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A. INTRODUCTION: TWO LIMITING CASES OF EXCITED STATE DECAY 

This review concerns the detailed mechanisms of photoreactions in transi- 
tion metal complexes_ By this is meant the analysis of events following the 
initial population of the excited state responsible for the reaction. Two 
approaches have appeared in the literature. One could be called a photo- 
chemical model and the other photophysical [I]_ These terms will not be 
retained because they have other uses which could lead to ambiguity but 
they will be useful initially in defining the issues. 

Photochemical theories [2-41 are those that employ many of the ideas 
developed in the extensive literature of thermal kinetics. They invoke con- 
cepts of structure-reactivity correlations such as the Marcus theory which 
connects AGt to AGO and descriptions of chemical events in terms of 
nucleophilicity or associative substitution. Implicitly or explicitly these con- 
cepts all use transition state. theory. This theory is based on a pseudo- 
equilibrium assumption of a Boltzmann distribution over all molecular 
degrees of freedom. Adamson et al. [5,6] have identified this condition as a 
thermally equilibrated excited state (thexi). These states may be regarded as 
little more than electronic isomers of ground states and there is little reason 
to abandon the concepts of transition state theory. 

Reaction rates at the photochemical limit depend inversely on the energy 
barriers of each decay channel. The selection of a particular mechanism is 
governed by the random distribution of normal modes at the effective 
Boltzmann temperature. From this mechanistic point of view, the events 
following the initial population of the thexi state can be identified as decay 
by random coordinate selection. This will be identified as the DERCOS limit 
mechanism_ The model has proven to be very useful in many systems. To 
document this we will outline the uses of Marcus theory for metai complex 
photochemistry in Section B(ii) and review examples of DERCOS photosub- 
stitution in Section B(iii). 

Hammond has remarked [7] that the dissipation of the large localized 
quantity of energy derived from the absorbed photon must be kept clearly in 
mind. It is the driving force for photoreaction. Hammond’s point has two 
important impiications. First, it means that reactions treated within transi- 
tion state theory, the DERCOS limit, will be subject to a constraint that is 
not general in thermal chemistry_ They will all tend to be exothermic. We 
discuss the consequences in Section B(i)_ Secondly, this point suggests the 
possibility that the dissipation of excess energy could initiate irreversible 
radiationless processes before vibrational equilibrium is established_ These 
alternative processes could occur in competition with vibrational relaxation 
of the electronic excited state and be too rapid for analysis under the 
assumptions of the DERCOS limit. 
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Initially this is an empirical question. The evidence that such processes are 
important in transition metal photochemistry is reviewed in Section C. The 
available indications that some of these reactions do occur at such a 
photophysical limit [I], focus attention on the development of theories elf 

fast reactions based on the electronic structures of transition metal com- 
plexes. In such models, the tendency towards selection of reaction channels 
is predicted from spectroscopic data. The most advanced predictions of this 
type are those of Vanquickenbome and Ceulemans [8- IO]_ 

In the photophysical limit the usefulness of these theories is marginal, 
however, since the role of inter- and intramolecular dynamic processes ;:s 
neglected. The omission of these effects is easily understood for. in conven- 
tional form, the structure and solutions of the differential equations used to 
describe radiationless processes are formidabIe even in small molecules [ 1 I ]. 
However, these conventional solutions are obtained using some inap- 
propriate assumptions and neglecting the surprisingly simple algebra associa- ,J 
ted with the vectorial behaviour of the wave functions. 

Some initial approaches have been made towards analysis of the vectorial 
algebra and the derivation of electronic selection rules for reactions from 
that algebra. This initiative is reviewed in Section D(i). Very recently, a 
vectorial technique incorporating both electronic and dynamic molecular 
structure has been developed [ 1,123, which provides simple but powerful 
seIection rules for prediction of fast reaction coordinates. The fundamental 
assumption in this model is that fast reactions occur under conditions of 
strong vibronic coupling. In this limit, the electronic excitation energy can 
rapidly be converted into pathological nuclear motion, Thus, the Born- 
Oppenheimer assumption of weak coupling, which may be appropriate in the 
DERCOS limit, is abandoned. Instead, the rates of fast reactions are 
described in Section D(ii) in terms of the symmetry and intensity of 
time-dependent perturbations which permit transitions between vibronic 
states. Under these conditions, the selection rules identify processes of decay 
on selected nuclear coordinates (DOSENCO) which are strongly allowed in 
comparison to other processes which remain forbidden at the chosen order 
of approximation [ 121. Empirical consequences of the analysis are sought in 
Section D(iii). 

These selection rule techniques appear to provide an appropriate comple- 
ment, in the Iimit of fast reactions, to the transition state model in the limit 
of vibrational equilibrium. When decay of photoexcited states is slow, it can 
be assumed that first-order processes are forbidden and only those decay 
events associated with higher-order perturbations are available. In these 
cases a full analysis usin, * selection rules would be difficult and an analysis 
with transition state theory is a simple, valid alternative. In systems in which 
first-order perturbations are allowed and equilibrium is not achieved, the 
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transition state theory 
DOSENCO state. 

Sufficient evidence 
models for slow and 

will fail. The simplest analysis is then treatment as a 

is now available to suggest the need for different 
fast photoreaction mechanisms_ Thus we wish to 

employ the two complementary models of photoreactions, one based on an 
appropriate extension of transition state theory and the other on strongly 
coupled vibronic systems. Each of these provides an adequate account of 
both the electronic and atomic dynamics in the two limiting time domains. 

B. DECAY VIA RANDOM COORDINATE SELECTION (DERCOS) MECHANISMS 

(i) General considerations 

In the case that an excited state from which a reaction originates is 
long-lived, the steps requiring elucidation include at least the following: (a) 
the excitation process; (b) any intersystem crossing; (c) vibrational and 
orientational relaxation within the spin manifold of the reactive random 
state; (d) the photoreaction step; and (e) internal conversion to the ground 
state in competition with reaction. (Luminescence processes may also be 
included without difficulty and will be omitted for now.) The minimal steps 
are summarized in eqn. (1). 

x-_, 
* , k,,” 
A+*A,+*AO +B (1) 
I k, ? 

In this equation, A represents the ground state, *A,, is the rovibrationally 
excited Franck-Condon state and *A, is the DERCOS state decaying by 
thermalized random selection of the available pathways. (This equation 
assumes for simplicity that only one electronic excited state is important.) k, 

is the rate constant for production of the excited thexi state, *A*. It 

combines a constant for a “photophysical” relaxation process with absorp- 
tion. k_, is the rate constant for return to the ground state. This may be a 
process with features in common with the reaction since it occurs in 
competition unless the reaction quantum yield is either unity or very small. 
Thus, k_, may, like the product formation rate constant, be subject to 
analysis with the aid of chemical kinetic concepts. k,,, is the rate constant 
for the formation of the photoproduct B. It is the rate constant on which we 
shall focus first. We return to k_, later. 

An example from the very recent literature 1131 can make ideas concrete. 
It concerns the reaction described in eqn. (2). 

~(NH&l” + H,O Is: Rh(NH,),OH;+ + Cl - (2) 



The specially useful feature of this reaction is that temperature dependence 
was measured and luminescence allows for placement of the DERCOS state 
on an energy axis. Consequently, the qualitative energy diagram in Fig. 1 can 
be drawn for this reaction_ 

The overall reaction is only mildly exergonic in aqueous media. The 
photon required to excite the complex is quite large by comparison. Emis- 
sion and excited state absorption were studied using a pulsed Nd-glass laser 
[ 13]_ Emission was centred at 640 nm which corresponds to an energy of 188 
kJ mol-’ (45 kcal mol-‘). This is, for example, much larger than the 
activation energy for thermal substitution_ The activation energy associated 
with decay of the emitting excited state is 22.6 Id mol - ’ (5.4 kcal mol - ’ 11. 

Thus, a reaction coordinate diagram comparing thermal and photochemical 
substitution is qualitatively represented in Fig. 1 (the photoreaction is a 
DERCOS state reaction). Note that the thermal transition state differs 
greatly in energy from both the reactant and the product. In contrast, the 

photoreaction from the DERCOS state is, in common with most photoreacLy 

tions, highly exergonic. Since the barrier for decay of this state is only 22.6 
k.I mol - ’ (5-4 kcal mol - ‘), it is probable that the DERCOS state does not 

hu 

FIEACTION COORDINATE 

Fig. 1. Qualitative energy diagram comparing thermal and photochemical substitution. 
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differ greatly from the transition state for formation of the photoproduct. 
A very useful principle in thermal kinetics, Hammond’s postulate [ 141, can 

be applied to the appreciation of the situation: 

If two states (as, for example, 2 transition state and an unstable intermediate) occur 
consecutively during a reaction prbcess and have nearly the same energy content, their 
interconversion will require only a small reorganization of molecular structure. 

Hammond’s postulate has often been used to argue that highly exergonic 
reactions have transition states similar to the initial states. Hammond’s idea 

leads to the conclusion that photoreaction transition states commonly resem- 
ble DERCOS states in structure as a consequence of the similarity in energy. 

The result emerging from analysis of DERCOS state reactivity using 
Hammond’s postulate is quite important_ It reveals that DERCOS states will 
tend not to show high selectivity. If the transition state is close to the 
DERCOS state, there is very little room for variation in the energy dif- 
ference marked B in Fig. 1 (contrast the energy difference marked A for the 
thermal reaction). Thermal reactions can be highly chemically selective as a 
result of the variation in energy difference between the ground state and 
transition state as structure is varied. Because of the consistently exothermic 
behaviour of DERCOS states, such selectivity as a function of structure- 
reactivity relationships will be compressed in most cases. 

If the preceding point is correct, then it is fair to conclude that the 
differences in reactivity amon, a various structures (the stuff of structure- 
reactivity relations) will be largely determined by the structures and energies 
of the DERCOS states themselves. Put alternatively, the consequence .of 
application of Hammond’s postulate is the conclusion that DERCOS states 
are usually well prepared for reaction. This idea is not foreign to photochem- 
ists. The present analysis simply integrates it to transition state theory. 

The considerations just introduced suggest that structure-reactivity corre- 

lations for overall photoreaction will closely map changes in the DERCOS 

state. Thus, continued study of DERCOS states is of considerable impor- 
tance [5]. 

The conclusion that photochemical, as opposed to thermal, structure 
reactivity relationships will be dominated by structure variation effects on 
DERCOS state structure provides a useful simplification in analysis of the 
reaction_ The DERCOS state, unlike a thermal transition state, is accessible 
to direct experimental investigation. Luminescent states have long been 
subject to examination which gives an indication of electronic and vibra- 
tional features of the DERCOS state. In recent years, the limitation to 
luminescent states has been removed. Pulse spectroscopy permits examina- 
tion of excited state absorption [15], and even population inversion and 
examination of Raman scattering from excited states [ 161. To the extent that 



appropriate structural information can be extracted from electronic and 
vibrational spectra of limited resolution, the structure and properties of 
DERCOS states may be known. No such direct access is available to 
transition states of interest to the thermal kineticist! 

Unfortunately, we do not yet have information on a wide range of 
DERCOS states. The two best characterized, in the field of transition metal 
photochemistry, are the charge transfer state of Ru(bpy)f+ and the ligand 
field doublet state of Cr(bpy)z+ . Much information has accumulated on 
properties of the lowest-lying excited state of these two complexes. (Eiy 
extension some of their relatives with similar ligands are fairly well under- 
stood.) The two share one cbmmon feature. The ligand is a rigid aromatic 
system, This fact severely limits the difference between structures of ground 
and excited states. In the Ru(bpy)z’ complex, there is a readily measurable 
difference between potential surfaces of the ground and excited states. In the 
case of Cr(bpy)z+ , the differences are, quite subtle [ 161. These two complexes 
dominate the literature on reactions $f long-lived excited states- 

(ii) Redux reactions 

Photochemical electron transfer was the first type of reaction in which the 
behaviour of DERCOS states was fully analysed by thermal kinetic tech- 
niques. The subject has been extensively reviewed [2]. Only the principles are 
sketched here. 

A DERCOS state may be assigned a standard electrode potential and 
Marcus-Hush type structure-reactivity correlation may be applied to iden- 
tify rates of outer sphere electron transfer that should be fast enough to 
compete with relaxation to the ground state (k _ , of eqn. (1)). 

Bimolecular outer sphere electron transfer occurs in four steps as follows: 

(1) A %A* excitation 

(2) A*+ BeA*,B diffusional encounter 

(3) A*, BeA’,l?- electron transfer 

(4) A t- ,B - s A+ +B - diffusional separation 

The reorganization of ligands leading to the transition state occurs in step (3) 
where the coordination sphere of A* and B along with the polarization of tlie 
surrounding medium adjusts to that appropriate to the activated complex. 
That this reorganization is required can be seen as a consequence of the 
Franck-Condon principle. The actual electron transfer may (K < 1) artd 
commonly does (K = 1) take place after considerable reorganization. I:n 
terms of this mechanism, the rate constant for electron transfer is given by: 

(3) 
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where K, is the equilibrium constant for step (2), diffusional encounter, and 
CG is the free energy for reorganization of the precursor complex. The other 
symbols have their common meanings in physical chemistry. 

In this case, AG* can be split into two components. The first is an 
intrinsic barrier. Reactions where reactants and products have essentially the 
same free energy (e.g. exchange reactions) have only this intrinsic barrier and 
its magnitude is estimated from the rate of the exchange reaction. The 
second is a thermodynamic component of the barrier which can be estimated 
using the Marcus “cross relation” [ 171 of eqn. (4). 

In eqn. (4), k’s are rate constants. The subscript 12 refers to a cross reaction, 
subscripts 11 and 22 refer to exchange reactions_ The parameter fi2 is a 
function of K,*, the equilibrium constant for the cross reaction, k,, and kz2, 
and the collision frequency 2. The value off is near unity in many cases. 
Some examples of k, , and k,, values are given in Table 1. 

Albery [ 181 has pointed out that the thermodynamic component will 
dominate variations of rate with structure for exothermic reaction. Thus, the 
thermodynamic factor is most important in photochemistry. 

The interesting problem for structure reactivity correlation is to estimate 
K ,,, the equilibrium constant for reaction of the DERCOS state. This 
requires values of the electrode potential associated with reactions like those 
in Table 1, part II. For this purpose the change in the half-cell potential 
following excitation must be estimated. The thermodynamics of such DE- 
RCOS decay channel states have been discussed by Grabowski and Rubas- 
zewska [ 191. 

We consider here the illustrative problem of evaluating the difference 

TABLE I 

Rate constants for excited state electron exchange and net reactions 

Reactions k(M-‘s-l) Reference 

I. Exchangc(k,,) 
*Cr(bipy):+ + Cr(bipy):+ IOX- ioy a, b 
*Ru(bipy)z+ + Ru(bipy): T 1os- loy a 

. II. Net reactions (k,,) 
*Ru(bipy):+ +Cr(bipy):+ 3.3 x 109 C 

Ru(bipy)f l + *Cr(bipy):+ 4 xlox C 

a B. Brunschwig and N. Sutin, J. Am. Chem. Sot., 100 (1978) 7568. 
h N. Serpone, M.A. Jamieson, S. Emmi, P.G. Fuschi, Q.G. Mulazzani and M.Z. Hoffman. J. 
Am. Chem. Sot., 103 (1981) 1091. 
’ F. Bollctta, M. Maestri, L. Moggi and V. Balzani, J. Chem. Sot., Chem. Common., (1975) 
901. 
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between the redox potentials for M+/M and A4 +/*A4 (or M/M - and 
*M / M - ) couples where M is any metal complex with two oxidation states 
and the signs + and - only indicate change of charge, not total charge. The 
first observation is that promotion of an electron from a filled orbital to a 
higher unfilled orbital simultaneously decreases the ionization potential of 
the molecule (since the promoted electron may be ionized) and increases the 
electron affinity {since the hole left by the promoted electron may capture ztn 
electron). The remaining factors are summarized in Fig. 2. 

In Fig. 2, the potential surfaces with respect to a normal coordinate 
presumed to relate the reduced form M and oxidized form M+ are shown. It 
is assumed here (only as an illustration) that the equilibrium position on the 
normal coordinate Q is closer to the oxidized form in the excited state *.M 

E 

M 

Fig. 2. Potential surfaces with respect to a normal coordinate Q relating the reduced form M, 
th’e excited state *M and the oxidised form M+_ 





pattern has evolved, which is outlined in reactions (8)-( 19) for the complex. 
Excitation of the ground state species, ( 4A2)Cr(bpy)z+ , into the various 
quartet manifolds rapidly forms the lowest quartet, 4Tz, which might decay 

(jA &r(bpy)j l 2 (%)Cr(bpy);+ 

(4T,)Cr(bpy)Z’ + (4&)wbPY>;+ 
* (‘E,‘T,)Cr(bpy):’ 
H,O 
3 WwyWk0)3 a 

( %,‘T,)Cr(bpy): + + 144VXbpy>? 
4 (‘A.,)Cr(bpy):+ + hv’ 
i-i,0 
+ WwyMH,0)3 + 

OH- 
4 Cr(bwMOH)2 + 
-Hz0 

WbyhW,0)3 + + ( “A 2 )Cr(byp): + 
H' 
TH o (44rr(bPY>:+ 

2 

H’ 
+ Cr(bpy),(H,O);+ +bpyH 

OH- 

Cr(bpy),WH) + --, W~PYMOH)’ + by 

(excitation) 

(non-radiative decay) 

(intersystem crossing) 

(reactive decay) 

(non-radiative decay) 
(radiative decay) 

(reactive decay) 

(reactive decay) 

(8) 

(9) 
UC’) 

W) 

(12) 
(13) 

(14 

( I 5) 

( I?) 

by non-radiative transitions back to the ground state but instead undergoes 
intersystem-crossing in about 10 ps [IS] with ;1 yield l-0 [24] to the Jr\west 
doublet manifold, ‘E. This initial decay occurs more quickly than the 
es_tablishment of vibrational equilibrium and cannot be described in a 
DERCOS state model. It can be predicted as described below from media 
perturbations in the DOSENCO state limit. This “E state is in thermal 
equilibrium with “T,. The doublet can react with the solvent to produce what 
may well be a seven-coordinate intermediate, Cr( bpy),( H 20)3 ’ (or 
Cr(bpy),OH’- depending on PH.) The doublet species (“E)Cr(bpy):+ cztn 
also degrade iris non-radiative and radiative decay as well. 

It is especially interesting that the photochemical “rate law” is found to be 
identical to the thermal aquation rate law [25] in the pH dependences of the 
quantum yield for release of bpy into .c;olution, @:,PY. This identical depen- 
dence was taken to mean that the same seven-coordinate intermediate is 
formed in both instances. Experimental and theoretical arguments indicate 
that the excited state predominantly responsible for almost all (97%) of the 
observed photoaquation is a metal-centred doublet. The original arguments 
are confirmed by a recent wavelength dependence study which shows that 
decreases in ISC yield at long wavelength correlate to reduction of reaction 
quantum yield [263. <More recently, the state responsible was suggested to be 
the ‘T, which “has a vacant t,, orbital” [22].) 
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To the extent that the thermally equilibrated, lowest lying, DERCOS 
doublet manifold (‘E, 27’,) reacts with water ( abpy = 0.18, N,-purged 
solutions, pH 9- 10, p = 1 M NaCl) to form the seven-coordinate inter- 
mediate, the photoaquation must also compete with radiative (reaction (13)) 
and non-radiative decay of the ‘E state (reaction (12)); the former decay 
process contributes insignificantly (a = 10W3) in the deactivation of 

( ‘E)Cr(bpy),3 + species but the latter may have an overall yieId up to 0.82. 
The behaviour of the long-lived (‘E)Cr(bpy):+‘ species towards aquation 

verifies the suitability of this system as a model of behaviour of DERCOS 
states. Jamieson et al. [22] have obtained Arrhenius and Eyring activation 
data from a temperature dependence study of the photoaquation (pH 9.8) of 

Cr(bpy)i+ ; E, = 42.6 2 1.7 kJ mol -I, AH* =40.1 t 1.7 kJ mol-‘, and 
AS* (25°C) = -41.8 ? 5.8 mol-’ deg-‘. For thermal aquation of 

(4UCr(bpy)3’ under the same.conditions, ,!ZU = 95.7 ?z 2.5 kJ mol -I, AH* 
= 93.2 k 2.5 kJ mol - ‘, and AS* (25°C) = - 36.8 ? 7.9 J mol - ’ deg - ’ [25]. 
A comparison of the kinetic data indicates that the excited state reaction is 
- IO” to 10 times faster, requires considerably less enthalpy for activation, 
and exhibits about the same entropy lowering in going to the activated 
complex as does the thermal reaction [22]. Inasmuch as the ‘E and 4Az states 
have nearly identical geometry (Stokes’ shift -0) [27] the activated com- 
plexes from these two states were taken to possess equivalent geometries_ 
The authors originally concluded 122) that: (a) the activated complex arising 
from ‘E is in an electronically excited state Lvhile that from 4Az is in the 
ground state; (b) passage of the system from this electronically excited 
activated complex to the seven-coordinate intermediate proceeds through the 
excited -state species. *[Cr(bpy),(H 2O)‘-L 1. which converts to 

Cr(bpy),(H@)3t via 8 non-radiative process; and (c) that because *AH* ( 
AH*, reaction from the doublet manifolds originates with the ‘r, which has 
been suggested to possess a I& configuration with one of the orbitals vacant, 
thus requiring little reorganizational energy to form the electronically-excited 
activated complex. 

These conclusions merit closer analysis for the present purposes. We 
recognize that very little nuclear rearrangement is associated with the promo- 
tion from 4A to “E. This is a well-documented experimental fact, based on 
extensive absorption and emission measurements under both cryogenic and 
ambient conditions. Yet, somewhat more than half the enthalpic barrier to 
substitution has been eliminated and the reaction has been accelerated by 
1.5 X 109, neglecting entropy. The mechanism of substitution at d3 Cr(II1) 
centres generally has been regarded as I, for some time [28]. The associative 
barrier has two terms. One is preparation of a bonding orbital for the 
seventh ligand. The other is nuclear motions to produce seven-coordination_ 
Photon absorption and excitation to “E lowers the first barrier considerably 



but does not lower the second nearly as much. This gives the observationally 
’ to 10 -‘s- ‘. (Note that little of the 

above argument uses ideas unfamiliar to thermal kinetics.) 
No other photosubstitution of a demonstrably long-lived excited state h&s 

yet been studied in as much depth. This is unfortunate since the Cr(bpy):+ 
example may probably not prove general. The very slight nuclear rearrange- 
ment is a special feature of the ‘E state which is a consequence of the fact 
that both the ground state and the excited state arise from the same 
configuration, lig in 0, symmetry_ It is, no doubt in part, this fact that 
causes the excited state reaction to be as slow as it is. The remaining barrier 
is still 40 kJ mol - I. 

Two series of complexes have been studied in sufficient detail to encour- 
age efforts to develop structure-reactivity rrslationships around the patterns 
of photosubstitution and photoisomerization. One of these is the series’of 
anionoamine complexes of Cr(III). The problem with these is that ambigui- 
ties surround the quantum yields to be associated with the longer-lived, 
unquestionably DERCOS, doublets. Gutierrez and Adamson [29] have made 
an interesting attempt to construct a relationship in the case of medium 
effects on rrans-Cr(NH,),(NCS), . They begin from the assumption that the 
main path of doublet relaxation is the reactive pathway (in contrast to 
radiationless relaxation to 4Ar,)_ They then use the lifetimes evaluated from 
the low quantum yield phosphorescence relaxation pathway as a measure of 
relative rates of reactive relaxation (i.e. k _ I < k,,, therefore k, can be 
estimated). 

Gutierrez and Adamson (291 examined phosphorescence lifetime in twenty 
media from water (where a value of 6 ns is found) to the dispersed solid 
(where the lifetime is 406 ns). Generally, shorter lifetimes are associated with 
protic solvents such as HZO, C&OH, and even the viscous medium glycerol. 
Longer lifetimes are found for dipolar aprotic and non-polar solvents: 
CH,CN, acetone, sulfolane, and CH,Cl,. A common relaxation mechanism 
was supported by a linear AH *--AS* correlation of the type used by thermal 
kineticists of the form; aSo* = -27.3 - 3.41 AH’*. The short Iifetime in 
protic solvents was attributed to coupling of the complex to solvent vibra- 
tional modes. The assignment of reactive decay as determining lifetime is 
supported by the observation of short lifetime in solvents where thermal 
reactions are rapid. The apparent activation energies are about half as l.srge 
as those for thermal substitution_ 

The limit to t’his approach is the unresolved question of the range of 
v&Lity of the assumptions. For example, evidence against a single mocle of 
relaxation emerged from an attempt to test these assumptions by examining 
solid-state emission as a function of deuteration and temperature f30]. We 
shah see below that there is evidence for specific decay processes from the 
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quartet in Cr(II1) photochemistry that complicates the situation_ The theory 
of Cr(II1) reactivity will be considered further after the DOSENCO processes 
have been introduced. At that point an interpretation opposite to that of 
Gutierrez and Adamson [29] will be discussed. 

The other series of complexes for which a substantial literature exists is 
comprised bv the haloamines of Rh(III) [31]. One of these was chosen as an 
initial example (Fig. 1) because recent observations of weak solution 
luminescence by the California group [32,33] support, the notion that reac- 
tion originates from the lowest-lying ligand field triplet state. This analysis 
of reaction in conjunction with luminescence lifetime allows explicit assign- 
ment of rate constants to the reactive decay path. In the case of 
Rh(NH,),CI’+ ) the chloride aquation rate from the excited state is calcu- 
lated to be 1.4 X 10’ s -’ ( lOI times faster than thermal reaction). The rate 
of NH, aquation is 1.5 X lo6 s -I_ This change of rate corresponds to a 
reduction of the substitution barrier from the neighborhood of 105 kJ mol - ’ 
to something just above 25 kJ mol-‘_ In the case of the Rh(II1) complexes, 
the reactive excited state is a triplet derived from the electron configuration 
t:.qe: (O,, labels) where a a-antibonding orbital is occupied in the excited 
state. This should be associated with a substantial nuclear rearrangement on 
the way to the DERCOS state and changes of nuciear configuration should 
be prominent in the reduction of the substitution barrier. Observation of 
solvent sensitivity is in accord with this view [34]. The only clues we 
presently have as to what these rearrangements are come from the patterns 
of photoreactivity. 

A series of well-defined structure-reactivity relationships has been pro- 
posed by Rumfeldt and his students [35-371 at the University of Windsor 
using their data and earlier reports. These include: 

(1) support for Adamson’s well-known rule with respect to axis of 
labilization, 

(2) a tram effect series for labilization of leaving groups which is I - > 
Br- > N(CH,), N NH, > Cl-, 

(3) a cis ligand effect NH, > N(CH,), > en > cyclam, 
(4) an increase in halide yield with pH only for complexes with Bronsted 

acid amine ligands, 
(5) a decrease in amine yields with pH. 

An approach to understanding these effects might be made starting from 
Zink’s M-0. analyses [38-401. this may be premature here, we will return to 
these points in Section D. Rumfeldt observed that T dependence of quantum 
yields for a wide range of substitution at Rh(II1) yields an activation energy 
about 20 kJ mol-‘. Thus, there is clear evidence for limited variation in the 
step connecting the DERCOS state to the transition state. The important 
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structural variations are to be found in the DERCOS state itself as general 
considerations above suggested. This can be predicted from Hammond’s 
postulate. 

Rumfeldt makes the interesting suggestion that what is here called t:he 
DERCOS triplet state corresponds instead to an already dissociated caye- 
entrapped pair of five-coordinate complex and free ligands. The common 20 
kJ activation energy is seen as the barrier of diffusional separation. This 
suggestion would appear to be ruled out by the observation of luminescence 
[32,33]. However, the fact that the barrier for reaction is not larger than the 
barrier for diffusional separation of solvent-caged partners suggests a DE- 
RCOS state very similar to the dissociated state. The Rh-X bond (where X 
represents the leavin g ligand) must be quite weak. 

(iv) Fundamental features 

The major concern of the present section has been examples showing the 
extent to which photoreaction can be discussed using ideas familiar to the 
thermal kineticist. The relatively long lifetime of a DERCOS state and its 
equilibration with respect to vibration allows the key assumption of tralisi- 
tion state theory-pseudo equilibration in all degrees of freedom save one- 
to function as well as it does for thermal reactions. At present, two points 
merit re-emphasis. 

(1) The additional process in reactions of DERCOS states which is not 
prese>-,L m thermal reactions is the k _ i decay to ground state. 

(2) Hammond’s postulate suggests common occurrence of a close relation 
between DERCOS states and transition states for their conversion to prod- 
uct- 

If these points are appropriately accommodated, the tools of mechanisfic 
analysis contained in structure-reactivity correlations, and even the mechan- 
istic classifications used in thermal kinetics carry over to photochemistry. 
This will not be true of the DOSENCO processes we discuss next. Conse- 
quently, a new model will be considered. 

C. STATES DECAYING ON A SPECIFIC NUCLEAR COORDINATE (DOSENCO) 

(i) General considerations 

Absorption of visible or near UV photons promotes metal complexes 
directly to states with energies well above both experimental and theorelical 
estimates of the barriers for dissociative substitution or isomerization. Simi- 
larly, ‘these energies are above barriers for most common electron transl’ers. 
Thus, it is not at all unexpected that crossover to dissociative states San 
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Fig. 3. Description of predissociation in diatomic molecules. 

occur. Predissociation is a well-known process in diatomic molecules_ A 

description of how it arises is given in Fig. 3. It has similarly been docu- 
mented in a number of cases for small polyatomic molecules [41]. Moreover, 
dissociation above the convergence limit is very rapid. As an example 

consider the photodissociation: 

Cl&S 2 CICS + Cl (20) 
Pressure dependence (quenching) studies [42] show that the lifetime of the 
excited state (‘A%) is 55 ns on 4358 A excitation, 6 ns on 3660 A excitation 
and “unmeasurably” short on 2537 A excitation. These results can be related 
to the observation that fluorescence is observed with excitation longer than 
4500 A. The absorption shows fine structure in the region 4000-6000 A but 
the absorption spectrum shows no structure near 2357 A. 

In condensed phases, spectra of large molecules like metal complexes are 
not generally well resolved and it is difficult to identify processes analogous 
to predissociation from examination of absorption spectra. The matter is 
extremely complex because of the large number of degrees of freedom 
involved. Pictures like Fig. 3 can only be suggestive, not descriptive. The 
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most common indication of states which decay on a specific nuclear coordi- 
nate (DOSENCO) is the wavelength dependence of quantum yield over a 
wavelength range where the competing processes are a well-characterized 
reaction versus some identified vibrational relaxation process. 

In describing wavelength dependence in solutions, the simplest physical 
model is that introduced by Franck and Rabinowitsch [43] which calls 
attention to the role of kinetic energy of a separating fragment. At shorter 
wavelength, the higher energy of the dissociating fragment increases the 
probability that it will escape the solvent cage and consequently reduces the 
probability of geminate recombination (or back reaction of any sort) limiting 
the observed quantum yield. This is certainly one way in which the initiA 

excitation energy can influence quantum yield but of course, this requires 
retention of the initial kinetic energy in competition with collisional 
deactivation by solvent. It can only be significant on very fast time scales. In 
transition metal complexes, for example, this mechanism is suggested to 
account for the wavelength dependence of oxygen yields from MnO,- 
144,451. Since this ion does not fluoresce even in low T solid matrices, there is 
independent evidence that the excited state Iifetime is less than 5 ns. 

The cage escape model does not exhaust the possibilities. Considering 
diatomic states E and R in Fig. 3 again, we can recognize that crossing from 
states E to R in competition with vibrational relaxation to the 0th vibrational 
states of E can depend on the excitation wavelength and the initial degree of 
vibrational excitation. Moreover, it is not improbable that a large molecule 
in a condensed phase can dissipate excitation to the surroundings quite 
rapidly. Thus, wavelength dependence may not be a consequence of the 
Franck-Rabinowitsch cage effect at all. It is quite possible that a geminate 
pair produced from a dissociative state will be thermalized prior to separa- 
tion. The wavelength dependence will then have to do with the “relaxability” 
of the initially populated vibronic (or better rovibronic) state. That is, our 
attention must focus on specific dynamic processes of molecules at high 

levels of excitation. 
There are two fundamental theoretical strategies open for the investigation 

of the problem of the dynamic processes that determine’DOSENC0 state 
reactivity. One is pursuit of the solution to the relevant differential equation. 
The other begins from a recognition that every differential equation has a 
group [46]. From this point of view an effort can be made to isolate the 

constants of motion of allowed processes (perturbation theory often tends to 
lose sight of such fundamental physics) and explore the possibility of 
developing relevant selection rules. The final section of this paper reviews 
approaches to the problem of DOSENCO state mechanisms from the group 
theoretic point of view. However, we must review first some experimental 
evidence relevant to well-studied systems which may exhibit DOSENCO 



198 

state photoprocesses. We try to show that at least enough experimental cases 
are now established to motivate the theory. 

(ii) Metal carbonyl complexes 

A wel!-known system recently reviewed in detail elsewhere [47] provides 
an instructive first example which may represent the simplest case to 
characterize in the DOSENCO state limit. This is the wavelength depen- 
dence associated with photosubstitution in M(CO),L where M = Cr, MO, or 
W; and L is a ligand typified by pyridine. 

At the outset, it is useful to observe that substitution into M(CO), 
proceeds dissociatively to give an intermediate, M(CO), which has been 
characterized spectroscopically in low-temperature glasses [47]. Excited states 
of M(CO), have not been found to fluoresce at any T, but luminescence of 
Cr(CO), can be sensitized by. toluene at low T [48]. This indicates sub- 
nanosecond lifetime. Consequently, the dissociation must be quite fast. It is 
reasonable to assume a similar behaviour for M(CO),L in reactions shown in 
eqns. (21) and (22). 

M(CO),L k M(CO),L + CO (21) 

M(CO),L 2 M(CO), + L (22) 

In these two competing reactions, wavelength dependence is observed [49,50]. 
The quantum yield for CO loss decreases at longer wavelengths. Loss of L, 
however, becomes more important at longer wavelengths. 

One possibility is that loss of CO becomes more important as the initial 
degree of vibrational excitation is increased but there is an alternative 
explanation that requires a less stringent limitation on the extent of vibra- 
tional relaxation preceding the crucial events leading to dissociation_ The C,, 
symmetry species M(CO),L has two ligand field states, one of which 
corresponds in the strong field limit to population of the in-plane d_:,, orbital 
and the other which corresponds to populatr~>n of the d:z axial orbital. Since 
CO is the stronger field ligand, the first of these states is higher. One can 
now explain the wavelength dependence of reactions (21) and (22) by 
assigning (21) to the state with d-z,. population and (22) to the state with dzl 
population. (This idea is supported by the stereochemistry of incorporation 
of 13C0 into two Mo(CO), piperidine complexes [51].) In this view, loss of 
CO from the upper state is competitive with internal conversion to the other 
ligand field state! Since overall excited-state lifetimes are short, this internal 
conversion must be (as it would be expected to be) a quite rapid radia- 
tionless transition. Y-t, the CO loss rate is competitive. It is clear that the 
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same theoretical approach used to describe the fast internal conversion must 

be used to analyse the rate constant for CO loss. After the consequences of 
these observations have been appreciated, it is easier to accept the alternzlte 
idea that the degree of initial vibrational excitation is important. We need a 
full analysis of the dynamical processes connecting states of the system. 

In the earlier literature on the photosubstitution reactions of Cr( i[I) 

complexes, some more or less definite lines of evidence pointed to reaction 

for the ‘E state (Oh symmetry) on the one hand and from the 4T state on the 

other. Emergence of definite evidence for the substitutional reactivity of the 
quartet was the beginning of the development of evidence for prompt 
reactions that require DOSENCO theory. Studies exploiting luminescence 
were very important. 

In 1970, Chen and Porter [52] demonstrated by quenching of the “‘E” of 

Cr(NH,),(NCS); in a fluid at -65°C with Cr(CN)i- that 50% of the 
SCN - solvolysis yield arose from the quartet prior to intersystem crossing. 
Following Kane-efqguire and Langford’s observation [533 that doublet phos- 
phorescence was observable in many fluids and exhibited T dependence 
consistent with lifetimes limited by back intersystem crossing to the quarfet, 
several room temperature examples of the Chen and Porter phenomenon 
were recorded. For example, incomplete quenching of substitution reaction 
in Cr(NH&+ [54] and Cr(ei#+ [553 and incomplete quenching of isomeri- 
zation of Cr(phen), 3+ [56] were observed, Similarly, substitution in Cr(CN)z- 
could not be sensitized with doublet sensitizers 1571. It occurs only on dirltct 
quartet excitation. 

Such results converge to establish that there exist pathways for quartet 
reaction determined prior to intersystem crossing to the doublet. An indica- 
tion of the timescale first emerged from the observation by Kane-Maguire et 
al. [58] that the intersystem crossing yield for Cr(en)z+ is wavelength 
dependent across the envelope of the first quartet band. This established that 
intersystem crossing competes with vibrational relaxatiob. Shortly thereafter 
Kirk et al. [ 151 reported picosecond pulse experiments indicating intersystem 
crossing in a few picoseconds. Subsequent work has confirmed picosecond 
lifetimes for Cr(II1) quartets by doublet-excited state absorption grow-in 
measurements [59&O] and quartet saturation experiments [ 161. Thus, events 
determining entry to a reactive pathway occur on the picosecond timescAle 
in competition with vibrational relaxation- This would appear to put phol.o- 

substitution originatin, * from the quartet firmly in the DOSENCO stzrte 

limit. The alternative notion that the fast process is a partitioning of paths to 
a long-lived DERCOS quartet and the doublet does not appear to be 



consistent with recent spectroscopic probes of the quartet itself [16,60]. 
Given that reactions in the quartet can be rapid, it is interesting to explore 

evidence from wavelength dependence within the envelope of one absorption 
band. Most such studies depend for precision on measuring the relative 
yields for two competing reactions_ Wavelength dependence is not observed 
in all such cases. For example, rrans-Cr(en),(NCS), shows constant yields 
for solvolytic loss of both NCS- and one end of the en chelate ring from 
400 - 580 nm. Both of these are identified as reactions from the quartet by 
quenching experiments and observations of wavelength dependence of the 
intersystem crossing yield [61 j. However, a considerable series of careful 
studies (especially including those by Kirk et al. [IS]) demonstrate small but 
definite wavelength dependence in the ratio of competing *paths. Some 
examples follow. The Bologna group reported wavelength dependence in the 
en ring opening of trans-Cr(en)JNCS)Cl + whereas Cl - or SCN - loss yields 
were wavelength independent [62]. The complex is C,, where 4T splits to 4B, 
and 4E. The constant anion .loss yields were attributed to 4E while the 
wavelength dependent reaction was attributed to the higher 4Bz state. Wong 
and Kirk [63] report more or less exclusive NH, loss from trans- 

Cr(en)?(NH,)Cl’+ on excitation into 4E at 546 nm but reduction of the 
yield for this path was accompanied by some en ring opening at 436 nm 
( 4B,). Rosebush and Kirk [64] report a similar increase in en ring opening 
(versus Br - photosolvolysis) at shorter wavelength in a study of trans- 

Cr(en)? Br+ _ Finally, examples of similar behaviour are also found with 
rrans-Cr(en),Brz+ [65]. Very recently [66] Kirk, Frederick, and Glover have 
established that SCN - photoaquation of rrans-Cr(en),(SCN) F + is quenched 
in parallel with emission while en photoaquation is quenched to a lesser 
extent. These results are inconsistent with suggestions that have attributed 
different modes of reaction to the two-spin states (quartet and doublet). The 
wrong mode is quenched in parallel with emission. 

All these wavelength dependence results require at least a comment 
similar to that made abot# M(CO),L complexes. The distinguishable reactiv- 
ity of two neighboring ligand field states requires reaction pathways to be 
selected in competition with internal conversion of closely spaced states. 
However, we can now add that we know that overall quartet state lifetimes 
in closely related molecules are picosecond. These facts recommend a 
DOSENCO state analysis in the language of this review. This view is 
emphasized by one additional recent study. The photoracemization of (-)- 
Cr(phen)G+ was shown to display a non-quenchable quartet component 
which could be attributgd to reaction preceding intersystem crossing [56]. 
This non-quenchable quartet component shows wavelength dependence that 
was attributed to initial excitation of progressively higher vibronic levels. 
The authors’ conception was of an isomerizational analog of a dissociation 
limit [41]. 
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The Co(II1) amines are a convenient series for examination of the subtle 
effects of structure variation because of the ease of synthesis of a large 
family of closely related complexes_ However, they have proved a bit of a 
disappointment to photochemists: quantum yields for l&and substitution are 
low [67]. Characteristic ligand substitution quantum yields under irradiation 
of ligand field (LX.) bands are only 10 -3- 10 -‘. The L.F. photochemistry Is 
now well characterized. The use of CW laser techniques on samples in small 
volume cells as introduced by Adamson’s group [68,69] has yielded suitably 
precise results. The first point to be made is that the photolysis r&s 
developed by Adamson for Cr(II1) amines are relevant to Co(II1) photosub- 
stitution as well. However, wavelength dependence is much more pr+ 
nounced than it is in Cr(II1) cases. In order to understand this wavelength 
dependence, it is necessary to comment on the photoreduction which follows 
ligand to metal charge transfer (LMCT) excitation_ 

Endicott et al. [70] pointed out that the E,,, of a ligand to metal charge 
transfer band may be estimated as a sum of enthalpy terms for electron 
transfer within an ion-pair complex according to eqn. (23) 

E,,,ILMCT) = AH& + AH+ + $ - E, (23) 

In (23), AHFP represents the enthalpy of formation of an ion-pair complex, 
AH* is the activation enthalpy for fission of the metal-ligand bond ds 
determined from the temperature coefficient of the thermal substitution 
reaction, X is a ligand rearrangement energy from Marcus theory, and E, is a 
bond energy for the interaction of radicals. The threshold of LMCT absorp- 
tion should occur at (E,, - X/4). Since the onset of photoredox chemistry 
begins very near the threshold, there is little barrier to such reaction. 
However, wavelength dependence of redox photochemistry shows that some 
“Franck-Condon” reorganization is involved but reaction occurs in compe- 
tition with solvent relaxation (probably 100 ps time scale). It may be notlzd 
that recent picosecond pulse experiments by Endicott and Netzel [71] 
demonstrate homolysis of a Co-alkyl bond in less than 8 ps. 

These considerations allow construction of an energy diagram for the 
overall photochemistry of a Co(II1) complex including photosubstitution. 

2+ The interesting case of Co(NI-I,),N, [ 721 which photoaquates to’ release 
both NH, and N, in measurable quantities is so diagrammed in Fig. 4. In 
this figure, AH: and AH: represent the activation enthalpies for thermal loss 
of N3 and NH, respectively (AH: is the enthalpy for formation of a 
Co(I1) - N, radical pair). 

The presently important point of the figure is that several of the DERCOS 
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Fig. 4. An energy state diagram for the photochemistry of a Co(II1) complex. 

states lie bdow the transition states for thermal substitution. The figure 
suggests substitution occurs via relaxation through these transition states (i.e. 
a hot ground-state reaction). Whether this is precisely correct or not, it is 
clear that unless the thermal reactions are aided by quite abnormal values of 
frequency factors, the photochemical substitution cannot occur via a state of 
lower energy than the thermal transition state. This is because transition 
state theory assures us that the thermal reaction occurs through randomly 
selected channels, selected only as an inverse function of the different energy 
barriers. The saddle point is crossed. 

The consequence is that substitution reaction always occurs on a pathway 
of relaxation which competes with relaxation to the lowest DERCOS state of 
either spin manifold. Any molecule reaching the lowest DERCOS state is 
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unreactive according to this analysis because the energy is too low. The small 
quantum yields for substitution are understandable. Internal conversion is 
efficient and only a fraction of molecules is diverted to the reactive path 
which must occur directly from a DOSENCO state. The wavelength depeii- 
dence systematically observed becomes an indication that entry to the 
reactive path can depend on the initially excited vibrational modes. 

It is quite interesting that extension of studies of CO(NH,)~CI”+ 1.0 
irradiation of the “triplet” region using a 647-l nm Kr-ion laser line showed 
that NH, aquation which occurred in preference to Cl- aquation at 514 nm 
was greatly diminished but that the yield for Cl - aquation was only slightly 
diminished [73]. This result is entirely in agreement with the interpretation 
given in Fig. 4, 

As was noted above, to a first approximation, yields for photosubstitution 
follow the same pattern as a function of structure as do the much larger 
substitution yields for Cr( III) (Adamson’s rules)_ However, photosubstitu- 
tion stereochemistry is not quite like that for Cr(II1) 1741. Of course, 
adherence to Adamson’s rules is found in experiments using 488 or 514 ntih 
irradiation. The rules fail- at 647.1 nm where reversal of Iigand loss prefer- 
ence is observed. This change only gives emphasis to the specific character of 
events leading to substitution. 

D_ THEORY OF DECAY OF PHOTOEXCITED STATES 

(i) Mechanistic interpretation of the Golden Rule 

At several places above, we have made passing reference to theory, but 
explicit consideration has been deferred in order to first clarify the issues 
that theory must confront. In particular, since the tools of thermal kinetics 
cannot be used for DOSENCO processes, a model for such processes is 
much needed. 

The very interesting molecular orbital discussions exemplified by Zink 
[38] have not distinguished between DOSENCO processes at the rapid limit, 
and the DERCOS state slow limit. This is because Zink used ligand field 
parameters validated from band maxima of absorption spectroscopy. Param- 
eters from absorption band maxima are parameters of %ertical” transitio.ns 
and retain ground-state geometry. 

Zink has been criticized for his inability to account for competition 
between rates of reaction, radiationless return to the ground state, and 
luminescence. The critics have failed to appreciate that his notable success 
may follow from the fact that his work does implicitly contain a partial 
account of this competition. The “vertical” ligand field parameters give an 
indication of the likely nature of rapid DOSENCO processes in the sense of 
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a “theory of relaxability” introduced by Devaquet [75], which suggests that 
parameters from vertical transitions and ground-state geometry could be 
used to identify the most favourable “initial” directions of relaxation of an 
excited state. This indication of initial direction may be useful in both the 
DERCOS and DOSENCO state limits, but is most valuable in the 
DOSENCO state case. However, in the slow reaction limit, it indicates the 
direction (in the sense of nuclear motions) toward the DERCOS state. AS 
was argued above, the DERCOS state is likely to be similar to the transition 
state for photoreaction so that information on the DERCOS state does give 
indication of reactivity_ Basically, Zink’s approach tackled the behaviour of 
DOSENCO states. This is the area in greatest need of theory since mechanis- 
tic tools of thermal kineticists cannot be applied. Zink’s theories are limited 
by omission OI explicit consideration of vibronic coupling. (This is recog- 
nized by Zink’s recent interest in analysing excited state parameters via 
Franck-Condon analysis of luminescence spectra [76].) 

Beyond the theories of bonding in the excited state, there has been an 
effort by Vanquickenborne and Ceulemans started in 1977 [80,81] to develop 
correlational selection rules. The spirit of the work is very close to the 
Woodward and Hoffman [77] orbital correlations and the (more rigorous) 
Longuet-Higgins and Abrahamson [78] state correlation_ The theory has 
recently. been used to account for the subtle and challenging pattern of the 
stereochemistry of photosubstitution at Cr(II1) [lo]. Kirk who first pointed 
out the full implications of stereochemistry for testing mechanistic ideas, 
judged the Vanquickenborne-Ceulemans theory quite successful [79]. Fig- 
ure5 shows a scheme based on the assumption that a photosubstitution .on 
Cr(NH,),F’+ begins dissociatively, involves two states (4E and 4B, in C,,), 
and undergoes rearrangement according to the selection rules, to prepare the 
system for entry of a solvent ligand. It may be observed that the treatment 
based on dissociation is simple and clean but does not exclude the associa- 
tive path that would be more complex to represent_ In fact, Zink [80] has 

carried out some correlation calculations with the higher coordination num- 

bers for metal centres required by an associative path. 
Vanquickenbome and Ceulemans’ approach introduces an idea we wish to 

pursue-development of selection rules. The problem that a theory of 
behaviour of DOSENCO states must address is the explicit description of 
transitions between states. Some initial approximate wave function can be 
given for the state achieved by absorption of a photon. However, in order 
that the spectroscopic state can be assigned readily, the Hamiltonian is 
usually simplified in a way that reveals strong selection rules in the event of 
photon absorption. The states subject to the strong selection rules are the 
“zero-order states” referred to in most of the experimental discussion above. 
This means that the total Hamiltonian is, H = HM + HF + Hint, where H, is 
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ferred to the environment, especially via vibrational and rotational energy 
interactions, the process becomes the characteristic irreversible radiationless 
transition. Of course DOSENCO photochemistry is just a class of radiation- 
less transitions. 

The rate of this radiationless process has been expressed as a product of 
coupling and density terms called the “Golden Rule” [Sl]. 

where 1 V,,, I* is the probability associated with the matrix element, (m I VI n ) , 

which couples the initial zero-order state In) , and a final state I m) _ Here 
]m) is an electronic state with a high density of vibrational components 
nearIy isoenergetic with In), and p,, is the density of states in the cIoseIy 
packed set of coupled states I{ M} ) _ The golden rule is useful where the set 
{m} approximates a classical continuum. This model can provide a statistical 
description of rates but obscures the selection ruIes inherent to the process. 

In organic mechanistic photochemistry an alternative expression has been 
developed which allows for clarification of the quantum mechanical selection 
rules. Instead of identifying a probability based on a single coupling mecha- 
nism and the density of all other states, the rate can be written as a 
fundamental rate multiplied explicitly by all of the couplings which arise 
from each of the important physical interactions [81]; 

'c.bs = rfund- x L.-LA (26) 

P.V.S 

The inhibition factors fi are numbers equal to or less than unity which can,be 
derived from the matrix elements of electronic, vibrational, or spin coupling. 
In current models this scalar factorization relies on the Born-Oppenheimer 
approximation [82]. 

Our objective here will be to give a precise quantum mechanical founda- 
tion for the partitioning expressed by eqn. (26) independent of the Born- 
Oppenheimer approximation. The result will provide guidance to identifica- 
tion of selection rules influencing f;,! f,, and f, without requiring the Iimita- 
tions of the Born-Oppenheimer approximation_ 

At the beginning, some remarks on the value of rrund are useful. For a 
spin-consetiing unimolecular radiationless transition involving limited 
change of nuclear coordinates, this rate is of the order of 1013 - lOI s - ’ and 
is limited by the time it takes nuclei to execute zero point motions [82]. 
When we consider photoprocesses of transition metal complexes we must 
consider the metal-ligand vibrations of lower frequency. An energy of 500 
cm-’ and a process of l&and exchange, which will require large excursions 
along a vibrational coordinate, may bring rfund down to values below 10” 

-I s _ 
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Regardless of the form of the rate equation, in the conventional approach 
to evaluating these coupling factors, one makes a series of simplifying 
assumptions based on reasonable but classical, physical analogies of the 
possible decay routes. The major contributing mechanism to decay of 
electronically-excited states is assumed to be vibronic coupling to available 
normal modes of the molecule. The model is further simplified using the 
Born-Oppenheimer approximation which requires weak coupling betwee.n 
bases, This permits the use of adiabatic basis functions in calculating the 
inhibition factors- There are many indications however, that this is an 
oversimplification in the case of allowed decay processes where strongly 
coupled diabatic functions are needed [ 111. The chief importance of the 
Born-Oppenheimer approximation is that it allows the eIectronic and vibra- 
tional factors to be written as a simple scalar product of separate matrix 
elements. In most systems the electronic matrix element can be evaluated by 
one of many available techniques. The vibrational element is usually fac- 
tored further, using the Franck-Condon principle 1821, into a scalar product 
of a promotion mode matrix element and a Franck-Condon normal mode 
overlap factor. Considerable effort has been spent on evaluation of these 
latter factors but by classical analogy they are largest when the nuclei are 
moving very slowly. Thus, particularly for high vibrational overtones of the 
excited states, transitions between states in this model tend to occur near the 
turning points of normal modes. 

This Born- Oppenheimer/Franck- Condon model has been useful in con- 
structing a semiquantitative understanding of decay processes. However. its 
predictive power has been limited to numerical calculation of relative decay 
probabilities, in cases such as isotopic substitution or heavy atom substitu- 
tion, and some very general conclusions concerning the ergodicity of the 
redistribution of excitation energy into highly-degenerate normal modes [83]. 
The greatest difficulty with this formalism is the absence of simple but 
comprehensive selection rules which can transcend the approximations and 
the appeals to classical analogies. 

3 

(ii) Tensorial selection rules for transient events 

These selection rules can be derived through an alternative approach LO 
the problem. Instead of placing emphasis on the nature and extent of various 
plausible coupling mechanisms we will focus initially on obtaining an 
adequate description of the transient event itself. This event, which is 
observable directly or indirectly, can be factored into physically reasonable 
contributions later, after the phenomenon itself has been completely char- 
acterized- In a group theoretic sense, we will consider a description of the 
observable event to be complete when the basis vectors, representing both 
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the observable states and the transition moment operators, are given enough 
quantum mechanical characteristics to establish all required orthonormality 
conditions. In mathematical terms, the matrix for the operator is then 
diagonal. This requirement very often means that representation and compo- 
nent labels derived from the finite-point group of the molecule are insuffi- 
cient to fully characterize states and operators. The problem is encountered 
routinely in ligand field theory [84] and is resolved [85] by appeal to 
generative groups of higher symmetry which may include infinite groups 
requiring more than three dimensions. In practice this inductive appeal to 
higher groups is reversed to become a subduction technique in which the 
molecular operators and states are projected out of the sufficiently large 
generative group by a unique hypergeometric algebra [86]. In this connection, 
the physical meaning of the appeal to higher groups becomes clear. Within 
the generative group in which no coupled interactions are present, both the 
kinetic and potential terms in the Hamiltonian are fully symmetric. The 
subduction to lower symmetries involves the addition of new potential terms 
which may be of lower symmetry, but the selection rules associated with the 
behaviour of the totally symmetric kinetic energy operator in the generative 
group are not lost. As a result, selection rules for finite group matrix 
elements can be factored with physical significance into scalar products of 
selection rules in all the necessary higher groups [85]. If any one of these 
selection rules vanishes the entire matrix element must vanish in the particu- 
lar order of approximation employed. 

While such procedures are well established in the calculation of ligand 
field energy levels they are not formally limited to this particular group of 
compounds, or to calculations involving only this Hamiltonian. The same 
formalism can be generalized to describe operators and states of any 
quantum mechanical system or event and will form the basis for our 
investigation of selection rules intrinsic to, and highlighted by the inhibition 
factor form of the golden rule. The phenomenological form of the golden 
rule, that is the expression of the rate of the observable process before any 
theoretical factorization is imposed, can be stated as 

(27) 

The two versions of the rule are related by a unitary transformation from the 
matrix element evaluated by integration in displacement space, to the Dirac 
tensorial bracket evaluated using the Wigner-Eckart theorem algebra in 
magnetic moment vector space. Here T, r, and y are the infinite group 
representation, the finite-group representation, and the finite-group compo- 



nent labels for basis functions respectively. The matrix element integral form 
requires a solution of the differential equation for the moment operator and. 
often involves numerical methods which obscure the selection rules based on 
the constants of motion. The Dirac bracket form, in contrast, permits a 
straightforward calculation of the selection rule conditions by tensor algebra 
techniques and is readily adapted to describing coupled systems. The bracket 
is evaluated by applying the Wigner-Eckart theorem which assumes com- 
plete separation of angular and radial terms 
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This factorization yields the product of a phase factor (a) with a partition 
coefficient (b), a 3r symbol [87] describing permitted couplings of a vector 
component (c), and a radial reduced matrix element (d). The phase factor 
depends on the numerical assignment J( lY$) of the molecular group represen- 
tation rg and on the numerical value of the component y& The partition 
coefficient [85] describes the linear combinations of the bases labelled by T’s 
in the generative group after subduction onto the bases labelled by r’s in the 
molecular group. The 3r symbol expresses the representation and compo- 
nent selection rules of the finite molecular group and is evaluated for 
non-vanishing cases from orthonormality conditions. Finally, the reduced 
matrix element is a scalar quantity expressing, in the case we are concerned 
with, the size of multipole moment effects referred to the generative group. 

Without pursuing these evaluation procedures in further detail, it is clear 
that the bracket describing the decay event provides selection rules in the 
molecular group through the 3r symbol and in the generative group through 
the partition coefficient. If either term vanishes, the event is forbidden in the 
chosen order of approximation. Both types of symbol have been tabulated 
for point groups of interest in inorganic chemistry [X5,87] but there is no 
formal reason for restriction of their use to this area alone. Indeed recent 
work has shown that they are equally useful in assigning the spectra of 
aromatic hydrocarbons and their heteroatorn derivatives [88]. 

Having achieved our initial objective of deriving a complete description of 
observable quantum events, we can now return to the question of factoring 
such events into changes in coupled physical processes. This factorization is 
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done to provide some physical insight into the overall event, usually on the 
basis that the phenomena are weakly coupled. However, this traditional 
Born-Oppenheimer approximation is unnecessary, both for the purposes of 
mathematical simplicity and physical understanding. Indeed the rapid, highly 
probable events of interest in photochemistry usually occur under strong 
coupling conditions of spin, orbital, or vibraticnal vectors. Using the com- 
plete basis vectors and operators just described, the strength of the coupling 
is irrelevant to the desired factorization_ The formalism of uncoupling is 
identical to that used in intermediate ligand field theory [85] and in both 
cases, the magnitude of the coupling has no effect on the method of the 
factorization calculation_ Using vibronic coupling initially, the complete 
basis sets can be restated as uncoupled scalar products of electronic and 
vibrational basis sets, 

JGY,) IVLYV) (29) 

The uncoupling procedure involves a summation of the product functions 
over all contributing electronic and vibrational states at both the finite and 
infinite group levels. In general therefore, the single observable event is 
described by well-defined sum of allowed combinations of electronic states 
with specific normal modes. In order to predict which of these combinations 
are allowed we must first investigate the behaviour of the transition moment 
operator for both the electronic and vibrational systems separately. The 
behaviour of the total moment ]fprj$.J will then be determined by which 
factored moment obeys the more limiting selection rules. 

To first order, these overall selection rules will be defined in terms of the 
electronic and vibrational selection rules derived from the uncoupling proce- 
dure_ The uncoupled operator has the form; 

(30) 
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Then, by combining eqns. (28), (29) and (30j 

(~tr;~; 1 ff,p, 1 ~r,~~) = x (_ I)~(~;) +J(i‘i )+y’t 

J’.j,J 
r;.c,.r, 
Y;*?f.Y, 

=P’I l-4 IJW’I PI IV> (31) 

with this expansion, the techniques for predicting the absorption, Raman, 
MCD, and emission spectra of vibronic systems and the radiationless 
vibronic transitions associated with the selection rule aspect of the golden 3 
rule have been constructed, 

The transition moment itself is usually factored as a series of progressively 
weaker multipole contributions of which the monopole, dipole, quadrupole, 
and octapole are the first four terms. The monopole does not contribute to 
transitions for either electronic or vibrational processes because it implies ZL 
change in the metric of the displacement space being us&d. For electronic 
processes the first contributing term becomes the dipole. This moment i:i 
allowed because the separation of charge into a dipole does not shift the 
centre of charge with respect to the whole molecule. The motion is however 
ungerade and maps onto translation of an uncharged body for the purpose 
of assigning a point group representation. 

In contrast, for vibrational processes the dipole may not contribute to 
internal transitions of mass motion. As just mentioned, the dipole corre- 
sponds to a shift of the centre of mass of uncharged particles, often called 
Bosons, and such motions are eliminated from the assignment of molecular 
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normal modes by the 3N-6 degrees-of-freedom rule. The quadrupole mo- 
ment operator is forbidden, as it is in electronic cases, since the exciting 
photon is ungerade in character. Thus the first contributing term of the 
multipole expansion which satisfies all criteria for mass motion excitation is 
the octapole. The conclusion is not unique to molecular assemblies but is a 
well-known result for the interaction of gamma-ray photons with atomic 
nuclei [89]. (It is just one more debt theoretical chemistry must owe to prior 
developments by physicists.) In the case of even-even nuclei, the photon 
interacts essentially with a Boson array for which, as described above, tile 
monopole and dipole processes are forbidden. The observable nuclear spec- 
tra fall into a strong octapole sequence and a moderately intense quadrupole 
spectrum which, like Raman processes in molecules, arises through second- 
order coupling. 

This analogy between molecular mass and nuclear mass excitation 
processes can be used further to provide the identity of the infinite group for 
vibrations and the appropriate set of representation bases 1 Vu) [ 121 which 
appear in eqns. (29)-(31). The spherical nucleus requires the point group 
which describes harmonic motion in three dimensions. This group is the 
special unitary group in three dimensions SU(3) which contains as subgroups 
R, and all the finite groups of interest. Therefore, the subduction of finite 
group representations II’yyy) from the infinite group employs the same 
projection algebra as the subduction of electronic bases [87]. There is a 
powerful formal economy in this parallel. Having identified the generative 
vibrational group, the generative group for the total vector can be found. We 
recall that the minimum generative group for the electronic bases is SU(2). 
By direct multiplication of this electronic momentum space with the nuclear 
momentum space SU(3), the total generative group becomes SU(6). In this 
six-dimensional group the electronic and vibrational bases remain uncou- 
pled. The desired coupling of these vectors is achieved by restriction to a 
subspace in which only the coupled vector is well defined. By analogy with 
the techniques used to generate the spin-orbit coupled momentum 1 JM,) 
from orbital 1 LA4,) and spin ISM,), we wish to restrict SU(6) to a 
three-dimensional diagonal subgroup. This cannot be done directly since 
SU(6) cannot be written as a square matrix. We may however regard SU(2) 
as a subgroup of SU(3) f or the electronic vectors and hence select the 
diagonal subgroup out of the product group SU(3) X SU(3) E SU(9). Thus 
the required generative group for the total representation T of vibronic 
coupling is SU(3). 

This identification of the generative group of the total vector makes it 
possible to specify the selection rules of the coupled event. The more 
stringent of the two factored transition moment requirements is the octapole 
rule on the vibrational term. This limitation requires in turn that the overall 
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operator must have at least octapole character_ Hence allowed vibronic 
transitions occur only if 

?= 3 (in SU(3)) 

and by subduction onto 0, for example 

P = T,, (in O,,) 

As with the uncoupling of total basis functions, it is clear from eqn. (30) that 
this set of total conditions can result from the sum of any appropriate pair of 

1 J^p’+,/ and 1 ~~&,l. In most cases one term in this sum is dominant and 
typically arises from one of the following combinations of moments which 
may be observed: 

Change In basis IAVj IAVI IAT1 
Moment Monopole Oc tapole Octapole 

Dipole Quadrupole Octapole 
Quadrupole Dipole OctapoIe 
Octapole Monopole Oc tapole 

so that in every case the sum of the changes in basis functions is constant,-_ 

lAJl+ lAVl= ]ATI = 3. (32) 

The same formalism applies to rovibrational couplings once it is recognized 
that the generative rotational group is SU(2) and that the rotation operator 

is hexadecapolar, fi = 4, and subduces onto & = T,s in O,,. 
This factorization procedure and the accompanying selection rules incor-e 

porate a restatement of the Franck-Condon principle in a new, analytic 
form. The conventional Franck-Condon expansion is the product of a 
“matrix element” for the normal mode displacement operator with a vibra- 
tiona1 “overlap factor”. This product correlates directly to the product in 
eqn, (31) of the Wigner- Eckart 3r symbol and the reduced matrix element 
for vibration. In particular, the Franck-Condon “matrix element” serves 
exactly the same purpose as the selection rules expressed in the 3r symbol 
for vibrational representations and components, and the “overlap integral” 
expresses the same magnitude of the effect as does the vibrational reduced 
matrix element. Our new expression however provides two advantages. It 
achieves a quantitative calculation of the magnitude since we can evaluate 
every term in eqn. (32) and it shows very clearly that the promoting mode in 
the “matrix element” (the 3r symbol) must be identical to the progression 
mode in the “overlap factor” (vibrational reduced matrix element)_ The two 

modes can no longer be considered as independent and in all levels of 
approximation the “overlap factors” can onIy be related to the modes 
permitted by the moment operator in question. This selection process 
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We therefore make the one major assumption that the reactions of 
DOSENCO states will occur along the reaction coordinate determined by 
the first-order vibronic coupling. Based on the tensor analysis of vibronic 
coupling in eqns. (31) and (33), a general procedure for identifying this 
potentially photoreactive coordinate can be formulated. 

(a) Assume that the vibronic intensity and hence probability of the 
reaction coordinate is governed by an overall octapole rule, 1 AT ] = 3. 

(b) Assume that this rule can be factored into sums of absolute changes of 
electronic and vibrational angular momentum following eqn. (33) 

]AJ] + ]AV] = IAL] + IAS] + ]AV] = IAT] =3. 

(c) Define the changes in orbital I AL] and spin ] AS] momenta in 
transition metal complex spectra from an intermediate ligand field fit of the 
experimental data [84,85]. 

(d) Substitute these known values into eqn. (33) and arrange to define the 
vibrational momentum change 

]AV]=]AT]-[]AL]+]AS]] 

=3--[]AL]+]AS]] 

Note that j AL] is calculated on a modulus of 4 [87] as discussed in detail 
below. 

(e) Assume the vibrational momentum of the ground state is zero (V= 0) 

ral normal mode and associate IAV I with the appropriate projected octahed 
(Fig. 7). (Exclude “hot ground state” processes.) 

‘1 use only those (f) In the assignment of normal modes from any IAV 
which have non-vanishing amplitude at the ligands. 

(iv) Prediction of behaviour of DOSENCO states 

As a case of particular interest in inorganic photochemistry, the vibra- 
tional modes accompanying the ligand field transitions in octahedral d3 
complexes can be predicted. Thus from eqn. (33), if AT must be 3 

PJI WI 
44g(F) 0 then 
or 

4~,,(F) 2 then 
or 

44,(F) 2 .&en 

where I A AL I + I AS 1. If the ground-state vibration is lOa,,), then the 
4T2g( F) state can couple with normal modes subduced from V= 3 vhich 
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Fig. 7. Octahedral normal modes and their basis fuuctions. 
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have non-vanishing probabilities at the ligands. The only mode fulfilling 
both these requirements is the 13t,,) buckle (Fig. 7). The fzo corresponds to 
a normal mode with nodes at the ligand and hence cannot couple in first 
order to the electronic vector. Similarly the ‘2?,s and ‘Ep states can only 
couple with normal modes from V= 1 which do not vanish at the ligands. 
Again the only mode is t,, but now llt,U) represents an antisymmetric 
stretch. The two I,, modes are completely orthogonal by virtue of their 
different generative group derivations. Recent MCD spectroscopic analysis 
of the ‘7& and ‘TIs bands in [Cr(HzO),]3+ in aqueous solution gives no 
evidence at all that these two i,, modes mix, although the progressions 
overlap extensively [ 121. 

The tensorial model developed thus far predicts therefore that excitation 
of the 47&(F) state is rapidly accompanied by the t,, buckle motion (Fig. 7). 
If this motion is violent enough, it could expose the metal on stre!ched faces 
of the octahedral complex. On compressed faces, the equatorial ligands 
could interact sterically with the apical ligand and result in rearrangements 
in the first coordination sphere. Such pathology of the DOSENCO state 
could thus lead to very rapid associative ligand replacement reactions or, if 
no replacement of ligands were involved, to racemization or pseudo-rotation 
between isomeric species. 

Excitation of the ‘T,,(G) state on the other hand, rapidly leads to 
antisymmetric stretching ‘along metal-ligand bonds. If this becomes patho- 
logical, it would lead initially to ligand dissociation and formation of a 
five-coordinate intermediate which could react either by recombination or 
acquisition of a replacement from the second-coordination sphere. The 
quantum yields of these two specific chemical channels in the same chemical 
environment will depend on the restoring force of the vibrational mode in 
the particular excited overtone. While this is difficult to predict in particular, 
the antisymmetric stretch usually has a substantially larger restoring force 
than the buckle mode, so that in first order, states coupled to the latter mode 
should result more easily in chemical change. 

As in the case of d3 systems, the reaction coordinates for specific events of 
photoexcited d6 systems can be predicted using the general rules. Thus for 
transitions observed in the visible region in six-coordinate Co(II1) complexes 

AJ AV 

‘A,,(‘I) --, 5~,o 2 then 1 

%,(‘J) --+ 37-,s(3H) 2 then 1 

‘4g(‘O -+‘G,C3W 2 then 1 

‘4~0) --, %&‘I) 0 then 3 
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We here, as in the rules, that effective A = 2 
the first case while the actual A J is the sum of 1 AL I= 4 and 1 AS 1 = 2 for 

a total of 6_ In the derivation of the octahedral Hamiltonian for d electrons 
however, a closed algebra in L is defined by the four-fold axis of symmetry. 
Therefore the maximum change in L is 3, and 1 AL 1 = 4 maps directly omo 
I AL 1 = 0. In the present case therefore, the effective 1 A J 1 = 2 [87]. Assuming 
as usual that the ground state vibration is jOa,,), then all states involving a 
spin change are promoted by the asymmetric stretch while the singlet-singlet 
transition, as in d3 systems, carries the buckle motion. 

In the preceding paragraphs, the detailed analysis of d3 and d6 excitczd 
states has been given because the well-characterized examples are all from 
these configurations. However there are many other classes of compounds 
for which equally detailed and useful predictions of behaviour can be made. 
The most intense transitions in &and field spectra are spin allowed and 
often arise from free ion configuration for which 1 AL 1 = 0. Thus ligand field 
spectra and photochemistry often illustrate the first case in eqn. (33). The 

second case, AJ = 1, AV= 2, lYv = e, is often seen in aromatic compounds. 
For example the absorption spectrum of the dipole allowed VT + V* transi- 
tion origin in phthalocyanines is accompanied by a progression, identified 
from MCD analysis, of non-degenerate vibronic states [90]. These can only 
arise from the predicted coupling of a quadrupole eg vibration with the 
dipole ‘E, state. The third case, A J = 2, AV= 1, IV = tlu, is iltustrated by 
the .Iudd-Offelt effect in rare earth complexes [!?I] and by the Raman 
spectra of phthalocyanines [92] in which only the dipole allowed vibrations 
are observed_ The last case, AJ = 3, AV= 0, rv = al5, has been identified 

during work in progress 1881 on the spectrum of benzene in which the 
predicted totally-symmetric vibrational mode is clearly the dominant feature 
of the observed electronic octapole band. 

(v) Comparisun uf predicted and observed DOSEIKO state behaviour 

DOSENCO state processes or DERCOS state processes for quite shost- 
lived DERCOS states are associated with “octahedral photosubstitution” at 
Cr( III), Co{ III), Rh( III), and d” M(CO), centres. The most obvious predict- 
ion from the theoretical selection rules is stereochemical. From the foregoing 
discussion, reaction involving the buckle mode of the octahedra in couplr:d 
excited states is expected to result in facile isomerization. Reactions involv- 
ing the asymmetric stretching mode, on the other hand, are expected to 
proceed with stereochemical retention. 

The general rules show that the Cr(II1) quartet states couple to the 13t,;,) 
vibration in first order. This provides an immediate explanation for tke 

widespread occurrence of stereoisomerization in Cr(II1) reactions. It also 
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explains the very low quantum yield For trans-Cr(cyclam)ClT [93]. One 
Cr( III) complex, Cr( bpy), 3+ has been shown to react from the ‘E excited 
state. In this case, our analysis requires coupling to quartet ground states via 
the 1 lrlu > stretch in first order. Despite the fact that the lifetime of the “E 
state of this complex is microseconds, and first-order forbidden processes 
may be involved in its relaxation, the substitution product is probably 
ci.s-Cr(bipy)l(OH)T [22] (which may prove very little)_ 

The behaviour of #Rh(III) complexes has been discussed earlier. Sub- 
stitution is stereoretentive and rrans-Rh(cyclam)Cl,f is reactive [35]. This is 
consistent with assignment of reactions to the Iigand field triplet which 
couples to singlet ground states via the asymmetric stretch. The correspond- 
ing d6Co(III) complexes are a little less unambiguous. It is not certain which 
excited state is precursor to reaction. It may be 37’, as in the Rh(II1) case or 
it may be that 5TZ is invo Iv d e in these weaker field systems as has been 
suggested from both experiment [94] and theory [95]. In either case, our 
analysis suggests a coupling to singlet ground states through the asymmetric 
stretch. This means stereoretention should dominate. It is clear that stereore- 
tention is vastly more common than in corresponding Cr(II1) reactions [68]. 
It is quite interesting that the stereoisomerization, which is observed in the 
case of aquation of cis-Co(en),(NH3)C1”, is attributed by Pribush et al. 
[74] to an edge displacement by an initially activated coordination position 
of ethylenediamine. This would assign the isomerization to a post-photo, 
DERCOS, process or a highly reactive intermediate. 

Another case is M(CO), (M = Cr, MO, or W). Here, the primary photo- 
product, M(CO),, has been the subject of extensive investigation in low- 
temperature matrices [47]. There is production pf the trigonal bipyramid O;,, 
form of M(CO), but_ it seems nearly certain that this is the product of 
thermal DERCOS isomerization of the primary photoproduct, C,“M(CO),. 
The C,, product is the predicted product from the triplet which is clearly 
indicated to be the photoreactive state. 

To illustrate the scope of the theory the final example considered will 
draw on different and much less straightforward experimental data. This 
case draws attention to the importance of a capacity to understand medium 
effects. The first-order selection rules do give an indication of factors 
involved in intersystem crossing processes. Consider relaxation of “Es states 
of trans-Cr(NH,),(NCS), to a 4Azs ground state (approximate 0, symmetry 
- 4A2s is either a product state or the original ground state). The rate of this 
relaxation is medium dependent [32] as was noted in Section C(iii). The 
medium must provide a quadrupole in order to couple these states. This is 
because it requires a quadrupole operator to couple the asymmetric stretch 
mode to the asymmetric buckle mode and this coupling is seen spectroscopi- 
cally to be involved in the 2E c 4A2g transition. The thermal substitution 
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reaction of tmns-Cr(N H 3) 2(NCS); is quite sensitive to deuteration of the 
amine ligands. This was attributed to the role of H-bonding from the N-fd 
moiety to the solvent 1931. Selection of tram solvent moIecules for strong 
interaction would be the simplest way to gain a quadrupole interaction with 
the medium. The medium dependence of 2E phosphorescence lifetimes of 
this complex can be understood from this point of view, Fastest relaxation 
occurs in water and other hydroxylic solvents. Good H-bond acceptcrrs 
which are rather large molecules (and subject to some steric crowding limits) 
are intermediate. The longest lifetimes are associated with poor H-bond 
acceptors like CH,CN and CH&_ 

Thus, conclusions need not be limited to prediction of photochemistry 
alone but can be applied equally to predict the probabilities of competing 
photophysical processes. Those of greatest concern include the various types 
of emission and tlie radiationless processes which promote internal con’lter- 
sion or intersystem crossing. In aU cases the transition moment opersltor 
must first be identified. Those norm&y used for spontaneous emission 
prediction are the same as described earlier for absorption and need nor be 
discussed further. The operators needed for radiationless processes however 
are poorly understood, and as a result most predictive attempts to date have 
relied heavily on statistical modeIs concerning probabilities of overla!? of 
excited molecular states with densities of states in the heat bath. In fact, this 
situation is strongly reminiscent of the Franck-Condon trea’ aent of absorp- 
lion-emission vibronic transitions. However, before we att6 lpt to convert 
the golden rule for radiationless processes to the tensor fan. the physical 
nature of the connection between excited molecular states and Lhe heat bath 
must be made more explicit. Perhaps our best clue arises from the earlier 
discussion of DOSENCO states. The buckle mode was predicted to be more 
active phot0chemically than the antisymmetric stretch because of its lower 
restoring force or, in other lords, its greater excursion from equilibrium. By 
the same arg?ment the buckle mode and other anguIar deffection modes 
should dlso interact more eff=tively with the molecules of the heat bath- The 
most effective operator for radiationless transitions therefore is proba.bly a 
sum of the available angular ijistortion modes of the electronically excited 
m0+cule. 

If we assume, as have the earlier statistical treatments. that the demity of 
he& bath rovibrational states is tie, then these angular defIection rnodes 
will always have significant overlap wilh “group n0ma.l modes” of ths heat 

bath with the appropriate symmetry_ Indeed, the coupling to tie bath is not 
usually considered to be the rate determining step in radiationless tramjtiun 
rate. The rate will be detzmxined shiefiy by the initially excited mode. If, as 
in the “T& excitation, an angular deflection mode is dire~tiy excited, we cm 
eq&t radiationless rates to be high whereas, as in the ‘T&, excitation, the 



222 

coupling to a stretch mode should lead to long excited state lifetimes_ Thus 

the predicted rapid decay of the 47&(F) state either by DOSENCO chemi- 
cal or physical relaxation channels is a function of the initial excitation 
process. The model predicts, as well, the high activation barriers to specific 
channels for the ‘T,,(G) state; It cannot directly predict the eventual decay 
route after thermal equilibrium of the latter state is achieved, a problem 
better approached through our earlier discussion of thermally mitigated 
processes. 
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