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dark or irradiation of 3 in the absence of the sensitizer 
or in the presence of equimolar l,4-diazabicyclo[2.2.2]-
octane (DABCO), a singlet oxygen quencher,8 yielded 
no detectable dioxetane or epoxide. Addition of 2,6-
di-ter?-butyl-p-cresol, a free radical inhibitor, has no 
effect on the rate of oxidation of 3 nor on the ratio of 
4 and 6. 4 and 6 are both stable under photooxidation 
conditions and are not interconverted, nor is the epoxide 
formed from the irradiation of 3 + 6 + TPP in the 
absence of oxygen. Neither 4 nor 6 is produced from 
the vpc standard, 7,7'-binorbornyl, under the conditions 
of the photooxidations. 

The extent of formation of epoxide in the experiments 
of Table I varies from 40% in methylene chloride 
(0.0037 M 3) to 95% in benzene (0.00019 M 3). This 
is a 28.5-fold range in the ratio of epoxide to dioxetane. 
Though concentration and solvent dependent, this 
ratio is not parallel to the polarity of the solvent, and 
certainly not to its capability as a substrate for the 
Baeyer-Villiger reaction,2ac since more epoxide was 
formed in benzene than in pinacolone. Hypotheses 
suggested by these results are under active investigation 
in this laboratory. 
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On the Appropriateness of Assigning Spin Labels to 
Excited States of Inorganic Complexes1 

Sir: 

Recently there has been a surge of interest in the 
photochemistry and spectroscopy of transition metal 
complexes of the heavier transition elements. The 
tris(2,2'-bipyridine)ruthenium(II) ion is playing a key 
role because of its unusual luminescence properties. 
In most of these studies it is either explicitly stated or 
tacitly assumed that the excited state(s) responsible for 
the luminescence, energy transfer, or photochemistry 
possesses a well-defined multiplicity.2-6 The purpose 
of this communication is to point out that reliance upon 
a spin-based language may lead to erroneous conclu
sions regarding excited-state properties, mechanisms of 
energy transfer, and photochemical reactivity in inor
ganic systems. 

A spin labeled state is defined theoretically as a state 
whose eigenket satisfies the equation S2^) = S(S + 
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V)fil\\p), and the existence of states with this property is 
contingent upon the commutation of S2 with K, the 
total Hamiltonian of the system. Such states are 
found (to a high degree of approximation) in organic 
molecules. The total Hamiltonian always contains 
terms of the form Z(Jr4)I4-S4, however. Such terms are 
relatively unimportant for systems containing only 
light atoms but may become dominant for states of 
molecules containing even a single atom with high 
atomic number. Spin-orbit f values (cm-1)7 are high 
for atoms such as cobalt (517), rhodium (968), and 
ruthenium (878) and become enormous for 5d elements 
(Os, 3500; Ir, 3600; W, 2089; Pt, 4052). In contrast, 
that for carbon is only 30. Thus for compounds con
taining 4d or 5d elements and also some 3d elements, 
certain state eigenkets may not satisfy the above 
equation, even approximately, and a spin label is no 
longer meaningful. 

Studies of luminescent transition metal complexes 
containing metals of (nd)6 configurations have led to a 
correlation between the orbital nature of an excited 
state and the degree of appropriateness of a singlet or 
triplet designation. For the well-studied complexes 
containing ^-conjugated ligands, we recognize three 
main classifications of excited states. 

First, there are irtr* states that have properties ap
proximating those observed for organic molecules. 
When such an excited state lies lowest, one usually ob
serves (770K) a long-lived phosphorescence (>msec) 
and an emission band structure closely resembling that 
of the phosphorescence of the ligand itself. The 
emitting manifold spans a narrow energy range (<10 
cm -1). States of this nature have been observed for the 
tris(2,2 '-bipyridine)rhodium(III), tris( 1,10-phenanthro-
line)rhodium(III), and m-dichlorobis(5,6-dimethyl-l,-
lO-phenanthroline)iridium(III) ions.8,9 Their low-ly
ing 7T7r* states can be described, to first order, as trip
lets, although the emitting levels of the latter species are 
approaching an intermediate character (vide infra). 

Second, we observe dd states that possess an inter
mediate character. An example is the low-lying 
(emitting) excited state of [Co(CN)6]3-, formally a 
3J1 io,u JJ16 emission displays (770K) a broad struc
tureless band and has an intermediate decay time (^700 
jusec). The excited manifold spans a wide energy range 
(~600 cm -1). For this "state" it is useful to use the 
3Ti formalism only as a starting point. To fit the ob
served level manifold theoretically we have been forced 
to resort to perturbation theory involving higher ex
cited states of various multiplicities.1213 For mole
cules containing metals of higher atomic number the 
situation will be worse. 

The third type of state is that for which any spin label 
at all is apparently not justified either experimentally or 
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theoretically. The lowest d7r* excited levels of the tris-
(2,2'-bipyridine)ruthenium(II) cation are the proto
types. This "state," once considered to be a triplet 
state by us and others,1415 has been shown experi
mentally to be a manifold of four decaying levels span
ning ~ 6 0 cm -1.16 Theoretical studies have corrobo
rated the experimental results and have led to a de
scription of d7r* excited states in which spin-orbit 
coupling plays a dominant role.17 Application of S2 

on the final state function for a level not only scatters 
the eigenket among the four-dimensional manifold but 
also into other levels ~2000 cm - 1 removed from it. 
The spin-operator equation is not even approximately 
obeyed. Thus, a spin labeling for the states is not 
appropriate at all. The experimental manifestations 
of this high degree of spin-orbit coupling in dir* states 
are fast relaxation among the levels even at very low 
temperatures (<2°K), radiative lives of the individual 
levels in the manifold that range from microseconds to 
milliseconds, and magnetic properties of the excited 
levels that reflect a high degree of metal orbital con
tribution to the g values.18 States having these char
acteristics have been observed for a series of ruthenium-
(II) molecules,1617 analogous osmium(II) species,19 

and some systems containing iridium(III).20 For such 
states the term "intersystem crossing" also has no well-
defined meaning.16 

We wish to emphasize that the same complex may 
possess excited states of all three classes. In the tris-
(^'-bipyridine^utheniun^II) cation, one can, we 
believe, classify the 7TTr* excited states meaningfully as 
singlets or triplets. The dd excited states undoubtedly 
possess an intermediate character, whereas the d7r* 
states are, as described above, not subject to spin label
ing. We believe there are important implications for 
mechanistic photochemistry contained in this state
ment. For instance, molecules possessing irir* states 
relatively isolated from lower and higher dd or d7r* 
states might show slow relaxation to the others. Wave
length-dependent photochemical quantum yields could 
ensue. What types of states lie lowest will certainly 
affect the photochemistry.21 

It is possible to modify the degree of spin-orbit 
coupling in excited states by both chemical and physical 
means. A system possessing a well-defined low-lying 
manifold of d^r* excited states, the ds-dichlorobis(l,10-
phenanthroline)iridium(III) cation, can be converted 
by methyl substitution of the ligand to a cation whose 
lowest excited state is reasonably described as \TTTV*) 
in highly polar glasses at 77 0K.9 Reduction of the 
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polarity of the glass leads to increased dTr*-7rx* con-
figurational mixing and a progressive failure of the trip
let labeling. For other molecules, such as cw-dichloro-
bis(4,7-diphenyl-1,lO-phenanthroline)iridium(III) chlo
ride, the lowest excited (emitting) state contains large 
components of both TT* and d?r* parentages, and one 
can assign neither a unique spin nor a unique configura-
tional label to an emitting state.9 The state (spin + 
orbit) is only accurately described by the symmetry label 
corresponding to an irreducible representation of the 
molecular point group. 

From the point of view expressed here the validity of a 
spin label depends on both the orbital nature of the ex
cited state and the magnitude of the spin-orbit coupling 
terms of the atomic constituents. Thus a search for 
spin-conservation rules for energy transfer has meaning 
for some donor states but appears fruitless for others.22 

In addition, the role of configuration interaction in dic
tating both the spectroscopic properties and the photo
chemistry may be dominant for certain systems.23 
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Abstraction of the Hydroxylic Hydrogen of 
Alcohols by Alkoxy Radicals1 

Sir: 

Identity reactions in which a hydrogen atom is trans
ferred between identical, or nearly identical, radicals are 
well documented. Particularly well-known examples 

R- + H R ' — i - R H + R ' 

of such reactions involve H transfer between two oxygen 
atoms, for example, between two ArO,2-6 two R2NO,2 

two ROO,6 and two R2CNO7 radicals. It was there
fore rather surprising to us to find that the alkoxy-
alcohol identity reaction has not only been almost 
totally ignored8 but that when we have proposed it at 
meetings of free-radical chemists our proposal has 
drawn vigorous opposition. We wish to report experi
mental proof that not only can this reaction occur but 
that its rate is at least as great as the rate of abstraction 
of a primary alkyl hydrogen. 

An alkoxy-alcohol reaction that would be significant 
in terms of reaction products could be identified in 
various ways. We chose to use epr spectroscopy to 
look at systems in which the relatively stable tert-butoxy 
radical, BO-,9 could react with an alcohol to form an 
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