclear complexes, e.g. [305], the complex ion of 
trans-[(NH3),Cr-(OH)Cr(NH3)&l]4+. 
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In the course of photochemical studies with [Ru(bpy)J2’, a novel photosub- 
stitution reaction (cation-assisted ligand photosubstitution) has been observed 
[306]. Irradiation of [Ru(bpy)J2+ in the presence of Ag+ in acetonitrile leads to 
the formation of [Ru(bpy),(CH,CN)J2+. The photosubstitution does not occur 
in the absence of Ag+ or acetonitrile. The suggested mechanism [306] involves 
decay of the MLCT state via a d-d excited state to a ligand-labilized inter- 
mediate which is intercepted by Ag+ in a process that assists the substitution 
by removal of a bpy ligand. 

The frequently observed stereospecificity of the products of photosub- 
stitution reactions has led some authors to the already accepted opinion that the 
stereochemical change [mainly with Cr(III) complexes] will be a generally valid 
phenomenon conditioning the course of a photochemical reaction. 

The effect of the medium on photochemical reactions was illustrated [269] 
using the properties of the A-cis-[Co(en),Cl,J+ complex, which after being 
anchored on silica gel, undergoes the following reaction in the presence of 
K,CO, during LF excitation: 

(x + y)A-cis-[Co(en)2ClJ+ + yK,C03 hY. y-rat-[Co(en),COJ + 

+ x-truns-[Co(en),ClJ+ + 2~ KC1 

(4.123) 

This reaction is markedly influenced by the active centres of the carrier; cis-truns 
isomerization takes place only in the presence of CO:- ions. 

Another elegant demonstration of the effect of the medium on the photo- 
chemical behaviour of complexes is the efficient ligand photosubstitution 
obtained [307] in a layered solid of approximate composition 
H,,[Cr(NH,)&, UOzPO,.6H,O. The high efficiency of this reaction, in addi- 
tion to energy transfer from the excited host UO:+ chromophore to the Cr(II1) 
complex, illustrates the ability of lamellar solids to serve as novel media for 
studying excited-state processes. Thus, layered solids consisting of alternating 
inorganic and organic layers [308-3121 are promising not only because of their 
sorptive and catalytic properties, but also as an interesting system for host-to- 
guest excited-state photochemistry and photophysics. 

All the above photosubstitutions and similar reactions occurred as a result of 
LF excitation; the LF excited state was usually also a photoreactive excited 
state. The sequence of LF excitation-redox deactivation could only take place 
if the CT and LF bands overlap. Similarly, in some complexes of cobalt a 
photosubstitution reaction has been recorded in the caSe of the LMCT excita- 
tion, where the quantum yields achieved a maximum on irradiation in the 
near-UV region, in which considerable overlapping of the bands of LF and 
LMCT transitions could be observed; at higher energies of irradiation the 
quantum yields of photosubstitution decreased. 
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More frequent are simultaneous photosubstitution and photoredox reactions 
on irradiating the complex from the region of CT transitions; thus, CT excita- 
tion need not necessarily result in a redox reaction only. From this viewpoint, 
the example of the photochemical behaviour of the azide complex 
PN-U,N,12+ is interesting as it mainly provides a photoaquation reaction 
(4.124) [66, 3131 within the whole LMCT region of irradiation: 

Ko(NH,),N,]~+ + I-I,0 &+ (Co(NH,),(H,O)N,]*+ + NH, (4.124) 

It is worth noting that the quantum yield of photoaquation [dominating with 
respect to the photoreduction Co(II1) --t Co(II)] increases when higher energy 
irradiation (izt, = 254 nm; CT region) is used, with a decrease in @+,,,,. Al- 
though no unambiguous interpretation of the experimental results has been 
presented, it is assumed that NH, photoaquation (and the nature of the excited 
state “responsible” for this photochemical deactivation) has nothing to do with 
the process of photoreduction of Co(II1) (see Section 4.2.5). 

A different situation has been recorded in the case of several Rh(II1) ammine 
complexes, where the LMCT excitation seems to lead to a simple photosub- 
stitution reaction [314, 3151: 

[Rh(NHJ51)2+ + H,O &+ trans-[Rh(NH,),(H20)I12+ + NH, (4.125) 

In contradistinction to eqn. 4.124, a detailed study by flash photolysis has shown 
that the precondition for NH, photoaquation (eqn. 4.125) is a redox process, 
i.e., photoreduction of Rh(II1) + Rh(I1) with simultaneous oxidation of the 
ligand I- to the radical I’. In agreement with the experimental data, the 
conclusion was drawn that internal conversion from the LMCT state to the LF 
states of the complex [Rh(NH,),I12+ takes place with an efficiency not higher 
than 0.5. At the same time, direct non-radiative deactivation from the MLCT 
to the ground state proceeds simultaneously with the internal conversion to the 
LF excited state(s). 

The fact that also irradiation in the region of the MLCT transitions causes. 
photosubstitution reactions can be demonstrated, for example, on the series of 
pentaammine complexes of Ru(I1) with the ligands of the substituted pyridine 
type (py-W [316, 3171 

,[Ru(NH9S(H,0)2+ + (PY-X) 

[WNWS(PY-WI~+ + H2O ,;r, 
-4 

(4.126) 

Jl [Ru(NH,>,(H~O)(PY-X)I~+ + NH, 
(4.127) 
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The known dependence of the energy of MLCT transitions on the solvent 
properties (Section 2.2) and the possibility [318] of influencing this energy by the 
nature of the X substituent enabled both the photochemical and photophysical 
properties of complexes to be modified (“tuning” experiments [89, 3 16, 3 17, 
3191). This results in the fact that if X has distinct electron-withdrawing proper- 
ties (e.g., X = p-CHO or p-CONH,), the energetically lowest excited state is the 
MLCT state from which photosubstitution takes place with only a low proba- 
bility (OS = 10e4). If X = H or a substituent with electron-donor properties, the 
energetically lowest excited state is the LF state and @s > 10-l. Moreover, when 
the energy levels of the lowest MLCT and LF states are sufficiently close [317], 
it is possible to “tune” the photoreactivity by variations of the solvent. 

Owing to the considerable energy dependence of the MLCT states on ex- 
tramolecular factors (character of the solvent), a change of the sequence of 
energy levels of the lowest lying excited states can occur which, in accordance 
with the “tuning model” [89, 280, 316-3181, determines the observed photo- 
chemical reactivity of the complexes. An example is the decrease in the quantum 
yields of photosubstitution in complexes of the [Ru(NH,),(py-X)1’+ type in 
different solvents in the order CH,CN > H,O > DMSO w DMF. An inter- 
pretation of the observed change in photoreactivity is illustrated in Fig. 15, 
expressing schematically two extreme cases (Fig. 15a and b) of the “tuning 
model” : a decrease in the energy of the photoreactive MLCT state (solvent 
DMSO or DMF or substituent X with marked electron-withdrawing properties 
in the py-X ligand; Fig. 15a), or an increase (solvent CH,CN or substituent X 
with electron-donor properties in the py-X ligand; Fig. 15b). The effect of the 
solvent on energy position of the LF states is hardly manifested in comparison 
with the MLCT states. The tuning model was also successfully applied to some 

MLCT LF MLCT LF -- - - 
-- -- 

GS 
(9) ( b) 

Fig. 15. Scheme of two extreme examples (a, b) of the “tuning model” for the photochemistry of 

DWNW~PY-WI*+ complexes and analogous systems: (a) energetically lowest is the MLCT state 
(considerably reduced tendency for photosubstitution reaction), (b) energetically lowest is the LF 
state (increased tendency for photosubstitution reaction). P = products. 
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other substituted pyridine complexes, e.g., Re(lr-C,H,)(CO)z(py-X) [320], 
[Fe(CN),(py-X)13- [188] and W(CO),(py-X) [322]. 

The observed low photosubstitution reactivity on IL excitation of some 
complexes [89, 941 (e.g., [Ir(dmphen),ClJ+, [Ru(bpy),13+, is interpreted as a 
consequence of the reactivity of the LF states being energetically very close to 
the lowest lying excited state, attributed to a state of IL character on the basis 
of luminescent measurements for the above complexes. Complex with energetic- 
ally higher IL states often provide photosubstitution reactions as a consequence 
of irradiation in the region of IL transitions (e.g., photoactivation of ben- 
zonitrile in the [Rh(NH3)Xbzn)13+ complex was demonstrated experimentally). 
Some authors are of the opinion that the origin of these reactions is due to the 
nature of LF [323] or LMCT [324] states populated from intraligand IL excited 
states. However, the results of some thoroughly studied systems of d6 complexes 
have shown that the originally populated IL state leads to a chemical (stereo- 
chemical) change on the appropriate ligand (see Section 4.3.3) accompanied by 
intramolecular energy transfer to other states. 

Few quantitative data on photosubstitution reactions of complexes irra- 
diated in the region of the CTTS transitions have been published. If such 
reactions are observed (e.g., substitution of the CN- ligand by a molecule of 
H,O in [Fe(CN)J4- [325], or NH, by a molecule of H,O in [Ru(NH3)d2+ [290]), 
owing to overlapping of the CTTS and LF transition bands, either the LF 
excited states are formed directly during photoexcitation or formation of the LF 
state by intersystem crossing from the primarily populated CTTS state is 
assumed [326]. Together with the photosubstitution reactions, also photoredox 
reactions take place in such cases. 

4.4.2 Nature of the photoreactive excited state 

Although a number of studies on the nature of the excited state of complexes 
of different central atoms have been reported, it would be useful to discuss 
briefly the problems of the so-called doublet-quartet hypothesis concerning 
Cr(II1) complexes [274, 2751. Discussions over the last two decades have 
provided an illustrative demonstration of the development of ideas about 
possible interpretations of the experimental results, the importance of the 
selection of a suitable method for investigating the problem and the consider- 
able complexity of the question being studied, viz., which and when is one of the 
possible excited states a reactive doublet or quartet? 

At first, attention was paid particularly to a comparison of the quantum 
yields of photochemical reactions as a consequence of photolysis of the complex 
by radiation corresponding to the quartet or doublet state. Providing that the 
doublet is photoreactive and the intersystem crossing from the quartet (Q) to the 
doublet (D) has a value lower than unity, an increase in the quantum yield was 
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expected with doublet excitation. However, this assumption was not confirmed 
experimentally, and the 0 values found were equal, regardless of the type of 
excitation. This observation can be interpreted in at least three ways: (a) the 
efficiency of the intersystem Q + D crossing is T,, = 1 and therefore the reaction 
is observable from the D state only; (b) reaction takes place from the Q state, 
but Q and D are in equilibrium; or(c) reaction is observed from both states with 
coincidentally equal quantum yields. 

The first results which moved the solution to the problem forward include 
particularly those of comparative studies of the simultaneous quenching of a 
photochemical reaction and luminescence of the D state. This was based on the 
fact [275] that the D states of the Cr(II1) complexes have a relatively long 
lifetime, in the range 5 ns-O.1 ms (transition from the D state to the ground state 
is spin forbidden); absolute quantum yields of emission ranged from lo-* to 
10e3 in solution at room temperature. These measurements have shown unam- 
biguously [327-3291 that the photosubstitution reactive state for [Cr(CN) J3- is 
the Q state reacting within a few nanoseconds, representing the upper limit of 
time needed for D state to occur. 

Whereas the solvent distinctly affects [327] the photoluminescent properties 
of this complex, the photochemical deactivation shows only slight changes. The 
emission quenching of the D state in DMF-water mixture was not observed on 
evaluating the quantum yield of the photochemical reaction (0.11) [327] and no 
reaction from the vibrationally relaxed Do state was observed [328]. 

These conclusions are not definitive, however, as the same kinetic behaviour 
could be obtained if the reaction occurred via some other very fast-reacting 
intermediate state. The essential criterion is that any such hypothetical state 
must be incapable of crossing over to the doublet state prior to the reaction. 

It has also been found that if the Q and D states are energetically sufficiently 
close, thermal repopulation of the Q and D states can take place simultaneously 
with other deactivation processes of the doublet. In addition, the rate of intersys- 
tern crossing to D is comparable to the vibrational relaxation on the Q state and, 
in the extreme case, both vibrationally relaxed Q” and Do states can be in 
equilibrium. Subsequent experiments have shown that the relaxed Q” state can 
only be achieved through the doublet, which is in direct contradistinction with 
the conclusions of earlier work dealing with population of the doublet exclusive- 
ly through the relaxed Q” state. The above facts have necessarily led to some 
caution when evaluating hitherto published results on the kinetic analysis of the 
deactivation processes of Cr(II1) complexes, and in many instances they had to 
be revised. 

In spite of some discrepancies in the literature, an unambiguous conclusion 
was drawn, namely that a certain proportion of a photochemical reaction 
(unquenchable photochemistry) has its origin in the excited state preceding the 
doublet population. However, it has not yet been sufficiently proved [275] 
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whether it is a vibrationally relaxed electronically excited quartet, a vibration- 
ally excited quartet or some other state; frequently one encounters the opinion 
[329] that the most probable state is that of a mixed D-Q character. Because of 
the very short lifetime of these states (ranging probably from 20 ps to 1 ns), it 
was impossible to characterize them more clearly; for example, the energy of a 
thermally relaxed (thexi) quartet state is not reliably known for any complex in 
solution at room temperature. However, on the other hand, the nature of the 
doublet states has been characterized in more detail. 

The currently accepted idea on the kinetic scheme for the photochemistry of 
d3 complexes is illustrated in Fig. 16, which also includes the potential energy 
levels of the individual states. 

Figure 16 indicates that the Franck-Condon principle is obeyed in the case 
of radiation absorption (hv), i.e., a vertical transition, resulting in the spectro- 
scopic QFC state without an observable distortion towards GS from which it was 
populated, takes place. Similarly, no (or only a slight) change in configuration 
is observed during the relaxation of the QFc to the Do state (t& non-bonding 
electrons as in the GS state). On the other hand, the relaxation to the Q” state 
is accompanied by considerable distortion due to its t& ei’ configuration (Jahn- 
Teller effect in the excited state). This results, for example [275], with the Cr(II1) 

Distortion 

Fig. 16. Modified Jablonski diagram for photochemical and photophysical processes of d com- 
plexes. QFC = spectroscopic Franck-Condon states, Q” = vibrationally relaxed lowest electroni- 
cally excited quartet state, Do = vibrationally relaxed lowest electronically excited doublet state, 
k Qp = rate constant of photochemical reaction from Q” state, k,, = rate constant of photochemi- 
cal reaction from Do state, k,, ki = rate constants for radiationless deactivation, k,, k,, = rate 
constants for fluorescence and phosphorescence, respectively, isc = intersystem crossing: prompt 
(pisc) and reverse (rise). P = product(s) of photochemical reaction. 
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acidoammine complexes, in a tetragonally distorted excited state (elongation in 
the direction of the z-axis). The presence of the vacant tzg orbital will be reflected 
in an increased probability of the occurrence of penta- and heptacoordinated 
intermediates (see the discussion on mechanisms in Section 4.4.3). 

The distorted Q” state that occurs in the QFc relaxation process (vibrational 
relaxation and changes in solvation) can undergo a photochemical reaction 
(kor), it can be deactivated non-radiatively (&) or by fluorescence (k,J (although 
rather seldom), or it can provide the Do state through intersystem crossing (isc). 
Analogously, the doublet Do can react photochemically with a rate constant lcnP, 
undergo a non-radiative deactivation &) or phosphorescence (&,,) to the 
ground state, and eventually by the thermal activation process (rise, sometimes 
called bisc-back intersystem crossing) the quartet Q” is repopulated. Recent 
results have also shown [156, 3301 the importance of the fast (pisc) intersystem 
crossing from QFc to Do, the efficiency of which can even equal unity. 

In connection with Fig. 16, particularly the possibilities of the deactivation 
modes which are applied in a different way and with a different efficiency in the 
given system should be pointed out; thus, for example, some complexes react 
only through a quartet, others only through a doublet and some through a 
quartet or a state of mixed doublet-quartet character. Also in these apparently 
solved systems of complexes the participation of the quartet is not ruled out 
(owing to the efficient rise); similar problems also seem to arise through the 
quartet-reacting complexes. 

All of these possibilities are shown schematically in Fig. 17a, b and c in terms 
of three possible kinetic schemes [274] for fast (unquenchable photochemistry) 
and “slow” (quenchable reaction) product formation (here slow corresponds, 

Id (b) Id 

Fig. 17. Possible kinetic schemes of slow and fast photochemistry. Po = product(s) formed from 
doublet; Po = product(s) formed from quartet (for other symbols see text and Fig. 16). (a) Do and 
Q” isolated, initial 0.3:0.7 population (without further isc); both react with different efficiencies. (b) 
Do and Q” in equilibrium, initial 0.45:O.S population; forward and rise fast; only Q” reacts. (c) Do 
and Q” isolated, initial 0.7:0.3 population (no subsequent forward and rise); both’react with the 
same efficiency. 
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with [Cr(en)4+, to a doublet lifetime of 1.8 us or more). It should be noted that 
the three situations presented are not exclusive of all the others and many 
intermediate possibilities fit the observed time dependence of the yields and 
quenching results. 

In Fig. 17a, the Do and Q” states are isolated and after their initial 0.3 : 0.7 
population both react. The Do state reacts with an efficiency of 0.87 to give the 
“slow” quantum yield @r, = 0.87 x 0.3 = 0.26 and Q” (or Q* or some other 
state preceding Do) gives the fast yield 4&o = 0.7 x 0.16 = 0.11 (fractional 
efficiency 0.16). The observed overall quantum yield is then @,, = 
@.n + arc = 0.37. 

In Fig. 17 b, the Do and Q” states are populated with efficiencies of 0.45 and 
0.55, respectively (arbitrarily chosen nisc = 77pir and equivalent-to-O.7 popula- 
tion of Do), and both forward and rise are fast enough to allow the equilibrium 
Do + Q”. The Do state acts as a reservoir that feeds Q” by rise and gives a slow 
yield, @+, = (0.45 + 0.55 x 0.45) x 0.20/l - 0.45 x 1 .O = 0.25. The fast popula- 
tion of Q” of 0.55 gives finally (reaction efficiency of 0.20) a fast yield of 
@o = 0.55x0.20 = 0.11 (and owl = 0.25 +O.ll =0.36). 

The Do and Q” states initially populated (Fig. 17~) with efficiencies of 0.7 and 
0.3 are isolated (no subsequent forward and rise) and react with the same 
efficiency of 0.37 to give a “slow” yield of @rD = 0.7 x 0.37 = 0.26 and a fast 
yield of <pro = 0.3 x 0.37 = 0.11, respectively. 

Based on the general scheme in Fig. 16, the following equations have been 
derived [274] for fast and slow photochemistry: 

@&Afast, via Q”) = (1 - Vpir)VQP (4.128) 

@~,,em(~lo~, via Do and Q”) = 19pir + t1 - 7lpisc)%cl(%W + 77risc77QP) 

l - %c %isc 

(4.129) 

where q, is the efficiency of intersystem crossing, l?pisc the efficiency of prompt 
intersystem crossing, qtirisc the efficiency of reverse intersystem crossing and noP 
the efficiency of the quartet state Q” reaction. Essentially equivalent results have 
also been obtained in a more complex treatment assuming steady-state con- 
ditions [330]. 

Thus, for example, 50% of the photochemical reaction of the complex 
trans-[Cr(NH,),(NCS)J in H,O/CH,OH&H, (OH), at -65OC is realized di- 
rectly from the quartet state and the remainder through rise and quartet reac- 
tion; as this very short doublet lifetime at room temperature (the quantum yield 
increased to 0.31) does not allow quenching experiments to be carried out, the 
proportion of the fast quartet reaction is not known [331]. The data on the 
emission lifetimes [332,333] indicate that it is more probably a reaction through 
a doublet and not a rise. 
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Moreover, the Jablonski diagram (Fig. 16) includes the participation of other 
possible states (of intermediate character) already mentioned. Hence, the 
scheme for an actual situation (analogous to the above-mentioned system) will 
therefore be different and will depend on the overall system (type of complex, 
its composition and symmetry, medium, solvent, etc.). Even more complicated 
is the situation with complexes of metals of the second and the third transition 
row in which, owing to the strong spin-orbit interaction, analogous labelling of 
the multiplicity of discrete excited states (see the coordination compounds of the 
central atoms of the first transition series) frequently loses much of its meaning, 
although it is used extensively in the literature. 

As shown in the above brief outline of the basic characteristics of the 
deactivation processes for d3 complexes, the interpretation of the experimental 
results cannot be considered completely adequate, although it does reflect 
reality. The great complexity of the problem (many fast and mutually competing 
processes, extremely short lifetimes of the excited states, their intercommunica- 
tion, insufficient characterization of their nature and energy levels, non- 
adequate influence of the medium, e.g., solvent and state conditions, and the 
absence of an adequate theoretical approach) requires the advanced develop- 
ment of experimental (particularly in the nano-, pica- and femtosecond regions) 
and theoretical approaches in the future which will permit a more intensive and 
more comprehensive elucidation at the quantitative level. 

4.4.3 Mechanisms of photosubstitution reactions 

As already mentioned, the analysis of experimental results on the ligand 
photosubstitution in complexes (particularly d3 and d6) resulted in the con- 
clusion that stereochemical changes, being in many instances part of these 
reaction mechanisms, should be taken into consideration. 

Interest in the possible stereochemical aspects of photosubstitution deactiva- 
tions has catalysed to a certain extent the formulation of the Adamson empirical 
rules [6] (see Section 4.4.4). The following photochemical studies revealed the 
extreme stereospecificity [334, 3351 of the photosubstitution reactions of the 
Cr(II1) complexes and resulted in the conclusion that the ligand photosub- 
stitutions are usually accompanied by stereochemical changes. Attempts to take 
into consideration also the stereochemistry of photosubstitutions stimulated the 
appearance of several models of the photochemical reactivity. Therefore, it is 
natural that this section, emphasizing the stereochemical aspects of photosub- 
stitutions, will overlap to a certain extent the discussion on the photoreactivity 
models described in more detail in Section 4.4.4, mostly because of other 
non-stereochemical aspects (e.g., prediction of labilized ligand). 

The questions of stereochemical changes connected with photosubstitution 
of the Cr(II1) complexes have been discussed many times. Of the two limiting 
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mechanisms of the substitution of ligand, a dissociative one [155, 304, 3051: 

[ML,X]* + [ML,] + X- (4.130) 

[ML,] + S --, [ML,S] (4.131) 

and an associative: 

[ML,X]* + S + [ML,XS] + [ML&S] + X- (4.132) 

all theoretical models stimulating the Adamson rules explicitly assume (more or 
less) the dissociative mechanisms. On the other hand, the study of the effect of 
a solvent on photosubstitution processes of the Cr(II1) complexes and the 
activation volumes of these reactions resulted in more data supporting the 
associative mechanism. The strongest arguments [276] in favour of this mecha- 
nism have been provided by the experimentally found extreme stereospecificity; 
if the substitution took place through the pentacoordinated intermediate, a 
mixture of isomers would be produced (according to the statistics, two thirds cis 
and one third zruns isomer). However, with trans-[CrL,XY], for example, 100% 
of cis-[CrL,X(H,O)] is produced by photosubstitution. This led Kirk to for- 
mulate the stereochemical rule [334] (Kirk’s rule; edge displacement model): 
“the entering ligand will stereospecifically occupy that position which corre- 
sponds to its entry into the coordination sphere in the trans position with respect 
to the leaving ligand”. 

The edge displacement mechanism [334] explains simply the stereochemical 
change during the photochemical reaction for anionic ammine complexes of 
Cr(III), provided that the ligand to be substituted has been determined on the 
basis of the strong field/weak axis rule. For example, for the complex cation 
trans-[CrL,XY]*+ a solvent molecule will enter the coordination sphere of the 
complex in the truns position with respect to the substituted Y ligand; regardless 
of which of the edges is attacked, the Y ligand is substituted by the L, ligand (by 
circular motion according to Fig. 18) and cis-[CrL,XS]*+ is produced with 100% 
stereomobility, which was considered to be evidence for an associative mecha- 
nism. 

Fig. 18. 

The mechanism of the occurrence of a heptacoordinated transition state of 
Cr(II1) complexes is also supported by a higher possibility of attack by the 
entering ligand S due to the presence of a vacant tt orbital. 
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Although the Kirk model does not explain clearly the important question of 
why the ligand S enters just in the frans position, this fact is not of major 
significance (see the following text). 

The quantum yields and stereochemistry of the product of photosubstitution 
reactions depend on the rigidity of the coordination sphere of Cr(II1) complexes. 
For example, with the tran~ isomers [Cr(NH,),ClJ+, [Cr(en),Cl,J+ and 
[Cr(tet)ClJ+ the quantum yields [302,335, 3361 of photoaquation decrease with 
increasing rigidity of the equatorial plane (0.44, 0.32 and 0.06, respectively), 
producing cis isomers. However, the presence of a markedly rigid cyclic ligand 
in the [Cr(cyclam)ClJ+ complex leads to the production [336, 3371 of trans- 
[Cr(cyclam)(H,O)Cl]‘+ with a relatively low quantum yield (0 = 3.3 x 10P4) in 
a system with a lower possibility of distortion unavoidable for the occurrence 
of a heptacoordinated intermediate, provided that the associative mechanism is 
applied. 

There are a number of complexes whose stereochemical changes during 
substitution can be interpreted according to both the Kirk and VC models 
(applying the Woodward-Hoffman rules in inorganic photochemistry) with the 
same result (e.g., identical prediction of stereotransformation of the fruns- 
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Fig. 19. Dissociative mechanism for ligand photosubstitution (S # Y) (VC model) and tram-cis 
photoisomerization (S = Y) in excited tetragonal d3 ML,XY complexes. SPZ! = excited square 
pyramidal ML,X fragment, TBP = ground-state trigonal-bipyramidal intermediate with an axial 
X ligand (TBP,,) or an equatorial X ligand (TBP,), S = solvent molecule, X = symmetry-forbidden 
paths. 



128 

[CrL,XY]+ complex to cis-[CrL,(H,0)X12+. However, there are cases with 
markedly different predictions of both approaches; for example, with cis- 
[Cr(NH,),F,]+ it was found [339] that the Kirk model does not express the 
distribution of the products properly (experiment contradicts the prediction of 
a statistically predominating fuc isomer), and it must be replaced by more 
convenient VC model (see also Section 4.4.4) based on the dissociative type of 
mechanism (Fig. 19). 

The approach [338, 340, 3411 illustrated schematically in Fig. 19 represents 
photosubstitution of the tetragonal trans-[CrL,XY]+ complexes as a series of 
characteristic elementary steps, I-VI, during simultaneous tram-cis isomeriza- 
tion. In agreement with other photoreactivity models (Section 4.4.4), heterolytic 
cleavage of the weakest bond in the lowest quartet excited state takes place in 
the first step (step I) of the reaction sequence. Such an excited square pyramidal 
fragment, SP:x, relaxes, providing a trigonal bipyramidal TBP intermediate (in 
the ground state) in two ways: with ligand X in an axial position (TBP,,), step 
II (a forbidden process according to the symmetry rules), or with X in the 
equatorial plane (TBP,), step III (a symmetrically allowed process). Of the two 
possible routes of attack of a solvent molecule on TBP,, step V, providing the 
truns product, is forbidden, and step VI is allowed (formation of a cis product). 
The equatorial coordination of solvent to TBP,, can result in the occurrence of 
a cis product only (step IV). Application of selection symmetry rules to this 
dissociative type of mechanism thus explains very well the experimentally 
observed distinct stereospecificity of the discussed photosubstitution of d3 
complexes with respect to these rules of an allowed sequence of the partial steps 
I --, III --, VI. 

It should be noted that despite the indisputable success of the above model, 
experimental data have been obtained that cast doubt on correctness of the 
assumption about the dissociative mechanism. As shown by the results of a 
study of the effect of pressure [342] on Qs in Cr(II1) complexes, the cationic 
complexes [Cr(NH,),X12+ and [Cr(NH,)J3+ (X = Cl, Br, NCS) undergo pho- 
toactivation through an associative mechanism (activation volumes AV’ < 0), 
whereas in the anionic complexes [343] [Cr(CN)J3-, [Cr(NCS),13- and 
[Co(CN)J3- a dissociative mechanism applies (AI” > 0). 

The observed simultaneous photoactivation and photoisomerization of the 
ci,r-[Rh(NH,),ClJ+ complex ion [304] and the general stereolability in the process 
of a photosubstitution reaction of some other complexes [156,214] of Co(III), 
Ir(II1) and Ru(I1) stimulated the development of a theoretical model [345, 3461 
for d6 complexes; this model was formulated by modification of the VC model 
[347]. The model based on the dissociative mechanism is illustrated schemati- 
cally in Fig. 20 (Ford model). 

The interpretation of stereochemical changes of complexes of the ML,XY 
type, connected with their photosubstitution, takes into consideration the elec- 
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Fig. 20. Dissociative mechanism for ligand photosubstitution and photoisomerizations (cis-tram 
and trum-cis) in excited tetragonal d6 ML,XY complexes. SP* = excited square-pyramidal ML,X 
fragment with an axial X ligand (SP&) or an equatorial X ligand (SPG), respectively, TBP, = 
ground-state trigonal-bipyramidal intermediate, S = solvent molecule. 

tronically excited pentacoordinated intermediate produced by dissociation of 
the most labile Y ligand from the originally hexacoordinated complex in the 
triplet LF state: 

ML,XY : ML,XY* + ML,X* + Y (4.133) 

Such an excited square-pyramidal (SP*) intermediate has two isomers, SPZ 
(ligand X in an axial position) and SP& (ligand X in the equatorial plane), which 
are in equilibrium: 

(4.134) 

However, they can undergo simultaneously deactivation and reaction with a 
solvent molecule S, forming the tram- or cis-ML,XS product. 

Whereas the mutual conversion of these two intermediates results in the 
occurrence of a cis and tram isomer via another trigonal-bipyramidal (TBP,) 
intermediate, simultaneous non-radiative deactivation (isc) to the ground state 
of SP with subsequent reaction with a solvent molecule S again provides a 
hexacoordinated product. In agreement with the suggested model, relative 
energies SP,, and SP, and the rate of their mutual conversion (eqn. 4.134) 
distinctly depend on the character of L and X. If the ligand X is a weaker 
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o-donor than L (e.g., X = Cl-, Br- and L = NH,), the SP,, isomer is energeti- 
cally lower (in the axial position the o-donor of X is weaker) and therefore 
cis-trans isomerization is preferred [for Rh(II1) complexes]. Such a trans-cis 
photoisomerization has actually been proved for ammine complexes [344, 345, 
3481 with M = Rh(III), Ir(III), X = OH-or M = Co(III), X = CN-, as the 
o-donor properties of the ligand X were always greater in these instances than 
those of NH,. 

Although this model is known in the literature as a generalized one (theoreti- 
cal model for d6 complexes), the extent of generalization does not correspond 
completely to the meaning of this word; it is also not generally valid for the 
above-mentioned central atoms, e.g., if the most labilized bond is M-L and not 
M-X. The possibilities of the application of this model also to dS systems (for 
example [349], cis- and trans-[Ru(en),Cl,]+), are the subject of discussion [350]. 
Therefore, it should be noted that for the complexes of other configurations 
(e.g., d 5 and d ‘), no models of comparable quality to those for d 3 and d6 systems 
exist, although the predictions on the identity of the substituted ligand and 
hence the stereochemistry in the ground state have proved fairly satisfactory 
[e.g., trans effect with Pt(I1) complexes]. 

4.4.4 Models of photochemical reactivity 

Similarly to other scientific branches, the accumulation of a certain amount of 
experimental data provided the prerequisites for a new quality of understanding 
also in the photochemistry of coordination compounds. The main feature of this 
new quality is the formulation of principles that not only enable the photo- 
chemical properties of complexes to be elucidated, but also to be predicted. 
Because of the complex problems and the relatively recent introduction of the 
photochemistry of coordination compounds as an individual interdisciplinary 
field, it is natural that the process of the development of concepts in the 
formulation of the principles of the photochemical reactivity of complexes 
cannot yet be considered complete. As will be shown below, this develop- 
ment is reflected in the change in quality and the degree of generalization of the 
hitherto formulated “rules” or “models” of photoreactivity, which are limited 
even in their present form; the boundaries of their applicability are restricted, 
for example, by the central atom, symmetry of the complex and type of photo- 
chemical reaction (the models existing so far cover only photosubstitution 
reactions). 

The essential problem in the interpretation of the results of photochemical 
studies and the criteria for the selection of a subsequent experiment, is to obtain 
information on which of the excited states are photochemically active and what 
their structures and properties are. As the experimental possibilities for obtain- 
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ing such knowledge have already been presented (Section 2.3), this section will 
focus on a discussion of the contribution of the results of theoretical study to 
the solution of the problems concerning the chemical reactivity of the photoex- 
cited states of coordination compounds and their prediction. These approaches, 
aimed at revealing the relationships between the composition, structure and 
photochemical reactivity of complexes, have been steadily developing, and in 
the literature they are known as photochemical models, or models of predicting 
photochemical reactivity. ’ 

It should be mentioned that the development of theoretical ideas about 
photochemical reactivity and its prediction has been closely connected with 
experimental studies. In many instances, the theoretical conclusions had a 
considerable influence on the orientation of experimental studies and, vice versa, 
the results obtained by new experimental approaches either disproved or con- 
firmed current theoretical ideas and stimulated further and more intensive the- 
oretical studies. 

In contrast with an older idea [2] that light causes only an increase in the 
reactivity of the ground state and does not change the state, at present the idea 
of the excited state as a new chemical species differing from the ground state not 
only in having a higher energy content, but also in its molecular and electronic 
structure, and thus having different properties, is generally accepted (see Section 
2.2). 

It should be noted in this connection that in most instances observed 
photochemical reactions can be classified from the mechanistic point of view in 
the same way as thermal (spontaneous, dark) reactions; qualitative differences 
are not observed. Thus, for example, substitution processes take place in both 
instances by dissociative, associative (limiting cases) and exchange-dissociative 
or exchange-associative mechanisms. Isomerization reactions and acid-base 
equilibria are analogous. The Marcus theory is used for both outer-sphere 
electron exchange thermal and photochemical reactions. 

Based on the observed different thermal and photochemical reactivities of 
Cr(II1) complexes, Adamson introduced the term “antithermal behaviour” 
[351] of excited states, and in 1967 he published empirical rules [6] known as 
Adamson rules (strong field/weak axis rule). These rules enabled the type of 
photochemical non-redox reaction of excited Cr(II1) complexes with a heteroge- 
neous coordination sphere to be predicted. The rules are as follows. 

Rule I 
Consider the six ligands to lie in pairs at the ends of three mutually perpen- 

dicular axes. That axis having the weakest average ligand field (determined from 
the position of ligands correspoding to this axis in the spectrochemical scale) will 
be the one that is labilized, and the total quantum yield will be about that for 
an Oh complex of the same average field. 
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Rule 2 
If the labilized axis contains two different ligands, then the ligand of greater 

ligand field strength preferentially aquates. It might be considered as a certain 
type of tran~ effect.* 

Based on these rules, it can be assumed, for example [35 l-3531, for a complex 
ion of tetragonal symmetry [Cr(NH,),Cl]*+ that the NH, ligand will undergo 
aquation preferentially as it is characterized by a higher ligand field parameter 
(Dq), and is situated on the axis along which the value of the average ligand field 
is the lowest (NH&r-Cl) with respect to other axes (NH&r-NH,). Therefore, 
it will be labilized. 

Testing of the Adamson rules on more than 70 hexacoordinated complexes 
confirmed the validity [278] of Rule 1 not only for d3, but also of the low-spin 
d6 complexes; for d3 complex compounds, the lowest excited LF quartet is 
considered to be photochemically active, and in the low-spin d6 complexes it is 
the lowest triplet excited LF state. An exception for which the photochemical 
reactivity cannot be explained on the basis of the above rules is fluoro com- 
plexes, e.g., truns- [Cr(en),F,]+ and trans-[Cr(NH,),FJ+ ions [339, 3541; aqua- 
tion of NH, ions takes place preferentially although it is not situated on the axis 
with the lowest value of the average ligand field. 

In 1971-1974, several models were proposed [354-3591. Ligand field theory 
was used to explain the photosubstitutional reactivity of the Cr(II1) complexes, 
which confirmed the Adamson rules theoretically. 

Although the Adamson rules were considered to be empirical, the later 
published models of photochemical reactivity have shown that the rules can be 
explained by means of the localization of the electron density of an electron in 
the antibonding a-orbital in the quartet state along the axis with a low value of 
the ligand field strength. Moreover, the models presented (also called MG--LF 
O/X bonding models [354-3581) explain the importance of the n-bonding effects 
in the stabilization of the n-donor and destabilization of the Ir-acceptor proper- 
ties of ligands. Generally, each of the suggested models estimates particularly 
the electron density redistribution and (generated) bond labilization which 
occurred after the absorption of light by the complex. 

Zink theoretically proved [355-3571, on the basis of the nature of metal- 
ligand bond changes in different excited states, that the orbital of the preferably 

* In the original paper [6], a Rule 3 was presented (later not cited by the author himself), which 
in fact predicts that the quantum yields for disfavoured reactions should increase with decreasing 
wavelength of irradiation. 
Rule 3 

The discrimination implied by rules 1 and 2 will occur to a greater extent if it is the L, rather 
than the Lz band which is irradiated (the L, band corresponds to a 4A, + 4T2p transition; Lr is 
ascribed to a ‘A, + ‘T,, transition). 
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substituted ligand should have the highest value of the overlap integral of the 
antibonding o-orbital of the central atom, and focused attention [356] (as did 
Kirk) [334] on the role of the vacant tb orbital when evaluating the photochemi- 
cal reactivity of the lowest quartet excited LF state. 

Possibilities for the hitherto discussed models and their role in the explana- 
tion of the experimentally observed photochemical reactivity can be de- 
monstrated using, for example [303], the complex cation of trans- 
[Cr(NH,)XDMF)Cl]*+ (4.135); this ion offers three different simultaneous 
photochemical primary processes (as one of a few of experimentally well elab- 
orated systems) whose interpretation is based on the very different bonding 
properties of one anionic and two neutral ligands in the Cr(III) coordination 
sphere. Moreover, the spectrochemical and bonding properties of DMF are 
fairly similar to those of water and allow comparisons between analogous DMF 
and H,O systems [361]. 

It is assumed that all approaches to the evaluation of photochemical reactiv- 
ity published so far contribute to the explanation of experimentally obtained 
data (eqn. 4.135): 

cis-[Cr(NH,)XH,O)Cl]*+ + DMF 
(93 %) 

cis-[Cr(NH,),(DMF)(H20)]3+ + Cl- 
(5 %) 

[Cr(NH,),(H,O)(DMF)Cl]*+ + NH, 

(2 %) 

(4.135) 

In the sense of the Adamson semiempirical rules, the ligand that is preferen- 
tially labihzed along the weaker DMF-Cr-Cl axis (when considering the av- 
erage ligand field) is DMF, as it has the largest LF parameter. According to 
MO-LF o/lr bonding models, the excitation ‘B, + 'E, (d,,, tf,.,) + ~9 (mostly &) 
weakens the a-bond in the direction of the DMF-Cr-Cl axis (z-axis); however, 
simultaneously the n-dative bond becomes stronger along this axis. As the 
n-dative ability of Cl- is higher than that of DMF, substitution of the DMF 
ligand will be dominant. On the other hand, by the 'B, -+ ‘B2 transition, 
n(&,.) -+ a(& _ ??), the a-bond in the equatorial (NH,), plane is destabilized (the 
r-dative NH, bond need not be considered, as NH, is only the o-donor). 

In concluding the above discussion, it should be emphasized that the Adam- 
son rules and MO-LF . a/z models in many instances permitted good assess- 
ment of the photochemical behaviour of Cr(II1) complexes from the viewpoint 
of the first approach. They also provided a firm basis for the development of 
ideas to solve the problem of the prediction of photochemical reactivity and 
catalysed the formulation of current, more exact models. 

In spite of indisputable advantages, these models have a number of draw- 
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backs that limit the possibilities of their more extensive application. For exam- 
ple, the most purposefully elaborated and detailed Zink model is particularly 
inadequate in explaining experimentally observed stereochemical changes and 
the question of the doublet versus quartet photoreactivity. The models are 
required to perform MO calculations, which may be difficult for experimental- 
ists. One of the most serious disadvantages is that they do not emphasize 
satisfactorily the aspect of bond labilization in place of the total strength of the 
bond in an excited state. 

As these models preferably consider electronic factors, their predictive ability 
is weakened when the photochemical deactivation is markedly influenced by, 
e.g., steric interactions or effects of the medium (effect of solvent). 

Currently, the most acceptable model for almost all complexes of the first- 
row transition metals is the semiempirical theory of ligand labilization based on 
the angular overlap model proposed in 1977-1979 by Vanquickenborne and 
Ceulemans (VC model, I* model) [287, 338, 340, 3411. It seems that this 
approach, based on the dissociative mechanism, is able not only to predict 
satisfactorily the labilized ligand and to offer an adequate interpretation of the 
stereochemistry of photochemical processes, but also to evaluate the effect of 
equatorial rigidity on the quantum yield of photosubstitution. 

The model predicts the possibilities of photochemical reactivity (ligand la- 
bilization) based on the determination of the absolute energies I*(M-L) of the 
particular bonds in the excited state. It is assumed that a photosubstitution takes 
place from the lowest quartet (d3) or triplet (d6) excited state, and the strength 
of the I*(M-L) bond is calculated using the semiempirical LF model from 
o-donor- and Ir-donor-lr-acceptor parameters of ligands obtained from spectral 
data. 

Although the conclusions based on the VC model were identical in many 
instances with those resulting from the Adamson rules, exceptions that exist 
showed that these two approaches were not identical. Whereas the Adamson 
rules (strong field/weak axis rule) consider only weakening of the bond in the 
excited state towards the ground state [I*(M-L) - I(M-L)], the VC model 
predicts the dependence on I*(M-L). 

Another essential difference with the VC model is that that it refers labiliza- 
tion to the plane (and not to the axis) of the weakest average ligand field (either 
xz or yz) in a general case where Dq(z-axis) < Dq(x- and y-axes). The VC model 
enables, with a certain degree of approximation, the Adamson rules to be 
reduced to a single rule: “the leaving ligand is the ligand characterized by the 
largest labilization energy I-I*“. However, it is obvious in the sense of the VC 
model that the labilized ligand will be determined primarily by the lowest 
I*(M-L) value and not to such a great extent by the highest I-I* difference. 

The I* model also predicts with great success the photochemical reactivity for 
Cr(II1) complexes where the Adamson rules and other models fail and for some 



135 

other Co(III) complexes. Thus, for example [362, 3631, for the [Cr(NH,),F]*+ 
complex cation the VC model predicts substitution of an ammonia molecule as 
a ligand (in agreement with experiment), but according to the Adamson rules 
aquation of the fluoride anion should take place. 

The comparison of predictions given by the various photolytic models dis- 
cussed above (including the VC model) can be effectively demonstrated by 
recent results [364] on the ligand-field photolysis of three trans- 

]Cr(NHUCN)Xl”+ ions with X = H,O, NCS and F- (n = 1, 2). These systems 
under discussion differ from most of the complexes investigated to date (with 
axial ligands of lower spectrochemical strength than the equatorial amines) in 
having spectrochemically higher lying axial groups. 

These complexes are electronically unusual in that the CN- and X axial 
groups act in opposition in the splittings of the octahedral LF states on descend- 
ing from 0, to C,, symmetry and, moreover, are Ir-acceptors and Ir-donors, 
respectively. It seemed worthwhile exploring this new situation arising from the 
presence on the tetragonal axis of both a strong- and a weak-field ligand. 

In each instance photoaquation (eqn. 4.136) of all three types of ligand is 
observed, taking tram-cis photoisomerization (for X = H,O) as a measure of 
water photoexchange. The common precursor "E/"B2 is suggested for all photo- 
reactions, and hence doublet deactivation mainly via back intersystem crossing 
to the lowest excited quartet state(s). 

fci.s-[Cr(NH,)4(H20)X](Z+‘)’ + CN- 

trans-[Cr(NH,),(CN)X]*+ ii 

3 

cis-[Cr(NH,),(CN)(H,O)]*+ + X 

[Cr(NH,),(H,O)(CN)X]‘+ + NH, 

(4.136) 

According to the early rules by Adamson [6], the first rule is obeyed by the 
aquo and thiocyanato complexes, but not by the fluoro complex owing to the 
lack of consideration of bonding aspects by the rules (the formally weaker field 
axis of the latter complex contains two strongly bound ligands). The second rule 
holds for X = NCS- and F- but not for X = H,O; this inadequacy is explained 
again by the different bonding properties of water and cyanide. It is of interest 
that with truns-[Cr(NH,),(CN)F]+ the second rule is obeyed, as the ligand-field 
discrimination can emerge owing to the similar bond strengths of cyanide and 
fluoride. 

Application of MO-LF a/w qualitative models [355-3581 leads to the predic- 
tion of a larger degree of labilization for CN- than for X in all three instances. 
The wrong prediction for X = H,O is essentially connected with the fact that 
these models do not take into account the differences in the ground-state 
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energies (which are large when the Cr-CN- and Cr-H,O bonds are compared) 
because they are based on general excited state weakening, combined with 
x-donor stabilization and Ir-acceptor destabilization. 

The comparison in terms of the additive angular overlap (VC) model [287, 
338, 340, 3411 results in accord between predictions and experiment for two 
complexes: truns-[Cr(NH,),(H,O)(CN)]‘+ and truns-[Cr(NH,),(CN)F]+. The I* 
values within the 4Tb approximation are given by eqn. 4.137, assuming com- 
plete state degeneracy [341] : 

I*(4T*g) = $‘CB*) + 3 I*(4E) 

This equation predicts the preferential displacement of an H,O molecule for the 
former complex and NH, for the latter. Even for trans-[Cr(NH,),(CN)(NCS)]+, 
which loses mainly NH,, such an approximation is not far from being complete- 
ly correct. Because the rrans-[Cr(NH,),(CN)(NCS)]+ complex ion represents the 
first Cr(II1) system with a relatively slow doublet decay under photolysis [364], 
the discrepancy between the fits results and the predictions of the VC theory 
may lie in possibility [364] that some specific doublet chemistry was superim- 
posed on the quartet reactivity on which the VC model is solely based. 

The VC theoretical approach has been applied to complexes with DZh mi- 
crosymmetry [365] and higher lying quartet excited states (e.g., 4B,,) and satis- 
factorily explained the observed dependence of the quantum yields on 
wavelength and temperature. By application of the angular overlap model [340] 
to the calculation of energy parameters of different reactions, the first theory of 
the photostereochemistry of d 3 (and d6) complexes was developed that employs 
the symmetry-based selection rules in the solution of a complex photochemical 
problem. 

Petersen et al. [345, 3461 theoretically extended the VC model to d6 systems 
in spite of certain doubts [349] in the applicability of this model, e.g., for d5 
systems cis- and truns-[Ru(en),Cl,]+ and some d6 systems of the [M(en),XY]*+ 
type, where [366] M = Rh(II1) or Ir(II1) [344]. Later, the validity of the model 
was not only proved but good prospects [350] of extending it to other d” systems 
were demonstrated, covering the photosubstitution processes as a consequence 
of the LF excitation. 

However, the necessity to take into consideration the existing fine equilib- 
rium in the dynamics of the processes leading to geometrical rearrangement and 
photophysical deactivation of excited states (excited-state rearrangement 
model) was pointed out. Thus, the formation of products of specific geometries 
is expected and is observed experimentally if the stereochemical rearrangement 
takes place earlier (faster) than the triplet-singlet deactivation of the MA4X 
fragment (five coordinated intermediate) formed by release of the Y ligand from 
the .MA,XY complex in the lowest triplet excited state (see Section 4.4.3). 
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The effort to master also the problems of the prediction of photophysical 
processes led Walters and Adamson to formulate the following “emission rules” 
[367], which were based on the analysis of the ever growing amount of informa- 
tion on the photophysics of Cr(II1) complexes. 

Rule I 
For complexes with six equivalent Cr-L bonds, the emission lifetime in a fluid 

solution at room temperature decreases with decreasing ligand field strength. 

Rule 2 
If two different kinds of ligand are coordinated, the emission lifetime will be 

relatively short (< 1 us) if that ligand which is preferentially substituted in the 
thermal reaction lies on the weak ligand field axis. 

It is noteworthy that interpretation of the rules again takes into consideration 
the hypothesis on the doublet and not the quartet photoreactive state of the 
Cr(III) complexes. The main reason for the return to the doublet hypothesis in 
the problem discussed for over two decades was the assumption that the vacant 
rzg orbital in the doublet state probably facilitates the bimolecular substitution 
process. There have been further discussions about whether this is true or not, 
as the existence of a vacant orbital is in disagreement with the electronic 
configuration (half-occupied levels) connected with it. 

Aithough for certain complexes an agreement between prediction and experi- 
ment was found, there are a large number of coordination compounds for which 
this agreement was not found; this results in certain doubts about the general 
validity of these rules. 

Increasing evidence has been obtained experimentally that the rate of a 
photochemical deactivation is comparable to rates of such fast processes as 
vibrational relaxation and internal conversion. Langford and Hollebone [368, 
3691 pointed to the necessity for another theoretical approach for a description 
of “prompt” reactions and that it is impossible to continue with the application 
of transition-state theory. A new idea [370] that the processes occur in conjunc- 
tion with extremely prompt reaction of the excited states of complexes has been 
called DOSENCO (Decay on a Specific Nuclear Coordinate). 

For the class of slow reactions, a certain mechanism is determined by a 
random distribution at the Boltzmann temperature; the processes following the 
population of the thexi state have been called DERCOS (Decay on Random 
Coordinate Selection) processes [370]. 

The Zink model did not distinguish between DOSENCO (rapid limit) and 
DERCOS (slow limit) processes, as in the MO approach LF parameters from 
absorption spectroscopy (corresponding to “vertical” transitions) are used. 
However, it partially takes into consideration the competition between the rate 
of chemical reaction, non-radiative deactivation to the ground state and 



138 

luminescence, thus suggesting the possibility of rapid DOSENCO process be- 
haviour in the sense of the “relaxability theory” proposed by Devaquet [371]. 

Based on the parameters resulting from vertical transitions and ground-state 
geometry, this theory suggests the most probable “initial” directions and trends 
in the distortions during the excited-state relaxation which is applicable to both 
DERCOS and DOSENCO processes. Bearing in mind the category of “slow” 
reaction limit, the direction of relaxation (in the sense of motion of nuclei) in the 
discussed theory tends towards the DERCOS state. As the DERCOS state is 
similar to the transition state, conclusions about reactivity for a photochemical 
reaction can also be drawn from the information on DERCOS. 

So far, the extent to which the coordination compounds will have DOSEN- 
CO behaviour is not known; more definite conclusions can be drawn after 
analysing a sufficient number of experimental and theoretical data. This analysis 
could lead to a new theory of vibronic selectivity. 

Finally, some typical characteristics common for all of the above rules and 
models of photochemical reactivity should be mentioned; all discussions have 
concerned the photosubstitution reactivity of kinetically inter, mostly octa- 
hedral complexes. 

From the current state of knowledge of the possibilities of predicting 
photochemical reactivity and their development, it can be expected that further 
theoretical and experimental development will also enable adequate models of 
redox photoreactivity to be formulated. Several papers have been published on 
photoredox reactions (e.g., Endicott [66, 155, 3721) carried out with the aim of 
generalizing the information achieved and applying it to the prediction of redox 
photoreactivity. In fact, such rules appeared approximately in the 1970s (Vogler 
and Adamson [373]), or earlier (Adamson’s simple model of radical pairs) [374, 
3751; however, a model for the prediction of photoredox reactivity elaborated 
to the same level as the models for photosubstitution has not so far been 
published. 

Of the theoretical approaches contributing to the establishment of models for 
the prediction of photochemical reactivity, successful progress has been made in 
gradually coping with the photochemically induced geometrical changes that do 
not involve octahedral complexes (four and five coordinations, mutual equilib- 
ria between 4-5 and 4-6 coordination, and equilibrium of complexes of 
T de D, symmetry, recently studied by Vanquickenborne et al. for Ni(I1) 
complexes [284]). 

4.5 Photochemical insertion, elimination and addition reactions 

In this section, non-redox reactions involving the central atom are considered, 
in which: 
- a molecule enters the bond between the central atom and one of the ligands, 
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and the other central atom-ligand bonds remain unchanged; 
the coordination number of the central atom is reduced by elimination; 
a stable product with a higher coordination number than that of the reactant 
is formed by addition. 

Photoinsertion reactions have been observed in organometallic compounds 
of several transition metals and, to a lesser extent, in coordination compounds. 
Their mechanism either consists of a series of elimination and addition reac- 
tions, or is based on the production of radicals in the primary photoredox 
deactivation process of an excited complex. 

On the basis of the observed methyl-exchange process: 

[(PPh,)Au-CD,] + CH; -+ [(PPh,)Au-CH,] + CD; (4.138) 

a free-radical mechanism rather than an addition-elimination sequence was 
favoured [378] for the insertion reactions: 

t(PE,)Au-CH,I + C,F, 1: [(PE,)Au-C,F,-CH,] (4.139) 

where E3 = Ph, or Ph,Me. Similarly, via the photoinduced homolysis of the 
Au-CH, bond, hexafluoro-2-butene reacted to give an insertion product. 

Irradiation of a solution containing [Ti(Cp),(CH,)J and C,F,C = CC6F, 
yielded exclusively [377] the insertion product: 

,CH3 ,CH3 

IC&Ti , + PhC=CPh i!- (Cpl,Ti 
‘Cd 

p3 

CH3 
ph/ ‘Ph 

(4.140) 

Despite the fact that mechanism of photoredox reactions of cyclopentadienyl- 
titanium(W) compounds was studied by spin-trapping ESR and using 
deuterium-labelled compounds, it has not been unambiguously proved whether 
or not free radicals are formed in the course of the reactions. 

In studies of the photochemical properties of Co(II1) corrinoids, the occur- 
rence of insertions of these complexes was also found. Irradiation of a de- 
oxygenated aqueous solution of methylcobalamin in a CO atmosphere (at a 
pressure of 3.1 MPa) at room temperature led to the formation of acetyl- 
cobalamin in 70% yield. The primary photochemical step is the homolytic 
splitting of the Co(III)-CH, bond to produce a CH; radical and Co(I1) cobal- 
amin. The CH; radical either combines with Co(I1) cobalamin or it is trapped 
by CO molecule. Of course, the higher the CO pressure, the greater the probabil- 
ity of a reaction of CI$ and CO and thus also the production of the CH,CO’ 
radical. The trapping of the CH,CO’ radical by Co(I1) cobalamin yields the final 
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product, acetylcobalamin. The reaction is interesting from the viewpoint of 
carbon-carbon bond formation. The reaction mechanism is as follows ([Co] 
denotes cobalamin) [378] : 

[Co”‘j-CH, 2 [Co”], CH; ‘,” [Co”], CH,CO’ -+ [Co”‘j-COCH, (4.141) 

The photochemistry of cobaloximes is similar to that of cobalamines except 
that the quantum yields are lower. Homolytic cleavage of the Co(III)-CH, bond 
was proposed [379] in the mechanism of the dioxygen insertion reaction of 
methylcobaloxime, denoted in reaction (4.142) as [Co]-CH,: 

[Co”‘]-CH, + O2 : [Co”‘l_OOCH, (4.142) 

The first step of the reaction is photoaquation of the axial ligand. In the 
following step, the Co(III)-CH, bond is cleaved and the resultant CH; radical 
can scavenge 0, to give the peroxo radical CH,CW, which can then recombine 
with Co(I1) to form the peroxo complex. It has been generally accepted that the 
homolytic splitting of the Co(IIIjCH, bond is a consequence of population of 
the dzz orbital, which is antibonding towards the Co(III)--CH, bond. The elec- 
tron occupying a dz2 orbital may come from the cobalt-carbon bonding orbital 
(via LMCT transition) or from the Co(d,)-orbital (via LF transition). 

Typical photoelimination reactions have been described [380] in a series of 
[NiX,(PMe,),J complexes (X = Br, I, CN): 

[NiX,(PMe,),] --* [NiX,(PMe,),] + PMe, (4.143) 

Under experimental conditions where the thermal reaction hardly takes place, 
a photoinduced elimination of one PMe, ligand yielding the square-planar 
truns-[NiX,(PMe,)J complex occurs. It seems that the second singlet LF state is 
the photochemically active state. 

The quantum yield of PMe, photoelimination during the photolysis of the 
trans-[Ni(CN),(PMe&] complex of Ox,, symmetry was lower than those for 
bromide and iodide complex (trigonal-bipyramidal complexes of C,, symmetry) 
and increased with decreasing wavelength of the incident light. 

Octahedral complexes can also undergo photoinduced eliminations. Irradia- 
tion & = 1060 or 530nm) of the high-spin complex [Ni(tet)(HzO)J2+ leads 
[381] to the photoelimination of two water molecules with the simultaneous 
production of a square-planar low-spin ion, [Ni(tet)]*+, of D, symmetry. 

Nickel porphyrins are attractive compounds for the investigation of non- 
redox eliminations and additions as they can be four-coordinate low-spin (in 
non-coordinating or weakly coordinating solvents), five-coordinate high-spin 
(the coordination number determined by the ligand structure and the environ- 
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ment of the complex) or six-coordinate high-spin (in strongly coordinating 
solvents). As Raman modes are very sensitive to the metalloporphyrin spin 
state, the structure of metalloporphyrins and ligation changes can be readily 
studied, in addition to transient absorption measurements, by time-resolved 
resonance Raman scattering. 

The results obtained can be summarized [382, 3831 as follows. As a conse- 
quence of excitation of a six-coordinate (‘B,,) complex, the excited ‘A,, state is 
achieved. Owing to the filling of the Ni(3&) orbital, axial ligands temporarily 
dissociate and a four-coordinate complex is formed. The axial ligands are 
released in less than 35 ps. An example is the shift of the equilibrium between 
a four- and six-coordinate Ni(I1) complex in pyridine on laser irradiation at 
406.7 nm: 

trans-[Ni(TPP)(py)J & [Ni(TPP)] + 2py (4.144) 

Excitation of a four-coordinate complex (‘A,, ground state) results in the 
formation of the unligated 3B,, state in less than 15 ps. In the presence of strong 
coordination ligands, the unligated 'B,, state traps two molecules, forming a 
six-coordinate complex : 

[Ni(OEP)] + 2py f$ truns-[Ni(OEP)(py),] (4.145) 

Nickel(I1) forms analogues of the native iron(I1) haemoglobin (NiHb) and 
myoglobin (NiMb), in which owing to the unique influence of the five-coor- 
dinate protein is stabilized. No photoinduced ligation changes are observed for 
these NiHb and NiMb compounds;regardless of the excitation wavelength. On 
the other hand, four-coordinate NiHb and NiMb are photoreactive and their 
excitation leads to the photoaddition of a ligand into an axial position and the 
formation of a five-coordinate complex. It is worth repeating that the complexes 
produced by photoexcitation do not persist for a long time in the system and 
should be regarded as transient species. 

Photochemical non-redox additions or eliminations involving the central 
atom include reactions in which both the chromophore of the complex and the 
composition of ligands are changed, but the coordination number is preserved. 
A typical reaction of this type is the following reaction [384]: 

truns-[Cr(en),F,]+ + H,O+ 111 [Cr(en)(enH)(H,O)F,]*+ (4.146) 

In this reaction, protonation of one ethylenediamine molecule in the excited 
state takes place. This molecule thus becomes monodentate, and a water mole- 
cule is bonded to the released coordination site. 
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A hydrolysis reaction associated with the addition of a water molecule to the 
coordinated a-amino acid derivative in excited Zn(I1) complexes leads to the 
photochromic behaviour of the complex [385]. Photochromism can be de- 
scribed as follows: 

h3bHzO) 

A (-Hz01 

9’ 0 
R-$-C; 

(4.147) 

where for pyridoxal 5’-phosphate-a-amino acid complexes X = N, 
R, = [CH20P03]2-, and R, = CH,, and for salicylaldehyde-a-amino acid com- 
plexes X = CH and R, = R, = H. Alanine and a-aminoisob.utyric acid were 
used. 

Metal-free pyridoxal 5’-phosphate-a-amino acid Schiff bases undergo 
photochemical decarboxylation, and the coordination of the carboxylato group 
to Zn(I1) depresses the photoinduced release of CO,. The mechanism of the 
photodeactivation processes cannot be discussed as the complexes were irra- 
diated by polychromatic light. 

Unlike the above-mentioned Zn(I1) compounds where the amino acid was 
stabilized towards photodecarboxylation through its coordination, glycinato 
complexes are photosensitive and from the excited states can be deactivated by 
decarboxylation, as in Co(II1) complexes [386, 3871: 

[ 
ILL)2CdU/o-C-o _,,iH2]” = [ILLwom<~;~]2++ co* (4.148) 

The reaction mechanism consists of several redox steps. The primary photo- 
chemical process is probably the homolytic splitting of the Co(III)-O bond. 
Subsequently, a CO2 molecule is released from an amino acid radical, and the 
NH,CH; radical recoordinates with Co(II), thus producing the three-membered 
Co(II1) metallocycle. The bidentate LL ligands (l,lO-phenanthroline or 2,2’-bi- 
pyridine) apparently do not take part in the reaction. 

4.6 Photochemical changes in composition of coordinated ligands 

Photoredox reactions of coordinated ligands and non-redox processes involving 
the central atom of a complex were discussed in previous sections. In this 
section, light-induced non-redox ligand-localized changes not involving the 
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central atom of a complex are introduced. Of this type of photochemical 
reactions, the following have been studied so far: 
- non-redox rearrangement reactions; 
- acid-base equilibria ; 

- ligand-localized photosubstitutions; 
- ligand decomposition reactions. 

The first group covers, for example, the formation of x-complexes, for which, 
in general, the term “oxidation number” loses its meaning. Such a complex is 
produced by the reaction [388]: 

(4.149) 

From the viewpoint of their relationship, the reactant and the product are 
coligand isomers. 

The change in the energy of a complex during transitions from the ground 
state to an excited state may result in a change in its acid-base properties (see 
Section 2.5). The extent of this change depends on the direction and localization 
of the redistribution of electron density within the transition. In general, if the 
electron density on the ligand increases during excitation (MLCT transition), 
the ligand affinity to proton is increased and thus also the pK value increases 
(pP > pK). If the excitation is not associated with the change in the radial 
distribution of the negative charge in a complex (LF or IL excited states), also 
the ability of the complex to bind a proton is not changed, and therefore 
pK* x PK. In the LMCT excited state, pP should be lower than PK. 

TABLE 18 
Acid-base equilibrium constants of complexes in their ground state (pK,) and the lowest excited state 

(PG 

Complex (base) 
Excited 
state PK, PK: 

[Ru(bpy),(4-COO-4’-CH,-bpy)] 

[Ru(bpy)z(4,4’-(Coo),bpy)l 

[Ru(bpy),(CW 

[Ir(bpy)@H)12’ 

W-W’-(COO),bpyX13- 

MLCT pK, = 3.0 pK:= 4.85 [390] 

MLCT pK, = 1.8 pK: = 3.7 13891 
pK, = 2.65 pK;= 4.5 13901 

MLCT pK, = 1.2 pK: = 4.3 13911 
pK, = 2.0 pK; = 6.7 WI 

[2401 

IL + MLCT pK, = 3.0 pK:= 3.5 [2401 

LF pK, & pK,* [1761 
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Experimental data for pKi and pevalues for some complexes in the ground 
and energetically lowest excited states are given in Table 18. It is obvious that 
in Ru(I1) complexes, for which in their non-protonated (basic) form the lowest 
excited state is 3MLCT in nature (in protonated forms it is the ‘IL state), 
pK,*> pK,. For the Ir(II1) complex the pK* value is only slightly higher than pK 
as the emitting (lowest) excited state is predominantly an intraligand state mixed 
only to a slight extent with the MLCT state. 

The electron densities at the protonation sites in both the ‘Kg ground state 
and the metal-centred, intraconfigurational ‘Eg excited state are expected to be 
virtually identical. Therefore, the pK* and pK values for the Cr(II1) complex are 
approximately the same. 

Acid-base equilibria of the LMCT excited complexes have not yet been 
investigated. 

Photosubstitution reactions localized on a ligand are not very common in the 
photochemistry of coordination compounds. Such reactions can be exemplified 
[392] using a process whose stoichiometry is expressed by the following reaction: 

[Fe(Cp),l + CH$l, + C,H,OH z [Fe(Cp)(C,H,-CH,-OC,H,)1+ 2~~1 

(4.150) 

The reaction occurs during irradiation of ferrocene in a mixture of CH,Cl, and 
C,H,OH; its mechanism is complex and involves several redox steps. In addition 
to the substituted ferrocene, also redox iron(II1) compounds are produced. 

A very intensively studied group of complexes that deactivate from their 
excited states by ligand decomposition (together with other deactivation path- 
ways) are azido complexes of transition metals. The modes of chemical deactiva- 
tion are strongly influenced by the properties of the central atom, which deter- 
mine the nature of the lowest lying, photochemically active excited state. 

It has been shown that irradiation of the systems of Co(II1) azido complexes 
results, in addition to substitution in an innersphere electron-transfer reaction 
followed by decomposition of the complex yielding Co(I1) and an N; radical. 

The Cr(II1) azido complexes are photochemically decomposed, producing 
nitrido complexes of chromium(V). It is assumed that in the systems of Ir(II1) 
and Rh(II1) complexes the primary photochemical step is the formation of 
nitrene intermediates [393-3951: 

[M(NH,),N,]*+ 5 [M(NH,),N]*+ + N, (4.151) 

which are highly reactive species and react with the particles of the medium, e.g., 

[M(NH3)sN]2+ + 2H+ + Cl- + [M(NH3),NH2C113+ (4.152) 
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The production of the nitrene intermediate was not characterized by the authors 
[393-3951 as a redox process. In the systems of Rh(II1) complexes the 
photoreduction of Rh(II1) to Rh(I1) also takes place. 

The differences in the photochemical properties of the Cr(III), Co(III), 
Rh(II1) and Ir(II1) azido complexes are probably due to the different energies 
of the LMCT and azide-localized IL states. In Co(II1) complexes, the LMCT 
state is energetically lower than the IL state and reduction of the central atom 
takes place. In Rh(II1) complexes both states have similar energy; for the Ir(II1) 
complex the IL state is energetically lower than the LMCT state and the 
complex is deactivated by releasing Nz only. 

A more complicated mechanism involving photosubstitution processes in 
addition to the azido ligand decomposition is that of photochemical reactions 
of molybdenum(I1) organometallic compounds, [Mo(Cp)(CO),(PPh,),,N,1, 
where x = 1 or 2. The compounds provide,, [Mo(Cp)(CO),(PPh,),_,(NCO)], 
isocyanato complexes, under unfiltered W radiation in the presence of CO and 
PPh, [396]. The reactions are consistent with the formation of organometallic 
nitrenes, which capture a CO molecule to produce the isocyanate ligand. The 
photodeactivation pathways were not evaluated. 



5 APPLICATIONS OF PHOTOCHEMISTRY 
OF COORDINATION COMPOUNDS 

Together with theoretical research into the photophysical and photochemical 
properties of coordination compounds, there is an ever increasing need to utilize 
the available knowledge for practical purposes. Practical applications not only 
depend on the results of basic research but, together with the development of 
experimental techniques, they also have a considerable influence on the direc- 
tion and depth of the photochemical studies. The qualitative stage of the linkage 
between theory and practice is not the same for all fields. Whereas in the 
chemistry of polymers only the .knowledge of the kinetics and mechanisms of 
photochemical processes is applied, there are other fields (e.g., the transforma- 
tion and storage of solar-energy) that contribute to the development of solutions 
to basic scientific problems. A knowledge on the kinetics and thermodynamics 
of photoprocesses, although unbalanced, Qas been achieved. New tasks for re- 
search have appeared, such as photoelectrosynthesis and the photochemistry of 
colloid systems. 

The level of the hithertho achieved knowledge and the efforts to apply it in 
practice are reflected in the organization of regular symposia devoted to certain 
fields (e.g., International Conference on Photochemical Conversion and Storage 
of Solar Energy). Books have been published that covered some applications of 
the results of the photochemistry of coordination compounds. However, there 
has been no paper or book so far dealing with the application of complex 
photochemistry in a wider scope. 

This chapter represents an attempt to remedy this lack, at least partially. Of 
various possibilities for covering actual and potential applications of the 
photochemistry of coordination compounds, mainly those which are most 
frequently at present are stressed. 

Section 5.1 presents the terminology and the results relating to photocataly- 
sis. The defined terms are used in Section 5.2, including information on the 
conversion and storage of solar energy. The photochemical preparation of 
complexes is discussed in Section 5.3. Section 5.4 deals with the application of 
the knowledge of the photochemistry of coordination compounds in the chemis- 
try of polymers, and the final part (Section 5.5) is devoted to other applications. 
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5.1 Photocatalysis 

The intense development of the photochemistry of coordination compounds 
with emphasis on the photocatalytic aspects in the last decade has been reflected 
in several published review papers [397-409]. Research on systems designated 
photocatalytic in fact proceeds in two directions: one is focused on the study of 
mechanisms of catalytic reactions taking place with the assistance of light 
radiation, resulting in the development of theory and terminology, and the 
second stresses practical applications of photocatalytic processes. One can 
assume that by a symbiosis of both directions it will be possible to achieve the 
preparation of substances with predetermined properties applicable in photoca- 
talytic processes. 

As the terminology (still being discussed [402-404,406,410,411 J) referred to 
in this section is also used in other sections, it is necessary to define the 
fundamental terms in accordance with the present state of knowledge and 
conventions used in the literature. 

The term photogenerated catalysis (and also true photocatalysis or photoin- 
duced catalytic reactions) designates sequence of processes that start by the 
formation of a catalyst K in a photochemical reaction from a thermally stable, 
catalytically inactive precursor A : 

hv 

A+A*+K (5.1) 

and continuing in subsequent, exclusively thermal chemical transformations of 
the reactant R to the product P catalysed by the catalyst K formed photochemi- 
tally, which is not consumed in the course of a reaction: 

K+R+K-R (5.2) 

K-R + (K-P) 
K+P 

K-R + P 

(5.3) 

(5.4) 

Thus, to carry out a catalytic cycle, an interaction between K and R is 
unavoidable, producing either an intermediate product or a transient K-R state 
which undergoes a chemical transformation to K-P. Then, the formation of P 
from K-P (eqns. 5.3 and 5.4) is accompanied by the regeneration of K (Scheme 
2), or directly by K-R as a consequence of the replacement of P with the 
reactant R in K-P (Scheme 3). 

It follows that a catalysed process starts after a certain time period (induction 
period) required for the formation of K in the system and also continues after 
irradiation has ceased. 
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An induction period and “post-photochemical” reaction are unique charac- 
teristics of photogenerated catalytic processes. 

As the catalyst generated by the action of a single photon might promote the 
transformation of many substrate molecules into the product, photogenerated 
catalysis may be catalytic in’photons. 

I I 
K 

R- 
I 

P KIR 

R Xl K-P 

Scheme 2 Scheme 3 

The overall quantum yield of the generation of product P, Q,.,, can be higher 
than unity in the course of a photogenerated catalysis. 

The observation of an induction period, a “post-photochemical” reaction, 
with Or, > 1, is presumptive evidence for the operation of a purely thermal 
catalytic cycle. It is important to recognize that a photogenerated catalysis is not 
necessarily catalytic in photons. However, often the catalyst K undergoes 
side-reactions that lead to consumption of the catalyst (“poisoning”). 
Therefore, depending on the initial quantum yield for the formation of the 
catalyst and the turnover number, i.e., the number of cycles initiated by the 
catalyst, the overall quantum yield may not necessarily be OP > 1. 

An example of photogenerated catalysis is the reaction [412] of the 

[Wenh13+ ion with the bis(2-hydroxymethyl)dithiocarbamate anion (htc-) to 
form the [Co(htc),] complex; this reaction takes place in the course of photolysis 
by radiation of wavelength A,, = 451 nm. The photogenerated catalyst is the 
[Co(en),]‘+ ion : 

{[Co(en),13+, htc-) --+ [Co(en),]‘+ + htc’ (5.5) 

which permits the formation of [Co(htc),]- in a thermal catalytic cycle, and 
subsequently even the formation of the [Co(htc),] complex: 

[Co(en),]‘+ + 3htc- + [Co(htc),]- + 3en (5.6) 

[Co(htc),]- + [Co(en),13+ -+ [Co(htc),] + [Co(en)$+ 

restoring simultaneously the catalytically active [Co(en),]‘+. 

(5.7) 
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The catalyst K can be represented by a complex (mostly coordinationally 
unsaturated, formed in situ in the system), reactive ions or radicals. 

The term cutufysed photolysis (frequently called photoassisted reaction) is a 
sequence of processes in which the catalyst K permits photoexcitation of the 
reactant R followed by its chemical transformation into the product P: 

K+R-+KR 

KR* 
KR “” 

< KR* --) R* + K 

KR*+P+K 

(5.8) 

(5.9) 

(5.10) 

(5.11) 

R*+P (5.12) 

The catalyst K in this instance is sometimes also called a photoassistor [406] or 
pseudo-catalyst [411]. 

In contrast to photogenerated catalysis, the catalyst K is not formed in the 
photochemical step, but in the course of each cycle its interaction (or, depending 
on the behaviour of K, its coordination) with R must necessarily take place, 
resulting with simultaneous irradiation in the formation of the excited state R* 
(eqn. 5.10, Scheme 4) or KR* (eqn. 5.9, Scheme 5). The product P is formed in 
the process of chemical deactivation of the excited R* and KR* states; the 
catalyst K is regenerated either simultaneously with this process (eqn. 5.11) or 
in the process of the production of R* (eqn. 5.10). 

I+-P 

Scheme 4 

R 

P 

Scheme 5 

It follows from the mechanism that the quantum yield of the product forma- 
tion must be #p 2 1; interruption of irradiation also stops the catalysed 
photolysis. The already mentioned characteristics (post-photochemical effect, 
value of @J can be used to distinguish between photogenerated catalysis and 
catalysed photolysis. 

A typical example of catalysed photolysis is the valence photoisomerization 
[413] of norbornadiene (NBD) to quadricyclene (Q’) catalysed by Cu(1) halides. 
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The first step of the reaction mechanism is the production of the Ir-complex of 
ClCu-NBD, characterized by an intense band with absorption in the UV region 
up to 350 nm (NBD itself absorbs radiation at A < 270 nm). Photoexcitation of 
the n-complex (A,, = 313 nm, solvent CHCl, or EtOH) results in the formation 
of Q’ with a conversion of 90%. It has been found that using 1 mole of CuCl 
it is possible to produce more than 200 moles of Q’. The possibilities of the 
practical utilization of Q’ formation from NBD are discussed in Section 5.2. 

The preconditions for catalysed photolysis are sufficient stability of the K-R 
adduct in the ground state (and the lowest stability in the excited state) and 
different spectral properties of the K-R adduct and R and K themselves (K-R 
should absorb in the region where K and R do not absorb). Catalysts used are 
mainly compounds of transition element with low oxidation states Cr(O), Cu(I), 
Rh(I), etc., and the reactants include various olefins. The systematically studied 
reactions are particularly isomerizations and hydrogenations. 

In addition to these reactions, many other examples of photoassisted reac- 
tions (redox in nature) are known. The importance of some of them (e.g., 
photooxidations or photooxygenations of organic substrates in the presence of 
coordination compounds) was recognized and therefore considerable attention 
has been paid to this class of phototransformations [414--416], and their classifi- 
cation. The formation of the chloro radical (evidenced by pulsed-laser flash 
photolysis [42, 199, 4171 and the spin-trapping technique [418, 4191) and Cu(1) 
during photolysis of an acetonitrile solution of chlorocopper(I1) complexes [41, 
4201 in the region of their lowest spin-allowed charge-transfer excited state led 
to the suggestion of a photoassisted catalytic reaction of the Cu(II)--Cu(I) redox 
cycle [ 1991. Such a cycle would render possible the oxidation of an organic 
substrate, e.g., aliphatic alcohols [421] or phenols [422424]. The photoassisted 
oxidation of alcohols was also observed in the presence of V(II1) complexes 
[425] (with simultaneous production of hydrogen), of the Wilkinson complex 
[Rh(PPh,),Cl] [426], of the macrocyclic [Co(III)TPPS] complex [427] and of 
chromic acid esters [428], etc. The photoassistor present in the above systems is 
usually restored by 0, oxidation (aerobic conditions) [422, 423, 427, 4281. 

The only recently defined term of a catalysedphotoreaction [403,406] (differ- 
ing in its meaning from the discussed catalysed photolysis or photoassisted 
reaction) involves the reaction of a catalyst with a molecule of substrate in the 
excited state to form a product; light is absorbed by the substrate R, and 
activation of the catalyst K is not necessary. 

ht 

R+R* (5.13) 

WI 
R*-+P (5.14) 

Catalysed photoreactions have been discussed in detail [403, 4291 recently. 



The first step of sensitized photochemical reactions (also called photosen- 
sitized reactions) is photoexcitation of the catalyst K: 

hv 

K+K* (5.15) 

The next step is either the formation of an exciplex: 

K* + R + (K-R)* 

or energy transfer from K* to a particle of reactant R: 

(5.16) 

K*+R-,K+R* (5.17) 

Sometimes K* may transfer its energy to R by an electron transfer: 

K*+R+K++R- (5.18) 

K*+R-+K-+R+ (5.19) 

The reaction product is formed by decay of the exciplex (eqn. 5.20, Scheme 6), 
or by deactivation of R*(R+, R-) (eqn. 5.21, Scheme 7) 

(K-R)* + P + K (5.20) 

R*(R+, R-) -+ P 

hU ha’ 

(5.21) 

Scheme 6 Scheme 7 

It results from the mechanism of sensitized photochemical reactions that the 
quantum yield of the product must be #,, < 1. When K functions in this way, it 
is usually called a sensitizer. 

During the study of the isomerization NBD --, Q’, if the [Cu(BHJ(PPh,)J 
complex is used as a catalyst with light of wavelength 3 13 nm, it has been found 
[430] that the photoexcited [Cu(BH,)(PPh,)J* also reacts both by the formation 
of an exciplex with NBD: 

[Cu(BH,)(PPh,),]* + NBD + [Cu(BH,)(PPh,),(NBD)]* (5.22) 
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and by energy transfer with formation of the triplet IL state of NBD*: 

[Cu(BH,)(PPh,)J* + NBD -+ [Cu(BH,)(PPh,)J + NBD* (5.23) 

The exciplex and NBD* are deactivated, producing quadricyclene, Q’. 
The conditions for exciplex formation and energy transfer were discussed in 

Sections 2.4 and 3.4. The sensitized photochemical reactions take place when the 
catalyst K and reactant R do not form an adduct in the ground state and the 
excitation radiation is not absorbed by the reactant but mostly by the.catalyst. 
A priori it is assumed that the excited catalyst does not undergo decomposition 
reactions. 

Some authors [431] also differentiate the term “sensitizer” and others [403] 
exclude it entirely from the category of catalysts. For example, in conjunction 
with a study of the chemiluminescence of systems including coordination com- 
pounds, the term photosensitizer has been suggested [431,432] for a substance 
that photosensitizes the light absorption (light absorption sensitizer; LAS); 
substances that function as mediators of the conversion of chemical energy into 
light energy (chemiluminescence inducer; CLI) are called light emission sen- 
sitizers (LES). 

All of the hitherto mentioned mechanisms involved absorption of one photon 
in the catalytic cycle, and were tested using homogeneous systems. It should be 
mentioned that the range of possibilities of reactions catalysed in the presence 
of light radiation is more extensive, and examples are known that include 
absorption of two photons in the catalytic cycle (e.g., some [9] photoisomeriza- 
tion and photohydrogenation reactions of alkenes taking place in the presence 
of M(CO), where M = Cr, MO and W) and processes in heterogeneous systems 
[433] (photolysis of water in the presence of substances of a semiconductor type, 
or systems containing colloidal platinum and [Ru(bpyh12’ ions). 

One of the essential differences between thermally catalysed processes (where 
the conversion of R + P requires AG < 0) and photocatalysed reactions is the 
possibility of the formation of products with a higher energy content than that 
of the reactants. Thus, the energy of an absorbed photon is used not only to 
overcome the energy barrier of the catalysed reaction, but also to satisfy the 
thermodynamic conditions of the reaction. 

Of the practical advantages of photocatalysed reactions, one could also 
mention their lower (compared with thermal reactions) energy demands, which 
is particularly due to the fact that the energy need not be supplied to the whole 
system but only to a certain part, the frequently high selectivity of reactions and 
the possibility (e.g., by directing the light energy input) of optimizing the 
conversion of the reactants to products. 

Based on the above and on some recent knowledge (e.g., [434] relationships 
between the symmetry of coordination of a metal ion and the photocatalytic 
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activity that can be obtained by photoluminescence measurements), one can 
expect that interest in the study of photocatalytic systems will be intensified in 
the future. 

5.2 Solar energy conversion and storage 

The gradual exhaustion of world reserves of fossile fuels and the increase in their 
prices in the early 1970s prompted worldwide research to develop alternative 
sources of energy, including processes of guided nuclear synthesis and nuclear 
fission and also solar energy. The exploitation of solar energy is an especially 
attractive trend as this resource is infinitely abundant, environmentally clean 
and embargo-proof. This research has been directed towards obtaining storable, 
pollution-free chemical and electrical energy from sunshine at an economically 
acceptable cost. However, because of the diffuseness (low power per unit area) 
and intermittent availability of solar radiation, some methods of storage must 
be provided so that energy can be stored when there is a plentiful supply until 
the time when demand exceeds supply. 

The focus on the study of the possibilities of solar energy utilization [435-440] 
resulted from several facts. It is energy with a continuous supply, the quantity 
of which (approximately 2 x lO24 J of solar energy fall on the Earth annually) 
markedly exceeds the energy demands of mankind (3 x IOn’ J per year). From 
the ecological viewpoint it is the “purest” energy. A stimulating factor is also 
the utilization and conversion of solar energy into chemical energy with a 
relatively high conversion (ca 6%) in biosystems. 

Energy storage by means of photosynthesis in green plants has been carried 
out for millions of years; carbon dioxide and water are converted photochemi- 
tally to oxygen and combustible carbohydrates. Based on this fact, scientists 
focused their attention on photochemical, photoelectrochemical, photovoltaic 
and photobiological solar energy conversion. The aim of photochemists was to 
propose and implement an artificial (e.g., non-biological) cycle that would 
enable a storable fuel to be produced from readily available and inexpensive 
raw materials. This required really multidisciplinary approach involving 
photochemistry, photophysics, theoretical chemistry, photobiology, solid-state 
physics, synthetic chemistry, polymer chemistry, colloid chemistry, electroche- 
mistry, biophysics and cell biology. The great interest in obtaining solutions in 
research into artificial photosynthesis problems is illustrated by a number of 
review papers [441-453]. 

Owing to the considerable attention paid to the study of the possibilities of 
solar energy utilization [454] some solar technologies have been successfully 
developed. According to the opinion of specialists in the United Nations Eco- 
nomics Commission for Europe [455], the proportion of new and renewable 
sources in the total energy consumption within the sphere of the Commission 
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should increase to 15-17% in 2000 (in 1978 it was 8.9O/,). Here (in 2000) water 
energy participates to the greatest extent (5.2%) whereas solar energy partici- 
pates with 1.5% (360-720 milliard kWh). 

However, there also are various disadvantages of solar energy utilization (too 
high dilution, changes in the intensivity of radiation during night and day and 
during the seasons). Wider possibilities of the solar energy utilization have been 
discussed in several books [436, 438, 456, 4571. Of the wide range of potential 
means of solar energy utilization, this chapter will deal with those in which the 
active components are coordination compounds. This involves systems in which 
solar energy is converted into chemical or electrical energy [436-438,458-460]. 

In fact, the conversion of solar energy to chemical energy takes place during 
each endoergonic photochemical reaction. If the products of such a reaction are 
kinetically stable, storable, transportable and then convertible into new or 
original compounds with a simultaneous release of energy, they can be con- 
sidered to be potential fuels. 

In the process of a hypothetical “photochemical energy storage cycle” 
(Fig. 21) product P is formed within the primary photochemical process from the 
photoreactive excited state R* of the reactant, coupled with a total change in 

fiRs energy storage 

R 

l--j 

R&P (AG’O) 

energy release 
A/cat. 

P PzkR 

enwry 

Fig. 21. Scheme of photochemical solar energy conversion and storage cycle (sens. = sensitizer, 
A = heat, cat. = catalyst). 

Fig. 22. Conversion of solar energy to chemical energy during photochemical conversion of 
reactants R, to the products P,; AGp is accumulated energy in the products of the photochemical 
reaction; AC* is activation Gibbs energy of the reverse reaction P + R. 
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free energy AG. Provided that a photosensitizer is present in the system, the light 
need not be absorbed directly by the reactant(s). 

If the energy E,, represents the absorbed photon energy then AG/E,, re- 
presents the proportion of it that was converted and stored in the form of 
chemical energy (Fig. 22) in product P (higher compared with the ground state 
of the reactant R). In the reverse reaction of P to R, it is necessary to overcome 
the kinetic barrier AG# (by increasing the temperature or adding a suitable 
catalyst), this energy being released in the form of heat or electricity. Hence it 
is possible to implement almost infinite solar energy storage within a cyclic 
process as schematically shown in Fig. 23. 

hY 
sens. , 

NBD a 
t cat. I 

(release--lkJg-‘1 

Fig. 23. System for solar energy storage employing reversible valence photoisomerization of NBD 
to Q’ (sens. = sensitizer, cat. = catalyst). 

The practical realization of photochemical energy-storage cycles (Fig. 21) is 
conditioned by the spectral, thermodynamic and kinetic properties of the com- 
ponents of the systems being studied, and also by economic factors, and in 
general, it must satisfy the following criteria [461]: 

(a) A photochemical reaction must be endoergonic (AG > 0) with a high 
quantum yield. 

(b) To have a cyclic process, no side-reactions resulting in the destruction of 
a reactant(s), product(s), sensitizer or catalyst are to occur in the system (or only 
to a minimum extent). 

(c) A photochemical reaction should take place within the broadest region 
of the solar radiation spectrum; the reactants should absorb the greatest possi- 
ble amount of impinging solar radiation and the absorption by photoproducts 
should be minimal. 

(d) The amount of stored energy relative to unit weight or volume of the 
photoproduct formed should be as high as possible. 

(e) The initial reactants and other components of the system should be 
readily available, cheap and non-toxic.’ 

(f) Overall handling with the system must be simple and the products of 
photochemical reaction should be easy to store and transport. 

(g) The reverse exothermic reaction R t P accompanied by release of stored 
energy at room temperature should be extremely slow, however, under certain 
conditions (e.g., addition of a suitable catalyst or heating) it should be fast, 
specific, controllable and with a high efficiency. 

As shown by Bolton [462] for an ideal system in which all photons with 
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energy 2 E,,, are absorbed and the product P is formed with unit quantum 
yield, the maximum achievable efficiency of the conversion of solar energy to 
chemical energy can be approximately 32%. Considering thermodynamic and 
kinetic limitations of a real system, it has been found that it is not likely that the 
maximum conversion efficiency would exceed 12-l 3%. In this connection, it is 
interesting that the efficiency of the conversion of photosynthesis (so far the only 
known really working process that satisfies almost all of the above require- 
ments) is only about 5-6% under controllable laboratory conditions. 

The systems that include coordination compounds and that were studied in 
connection with the storage and conversion of solar energy to chemical energy 
can be classified into photoisomerization and photoredox according to the type 
of photochemical reactions utilized. 

The first type is based on a photochemical change of R to high-energy 
product P in the process of an endoergonic photoisomerization reaction. The 
photoredox reaction that has attracted the greatest attention in recent years, is 
the photosensitized decomposition of water into H, and 02, which is interesting 
from chemical (artificial photosynthesis), biological (biomimetic systems) and 
economic points of view (potential fuel source). 

It has been shown that most photochemical reactions of coordination com- 
pounds of transition elements are not suitable for the purposes of solar energy 
conversion (very low AG, low quantum yields, side-reactions, etc.). 

The most promising are photoisomerization reactions of coordinated ligands 
involving also the valence photoisomerization of norbornadiene (NBD) to a 
quadricyclene (Q’), which has been the most often studied [413, 436, 461, 463, 
4641. 

Most of the criteria for an efficiently working system of solar energy storage 
are satisfied by the isomerization of NBD to Q’. In 1 mole of quadricyclene as 
a high-energy NBD isomer, 92 kJ of energy are accumulated 14651, which is less 
than that for the products of redox photoreactions. On the other hand, the 
practical advantage of this system is that the energy barrier of the reversible 
thermal reaction Q’ + NBD is relatively high, and under normal conditions 
quadricyclene is stable. 

The disadvantage of the zero absorption of NBD in the visible region of the 
spectrum was partially solved using organic sensitizers or complexes, particular- 
ly based on Cu(I), which shift the absorption of the system above 300nm. 

Although the quantum yield of sensitization is high, the total efficiency of the 
system is markedly reduced because under these circumstances only a small 
proportion of impinging solar energy is absorbed. Of the Cu(I) compounds, 
simple CuX salts provided positive results (X = Cl, Br, I, C,H,O,). 

The most important step in the reaction mechanism is the formation of a 
photoreactive XCu-NBD complex; an analogous mechanism is that of the 
reaction of the [CuHB(pz),]CO complex. 
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Another type of reaction mechanism is observed during the sensitized pho- 
toisomerization of NBD to Q’, in which copper(I) complexes with ligands of the 
triphenylphosphane type, e.g., [Cu(BH,)(PPh&, [Cu(BHd(PPh,Me),] and 
[Cu(BH,)(diphos)], are used as sensitizers (for details of both mechanisms see 
Section 5.1), or Ir(II1) complexes, e.g., [Ir(bpy),(bpy’)OH12+ and ]Ir(bpy), 

(bpy’)OHd3 + , where bpy’ denotes a monodentate coordinated molecule of the 
bpy ligand. Ir(II1) complexes [466] in comparison with Cu(1) compounds are 
considered to be markedly more attractive because, in addition to the compar- 
ably high sensitizing efficiency they absorb a larger amount of visible radiation 
and can easily be anchored on the surface of a heterogeneous, transparent and 
chemically inert surface, which is of great importance particularly from the 
practical viewpoint. 

The observed novel behaviour during the valence isomerization of Q’ to 
NBD in the presence of PdCl,(7fQ-NBD) [467, 4681 was attributed to the 
operation of a redox-chain mechanism involving the formation of the quadricy- 
clene radical Q’ and its rapid rearrangement to NBD+; such a reaction (genera- 
tion of a thermally active catalyst as a result of the photoinduced electron 
transfer) can be classified as photogenerated catalysis (true photocatalysis). 

Solving the problem of the reversible reaction of Q’ to NBD with the release 
of stored energy in the form of heat, catalysts were sought that would permit a 
prompt and specific conversion of Q’ to NBD. 

Of a number of complexes studied [469], the most suitable seemed to be, e.g., 
dithiolene complexes of the type [(CF3)2C2S2]3M where M = MO, W, Ni, square- 
planar complexes of Rh(1) [Rh(CO),Cl],, [Rh(dien)Cl], and other Rh(1) com- 
plexes with ligands of the PPh,, acac-, Cp- type and their derivatives or NIL,, where 
L = 1,5-C8H,, or CH, = CHCN and triphenylcyclopropenylnickel complexes 
(Ph),C,Ni(CO)X, where X = Cl, Br. However, because of their undesirable 
solubility, side-reactions, low efficiency or too high air sensitivity, these com- 
plexes were not used in real systems. The square-planar cobalt(H) complexes 
with ligands of the porphyrine type and its derivatives seem to be more promis- 
ing; their palladium(I1) analogues show significantly poorer properties. 

However, it has been found [470] that Cu(1) complexes can catalyse iso- 
merization reactions even on irradiation with visible light (A > 390 nm). The first 
example of Cu(I) photocatalysis efficient under visible-light irradiation is the 
system [Cu(CH3CN)4]+-biL (where biL = bpy, phen, 2,9- or 4,7-dimethyl-l,lO- 
phenanthroline or dpphen), utilized in tram-cis photoizomerization of stilbene 
[470]. In the course of the reaction a high conversion of tram- to cis-stylbene 
takes place, and solar energy is stored (approximately 45 kJ mol-‘). 

Other examples of cis-tram photoisomerizations have been published, e.g., 
with coordinated stilbene [471] or azo compounds [472] as ligands. However, no 
viable energy-storage cycles based on such isomerizations have been proposed 
so far. 
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In spite of the fact that several of the requirements for solar energy-storage 
systems were satisfied by the NBD-Q’ system [465,473] (availability, non-toxic- 
ity, acceptable cost, easy storability and transportability of the products, etc.), 
there are still some problems that are to be solved. These include particularly 
the low absorption of the system in the region above 450 nm, which enables only 
few percent of the solar energy reaching the Earth to be utilized. A solution may 
lie in the use of substituted NBD compounds which absorb irradiation even 
above 500nm, or triplet sensitizers (complexes or organic sensitizers [474]). 
However, no practical realization of solar energy storage in a cyclic process 
based on the chemical transformation NBD + Q’ --, NBD has yet been re- 
ported. 

The above systems can be characterized as models whose most important 
contribution is to the theory necessary for the realization of systems for the 
practical utilization of the conversion and accumulation of solar energy in the 
future. 

Another possibility of solar energy storage and conversion, in addition to the 
above photoisomerization reaction, is provided by photoredox reactions. 

The processes of photoinduced electron transfer [453,475-478] belong to the 
most efficient means of converting solar energy into chemical energy. It has been 
found that by electron transfer to a long-lived,reduced molecule, almost all of 
the energy of the excited state can be utilized. A concrete system, the ther- 
modynamics of which are illustrated in Fig. 24, must consist of a donor and an 
acceptor (D, A), between which photoinduced electron transfer involving an 
excite state *D (or *A) takes place, providing energetically rich substances D+ 
and A- (or D- and A+). 

Fig. 24. Conversion of solar energy to chemical energy by excited-state electron transfer. 

The most serious problem for the realization of the conversion of solar energy 
into chemical energy is to prevent the thermal reaction of back electron transfer, 
which should be slow enough so that the high energy content of D+, A- or 
D-, A+ can be utilized. It has been shown experimentally that a back electron 
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transfer between the products of the primary photochemical process frequently 
takes place with a rate constant equal or close to the diffusion-controlled limit. 

There are several ways of preventing the back reaction, but their application 
to concrete system usually leads to a loss of energy, thus lowering the efficiency 
of the overall energy conversion. One of the possibilities is the separation of 
photoproducts by removing one of them from the reaction medium (gas, 
precipitant) using membranes or adsorption. The back reaction can be suppress- 
ed by adding to the reaction system a scavenger that reacts with one of the 
photoproducts in a very fast thermal reaction to form the reactant again. 

Using organized microenvironments [479-48 11, such as micelles [482-487], 
charged colloids [488-491], microemulsions [492, 4931 (Fig. 25) and vesicles 
[448, 494-4961 the rate of the reversible reactions was successfully reduced by 
even more than 103-fold. Relative progress has been achieved by application of 
multiphase systems, such as monolayers, lipid bilayers and polyelectrolytes. 

From a practical viewpoint the conversion (and storage) of solar energy that 
would enable cheap and readily available raw material to be transformed into 

(el (fl (91 ih) 

Fig. 25. Structural features of some of the organized assemblies employed in the photochemistry of 
coordination compounds. (a) monolayer, (b) spherical micelle, (c) reversed micelle, (d) rod-like 
micelle, (e) microemulsion (oil-in-water), (f) microemulsion (water-in-oil), (g) single compartment 
vesicle, (h) multicompartment vesicle: 

P surfactant. ECZXZCO cosurfactant, 

V simple functional, m hydrocarbon. 



fuel is of particular interest. Taking into consideration the economic, ecological 
and energetic criteria, the most attractive raw materials are water, carbon 
dioxide and nitrogen. Using endoergonic processes requiring an energy of ca 
1.2 eV, it is possible to obtain from them excellent fuels, such as hydrogen, 
methanol and ammonia. Although the visible-light energy of solar radiation 
(3.1 eV > iVhv > 1.6 eV) in fact suppresses such a conversion, the transforma- 
tion of water, CO2 and N, by direct photochemical means is impossible as these 
substances do not absorb visible radiation. For example, for the reaction of the 
formation of H, and 0, from water (eqn. 5.24), an energy corresponding to 
radiation with a wavelength of il< 1000 nm (Nhv 2 1.23 eV) should be suf- 
ficient, but absorption by water is only possible above 6.5 eV (190nm). 

1/2H@(l) 111 1 W,(g) + 1/20,(g), AG = + 1.23 eV (5.24) 

However, the photochemical redox decomposition of water into H, and 0, 
can be performed by using, e.g., coordination compounds of transition elements 
as sensitizers whose redox properties in the excited state permit the reduction 
(eqn. 5.25) and oxidation (eqn. 5.26) of water from consideration of ther- 
modynamics : 

2e- + 2H,O=20H- + HZ, E” = -0.41 V (5.25) 

2H,O = 4H+ + O2 + 4e-, E” = +0.82V (5.26) 

The values of the reduction potentials (E’) of the half-reactions 5.25 and 5.26 
refer to pH 7 and a pressure of 101.325 kPa as a standard state for gases. 

It is complicated to carry out a multielectron transfer (2e- for H, and 4e- for 
0,) by means of single-electron redox changes (considered with respect to one 
absorbed photon) of the complexes of transition elements so as to avoid the 
production of undesirable high-energy radical intermediates. This obstacle can 
be eliminated by using a catalyst (charge-storage catalyst) that mediates the 
required multielectron transfer also in the zase of splitting of water by photons 
of relatively low energy. 

As the result of initial research on the possibilities of the photoredox decom- 
position of water, several systems including complexes of ions (with Ce3+, Fe*+ 
or MO:+ as the central atoms) whose photooxidized form permitted the genera- 
tion of 0, or H, have been published [461]. These systems, although of interest 
as model systems, were of little importance from the practical viewpoint, as they 
required high-energy radiation (UV region) and they showed low quantum 
yields in the production of H, and O2 and simultaneous absorption of radiation 
by the products of photochemical reactions. The number of analogously func- 
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tioning complex compounds has been extended in recent years, overcoming 
some of the above shortcomings [e.g., increase in @n2 almost to a value of unity 
for Cu(1) complexes]. However, they did not find practical application possibili- 
ties as it was necessary to overcome the problem of their incorporation into the 
cyclic photosensitized splitting of water. 

The photosensitized decomposition of water in a cyclic process that consists 
in a bimolecular photoinduced electron transfer between the sensitizer S* (in its 
excited state) and the reactant R (in its ground state) is the basis of another 
approach that has been intensively studied in recent years. As illustrated in 
Fig. 26, the light-induced electron transfer between S* and R (relay) resulted in the 
production of energetically rich substances S+ and R- ; the reduction properties 
of R- are employed in the reduction of H,O to H, (catalysed by catalyst K2), 
and S+ oxidizes Hz0 to O2 (the oxidation being catalysed by K,). 

standard 
reduction 
potentiol 

1 S” + R 
EOIRIR-I - 

S’ + R- 
E”(H#l/H,) - -UlV 

E’?O$H$l) -+062V 

E”IS*IS) - t 1 S+R 

Fig. 26. Photosensitized splitting of water in a cyclic process based on photoinduced electron 
transfer. K, and K, denote the catalysts of reduction and oxidation of H,O to H2 and 02, 
respectively. 

Although from the viewpoint of the concepts involved, this is the simplest 
photochemical water-splitting system, its realization encounters various difficul- 
ties. In addition to the above requirements for the photoelectron-transfer reac- 
tion (efficient forward and hindered back reaction) for the photosensitizer (S) 
and relay (R), a number of other kinetic, thermodynamic, spectroscopic and 
excited-state requirements should be satisfied. 

The photon-absorbing substance (the photosensitizer S) is a chemical species 
that induces the electron-transfer reaction between two substrate species; S must 
be involved in excitation and redox processes without being consumed. As the 
relay, R, is involved only in the ground-state redox process, there must be many 
more requirements for an ideal photosensitizer, S, than for the relay, R. 

An ideal photosensitizer should be [497]: 
- a complex of a transition metal (in order to ensure the presence of a redox 



site at a suitable potential) of the second or third transition row which 
should not have the MC lowest excited state (with an extremely short 
lifetime); 
a complex with easily reducible ligands in order to have the lowest MLCT 
excited state; this ensures a long lifetime, small ST energy gap, high 
efficiency (ax), intense absorption bands at low energy and a favourable 
electronic factor for oxidative quenching (see below); 
photochemically and thermally stable (influenced by the selection of li- 
gands). 

There are many known examples of coordination compounds [461] as sen- 
sitizers which show these spectral and redox properties (although not always 
completely satisfactory properties, especially for application to solar energy 
conversion); in addition to the most thoroughly investigated and employed 
complex [543, 5441 of [Ru(bpy),]‘+ (for its redox properties in the ground and 
excited states, see Section 2.5), there are [Ru(bpz)J2’ [545], polypyridine com- 
plexes [546-5531 of Ru(II), Rh(III), Os(I1) and Cr(III), porphyrinate [554] 
phthalocyaninate and quinolinate complexes of some transition metals [497] 
and polynuclear complexes [555, 5561 of MO, Re and Rh. It should be noted 
[497] that of the hundreds of polypyridine Ru(I1) complexes prepared in the last 
few years, none is a substantially better photosensitizer than the “classical” 

[Ru(bw),12+~ 
However, photoreduction of water, as shown in Fig. 26, requires the presence 

of an electron donor, D, in addition to the sensitizer (sacrificial electron donor) 
for reoxidation of S+ (and hence its recovery), a renewable electron acceptor, R, 
capable of reduction (electron relay) and a redox catalyst, K, (eqn. 5.27); 
examples are shown in Fig. 27. 

Fig. 27. System for photochemical reduction of HI0 to HI. S=[Ru(bpy)J’+, [Zn(TMPy#+; 
D = TEOA. EDTA; R = MV”. Eu ‘+. V’+ and their salicylate complexes; [Ru(bpy),]“, macrocy- 
clic complexes of cobalt; K3 = colloidal Pt. TEOA = triethanolamine; EDTA = ethylenediamine- 
tetraacetic acid; MV’+ = methylviologen; 4.4’-dimethylpyridine. 

X- + XI,0 ,2e_ rz;ction, + 2R + 20H- + I&f (5.27) 

Efforts to employ substances that absorb solar radiation within the widest 
possible spectral (visible) region resulted in an intensive study of the photo- 
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chemical and photophysical properties of complexes with ligands of aromatic 
character (2,2’-bipyridine, 1, IO-phenanthroline and their derivates, porphyrins, 
phthalocyanines), the greatest attention being paid to [Ru(bpy)3]2’. This com- 
plex ion [447, 453, 4781 absorbs radiation in the UV and visible regions of the 
spectrum up to 520 nm; the energy content of its MLCT thexi state is 205 kJ 
mol-‘. 

Comparison of the redox potentials of the pairs ,!?(Ru)/(Ru(I)) = + 0.84 V, 
,??(Ru(III)/(Ru(II)) = -0.86V (the composition of the coordination sphere is 
not presented for the sake of clarity) and p(H,O+/H,) = -0.41 V, 
h”(O,/H,O) = +0.84 V (at pH 7) indicates that the excited complex is able to 
decompose water [449, 4781 into H, and 0,: 

4*Ru(II) + 4H30+ -+ 4Ru(III) + 2H2f, AG = -173 kJ (5.28) 

4*Ru(II) + 6H2O * 4Ru(I) + 027 + H20, AG = -77 kJ (5.29) 

with a maximum achievable energy accumulation of 31.25 kJ/Nhv. 
The amount of accumulated energy in the products of a photoredox process 

can be even higher, depending on the reaction partners. Thus, for example [498], 
in the reaction 

2*Ru(II) + PQ” + DMA + Ru(II1) + Ru(1) + PQ+ + DMA+ (5.30) 

where PQ*+ is a paraquate dication, it is theoretically possible to accumulate 
energy up to 185 kJ/Nhv in the reaction products. If a cyclic function of the 
system is required, the amount of accumulated energy will be lower owing to the 
recovery of the catalyst by the reaction 

Ru(III) + Ru(I) + 2Ru(II) (5.31) 

In homogeneous systems almost no accumulation of energy takes place as the 
excited particles are deactivated by other routes than the electron transfer 
resulting in a product, or reaction product are transformed to the reactants of 
photochemical processes in ground state through very fast reversible processes. 

These disadvantages of a kinetic character (relatively low energy barrier of the 
spontaneous reaction of high-energy product to low-energy reactants) (Fig. 22) 
can be eliminated in two ways [461]. The first consists in adding a compound 
to the system that reacts with one of the products of the photoredox process 
[e.g., EDTA or TEOA, which reacts with Ru(III), thus preventing its recom- 
bination with Ru(I)]. In the second method the rate of the reversible reaction is 
suppressed using multiphase systems such as lipidic bilayers [499-5011 and 
polyelectrolytes or other organized molecular assemblies [502]. 
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The surface potentials on micelles form a barrier against recombination 
reactions (ca 150mV). It should be noted that the redox reactions taking place 
in the process of photosynthesis are also determined by potentials on mem- 
branes of photosynthetic organelles. 

Similarly, an ideal relay must [497]: 
- be a thermally stable (using a single multidentate cage-type ligand the 

photochemical ligand dissociation reactions should also be avoided) com- 
plex of a transition metal of the second or third transition row with revers- 
ible redox and good kinetic properties whose lowest excited state should not 
be a metal-centred state in nature; 

- involve ligands in the molecule that are difficult to oxidize or to reduce in 
order to avoid interferences in the redox process, light absorption by low- 
lying CT excited states and quenching via energy transfer. 
Some transition metal complexes, e.g., [Rh(bpy)J3+ [503], [Co(bpy)3]2+ [504] 

or viologens (Fig. 28) [453, 5051, have been used as relays with some success. It 
should be noted that the most popular relay, MV’+, is an expensive and very 
toxic substance that can hardly be used for large-scale applications. More 
promising seems to be a use of cage-type complexes, e.g., sepulchrates, 
[M(sep)J3+ (M = Co, Cr) [506], catenands of macrocyclic phenanthroline de- 
rivates [507], cryptands (Fig. 29) containing bpy and phen [508] or carcerands 
[514]. One can expect in the future great developments in the field of such cage 
complexes (and their photochemistry and photophysics), or more generally, in 
the class of supermolecular structures (complexes of complexes, i.e., supercom- 

plexes [509-5121) within the so-called concave or host-guest chemistry [513]. 

so; SO; 

Fig. 28. Viologen electron relays. (a) methylviologen (MV’+ = NJ’-dimethyl-4,4’-bipyridinium), 
(b) zwitterionic propylviologen sulphonate, (c) amphiphilic viologen containing two hexadecyl 
groups. (d) dibenzylmethylviologen sulphonate. 

la) 
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(cl 

ldl 
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lb) Id 

Fig. 29. Macrocyclic ligands: (a) sepulchrate; (b) containing 2,2’-bipyridine; (c) containing 
1, IO-phenanthroline. 

Similarly, for the photooxidation of water (eqn. 5.32) S* must interact with 
an electron acceptor R, which is decomposed in the process of photoreduction, 
and a redox catalyst K,, which in the presence of a sacrificial electron acceptor 
A permits the oxidation of water to O2 by a sufficiently strong oxidant S+; 
concrete examples are given in Fig. 30. 

Fig. 30. System of photochemical oxidation of Hz0 to OP S = [Ru(bpy)$‘, [Fe(bpy)$‘; 
R = [Co(NH,),Cl]*+, Tl’+, Ag+ ; K, = RuO, suspension. 

4S+ + X-W (4c- O?_iOn) * 4S + 4H+ + 0,t (5.32) 

A more than 1Zfold increase in the total O2 yield in micellar solutions of 
sodium dodecylsulphate has been observed [515] in comparison with the same 
but homogeneous solution containing [Ru(bpy)J*+, the catalyst CoCI, and an 
irreversible electron acceptor [Co(NH&Cl]*+ or S,Oi-. 

From the knowledge and experience acquired by research on the systems 
shown in Figs. 27 and 30, Griitzel [449] succeeded in performing a complete 
closed cyclic splitting of water with visible light using a double-functional redox 
catalyst (Fig. 31). 
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Fig. 31. System of cyclic photochemical splitting of Hz0 to H, and Oz. S = [Ru(bpy)J2+; 
R = MV’+ [449]. K, = K, used as a double functional catalyst in the form of Ti02 doped with RuO, 
and colloidal Pt. 

Another interesting complete water splitting system has been reported to 
work [516] using [Ru(bpy)J*’ in combination with Prussian Blue colloids 
functioning as a coupling element (electron pool) of the oxidative and reductive 
half-reactions of photochemical water splitting. Other more promising examples 
of electron pools constructed with aligned viologen units on molecular assem- 
blies have also been suggested [517]. 

The visible light irradiation of a mixed colloidal system prepared from 
sepiolite-[Ru(bpy),]*+-RuO, composite particles and Al,Eu,_,(OH), gels leads 
to the oscillatory evolution of hydrogen and oxygen in the presence [518] or 
absence [519] of a platinum catalyst. 

The highly efficient photochemical reduction of water was observed fairly 
recently [520] also in system based on energy transfer (and not electron transfer) 
from excited *[Ru(bpy),]*+ to AC- (anthracene. acceptor). As effective electron 
transfer from *[Cu(dpp),] + is less efficient than energy transfer, besides a classi- 
cal electron acceptor such as C$bipy*+ (NJ’-propylene-2,2’-bipyridinium), an 
additional realy AC- (anthraoene 9-carboxylate) was used in another system for 

‘42 

Fig. 32. Photochemical reduction of water via energy-transfer sensitizer Cu’ = [Cu(dpp)J+, where 
dpp = 2,9-diphenyl-l,lO-phenanthroline; energycktron relay AC- (anthracene-9-carboxylate); 
electron acceptor R (Cs-bpy = IV, N’-propylene-2,2’-bipyridinium) 

w C3-bY2* 

'I)' 
Sacrificial electron donor D (TEOA = 2,2’,2,2”-triethanolamine). ti = catalyst for hydrogen 
formation (TiO,-supported platinum). 
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the production of hydrogen from water [521] based on energy transfer (Fig. 32). 
The triplet excited state of anthracene-9-carboxylate *(A’C- = TAC-) pop- 

ulated by energy transfer from [Cu(dpp),]+ is further able to transfer an electron 
to the acceptor R (R = Cj-bipy’+). Titanium dioxide-supported platinum is . 
used as a catalyst for the formation of hydrogen [522] from water and C,-bipy+. 

Thus, the condition for obtaining an efficient system for the photoreduction 
of water based on energy transfer (still fairly rare) is the presence of both AC 
(energy-electron relay) and a sensitizer [Cu(dpp),]+ (highly rigid and encaging 
complex). The Cu(1) sensitizer plays the role of an antenna able to collect 
low-energy photons prior to the formation of an active, long-lived triplet excited 
state of AC-. The photoactive substance is therefore not involved in any redox 
process as in the natural photosynthetic apparatus. 

The expense of complexes that sensitize water photolysis and other processes 
of high-energy product formation and other required components of the sys- 
tems (colloidal Pt, colloidal RuO,, complexes of Ru, OS, Pt, etc.), the insuf- 
ficiently efficient conversion of solar to chemical energy and its accumulation in 
the form of the products of redox reactions are the main reasons why the above 
types of systems have not been used to a wider extent. 

The conversion of solar to electrical energy [523,524] takes place in photogal- 
vanic or photovoltaic cells. In the former instance, radiation is absorbed by 
some of the particles in the solution, which is itself in an excited state, or 
products of its reactions induce a change in the potentials of electrodes, which 
results in a flow of electric current between electrodes. 

As an example of a photogalvanic cell in which not only current is induced, 
but also solar energy is converted into chemical energy, a system is presented 
[525] in which the cathodic area comprises a Pt electrode and the anodic area 
a Pt electrode (“sponge platinum”), [Ru(bpy),]‘+, PQ’+ and TEAO. Both parts 
are connected through a salt bridge and the electrodes by a conductor. The 
photoexcitation of [Ru(bpy)J2+ with a subsequent reaction with PQ2+: 

*[Ru(bpy),]*+ + PQ2+ + [Ru(bpy),13+ + PQ+ (5.33) 

and irreversible redox decomposition of TEAO: 

[Ru(bpy)J3+ + TEA0 -+ [Ru(bpy)J2+ + products of TEA0 oxidation 
(5.34) 

results in the oxidation of PQ+ in the anodic area: 

PQ+ - e- anode PQ2+ (5.35) 



The electron deficiency on the anode is compensated by the current flow to the 
anode from the cathode where hydrogen is released: 

2HjO+ + 2e- z H2f + 2H,O 

Irradiation of this cell with light at 436 nm resulted in a current flow of intensity 
of 2 x 10v4 A. Identical conditions of irradiation [526] (A = 436 nm) resulted in 
the system [Ru(bpy)J2+, [Co(C,04)J3--platinum electrode, generating O2 on the 
anode and a current of 9 x IO-’ A. 

Another means of solar energy conversion published in [527] consists in 
photodissociation of the CO ligand from an iron complex; an irradiated elec- 
trode of a photogalvanic cell coated with a porphyrinate complex of iron in the 
presence of an excess of imidazole and CO was used, the photogenerated voltage 
being ca 200 mV. 

According to current opinion, photovoltaic cells are more promising for the 
conversion of solar energy into electrical energy; in these cells radiation is 
absorbed by a solid material with semiconductor properties [524, 5281, serving 
as one of the electrodes. In an ideal case, the semiconductor should not undergo 
corrosion and the width of the forbidden band should be approximately 1.3 eV 
(most of the semiconductors used have a greater width of the forbidden band, 
and therefore they absorb radiation mostly in the UV region). 

As a simple illustrative example [529] of a photovoltaic cell one can use a cell 
with a semiconductor anode of n-GaAs,,,P,,,, and Pt cathode, acetonitrile as a 
solvent and ferrocene (FeCp,). By photoexcitation of the material of the anode 
a “hole” is formed and the electron enters the conductive band. The positive 
“hole”, h,, is occupied by an electron in the reaction with FeCp,, forming the 
FeCpc cation; in the reaction between the cation and the electron of the cathode 
ferrocene is again produced. The consequence of photoexcitation and the cycle 

-c- 

FeCp, + FeCp: (5.37) 

is a current flow through the conductor connecting anode and cathode between 
which a voltage of E = 0.75 V is generated. Similarly to the photogalvanic cell, 
also in the photovoltaic cell conversion of solar to chemical energy can take 
place. 

In spite of the fact that under the model conditions conversion of solar to 
electrical energy [530] occurs (or electrical + chemical) with an efficiency of 
about 12%, the study of the possibilities of such a conversion has been of a basic 
research. character so far, as the characteristics of the cells studied (spectral 
properties of semiconductors, their price and stability, or other factors) allow 
them to be considered as promising but currently non-profitable. 

It is probable that intensive study [531-5331 of the conversion of solar to 
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electrical and chemical energy will also continue in the future, and emphasis on 
the synthesis of suitable materials (semiconductors, catalysts) is expected, in 
addition to the technological management of the processes. Although most 
work from the viewpoint of the photochemical prefiaration of fuels [530] has 
been devoted to the photosensitized decomposition of water into hydrogen and 
oxygen, other processes for the formation of high-energy products are also 
promising [534]. 

Currently, the most attractive process is the preparation of high-energy fuels 
that can be obtained from water and atmospheric gases, which are readily 
available, cheep and in almost inexhaustible supply. The amounts of energy 
accumulated in 1 mole of reduced material are listed in Table 19 for some 
processes with readily available reactants. 
TABLE 19 

Photochemical synthesis of fuel AC (kJ mol-‘) 

H,W + I/202(g) 2 W%(1) 

C4(8) : Co(B) + P3,(8) 

H,W -+ H,(g) +h;/Wg) 

NzW + WW;-r 2NHAgJ + 3/20,(g) 

CO,(g) + 2H,O + CH,OH(I) + 3/20,(g) 

N,(g) + 2HKXl) : W+,(l) + Oh) 

COAg) + 2H2W 1: ‘W(g) + 20,(g) 

2CO,(g) + 3H,O(l) 1: C,H,OH(I) + 30&) 

120.0 

256.0 

237.4 

339.5 

700.0 

759.2 

818.7 

1332.8 

Reactions that give products with a high energy content (hydrogen, hydrogen 
peroxide, ammonia, carbon oxide, methanol, ethanol, methane and hydrazine) 
also satisfy the thermodynamic criteria for high efficiency under the action of 
solar light [462, 500, 5351. It should be noted that many such processes are 
known to occur in vivo via photosynthesis (with subsequent fermentation of the 
resulting products to Hz, CH, or alcohols), or via atmospheric-nitrogen fixation. 
However, outside living organisms, these processes do not occur under the 
action of solar radiation. 

Reduction of CO* to carbon monoxide [536, 5421, formate [537, 5381 and 
organic acids [539] has been reported, using homogeneous catalysts [536, 5371, 
semiconductor particles [538] or artificially enzyme-catalysed coupled systems 
[539]. The cyclic photocatalysed visible light reduction of CO* to methane using 
PWw~)J2 + as a sensitizer, a Ru metal colloid as catalyst and TEOA as electron 
donor has been reported recently [540]. The photoinduced reduction of CO, to 
CO has also been observed during photolysis at 436nm in the system 
TEOA-DMF-ReBr(CO),(bpy) with a CO quantum yield formation of 0.15 
15411. 
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5.3 Photochemical synthesis of coordination compounds 

In recent decades, the photochemistry of coordination compounds has been 
studied very extensively, and the amount of new experimental data is growing 
unceasingly. Much work has been directed to the investigation of the ther- 
modynamics, kinetics and mechanisms of the photoreactions of complexes. 

In addition to theoretical studies, many investigations were stimulated by 
increasing interest in the practical exploitation of the knowledge obtained in the 
field of photochemistry of coordination compounds. Papers dealing with photo- 
catalytic processes [400, 401, 405, 4061, biochemical aspects [541-5561 of the 
photochemistry of complexes [557, 5581, analytical use of photochemical 
processes [559, 5601, separation of isotopes using lasers [561, 5621, application 
of coordination compounds as photostabilizers [563], etc., can serve as exam- 
ples. 

Although photochemistry has been used for a long time in the preparation of 
organic compounds [564--5661, only in the last few years greater attention has 
been paid to the use of photochemistry for the synthesis of transition metal 
complexes. Processes by which complexes (photoreaction products) were 
separated from irradiated systems and characterized by physicochemical and 
analytical methods frequently followed from studies of key problems in 
chemistry, e.g., fixation and reactivity of coordinated molecular nitrogen, con- 
version of solar energy to chemical and electrical energy and the preparation of 
compounds with catalytic properties. 

No comprehensive paper summarizing all data published on the photochemi- 
cal preparation of coordination compounds has been published. The only 
attempt to demonstrate the possibilities of photochemistry as a means for the 
synthesis of coordination compounds was a conference contribution [567]. Since 
a new chemical species is the product of each photochemical reaction, this 
chapter includes, for practical reasons, the photochemical synthesis of only 
those complexes that have been isolated as pure substances from the reaction 
mixture, and were satisfactorily characterized. Hence this section gathers all 
available data from the relevant field with the aim to show both the present status 
and the prospects for the utilization of photochemistry in the preparation of 
coordination compounds. The photochemical synthesis of organometallic com- 
pounds is beyond the scope of this section; aspects of organometalhc photochem- 
istry (including photochemical synthesis) were published in another book [93. 

This section summarizes all available data published in the area of the 
photochemical synthesis of coordination compounds. In agreement with the 
commonly used classification in inorganic or coordination chemistry, the data 
are arranged according to the position of the central atoms of the complexes in 
the Periodic Table. 

All data obtainable from the original publications that are useful for the 
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photochemical preparation of complexes (source of radiation, time of irradia- 
tion, solvent used, yield of product, etc.) are gathered in Table 20. The 
composition and the stereochemistry of the complex prepared were, in almost 
all instances, determined after their isolation from irradiated systems using 
elemental analysis, various spectral methods (IR, NMR, UV and visible spectra) 
and in some instances also by means of single-crystal X-ray analysis. In some 
cases, when the photochemically prepared complexes are also obtainable by 
thermal reactions, a comparison of the properties of photochemically and 
thermally prepared compounds was used to identify the former products. There 
are but few examples where the photosynthesis was not carried out in the 
solution of a reactant; these are noted in the table. 

The possibilities of photochemistry serving as a synthetic method are illus- 
trated by the preparation of more than 250 complexes separated from irradiated 
systems and then characterized. It can be assumed that in the future photo- 
chemical preparations will be performed on a much more wider scale than 
up to date. 

Most synthetic studies (and those in the field of the photochemistry of 
coordination compounds generally) were performed in solutions; only excep- 
tionally was the solid phase or surface properties employed. The original 
preparative method, utilized by Benda and Hajek [269], suggests that there are 
also other possibilities of an experimental arrangement to that usually used. 

Mainly Hg lamps were employed as radiation sources, but the use of visible 
light (sunlight) should also have wide potential. The use of unfiltered light or 
sunlight increases the energetic e&iency of syntheses, but it hinders the identi- 
fication of the relationships between the type of excited states and the photo- 
chemical reactivity of complexes. 

With respect to the amounts of prepared complexes, the yields obtained are 
rarely given in the literature; mostly they do not exceed a few grams. This was 
mainly due to improperly performed experiments (from the viewpoint of 
preparation), irradiation of millimole amounts of the starting complex, use of 
cells without exploitation of all the light emitted by a source of light, etc. 

Systematic studies of the photochemical preparation of coordination com- 
pounds has so far been focused only on complexes of a few central atoms (Pd, 
Pt, U), or with a few ligands (N2, H-, phosphanes), and the possibilities of 
photochemical syntheses of coordination compounds have not been applied at 
all to complexes of the elements of Groups II, III, IV and V of the Periodic 
Table, though several organometallics of these elements have been prepared in 
this way. 

In the near future there is likely to be a wider application of photochemistry 
as a method of preparation of coordination compounds, particularly based on 
a more effective use of the theoretical knowledge of photochemistry and on 
selectivity determined by attaining certain excited states. No doubt, the develop- 
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ment of synthetic photochemical studies will also be stimulated by the possibili- 
ties given by photochemistry in solving theoretical problems, especially those 
relating to the mechanisms of photoreactions. These possibilities were manifes- 
ted in several cases, as can be seen from the data in Table 20. Thus, the isolation 
of Cr(salen)N [195], Rh(NH,),NH,X and Ir(NH,),NH,X [394, 395,614] showed 
the effect of the central atom on the course of the photoreactivity of the 
coordinated N; ion. The formation of ReD(N,)(diphos), [9,591] during irradia- 
tion of ReH,(diphos), in C,D, contributed to the knowledge of mechanisms of 
hydrogen abstraction reactions. Mass spectrometric identification of H, and D, 
(with no HD) [ 189,233] evolved on irradiation of a solution containing FeH,(di- 
phos), and FeD,(diphos),, proved the mechanism of non-radical reductive 
eliminations, based on the results obtained by the investigation of the photo- 
chemical properties of some platinum complexes. 

The applicability of photochemistry in the synthesis of thermodynamically 
unstable compounds has been shown by the preparation of Co(II1) nitrito [596] 
and O-sulfinato [271] complexes and some cis isomers of Pd(I1) complexes [619, 
6201. Photochemistry provides valuable information concerning the preparation 
of complexes with coordinated N, molecules, and the reactivity of such nitrogen. 
Many of the cited complexes were only prepared by the photochemical route. 

The knowledge obtained on the photochemical preparation of coordination 
compounds may also be applied to the in situ photochemical generation of 
complexes with required catalytic properties. 

5.4 Application of photochemistry of coordination 
compounds in the chemistry of polymers 

The chemical, physical and mechanical properties of synthetic polymers and 
their technological processing and utilization depend on the presence in the 
systems of additives consisting of a monomer or a polymer. One of the groups 
of compounds that influence not only the production and utilization but also the 
ecological consequences of the application of polymers are coordination com- 
pounds. The knowledge of the photochemical and photophysical properties of 
coordination compounds is applied in the chemistry of polymers in the three 
basic directions : 
- photoinitiation of the polymerization reactions; 
- photostabilization of polymers to oxidation, destruction and the loss of the 

required properties; 
- photodestruction of polymers. 

These trends are closely connected with the thermal properties of polymers 
and their ability to undergo thermochemical changes. Therefore, corresponding 
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thermal processes occurring in polymers containing a coordination compound 
will also be presented together with the light-driven processes. 

Initiation of the radical polymerization of an unsaturated monomer depends 
on the presence of substances whose reactions result in reactive radicals, usually 
owing to the addition of thermal or light energy [638]. Such substances are 
organic compounds (organic peroxides or azo compounds) and coordination 
compounds. 

The initiation of a radical polymerization consists, in general, of two steps. 
The first is the production of primary radicals as a consequence of decom- 
position of the initiator and the second is addition of the primary radical to a 
monomer molecule, thus generating a monomer radical. Radiation can increase 
the efficiency of the initiator in initiating thermally occurring polymerization, or 
it can induce polymerization which would not take place thermally under the 
given conditions. From the viewpoint of photochemical processes, the complex- 
initiator is applied in the first step of initiation. Usually, the primary radical 
product is an oxidized ligand X’ (for the sake of simplicity the charges of the 
particles are omitted) : 

[L,M”+-X-1 : [L,M’“‘)j + X’ 

One may assume that homolytic splitting of the M-X bond takes place from the 
LMCT excited state of the complex. The radical X’ reacts with the molecule of 
R$=CR, (where R = H, or various functional groups) in the thermal step: 

X’ + R,C=CR, + XR + R,C=CR’ (5.39) 

Other reactions of the R,C = CR’ radical result in polymerization. Depending 
on the composition of the system, cross-linked polymers, copolymers, etc., can 
be formed. 

Of inorganic compounds, the following were used for the photoinitiation of 
the polymerization of different monomers (methyl methacrylate, styrene, vinyl 
acetate, acrylonitrile, acrylamide, etc.): [Mn(acac),], [VO(chin),(OCH,)], 
[Fe(SCN),(py)J, [Co(NH,),X]Y, (where X = Cl, N,, NCS; Y = N,, NO,), poly- 
amine complexes of Fe(III), complexes of Cu(II) with amino acids (see Table 21) 
[639-6431. 

Conversions of a monomer to polymer have reached levels of several tens 
percent. If a kinetically inert complex or a chelate complex is used as an initiator, 
the monomer molecules do not enter the coordination sphere of the complex. 
The rate of polymerization then depends primarily on the intensity of the 
radiation, Z, absorbed by the complex and on the concentration of the complex. 
An example [641] is the polymerization of methyl methacrylate and styrene in 
the presence of [Mn(acac),], where the rate of polymerization, u, was evaluated 
as 
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L: = k [Mn”‘]0.5 10.” (5.40) 

The primary photochemical process is an intramolecular redox decomposition: 

,,&[MN”‘(acac),] hv - [Mn”(acac).J + acac’ 

TABLE 21 
Radical polymerization initiated by complexes 

(5.41) 

Monomer Complex Radical Ref. 

methyl methacrylate 

styrene 

acrylamide 

acrylonitrile 

[Mn(acac)J 
W(chin)@CH)~l 
[Fe(SCN),(py),l 
[Fe”‘-NH,R] 
NiC12 

[Mn(acac),l 
[Fe(SCN),(py),l 
[CO(NH&X]‘+~ 

[CuL,F 
[Fe”‘-HGIP 

[Fe(SCN),(py),l 
(Fe”‘-HGlld 

acac’ 
CH,O’, CH*OH 
SCN’ 
NH*R, Ccl’, 
S’, MMA’” 
acac’ 
SCN’ 
X 
L 
GI’ 
SCN’ 
Gl’ 

[6391 
WI 
w21 
WI 
I&l 
P391 
w21 
w31 
WI 
If=1 
16421 
WI 

a -- NH2R = triethylenetetraamine; b - X = NCS, N,, NO*; c - HL = wine; d - HGl = J&I- 
case; e - s’, MMA’ = radicals of solvent HS and methyl methacrylate. 

It has been found that in the initiation step, species other than the primarily 
originated radicals can also participate. A detailed study [641] of the poly- 
merization of methyl methacrylate photoinitiated by the [VO(chin),(OCH,)] 
complex has shown that in addition to the radicals CH,O’ produced by the 
reaction 

[VO(chin),(OCH,)] 1: [VO(chin)J + CH,O’ (5.42) 

CH,OH radicals also occur, as was demonstrated by spin-trapping ESR. 
The initiation of polymerization by radicals other than those generated in the 

first step was observed in the polymerization of methyl methacrylate in the 
presence of Fe(W) complexes with a non-cyclic saturated tetraamine ligand 
and Ccl,. Under the effect of UV radiation, a photoredox decay of the excited 
Fe(W) complex takes place [644]: 

[Fe”‘-NH*R] z Fe” + NH2R (5.43) 

The cation-radical NH2R reacts with Ccl,, providing Ccl; radicals: 

NH,R + ccl, + NHCI-R + H+ + ccl; (544) 
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The reaction mechanism involves several substitution and redox steps; the 
process of polymerization continued after switching off the light. 

In the case of an initiator (a kinetically labile complex with monodentate 
ligands), the monomer can enter the coordination sphere and the rate of 
polymerization also depends on the monomer concentration. The polymeriza- 
tion of vinyl monomers in the presence of the photoinitiator [Fe(SCN),(py),] 
represents [642] such a case. Provided that the intensity of absorbed radiation 
is constant, the polymerization rate obeys the following kinetic equation: 

u = k [Fe”‘]“.5 [monomer]‘.5 (5.45) 

Polymerization is initiated by the SCN’ radical formed by photolysis of the 
Fe(II1) complex containing a molecule of monomer in its coordination sphere. 

Participation of a molecule of a monomer in the process of electron transfer 
was suggested [646] when elucidating the polymerization of methyl methacrylate 
in the presence of NiCl,. The photochemically reactive state is the triplet excited 
state of the Ni(I1) complex with methyl methacrylate molecules in the coordina- 
tion sphere. The triplet state was generated from the singlet excited state via 
intersystem crossing. By interaction of the excited triplet (i.e., biradical species) 
with a molecule of the hydrogen-atom donor RH (solvent, molecule of methyl 
methacrylate), the radical R’ and also the radical CH, = C(CH,)C’(OH)OCH, 
are formed. Polymerization is initiated by the radical R’. 

The objective of the theoretical studies of photoinitiated polymerization is to 
elucidate the mechanism of the investigated processes, to find the relationships 
between the composition of the complex and kinetic parameters of polymeriza- 
tion and to optimize the composition of systems and the conditions of poly- 
merization. 

The photostabilization of light-sensitive polymers involves retardation or 
elimination of various photoprocesses that occur during polymer decom- 
position. Depending on the type of stabilizer and the mechanism that is opera- 
tive with the given polymer, photostabilization may be achieved in different 
ways. 

A coordination compound as a photostabilizer can be effective in a polymer 
by the following modes [647]: 

(a) The coordination compound itself absorbs or reflects radiation (espe- 
cially in the UV region), thus lowering the probability of the absorption of 
radiation by the polymer, its additives (residues of the catalyst, dyestuffs, 
materials modifying the mechanical properties of the polymer) or the products 
of the reactions of the polymer and monomer (carbonyls, peroxides). The 
efficiency of this group of photostabilizers (UV absorbers) depends on high 
values of the molar absorption coefficients of the complex in the UV region 
(E > 104 1 mol-’ cm-‘), redox stability of the photoexcited complex and fast 
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internal photophysical deactivation processes of the complex. The UV absor- 
bers are, e.g., bis(2-hydroxyacetophenoneoximato) complexes of Ni(I1) and 
Cu(II), designated [M(HAOX)J, bis(N-n-butylsalicylaldiminato) nickel(II) 
complex, mi(NBS)d and bis(3,%diisopropylsalicylato)nickel(II) complex, 
[Ni(DIPS),]. 

(b) A coordination compound can act as the acceptor of energy from the 
excited polymer (its carbonyl groups), or from molecules (singlet dioxygen, ‘OJ, 
causing destruction of the polymer or its additives. 

From the viewpoint of thermodynamics, energy transfer can take place to the 
majority of transition metal complexes with low-lying LF excited states. Practi- 
cal application is conditioned by the highest possible values of the quenching 
constant, k,, which for the reaction [647] 

[Ni(SDT)J + ‘0, 2 *[Ni(SDT),] + 3@ (5.46) 

is k, = 2.2 x lo”‘1 mol-’ cm-‘; for an analogous process with the [Ni(DTP),] 
complex, k, = 1.7 x IO” 1 mol-’ cm-‘. With respect to practical utilization, it is 
of great importance that the complex is deactivated from the excited state via 
non-redox processes, which is usually fulfilled for the complexes in their LF 
states (see Section 4.4). 

(c) There are more complexes showing photostabilizing properties due to the 
reaction with radical products of the polymer destruction, thus avoiding the 
continuation of the destruction process. In such reactions, either non-radical 
products, e.g. [647] when using [Co(acac),], 

RO; + [Co(acac),] + [Co(acac)J + RO,acac (5.47) 

or only slightly reactive radicals of the complex ligand are formed [647]: 

2RO; + [Ni(NBS),] -+ 2RO; + Ni2+ + 2NBS’ (5.48) 

The phenoxy radicals (and also HAOX’, DIPS and similar radicals) are fairly 
well stabilized by the resonance mechanism and hence they are non-reactive; the 
RO; anion generated by the transfer of an electron to the reactive RO; radical 
is also non-reactive. Very efficient antioxidants also include 
dialkyldithiocarbamate complexes of several transition [Ni(II), Fe(III)] and 
non-transition [Bi(III), Sb(III), Pb(II), Cd(II), Zn(II)] elements [647]. 

The use of a photostabilizer depends on its properties and also on the 
properties of the polymer. For the isoprene-styrene copolymer with an average 
molar weight of M x 100 000 gmol-‘, compounds of the type 
[M”+(S,C-N(R)-CH,-R),J, where M = Ni(II), Cu(II), Zn(I1) and Co(II1) and 
R = 2-thienyl, 2-methoxy-5-ethyl-3-thienyl and 2benzothieny1, seem to be suit- 
able photostabilizers [648]. On the other hand, the respective Fe(III) complex 
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showed a low photostabilizing effect. Based on experimental results, it was 
deduced that the efficiency of the photostabilizers depends on the electron 
density on the central atom, determined by the electron-donor properties of the 
groups R and R’. The copolymer stabilization is based on the decomposition of 
hydroperoxides. 

There are some polymers that undergo photodestruction although they 
themselves do not absorb any solar energy. A typical polymer of this type is 
PVC, which is photodegraded as a result of the light absorption by its additives 
(residues of polymerization catalysts, carbonyl groups and other impurities), 
and undergoes photooxidation and photodechlorination. Of the thermo- and 
photostabilizers of PVC containing a metal atom, Sn(IV) compounds of the 
type R,SnX, have been used, where R is methyl, n-butyl or n-octyl and X- are 
anions of maleic acid or mercaptides [649]. 

The light-induced degradation of PVC is determined by the processes of 
photolysis, sensitization phenomena and energy-transfer processes. An impor- 
tant role may be played by singlet oxygen reactions. 

The study of the photostabilizing effect has shown that a good photosta- 
bilizer must also be a good thermal stabilizer. There are several methods for 
the enhancement of the photostability of PVC. One method is pigmentation of 
PVC [649], but it has been found that only those pigments which do not possess 
sensitizing properties may be used (a good pigment is, for example, rutile TiO,). 
Another method is to combine a photostabilizer with an UV absorber. For 
example, organotin maleate photostabilizers exhibit light stability per se, but the 
stability can be improved by adding a hydroxyphenylbenzotriazole derivative 
(UV absorber). 

Very efficient stabilizers of PVC also include complexes of Cu(II), Zn(I1) 
Co(II) and Ni(I1) with benzol P [2-(2-hydroxy-5-methylphenyl)benzotria- 
zole] [650]. 

Polyolefins (polyethylene and polypropylene) represent the most widely used 
family of plastics. Additional applications will undoubtedly arise as further 
technology is developed in order to obtain a higher resistance to oxidation. 

The knowledge of the photochemical and photophysical properties of poly- 
olefins and their additives and impurities can lead to improvements in com- 
position and processing in order to increase their durability and service life. 
There is a growing consensus that hydroperoxides dominate the photodestruc- 
tion of polyolefins (polypropylene in particular) during outdoor use. However, 
some researchers still believe that carbonyl impurities are at least as important 
as hydroperoxides. As no hydroperoxide groups were detected in photo- 
oxidized polyethylene, the conclusion was drawn that for this polymer ketone- 
group photolysis was responsible for photodestruction. Studies of the photode- 
struction of polyolefins indicated that the most efficient stabilizers are those 
which are able to react effectively with hydroperoxides, carbonyl compounds 
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and their reaction products. Photostabilizers that operate solely as excited-state 
quenchers or UV absorbers do not provide commercially adequate photosta- 
bility. 

Complexes whose photostabilizing effect is based mainly on the quenching of 
potentially active excited singlet and triplet states of both aliphatic and aromatic 
carbonyl compounds and polynuclear aromatic hydrocarbons include 
tris(dibenzoylmethanato) chelates of Fe(II1) and Cr(III), nickel oxime chelates 
and the Ni(II) complex Cyasorb UV 1084 (Fig. 33) [651]. 

CYASORB UV 1084 IRGASTAB 2002 

SANDUVOR NPU IRGANOX 1425 

Fig. 33. Complexes used as photostabilizers in polymer chemistry. 

It was found that variation of the substituent R in Ni(II) oxime chelates 
produced stabilizers whose quenching efficiency for triplet organic molecules 
correlated with their photostabilizing effects in polyolefins. Complexes contain- 
ing sulphur donor ligands, such as Cyasorb UV 1084, have been found to be 
effective quenchers of singlet dioxygen. The interrelationship between the com- 
position and structure of the complex and its quenching efficiency is not yet 
understood, however. 

The mode of action of complexes is associated almost wholly with their 
ability to prevent the formation of, or to destroy, hydroperoxides. Peroxide 
decomposers fall into two categories. The first includes stoichiometric reducing 
agents, e.g. [652], Ni(II) oxime chelates, and the second type are catalytic 
hydroperoxide decomposers, which apparently destroy peroxides via the forma- 
tion of an acidic product in a radical-generating reaction involving the hy- 
droperoxides. A wide variety of sulphur-containing photostabilizers [651-654] 
[Ni(II) and Zn(I1) dithiocarbamates, dithiophosphates, xanthates, mercap- 
tobenzothiazoles, dithiolates] decompose hydroperoxides by a catalytic peroxi- 
dolytic mechanism. 
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As in the photostabilization of PVC, polyethylene and polypropylene 
photostabilizers are also effective thermal antioxidants. The antioxidant effi- 
ciency based on the prevention of hydroperoxide formation with commercially 
produced Cyasorb UV 1084, Irgastab 2809 and Irganox 1425 (Fig. 33) follows 
the same order as their light-stabilizing effect in polyolefins [651]. 

In real systems it is convenient to use stabilizers that function in several of 
the above modes simultaneously. For example, [Ni(SDT)J reacts by energy 
transfer with ‘02, it functions as a scavenger of reactive radicals, degrades 
peroxides and absorbs intensively in the UV region. Its application as a poly- 
propylene stabilizer is also advantageous because it is thermally stable up to 
2WC. Cyasorb UV 1084 is able [655] to absorb UV radiation, quench carbonyl 
triplet states and quench singlet oxygen. It can also decompose hydroperoxides 
and scavenge free radicals. 

In conjunction with the solution of ecological problems, the conditions for 
the catalysis of the thermal and photochemical degradation of polymers have 
also been studied. It has been found that chelate complexes of several metals at 
a low concentration in a polymer act as catalysts of the oxidation of polymers 
and hence of their destruction, whereas at higher concentrations they function 
as inhibitors of the destruction reactions. Such behaviour has been observed 
[647] with the bis(phenylsalicyldiaminato)cobalt(II) complex in propylene, 
[Fe(HAOX),] in polyethylene and other systems. Elucidation of this phenome- 
non is based on the assumption that the reaction of degradation initiation is a 
first-order and the reaction of degradation termination is a second-order process 
with respect to the concentration of the complex. Hence its catalytic effect 
dominates at low concentrations of the complex and its inhibitory effect on 
destruction at higher concentrations. 

Efficient initiators of polymer oxidation are also some DTC’ radicals 
(dialkyldithiocarbamates) produced by, e.g., the following photochemical redox 
process [647] : 

[Fe(DTC),] E [Fe(DTC)J + DTC’ (5.49) 

The polymer Vistanex L-140 (polyisobutylene) undergoes a photochemical 
degradation sensitized by the complex [Mn(tpican),] with the [MnN,S,] chromo- 
phore [656]. 

Generally valid principles explaining the relationships between the com- 
position and the structure of complexes and their properties applicable to the 
chemistry of polymers have not yet been found. Further progress in this field can 
be achieved by the study of the kinetic parameters and reaction mechanisms of 
the complexes themselves, and their systems with model substances (oxidants, 
radicals) and polymers. 
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5.5 Other applications 

The results obtained by studies of photochemical reaction mechanisms contrib- 
uted to a better understanding of the catalytic processes and enabled this 
knowledge to be used for practical catalyst preparation. They are great pros- 
pects but also there is a need to solve many problems in those fields of 
photochemistry connected with the simulation or the industrial application of 
some natural bioprocesses (dinitrogen fixation and reduction catalysed by MO 
and Fe complexes; photosynthesis [657], systems of photosensitive metallopro- 
teins, etc.). Much research is being directed towards the creation and protection 
of the environment (e.g., photosmog problems, photodestruction of polymer 
wastes [658-667]). Many possibilities are offered by photochemistry in the 
synthesis of very difficult to prepare or even thermally non-preparable organic 
[401, 402, 404-406, 413, 668, 6691 and coordination compounds [567] or sub- 
stances with a high energy content (higher than that of the reactants), which may 
serve as fuels [462, 5341. Materials with some special (e.g., photochromic) 
properties have also been prepared; for example, photochromic plastic lenses 
[670, 6711 possessing considerable hardness and reversibility contain Hg(I1) 
complexes of the type (R3N:N) (R4NHN:) CSHgSC (N:NR’) ( :NNHR6) or 
(R’N : N)(R*NHN :) CSHgR9, where R3-R9 = phenyl or naphthyl which may be 
totally or partially substituted by a halo, C--C, hydrocarbon, C-C, haloalkyl, 
C-C6 alkoxyalkyl, C&6 carboxylalkyl, sulphonyl, CN or C&6 acyl group. 

Within the context of studying luminescence as probes of catalysts, lumines- 
cence as a probe of rare earth ions and their complexes in zeolites has been 
examined [674]. Useful information on the coordination environments, changes 
due to thermal and chemical treatments and catalytic properties, in general, of 
rare earth complexes and oxides in zeolites has been obtained. Chiral catalysts 
were investigated by circularly polarized luminescence spectroscopy [675] in 
order to ascertain the absolute configurations and complexation of ligands with 
rare earth ions. 

The luminescence properties of many different inorganic compounds (includ- 
ing complexes) are of interest in searching for materials used as displays [676]; 
for example, by irradiating of a thin layer (about 25 pm) of europium chelate 
dissolved in an organic fluid, strong visible fluorescence is produced [677]. The 
characteristics of such arrangements would seem to satisfy the requirements of 
a multiplexed display with a large number of rows. 

The data obtained by the photochemistry of complexes have been applied in 
practice also in the field of unconventional photographic processes (image 
recording) [399, 406, 672, 6731; some of the systems described, e.g., Co(II1) 
complexes 1678, 6791 in the presence of a sulphide source, Fe(II1) oxalate 
mixed-ligand complexes [680] and octacyanomolybdate(IV)/heterocyclic 
carb-2-aldehyde [68 1, 6821, are photocatalytic in nature. 
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Transition metal complexes immobilized on insoluble supports, called “third- 
generation” catalysts [683,684], have received much attention in the past decade 
[685-688]. Such immobilized species have been used to combine the selectivity 
of homogeneous catalysts with the ease of separation of heterogeneous species. 
The thermal and photochemical reactivity of complexes anchored to surfaces 
are usually profoundly influenced by the properties of the inorganic support. 
This may lead not only to a new photochemistry of complexes but also to the 
generation, e.g., using photochemistry as a method of preparation of coordina- 
tively unsaturated complexes acting as catalysts stabilized by the rigidity of 
inorganic supports. In this way, for example, a hydrosilation catalyst has been 
prepared [689] by linking a photoactive [Pt(C,O,)LJ complex to silica by using 
the functionalized ligand L (where L = (OMe),Si(CH,),PEt,). 

The utilization of the photochemistry of coordination compounds in analyti- 
cal chemistry is also of interest [690, 6911. The method of “photonometric 
titration” [559, 692,693], later called “photochemical titration”, has been used 
in systems containing, e.g., complexes of copper [559, 694, 6951 and iron 
[696-699] for the quantitative determinations of various species in solution. The 
field of research that utilizes the application of photochemical kinetics in analyt- 
ical chemistry has been termed “photochemical kinetic analysis” [560, 7001. 

Progress is also expected in bioapplications, e.g., in the field of photoinduced 
electron- or charge-transfer phenomena in solution (including metal complexes 
in biologically important systems) investigated by means of picosecond [701, 
7021 and nanosecond laser photolysis, transient absorption, fluorescence meas- 
urements and laser-induced photocurrent [308, 3091 measurements. 



6 CONCLUSION 

In the previous chapters, the state achieved in the photochemistry of coordina- 
tion compounds has been demonstrated. The conclusions formulated result 
from the variety of data for each of the topics discussed. Because of the extent 
and uneven scope of knowledge, only certain purposefully selected examples 
have been chosen to illustrate these topics. 

The trends in the quantity, quality and orientation of published works indicate 

that photochemistry - not only of the coordination compounds - is a very 
promising field of chemistry with contributions to the development of science, 
practical needs and stimulating progress in experimental methods. 

Analysis of the published data shows that the development of the 
photochemistry of coordination compounds has been uneven. The differences 
are manifested particularly in the topics of research (e.g., the number of studies 
on the photochemistry of transition element complexes of Groups VI and VIII 
exceeds those for Groups IV, V and VII). There is also unevenness in the types 
of photochemical reactions studied (e.g., the number of published papers deal- 
ing with photosubstitution and outer-sphere photoredox processes is markedly 
higher than that of the papers focused on the study of phototautomerizations, 
acid-base reactions and inner-sphere photoredox reactions). The stage of the 
theoretical elaboration also differs (e.g., compare the differences in the ap- 
proaches towards the interpretation of the thermodynamics and kinetics of the 
outer- and inner-sphere photoredox reactions). 

It seems increasingly necessary to communicate between photochemistry and 
other chemical disciplines and natural sciences, not only in order to improve the 
practical application of the knowledge of photochemistry but also to benefit the 
theoretical interpretation of the results of other fields of science. The prospects 
for photochemistry in the field of coordination compounds, which will be 
considered later, are not motivated by efforts to present unambiguous and 
unchangeable predictions for further development, as this is impossible in view 
of the rapid developments in this field. Hence, the ideas on the possibilities 
shown later represent the personal viewpoint of the present authors, resulting 
from the analysis of the current state and trends presented in the previous 
chapters. 
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In recent years, the theory of molecular orbitals has been increasingly used 
in the interpretation of results on the photophysical and photochemical proper- 
ties of complexes. Provided that present trends continue (including computa- 
tional possibilities), one can expect marked progress in the knowledge of elec- 
tronic and molecular structure and of the reactivity of excited complexes. 

The application of MO theory should not only consist in quantum chemical 
calculations (optimization of the structures of the excited complexes, study of 
reaction pathways based on the knowledge of the shape of the energy hypersur- 
faces, study of the efficiency and localization of the electron transfer during 
photoexcitation, etc.), but also on experimental work, particularly in the ap- 
plication of photoelectron spectroscopy to the study of the electronic systems of 
excited complexes. 

The use and further development of currently applied experimental tech- 
niques in photochemistry (e.g., matrix isolation and time-resolved infrared 
spectroscopy, photoselection spectra, time-dependent emissions, holographic 
photochemistry, flash photolysis ESR, diffuse reflectance gash photolysis ap- 
plied to solid-state transients, triboluminescence phenomena, pressure effects, 
X-ray diffraction in solutions, photoelectrochemistry, etc.) should catalyse not 
only the acquisition of original and interesting data, but also of new applica- 
tions. 

The application of other techniques (e.g., fast magnetic susceptibility, 
photochemistry in a magnetic field of high intensity, resonance Raman spectro- 
scopy of excited states) can make considerable contributions to the solution of 
the problems associated with the determination of the number, multiplicity and 
actual structure of the reactive electronically excited states of coordination 
compounds. “Double excitations” (electronic and vibrational) have been al- 
ready utilized for the separation of isotopes, and they are a suitable model for 
concomitant excitation and ionization (far-UV and X-ray regions). 

The questions concerning the quartet-doublet hypothesis for the complexes 
of Cr(III) (Section 4.4.2) illustrate not only the complexity of the problems and 
the possibilities existing in understanding and interpreting the photochemistry 
of such complexes, but also the possibilities for the study of the properties of 
complexes with other central atoms. The effect of spin-orbit coupling on the 
deactivated processes of the complexes of the second and third transition rows 
is reflected in the attention devoted to these aspects by both quantum chemists 
(mastering the problems of “forbiddenness” and “allowance”) and photochem- 
ists. 

As in any other scientific discipline, also in the photochemistry of coordina- 
tion compounds the change from quantity to quality has been demonstrated by 
the generalization of the results and the formulation of rules for the photo- 
chemical behaviour of complexes. 

The attempt to understand the course of photochemical reactions to the 
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extent enabling a more perfect rules of photoreactivity to be formulated requires 
an extension and intensification of research in this field, where only a relatively 
small amount of data has been available up to now (stereochemical changes of 
other than octahedral complexes, intramolecular redox processes, tautomeriza- 
tion processes, etc.), and also the generalization of the current knowledge. This 
can be exemplified by the study of the Bronsted alkalinity of complexes with 
MLCT excitation (Section 4.5), whereas the acidity of the complex during 
LMCT excitation and corresponding acid-base processes were not studied. 

The experimentally verified effects of the environment of the complex on the 
properties of its electronic system (e.g., in the CTTS and MLCT states) and 
reactivity (see, e.g., Section 4.4.1) indicate that when discussing mechanisms and 
interpreting the results it will be necessary more than before to consider also the 
effect of the secondary coordination sphere of the complex. These facts are also 
of great importance with respect to methodology, as in fact all photosub- 
stitution reactivity models (Section 4.7) truly determine which of the ligands will 
be substituted (a priori assuming dissociation of the labilized ligand); however, 
the experiments prove that an exchange associative mechanism of substitution 
is operative in many instances. .On the other hand, the results of testing the 
various photolysis models have demonstrated that photochemistry may be 
helpful in assessing, e.g., more correct values of CT and K parameters. 

The course of photochemical reactions from vibrationally (rotationally) 
non-relaxed complexes calls for the elaboration and application of a non-equilib- 
rium thermodynamic approach to the description of the complexes in the 
excited states. 

It is probable that analogously to the study of the conversion of solar energy 
to chemical energy which stimulated the elaboration of an equilibrium ther- 
modynamic theory (and applying the theory of an activated complex of equi- 
librium kinetics) for excited particles, the understanding and mimicking of the 
function of complexes in biological systems can stimulate the introduction of 
non-equilibrium thermodynamics (and a new approach to kinetics). 

In the application of the knowledge of the photochemistry of coordination 
compounds, a very promising area seems to be practical catalysis under the 
effect of light. This not only concerns the direct industrial utilization of photoca- 
talysed reactions, but also the elucidation (and optimization of the processes) of 
the mechanism of the function of catalysts. Answers to questions such as why can 
important industrial processes (e.g., hydrogenation of CO, activation of C-H 
bonds, H, reduction) be catalysed by polynuclear complexes (clusters) only, can 
be obtained after explaining the processes of labilization of the metal-metal 
bonds and corresponding changes in the distribution of electron density, 
through photochemistry. 

The second half of the 1970s and the early 1980s were noted for very intensive 
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studies of the properties of model systems for the conversion of solar energy to 
chemical and electrical energy. 

The results of the study of complex-containing colloid and supramolecular 
systems show that the potential possibilities of photochemistry in this field have 
not been properly utilized so far. The interest towards supramolecular systems 
(i.e. assemblies of two or more molecular components) can be regarded as the 
most noticeable trend in current years [556]. It is expected that within supra- 
molecular photochemistry [13] a great deal of effort will be concentrated upon 
design, synthesis and characterization of photonic molecular devices (PMDs), 
i.e. assemblies of molecular components capable of performing valuable light- 
induced functions such as charge separation, energy migration and conforma- 
tional changes [705]. Such development of PMDs might be very promising in 
their utilization in various fields, e.g. in producing molecular layers of controlled 
composition and thickness [706], self-organization of special types of chain 
molecules around metal ions [707], electrode derivatization [708], fabrication of 
microelectrochemical devices [709] or in microelectronics in general [710]. An 
analogous situation can be observed when following the trends in the applica- 
tion of photochemistry to the synthesis of coordination compounds. The pu- 
blished data indicate that the prospects, also depending on the optimization of 
the experimental conditions of the syntheses, lie in compounds with new ligands, 
thermodynamically unstable substances (e.g., compounds with photochromic 
properties) and the preparation of the substances with catalytic properties. 

Increasing interest in systems based on light-sensitive coordination com- 
pounds that will have important photographic applications is also expected. 

The recent results show that the qualitatively new knowledge that contributes 
markedly to the understanding of photophysical and photochemical properties 
not only of coordination compounds has been achieved by the application of 
newly developed or improved older techniques (e.g., the study of the electronic 
and molecular structures of excited particles and the study of the symmetry and 
properties of coordinatively unsaturated intermediates). The trends in the de- 
velopments in this field indicate that there are possibilities for the further 
development of methods and instrumentation in photochemical research that 
are conditioned by both the tasks formulated and their objective necessity. 
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