
CHAPTER I / THEORETICAL AND 

EXPERIMENTAL FOUNDATIONS 

1.1. SINGLET-TRIPLET INTERCOMBINATION TRANSITIONS 

In the ground states of unsaturated organic compounds the orbitals of 
lowest energy are each occupied by two π electrons with antiparallel 
spins* (Fig. la). The excited states arise from the promotion of an 
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Fig. 1. Molecular orbital scheme for a singlet ground state (a), a singlet excited 
state (b), and a triplet excited state (c). 

electron from the highest occupied orbital to one that is unoccupied. 
The spin angular momenta of the two electrons that are now in singly 
occupied orbitals are no longer restricted by the Pauli principle and 

* "Free radicals" are exceptional; in this summary we are not interested in them. 
3 
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their spins may therefore be either antiparallel (Fig. lb) or parallel (Fig. 
lc). The state represented by Fig. l b is described as a singlet state and 
that represented by Fig. le as a triplet. 

Both these terms are derived from classical atomic spectroscopy. It is 
well known that every electron in an atom has an orbital angular 
momentum and a spin angular momentum. In light atoms the mutual 
interactions of all the orbital angular momenta on the one hand, and 
of all the spin angular momenta on the other, are large (Russell-Saunders 
coupling) compared with the interaction of the orbital angular momen
tum and the spin angular momentum of each individual electron 
(jj coupling). The orbital angular momenta then add together to a total 
orbital angular momentum L and the spin angular momenta to a total 
spin angular momentum S. Finally S and L add together vectorially to 
give a total angular m o m e n t u m / . If all the electrons occur in pairs with 
antiparallel spins, then 5 = 0 and the spins of the electrons contribute 
nothing to the total angular momentum. We obtain thus a single value 
for / , namely J = L,to which there corresponds a single electronic term 
and thus a single spectral line. Hence we describe the electronic state 
prevailing when S = 0 (antiparallel spins) as a singlet state. If, however, 
two electrons have parallel spins (as is the case in Fig. lc), then we 
obtain a total spin angular momentum S=l. Vectorial addition of 
L and S when L> S (as, for example, with the ρ electrons of carbon) 
now leads to three different values of / according to whether S is added 
to or subtracted from L or remains without influence on it. To these 
three values of J correspond three somewhat different energies that are 
revealed in the spectrum as three neighboring lines. Hence we describe 
the electronic state prevailing when S = 1 (parallel spins) as a triplet 
state. 

Actually the line separation in the triplet state is extremely small for 
light a toms; it increases with increasing atomic number. For the carbon 
compounds of interest to us it is too small to be observed in the band 
spectrum.* We therefore envisage the triplet state of an organic com
pound, in spite of its original meaning, as approximating a single state. 

Let us suppose that the states represented by Figs, l b and lc corres
pond to the lowest excited states of the molecule. As the triplet state of 
Fig. lc is always of slightly lower energy than the singlet state of Fig. lb , 

* The separation can, however, be confirmed by ESR measurements (see p. 14, 
I.e. 2 4). 
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in which the same two orbitals are occupied (see Section 1.3), the term 
scheme shown in Fig. 2 is obtained. Irradiation with light of suitable 
wavelength causes an electronic transition from the ground state S0 to 
the singlet excited state Sv Such radiation-induced transitions between 
terms having the same multiplicity (singlet-singlet transitions) are of 
high probability. They lead to intense absorption bands. The lifetime of 
the excited state 5χ is very short and the emission of energy in the return 
from Si to the ground state (fluorescence) follows with great rapidity. 

The situation is quite different in the transition S0 -> 7V Here we are 
concerned with a radiation-induced transition between two terms of 
different multiplicities (singlet-triplet). 

If we assume that in our system Russell-Saunders coupling prevails 
exclusively and the singlet and triplet states are therefore quite un
perturbed, then theory asserts that the radiation-induced transition 
S0 -> Τι is entirely forbidden (intercombination restriction). 1 This 
clearly means that the uncoupling of electron spins on excitation is 
extremely improbable, and is known as the spin conservation rule. 

The probability of a transition induced in a molecule by radiation can 
be derived by quantum mechanics as an expression that, in addition to 
an electric dipole operator, involves the orbital and spin wave functions 
of the ground and the excited states. 2 This "transition moment integral" 
becomes zero if the electronic states defining the transition are of different 
multiplicities, and in particular if they are pure, i.e., unperturbed triplet 
and singlet states. Such unperturbed states, which are rigorously defined 
by reason of their multiplicities are, however, extremely rare. Generally 
the pure states "mix" to a certain extent—as we say intuitively—so that 
1 See W. Finkelnburg, "Einfuhrung in die Atomphysik," Springer, Berlin, 1948. 
2 See W. Kauzmann, "Quantum Chemistry," p. 581. Academic Press, New York, 

1957. 
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Fig. 2 . Simplified term scheme. 
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triplet states take on some singlet character and conversely singlet states 
some triplet character. The quantum mechanical description of this 
perturbation is given for a triplet state by 

φτ=φτ° + {Α}ψ3* (1) 

Here φτ° is the wave function of the pure unperturbed triplet, ψ8ι that 
of a pure unperturbed singlet, φτ is the wave function of the perturbed 
triplet, and A a coefficient of mixing that indicates the extent to which 
the singlet state mixes with the triplet state. If we now substitute the wave 
function of Eq. (1) for the perturbed triplet excited state into the 
expression referred to previously for the transition probability, we find 
that although the pure triplet part of Eq. (1) still contributes nothing 
to the transition moment, the small singlet term in Eq. (1) now gives 
rise to a small value for the moment. Thus, quantum mechanically, there 
can occur a transfer of radiation between a singlet ground state and a 
perturbed triplet excited state just like that of a permitted, though of 
course very weak, singlet-singlet transition. 

Cases in which a relaxation of the restriction on intercombination 
occurs have long been known in atomic spectra. 1 They are observed 
especially with heavy atoms. In these, jj coupling between the orbital 
and spin motions of the individual electrons occurs simultaneously with 
Russell-Saunders coupling and so makes the reversal of the spin easier. 
A familiar example is the mercury line at 2537 Â that corresponds to an 
intercombination transition. 

This perturbation of the triplet state, which relaxes the rigorous 
classification of states according to their multiplicities, also applies to 
organic molecules in connection with the mechanism of spin-orbit 
coupling. 3 Thus the mixing coefficient A, which in Eq. (1) defines the 
extent to which the triplet state mixes with the singlet, is, on the other 
hand, a spin-orbit operator by which the probability of the singlet-
triplet transition is determined. Spin-orbit coupling increases with 
increasing atomic number of the heaviest atom in the molecule and with 
decreasing difference between the energies of the participating singlet 
and triplet states. Both the parameters involved are included in the 
spin-orbit operator. 

3 D. S. McClure, / . Chem. Phys. 17 , 905 (1949); 2 0 , 682 (1952); E. Clemcnti and 
M. Kasha, / . Mol. Spectry. 2,297 (1958) ; for a comprehensive review, see M. Kasha, 
Radiation Res. Suppl. 2 , 243 (1960). 
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Turning back to the term scheme of Fig. 2, we can now expect that the 
radiation-induced transition S0 -> Tx is not entirely forbidden even in 
compounds that are composed only of carbon and hydrogen. It will 
have a small but definite transition probability. The absorption bands 
corresponding to the transition S0 -> Τλ will have very small molar 
extinction coefficients, and the lifetime of the lowest triplet state will be 
great and energy will be emitted slowly as the molecule returns to the 
ground state. A further important characteristic of singlet-triplet 
intercombinations should be their great sensitivity to the intra- and 
intermolecular effects that influence the spin-orbit coupling. 

The singlet-triplet absorption of benzene was observed for the first 
time by Sk la r 4 in 1937. A very thick layer of the liquid shows a weak 
absorption band at about 3400 Â that Sklar correctly assigned to the 
transition from the ground state to the triplet state of the molecule. 
Lewis and K a s h a 5 confirmed this observation and found values of 
ca. 4 χ 10~ 4 for the molar extinction coefficients. The singlet-singlet 
absorption band of longest wavelength for benzene is 10 5 times as intense. 
Later investigations, especially those of Evans, 6 revealed that because 
of the presence of dissolved oxygen Sk la r 4 and Lewis and K a s h a 5 had 
not detected the unperturbed S-T transition and that the intensity of 
this is really considerably lower still. 

Because of the enhancement of the spin-orbit coupling in halogen-
substituted benzenes these compounds are expected to be more favorable 
than benzene for observing S-T absorption. McClure et al.1 found, for 
example, with ^-dibromobenzene, a long-wavelength, structured 
absorption band with extinction coefficients of ca. 2 χ 1 0 _ 1 attributable 
without any doubt to the S0 -> T\ transition. The same authors also 
noted the S-T absorptions of several halogen-substituted naphthalenes. 
Especially clear results were obtained with j8-iodonaphthalene, the S-T 
absorption spectrum of which lies between 4800 and 3800 Â, with molar 
extinction coefficients of about 1 χ 1 0 _ 1 . Since then the singlet-triplet 
absorption spectra of numerous compounds have been measured. 

The chief experimental difficulty in measuring the singlet-triplet 
absorption spectra is found in the very great ease with which they can 

4 A. L. Sklar, / . Chem. Phys. 5, 669 (1937). 
5 G. N. Lewis and M. Kasha, / . Am. Chem. Soc. 6 7 , 994 (1945). 
6 D . F. Evans, Nature 178 , 534 (1956). 
7 D . S. McClure, N. W. Blake, and P. L. Hanst, / . Chem. Phys. 2 2 , 255 (1954). 
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be simulated or falsified by the (permitted) singlet-singlet absorption 
bands of impurities present in even the smallest proportions. Neverthe
less, by the help of a series of criteria yet to be considered, singlet-triplet 
absorption transitions may be differentiated from singlet-singlet. 

The discussion so far has been confined exclusively to electronic 
transitions that occur by taking in or giving out radiant energy. There 

Interatomic distance 

Fig. 3. Scheme of potential energy curves for ground state, and for singlet and 
triplet excited states. 

also occur in an excited molecule radiationless transitions between 
different electronic states. The term scheme of Fig. 2 may be translated 
(for the hypothetical case of a diatomic molecule) into a potential 
energy curve, as shown in Fig. 3. As will be seen, the potential energy 
curves of the singlet and triplet excited states intersect in the region of 
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higher nuclear vibrational energy ; in this region a radiationless transition 
is possible from the singlet excited state to the triplet excited state. For 
the more complicated molecules in which we are interested here, the 
two-dimensional potential energy diagram must be replaced by a poly-
dimensional figure having the same significance. We shall not give here 
the details of the theory, which we owe chiefly to Teller. 8 

Radiationless transitions proceed with great speed between excited 
states, but the radiationless transition from an excited state to the ground 
state of the molecule is, in general, much slower. This is deduced from the 
experimental observations and can be attributed to the fact that the 
definite crossing of potential energy curves* that characterizes radiation
less transitions is found most frequently between the excited states, 
whose potential energy curves lie close together, rather than between 
an excited state and the ground state, since the latter lies considerably 
lower in the majority of molecules. In molecules in which the term 
difference between the excited states and the ground state is also small 
radiationless transitions ought to occur in greater proportion, and this 
is indeed the case. Franck and Sponer 1 0 have extended Teller's concept 
of radiationless transitions in complex molecules. They make use of 
Forster's theory of "intermolecular radiationless energy transfer ." 1 1 The 
observation that radiationless transitions to the ground state are rare 
is then explained, because according to Forster's theory energy transfer 
is possible only between electronically excited states. 

Radiationless transitions in a molecule can take place between 
electronically excited states of either the same or different multiplicity. 
The process of radiationless transition between two terms of the same 
multiplicity (singlet-singlet and triplet-triplet) is described as internal 
conversion,12 that between two terms of different multiplicity (singlet-
triplet) as inter system crossing}1 The processes are distinguishable by 

* In addition to this, the most favorable case for radiationless transitions, those 
in which the curves, touch or approach closely without crossing, must also be 
considered. See I.e. 9 

* E. Teller, / . Chem. Phys. 41, 109 (1937). 
9 See Th. Fôrster, "Fluoreszenz organischer Verbindungen," p. 86ff. Vandenhoeck & 

Ruprecht, Gottingen, 1951. 
1 0 J. Franck and H. Sponer, / . Chem. Phys. 25, 172 (1956). 
1 1 Th. Fôrster, Ann. Physik [6] 2, 55 (1948). 
1 2 M. Kasha, Discussions Faraday Soc. 9 , 14 (1950). 
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their speeds; for internal conversion these have an order of magnitude 
of 1 0 1 3 s e c - 1 and for intersystem crossing about 10 7 s e c - 1 . From this it 
may be shown that both radiant and radiationless intercombinations are 
less probable by a factor of about 10 6 than transitions in which no change 
in multiplicity ensues. 

Figure 4, which is developed from Fig. 2, is the term scheme of an 
unsaturated organic compound. Radiant transitions are indicated by 
full lines and nonradiant by broken lines. The electronic transition from 
the ground state to the singlet excited state S2 (path 1 of Fig. 4) takes 

Fig. 4. Term scheme. 

place by irradiation in the second absorption band. Since the radiation
less transition to the ground state is, as we have seen, a rather rare event, 
and since moreover internal conversion is more frequent by a factor of 
about 10 6 than intersystem crossing, the radiationless occupation of Si 
will follow as the favored process from S2 (path 2). The same thing is 
true if excitation is to still higher singlet states, S 3 , S4, etc., which are not 
shown in Fig. 4. Starting from Si two processes are possible: radiant 
transition to the ground state (path 3) and intersystem crossing to the 
lowest triplet state 7\ (path 4). The first transition gives, in combination 
with nuclear vibrations of the ground state, the fluorescence spectrum 
of our compound. The rate kf of the fluorescence transition is pro
portional to the integrated intensity of the S0 -> Sx absorption transi
tion. Assuming that the S0 -> Sx band with which we are concerned 
is one of medium intensity, such as the α band of an aromatic hydro-
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carbon, we can take kfio be 10 8 s e c - 1 . With kh = 10 7 s e c - 1 for the inter
system crossing it appears, then, that some 10 % of the molecules present 
in the state Sx reach the lowest triplet state 7\ by intersystem crossing, 
the greater part of the excited molecules going by fluorescence directly 
to the ground state. The reason for this, that the triplet state is relatively 
highly populated, is to be found in the fact that generally radiant transi
tions take place much more slowly than radiationless transitions; hence 
fluorescence transitions permitted by multiplicity and intersystem cross
ing become competitive. It may thus be shown that the occupation of 
the lowest triplet state by intersystem crossing is ca. 10 5 times as effi
cacious as that resulting from direct absorption of radiation. 

The transfer of radiation from the lowest triplet state 7\ to the ground 
state (path 5 in Fig. 4) is forbidden within the limits of the previous 
discussion. It therefore takes place with a relatively long decay period 
and is observed as phosphorescence. This decay period of the radiation, 
its lifetime, depends very much on the type of compound, its environ
ment, and especially the extent to which internal or external influences 
induce spin-orbit coupling. The lifetime can therefore vary over a wide 
range from ca. 10~ 4 second to several seconds. In liquid solutions and at 
temperatures around 20°C there occur bi- and monomolecular quenching 
processes that lead to radiationless thermal deactivation of the triplet 
state at quite high speed. It is therefore to be expected that 7 \ -> S0 

phosphorescence will only be observable in liquid solutions of com
pounds whose triplet states have relatively short lifetimes. 

In such cases there is observed, beside the extremely rapidly decaying 
fluorescence, a rather more slowly decaying luminescence of longer 
wavelength. Lewis and K a s h a 5 were the first to demonstrate the possi
bility of observing rapidly decaying phosphorescence in liquid solutions. 
A recent example comes from the work of Parker and Ha tcha rd . 1 3 These 
authors observed in liquid solutions of eosin in glycerol or ethanol at 
room temperature as well as the fluorescence a long-wavelength phos
phorescence with a lifetime of the order of several milliseconds (see 
also Section 1.6). It is not surprising that occasionally compounds with 
very short-lived triplet states also display phosphorescence in the gas 
phase. An example that has been studied very frequently is b i ace ty l . 5 ' 1 4 

« C. A. Parker and C. G. Hatchard, Trans. Faraday Soc. 57, 1894 (1961). 
1 4 J. W. Sidman and D. S. McClure, J. Am. Chem. Soc. 11, 6461 and 6471 (1955); 

J. Heicklen, ibid. 81, 3863 (1959). 
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If one employs conditions such that quenching processes of the kind 
mentioned are effectively excluded, then phosphorescence ought to be 
observable from compounds with quite long-lived triplet states. The most 
important method consists of "freezing" the bi- or monomolecular 
processes. One works, therefore, with rigid solutions and at low tempera
tures. Usually the substance being investigated is dissolved in an organic 
solvent or a mixture of solvents that has the property of setting to a glass 
at low temperature. The medium most frequently used is a mixture of 
ethanol, ether, and isopentane ( E P A 1 5 ; see Section 3.2). As cooling 
agents, liquified gases such as nitrogen, air, and helium are generally 
employed. With these "rigid solvents" it has been possible to observe 
the phosphorescence of numerous substances, aromatic hydrocarbons, 
heterocyclics, and their substitution products preponderating. The 
numerous investigations that have been carried out in this field have 
shown that phosphorescence is a quite general property of unsaturated 
organic compounds. Along with the phosphorescence, fluorescence 
occurs in the majority of cases. As has been shown, the two kinds of 
luminescence differ considerably in their lifetimes and so they can be 
distinguished in a simple way by the use of a phosphoroscope. 

For the development of phosphorescence spectroscopy the introduc
tion of the rigid solvent by Schmidt in 1896 1 6 was of the greatest sig
nificance. It is therefore all the more surprising that the part the rigid 
solvent plays in the occurrence of phosphorescence is not yet fully 
understood. Thus Porter and Wrigh t 1 7 found that the radiationless 
deactivation of the triplet state in liquid solutions of aromatic hydro
carbons, e.g., naphthalene, occurs only in part by a second-order process 
and preponderantly by a first-order reaction. The velocity constants of 
the two processes are highly sensitive to the viscosity of the solvent, and 
fall as this increases. Hence the interesting question arises: what is the 
nature of a radiationless deactivation process that on the one hand 
follows first-order kinetics and on the other is dependent on viscosity? 
Porter and Wright suppose that when a molecule is in the triplet state 
its nuclear configuration is quite different from that in the ground state; 
in rigid solvents the triplet configuration is "frozen" so that a radiation
less transition to the ground state is impossible. With falling viscosity 
1 5 G. N. Lewis and M. Kasha, / . Am. Chem. Soc. 6 6 , 2100 (1944). 
1 6 G. C. Schmidt, Ann. Physik [3] 58,103 (1896). 
1 7 G. Porter and M. R. Wright, Discussions Faraday Soc. 2 7 , 18 (1959). 



1.1. Singlet-Triplet Intercombination Transitions 13 

the constraint on the nuclear configuration is relieved and the frequency 
of the radiationless deactivation of the triplet state increases propor
tionately. 

The phenomenon of the phosphorescence of organic compounds has 
been known for quite a long time. The first observation would seem to 
have been made by Wiedemann, 1 8 who in 1888 demonstrated long-lived 
photoluminescence by exposing solid solutions of a number of organic 
dyes. Later Jablonski, Kautsky, Kowalski, Tiede, Schmidt, and others 
made important contributions to the subject. 1 9 The triplet theory of the 
phosphorescence of organic compounds given above was established by 
Lewis and Kasha in 1944 1 5 following the preparatory work of Lewis 
et al.20 and of Terenin. 2 1 The foundations of the theory can now be 
regarded as firmly established. In particular the triplet nature of the 
"phosphorescent state" of organic compounds has been definitely 
verified in a series of experimental and theoretical investigations. 

Conclusive experimental proof has been given that phosphorescent 
solutions show the paramagnetism to be expected from the participation 
of a triplet state. Thus Lewis and co-workers 2 2 found that solid solutions 
of fluorescein in boric acid had, under conditions suitable for phos
phorescence, a paramagnetic susceptibility approximately equal to that 
expected for a triplet state. E v a n s 2 3 was able to demonstrate even more 
convincingly the relationship between phosphorescence and the triplet 
state that its paramagnetism indicated. He proved that in solid solutions 
of triphenylene in boric acid at room temperature the phosphorescence 
of triphenylene and its paramagnetism both fade away according to the 
same rate law. Both Lewis et al. and Evans employed the method of the 
"magnetic balance" for their measurements. Evidence for the para
magnetism of phosphorescent solutions has only recently become 
available from electron spin resonance (ESR) measurements because of 

1 8 E. Wiedemann, Ann. Physik [3] 34, 446 (1888). 
1 9 See Th. Fôrster, "Fluoreszenz organischer Verbindungen," p. 261ff. Vandenhoeck 

& Ruprecht, Gôttingen, 1951; P. Pringsheim, "Fluorescence and Phosphor
escence," p. 285ff. Wiley (Interscience), New York, 1963. 

2 0 G. N. Lewis, D. Lipkin, and T. T. Magel, / . Am. Chem. Soc. 63, 3005 (1941). 
2 1 A. Terenin, Acta Physicochim. URSS 18, 210 (1943). 
2 2 G. Ν. Lewis and M. Calvin, J. Am. Chem. Soc. 67, 1232 (1945); G. N. Lewis, 

M. Calvin, and M. Kasha, J. Chem. Phys. 17, 804 (1949). 
2 3 D. F. Evans, Nature 176, 777 (1955). 
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a series of experimental difficulties. Hutchison and M a n g u m 2 4 were the 
first who obtained an unequivocally interprétable ESR spectrum by 
exposing to ultraviolet (UV) light single crystals of durol containing 
naphthalene. Subsequently a whole series of similar studies has 
appeared, including aromatic hydrocarbons such as phenanthrene, 2 5 

triphenylene, 2 6 c o r o n e n e , 2 6 ' 2 7 ch ry sene , 2 7 ' 2 8 f luoranthene, 2 7 pyrene , 2 8 

pyrene-rf 1 0, 2 9 1,2-benzanthracene, 2 8 etc., heterocyclics such as quin-
oxaline, 3 0 quinoline, 3 1 isoquinoline, 3 1 etc., and derivatives of aceto-
phenone . 3 2 

An indirect proof of the validity of the triplet theory of phosphoresc
ence has been furnished by McClure, 3 who demonstrated that the 
phosphorescence shows the behavior to be anticipated for an inter
combination transition. Mention has already been made of the fact, 
known from atomic spectroscopy, that in progressing from light to 
heavy elements the probability of intercombinations increases greatly 
because of increasing spin-orbit coupling. In molecules the extent of the 
spin-orbit coupling is determined by the heaviest atom that is present. 
If the phosphorescence of organic molecules corresponds to an inter
combination transition, then the introduction of heavier substituents 
such as bromine or iodine into, say, aromatic hydrocarbons ought to 
increase markedly the probability of the phosphorescence transition, and 
this must be displayed as a reduction in the phosphorescent lifetime. 
This is exactly what McClure 3 observed with naphthalene and its 
halogen substitution products. The lifetime of the phosphorescence fell 
along the series naphthalene, fiuoro-, chloro-, bromo-, iodonaphthalene. 

2 4 C. A. Hutchison and B. W. Mangum, / . Chem. Phys. 29, 952 (1958); ibid. 34, 908 
(1961); see also A. Schmillen and G. von Foerster, Z. Naturforsch. 16a, 320 (1961); 
A. W. Hornig and J. S. Hyde, Mol. Phys. 6, 33 (1963). 

2 5 R. W. Brandon, R. E. Gerkin, and C. A. Hutchison, / . Chem. Phys. 41, 3717 (1964). 
2 6 J. H. van der Waals and M. S. de Groot, Mol. Phys. 2, 333 (1959); M. S. de Groot 

and J. H. van der Waals, ibid. 3, 190 (1960). 
2 7 G. von Foerster, Z. Naturforsch. 18a, 620 (1963). 
2 8 A. K. Piskunov, R. N. Nurmukhametov, D. N. Shigorin, V. J. Muromtsev, and 

G. A. Ozerova, Izv. Akad. Nauk SSSR, Ser. Fiz. 27, 634 (1963); Chem. Abstr. 
59, 7085 (1963). 

2 9 S. W. Charles, P. H. H. Fischer, and C. A. McDowell, Mol. Phys. 9, 517 (1965). 
3 0 J. S. Vincent and A. H. Maki, J. Chem. Phys. 39, 3088 (1963). 
3 1 J. S. Vincent and A. H. Maki, / . Chem. Phys. 42, 865 (1965). 
3 2 L. H. Piette, J. H. Sharp, T. Kuwana, and J. N. Pitts, J. Chem. Phys. 36, 3094 (1962). 
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The corresponding results for the series of 1-halogenonaphthalenes are 
assembled in Table 1. McClure was able to show that the relationship 
observed between duration of phosphorescence and the atomic numbers 
of the substituents can be understood quantitatively on the basis of the 
triplet theory of phosphorescence. More will be said later in various 

TABLE 1 Lifetimes of Phosphorescence in 
1 -Halogenonaphthalenes" 

Phosphorescent 
Compound lifetime (sec.) 

Naphthalene 2.6 
1 -Fluoronaphthalene 1.5 
1 -Chloronaphthalene 0.3 
1 -Bromonaphthalene 0.018 
1 -Iodonaphthalene 0.0025 

αΌ. S. McClure, / . Chem. Phys. 17, 905 
(1949). 

places about the effects of spin-orbit coupling on triplet-singlet transi
tions (see Section 1.2). 

Quantum mechanical calculations supplied a further proof of the 
triplet theory of phosphorescence. Using various approximate methods, 
the energy of the lowest triplet state (compared with the ground state as 
zero) has been calculated for numerous organic compounds. These 
values agree (within limits appropriate to the approximation) with the 
measured positions of the phosphorescence transitions. In Table 2 the 
calculated and observed values are collected for a series of polycyclic 
aromatic hydrocarbons. These show in an entirely independent way that 
the phosphorescence must be concerned with the transition from the 
lowest triplet state of the molecule to the ground state. 

That the interpretations of phosphorescence and of the weak long
wave absorption bands discussed above are consistent follows from a 
series of arguments. The 0,0 bands of the T-S absorption spectra are 
related as object and mirror image to the 0,0 bands of the phosphor
escence spectra of the compounds. It is therefore obvious that the same 
excited state participates in both spectra. This also follows from the fact 
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that the lifetime of the triplet state evaluated from the integrated inten
sities of the T-S absorption spectrum agrees in order of magnitude 
with the decay period of the phosphorescence, 3 , 7 though perfect agree
ment is not to be expected for various reasons (see Section 1.4). It can 
also be demonstrated conclusively that the strengths of T-S absorption 

TABLE 2 Comparison of Measured and Quantum Mechanically Calculated 
Energies (in Wave Numbers) of the Lowest Triplet States of Some 

Aromatic Hydrocarbons 

Method of 
Hydrocarbon Ε τ (meas.) ET (calc.) calculation 

Naphthalene 21,246 22,400 FE a 

22,700 LCAO empirical0 

Anthracene 14,927 14,700 FE" 
15,200 LCAO empirical6 

14,000 ASMO-LCAO c 

Tetracene 10,250 10,700 FE a 

10,800 LCAO empirical6 

10,000 Moffitt's method** 
Phenanthrene 21,600 22,900 FE* 

22,200 LCAO empirical6 

Coronene 19,410 22,000 FE* 

a FE = free electron approximation. N. S. Ham and K. Ruedenberg, / . Chem. Phys. 
25, 13 (1956). 

b G. G. Hall, Proc. Roy. Soc. A213, 113 (1952). 
c R. Pariser, Symp. Mol. Struct. Spectra, Ohio State Univ. 1954. 
d L. Goodman using the method of W. Moffitt, / . Chem. Phys. 22, 320 (1954). 

spectra are very sensitive to influences that affect spin-orbit coupling. 
The transition must, consequently, be recognized as an intercombination 
transition. 

Every 7?-electron system exhibits, beside the lowest singlet and triplet 
states, a series of higher excited states of both multiplicities. It might be 
imagined that the occupation of a higher singlet excited state (by irradia
tion in the appropriate absorption band) would be followed by inter
system crossing to a higher triplet state and that from this, by a radiant 
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transition, the molecule would descend to the ground state. The result 
would be that a substance would have several differently located phos
phorescence spectra—and in exactly the same way several fluorescence 
spectra also. Experience shows, however, that this is not so, as can be 
easily understood since it has already been indicated that the process of 
internal conversion is quicker than other conceivable radiating or 
nonradiating transitions. The experimental fact that every substance 
displays only one fluorescence spectrum and only one phosphorescence 
spectrum has been summarized by K a s h a 1 2 in the rule : "Only the lowest 
excited state of a given multiplicity is capable of emission," though he 
implies that the rule still requires considerable careful experimental and 
theoretical study "instead of being taken for granted as is commonly 
d o n e . " 3 3 All the same the majority of the exceptions to Kasha's rule so 
far discovered may well be simply the effects of impurities. An example 
may be discussed more thoroughly. Kha luporsk i i 3 4 reported that 
phenanthrene in ether at — 180°C shows two phosphorescences that differ 
in their spectral positions and lifetimes. The longer-wave phosphor
escence of the hydrocarbon this author observed agrees both in spectrum 
and in lifetime with the phosphorescence of phenanthrene as repeatedly 
described in the literature. The shorter-wave phosphorescence, which 
should also arise from phenanthrene, exhibits bands at about 411, 422, 
and 439 imx and a lifetime of 1.6 second. These figures agree excellently 
with those of diphenylene sulfide (412, 425, and 440 χημ; lifetime 1.4 
second). Diphenylene sulfide is well known as an impurity in phenan
threne isolated from bituminous coal tar. Thus what is called the 
"short-wave" phosphorescence of phenanthrene receives a simple 
explanat ion. 3 5 (Several phosphorescence spectra have also been des
cribed for carbazole and esculin, 3 6 and it cannot be seriously doubted 
that here too an impurity is responsible.) Ferguson and T i n s o n 3 7 

noticed two phosphorescences in solid solutions of benzophenone in 
light petroleum at 77°K. The blue phosphorescence of dilute solutions 

3 3 M. Kasha, Radiation Res. Suppl. 2, 243 (1960). 
3 4 M. D. Khaluporskii, Opt. i Spektroskopiya 11, 617 (1961); Chem. Abstr. 56, 9589b 

(1962). 
3 5 M. Zander, unpublished data (1966). 
3 6 W. A. Pilipowitsch and B. Ja. Sweshnikow, Ber. Akad. Wiss. Ud. SSR [N.S.] 

119, 59 (1958). 
3 7 J. Ferguson and H. J. Tinson, / . Chem. Soc. p. 3083 (1952). 
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coincides with that recorded by other au tho r s 1 5 for benzophenone. The 
green phosphorescence found in concentrated solutions (ca. 10~~2 M) 
must, as Terenin and Ermolaev 3 8 have presumed, be attributed to the 
separation of crystalline benzophenone from the solution. Here too 
there is, apparently, no real exception to Kasha's rule. Special circum
stances, however, seem to prevail at very low temperatures with crystals 
of aromatic hydrocarbons. Thus benzene crystals manifestly display two 
T-> S luminescences 3 9 of which one could correspond to the transition 
from the lowest and the other to that from a higher triplet state to the 
ground state. On the other hand, this very same luminescence of crystals 
is extremely sensitive to impurities. With the quinones of the higher 
acenes 4 0 (tetracene, pentacene) two phosphorescences were definitely 
not observed, but it seems to be the case that the observed phosphor
escence of acene quinones does not arise from the lowest triplet state 
but from a higher one and to that extent we seem here to have an excep
tion to Kasha's rule (see Section 2.3). At any rate, for two compounds— 
azulene 4 1 and triphenylene 4 2 —there are hints of triplet-triplet fluor
escence (i.e., of a radiating transition from an excited triplet to the lowest 
triplet state). Should these results be confirmed then we should have 
here a genuine exception to Kasha's rule; i.e., the luminescence does not 
have its origin in the lowest triplet state. There is an example of this type 
of emission experimentally confirmed; the singlet-singlet fluorescence 
of azu lene 4 3 corresponds unequivocally to the transition from the 
second singlet excited state of the molecule to the ground state. 

Although investigation in rigid solvents (including mixed crystals) is 
definitely the most generally useful method of studying phosphorescence, 
the phenomenon can also be observed occasionally in quite different 
conditions. Reference has already been made to phosphorescence in 
liquid solutions as well as in the gas phase. Publications concerning the 
phosphorescence of pure compounds in the crystalline state have also 

38 A. Terenin and V. Ermolaev, Trans. Faraday Soc. 52, 1042 (1956). 
39 p. Pesteil, A. Zmerli, and L. Pesteil, Compt. Rend. 241, 29 (1955). 
4 0 M. Zander, Naturwissenschaften 53, 404 (1966). 
4 1 G. W. Robinson and R. P. Frosch, J. Chem. Phys. 38, 1187 (1963); but see S. K. 

Lower and M. A. El-Sayed, Chem. Rev. 66, 199 (1966). 
4 2 F. Dupuy, G. Nouchi, and A. Rousset, Compt. Rend. 256, 2976 (1963). 
4 3 M. Beer and H. C. Longuet-Higgins, J. Chem. Phys. 23,1390 (1955); G. Viswanath 

and M. Kasha, ibid. 24, 574 (1956). 



1.1. Singlet-Triplet Intercombination Transitions 19 

appeared quite frequently. Robinson et al.44 have tackled the problems 
of crystal phosphorescence with special thoroughness in the past few 
years. They have shown that crystal phosphorescence of absolutely pure 
compounds should be an extremely rare phenomenon, particularly for 
two reasons : Triplet excitation energies become delocalized extra
ordinarily quickly (more quickly than singlet excitation energies!); and 
they can be converted extremely effectively into singlet excitation energies 
by what is called triplet-triplet annihilation (see Section 1.6 for more 
about this). He and his school have estimated quantum yields of the 
order of magnitude of 10~ 9 for crystal phosphorescence on the basis of 
theoretical ideas they have developed; such weak luminescence cannot 
possibly be observed. 

One suspects that much of the information contributed to the literature 
on crystal phosphorescence is to be attributed to chemical impurities, 
which need be present only in the smallest concentrations. In special 
cases, however, it ought to be possible to record "genuine" phosphor
escence, that is, the Τ -> S emission of the pure compound in the crystal
line state. In particular this ought to be possible for substances whose 
phosphorescence is extraordinarily short lived, so that this transition 
can compete with the very rapid processes of triplet energy transfer and 
triplet-triplet annihilation. 2-Bromonaphthalene and 2-iodonaphthalene 
have extraordinarily short periods of phosphorescence. S i d m a n 4 5 has 
measured the crystal phosphorescence spectra of these compounds at 
20°K and they clearly correspond to the T-S transitions of the pure 
compounds. They have been displaced toward lower wavelength by 
only about 500 c m - 1 compared with the spectra in solution. The very 
large red shifts, which have been occasionally observed with other 
compounds when comparing results for solutions with those for 
crystals , 4 6 lead one to doubt the authenticity of the crystal phosphor
escence spectra. Favorable conditions for the observation of "genuine" 
crystal phosphorescences, however, prevail with certain carbonyl 
compounds. These compounds generally have very short phosphorescent 
lives. In addition the phosphorescence is almost exclusively localized in 
the carbonyl group (see Section 2.2) and the carbonyl groups of neigh
boring molecules are relatively distant from each other in the crystal. 
4 4 H. Sternlicht, G. C. Nieman, and G. W. Robinson, / . Chem. Phys. 38,1326 (1963). 
4 5 J. W. Sidman, / . Chem. Phys. 25, 229 (1956). 
4 6 See, for example, J. Czekalla and K. J. Mager, Z. Elektrochem. 6 6 , 65 (1962). 
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In this way the opportunities for rapid triplet energy transfer are limited. 
An example of this kind is benzophenone, which exhibits an easily 
observable T-S emission in the crystalline s ta te . 4 7 

The observation of "genuine" crystal phosphorescences is undoubtedly 
favored by the use of very low temperatures (4°K). Measurements of 
this kind have been carried out by Pesteil et al.4S in a series of investiga
tions and by Kanda and Sponer . 4 9 That the phosphorescence of tri
phenylene crystals moves to longer wavelengths as the temperature rises 
(green phosphorescence at 77°K, yellow at 195°K, and red at 300°K) as 
observed by Zander , 5 0 is certainly the effect of impurity. This state of 
affairs ought to be explicable by the presence of different slight impurities, 
but about this nothing further will be said here. The phosphorescence of 
triphenylene in the crystalline state that Hochstrasser 5 1 has reported, 
and which only partially agrees with Zander's measurement at 77°K, 
results from impurit ies. 5 2 Finally it should be emphasized that much 
experimental and theoretical work will be necessary to bring nearer a 
clarification of the complicated problems of the phosphorescence of 
crystals. 

1.2. EFFECTS OF S P I N - O R B I T COUPLING 

As we have already mentioned, spin-orbit coupling, i.e., the coupling of 
the orbital and the spin motions of individual electrons, causes perturba
tion of the electronic states by modification of their multiplicities. A 
triplet state thus acquires some singlet character as a result of "mixing" 
with a singlet state and, conversely, a singlet state acquires some triplet 
character. The probability of intercombination transitions is all the 
higher the greater this perturbation is, that is, the stronger the spin-orbit 
coupling in the atom or molecule. This applies to organic compounds 

4 7 D. S. McClure and P. L. Hanst, J. Chem. Phys. 2 3 , 1772 (1955). 
4 8 P. Pesteil, A. Zmerli, and L. Pesteil, Compt. Rend. 2 4 0 , 2217 (1955); P. Pesteil and 

M. Barbaron, J. Phys. Radium 15 , 92 (1954); P. Pesteil and A. Zmerli, Ann. Phys. 
(Paris) [12], 1079 (1955); Cahiers Phys. 5 5 , 71 (1956); Compt. Rend. 2 4 2 , 1876 
(1956); L. Pesteil, P. Pesteil, and A. Zmerli, ibid. p. 2822; P. Pesteil and A. Zmerli, 
ibid. 2 4 3 , 1757 (1956); A. Zmerli, / . Chim. Phys. 5 6 , 405 (1959). 

4 9 Y. Kanda and H. Sponer, J. Chem. Phys. 2 8 , 798 (1958). 
5 0 M. Zander, Naturwissenchaften 4 9 , 7 (1962). 
5 1 R. M. Hochstrasser, Rev. Mod. Phys. 3 4 , 531 (1962). 
5 2 R. M. Hochstrasser, private communication (1963). 
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just as much for radiating transitions to the ground state (phosphor
escence) as for radiationless transitions. 

For light elements spin-orbit coupling is small. This is the case with 
organic compounds that are composed only of elements like carbon and 
hydrogen. On the other hand, it has long been known that intercom
bination transitions take place with considerable intensity in heavy 
atoms. The reason is that the spin-orbit coupling increases greatly under 
the influence of inhomogeneous electric fields such as are present in 
heavy atoms, i.e., in atoms of high atomic number. An entirely analogous 
effect is observed with organic compounds and is usually described 
concisely as the "heavy atom effect." Inhomogeneous magnetic fields, 
such as we have in paramagnetic elements, also increase the spin-orbit 
coupling and this magnetic effect, too, has been confirmed in organic 
compounds. Finally, spin-orbit coupling in organic molecules is en
hanced through the formation of complexes by charge transfer. All three 
effects may be superposed in any particular case, though usually one 
will be dominant. 

It is desirable that we distinguish between "internal" and "external" 
coupling effects. The term "internal" is used if the perturbing atom is a 
constituent element of the molecule whose T-S transitions are being 
investigated; in external effects it is a constituent either of the solvent or 
of some third component present in the solution. 

Formation of complexes by charge transfer seems always to play some 
part in external spin-orbit coupling effects, and where the formation of 
such complexes is substantial it is the preponderant effect. Spin-orbit 
coupling effects are observable in rigid as well as in liquid solutions. 

With increasing spin-orbit coupling in an organic molecule the 
probabilities of intersystem crossing (Si -> Τλ), of phosphorescence 
transitions (7 \ -> 5 0 ) , and of radiationless transitions to the ground 
state (Tx --> S0) are all increased. Which process is influenced most 
must be determined in each particular case. Increased probability of the 
different processes is revealed in different ways: 

(1) Enhancement of the Si -> Tx transition causes increase of the 
quantum yield φρ of the phosphorescence and, therefore, decrease of 
the quantum yield φί of the fluorescence and increase of the ratio φρΙφ/. 

(2) Enhancement of the 7\ -> S0 transition leads to decrease in the 
duration of phosphorescence and increase in the strength of the triplet-
singlet absorption. 
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(3) Increase of the radiationless 7\ --> S0 transition causes decrease 
of both the quantum yield and the duration of the phosphorescence. 
Numerous studies of these effects have appeared. A few may be discussed 
in detail. 

The marked fall in the lifetime of the phosphorescence of naphthalene 
under the influence of heavy substituents such as bromine and iodine 
has already been mentioned (see Section 1.1 J. 1 It corresponds to an 
increase in the integrated intensity of the triplet-singlet absorption 
spectrum. McClure et al.2 have shown that the observed changes can 
also be explained in an approximately quantitative manner on the basis 
of a spin-orbit coupling model. In this way it is found that the ratio of 
the integrated intensities of the S-T absorption spectra of 2-bromo-
and 2-iodonaphthalene at about 1/5 agrees quite accurately with the 
ratio of the atomic spin-orbit coupling parameters (1/4.2) for bromine 
and iodine. 

La Paglia 3 had investigated the phosphorescence and the S-T absorp
tion of the tetraphenyl compounds of silicon, germanium, tin, and lead. 
As the atomic number, Z, of the metal atom increases the decay time of 
the phosphorescence falls and the intensity of the S-T absorption 
increases rapidly. Lead tetraphenyl ( Z P b = 82; cf. Z x = 53) has the most 
intense S-T absorption that has yet been observed in any 7r-electron 
system. It should be pointed out that atoms of high atomic number 
have only a very small influence on the position of the singlet-triplet 
transitions. 

From observations that K a s h a 4 and Ermolaev et al.5 have reported, 
it follows that introduction of heavy atoms into the molecule of naph
thalene raises not only the probability of the transition between the 
lowest triplet state and the ground state but also that of intersystem 
crossing. The ratio of the quantum yield in phosphorescence to that in 
fluorescence increases markedly in the series naphthalene, 2-chloro-, 
2-bromo-, 2-iodonaphthalene, although the total quantum yield alters 

1 D . S. McClure, / . Chem. Phys. 17 , 905 (1949). 
2 D. S. McClure, N. W. Blake, and P. L. Hanst, / . Chem. Phys. 2 2 , 255 (1954). 
3 S. R . La Paglia, / . Mol. Spectry. 7, 427 (1961); Spectrochim. Acta 18 , 1295 (1962). 
4 M. Kasha, Radiation Res. Suppl. 2, 243 (1960). 
5 V. L. Ermolaev and Κ. K. Svitashev, Opt. i Spektroskopiya 7, 664 (1959); Chem. 

Abstr. 5 4 , 10,507f (1960); V. L. Ermolaev, J. P. Kotlyav, and Κ. K. Svitashev, 
Izv. Akad. Nauk SSSR, Ser. Fiz. 2 4 , 492 (1960); Chem. Abstr. 5 4 , 21,999c (1960). 
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only slightly. An entirely similar effect was found by Yuster and Weiss-
m a n 6 for the chelates of dibenzoylmethane with the tervalent ions of 
certain metals (Al, Se, Y, Lu, Gd, and La). Depending on the central 
metal ion the ratio φρΙφ/ of the quantum yields of the phosphorescence 
and the fluorescence was found to change as well as the lifetime of the 
chelate phosphorescence. The atomic numbers of the metals, the life
times, and φρΙφ/ values are collected in Table 3. The change in value as 

T A B L E 3 Effect of Atomic Number on Phosphorescent Lifetime" of Chelated 
Dibenzoylmethane6 

Metal Atomic number 
Phosphorescent 
lifetime (sec.) ΦρΙΦί 

Al 13 0.50 
Sc 21 0.30 0.15 
Y 39 0.24 0.43 
Lu(Cp) 71 0.12 1.16 
La 57 0.09 2.32 
Gd 64 0.002 No fluorescence 

observable 

a All measurements at 77°K in EPA except Gd chelate, which was in alcohol. 
b P. Yuster and S. J. Weissman, J. Chem. Phys. 17, 1182 (1949). 

one passes from Al to La, i.e., with rising atomic number, corresponds 
to the change already discussed for the halogenonaphthalenes and can 
be traced back to the simultaneous increase in the probabilities of inter
system crossing and of phosphorescence. Another possible explanation 
has been discussed by Reid. 7 The shortening of the lifetime of the triplet 
state with increasing atomic number that has been attributed to spin-
orbit coupling makes triplet states increasingly less sensitive to quenching 
processes; hence, independently of intersystem crossing, an increase of 
ΦρΙφ/ should take place. 

Gadolinium is the only one of the metals investigated by Yuster and 
Weissman 6 that is paramagnetic. It shows a specially great reduction 

6 P. Yuster and S. J. Weissman, / . Chem. Phys. 17, 1182 (1949). 
7 C. Reid, Quart. Rev. (London) 12, 205 (1958). 
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in the lifetime of the chelate phosphorescence and, likewise, a great 
increase in φΡΙφ/. It is obvious that here the electrical perturbation is 
superposed on a magnetic perturbation. Kasha and Becker 8 have 
described an interesting paramagnetic spin-orbit coupling effect of a 
similar kind. These authors found that the phthalocyanines of dia-
magnetic metal ions such as Mg(II) and Zn(II) show strong fluorescence 
while those of paramagnetic metal ions, like Ni(II), show phosphor
escence but no fluorescence. 

Many external spin-orbit coupling effects have been observed. One 
of these had long been known but was first correctly interpreted by 
Kasha, 9 viz., the quenching of the fluorescence of liquid solutions of 
aromatic hydrocarbons and other compounds by the presence of alkyl 
halides. This quenching of fluorescence increases with increasing atomic 
number of the halogen and is therefore to be recognized as typical of 
enhanced intersystem crossing arising from spin-orbit coupling. In rigid 
solutions at low temperature the suppression of fluorescence is linked 
with an increase of phosphorescence. McGlynn et al.10 measured φρΙφ/ 
values for rigid solutions of naphthalene in the presence of various alkyl 
halides. As the atomic number of the halogen gets larger an increase of 
φρΙφ/ and a decrease of the duration of phosphorescence takes place. 
Which of the possible S-T intercombinations is the most sensitive to 
external spin-orbit coupling effects is not quite clear. McGlynn et al.10 

concluded, as a result of their measurements, that of the possible S-T 
intercombinations the transition probability of intersystem crossing is 
raised most. Siegel and Judeikis 1 1 concluded from measurements of 
phosphorescence and of ESR on systems quite similar to those investi
gated by McGlynn that the phosphorescence transition is more strongly 
influenced by external spin-orbit coupling than intersystem crossing. 
McGlynn et al.12 have also investigated the halogenonaphthalenes as 
well as naphthalene. For the halogenonaphthalenes in the presence of 
alkyl halides, internal and external spin-orbit coupling effects are 
superposed. Various other derivatives of naphthalene such as the 

» R. S. Becker and M. Kasha, / . Am. Chem. Soc. 77, 3669 (1955). 
9 M. Kasha, / . Chem. Phys. 2 0 , 71 (1952); S. P. McGlynn, T. Azumi, and M. Kasha, 

ibid. 4 0 , 507 (1964). 
1 0 S. P. McGlynn, J. Daigre, and F. J. Smith, J. Chem. Phys. 39, 675 (1963). 
1 1 S. Siegel and H. S. Judeikis, / . Chem. Phys. 4 2 , 3060 (1965). 
1 2 S. P. McGlynn, M. J. Reynolds, G. W. Daigre, and N. D. Christodouleas, / . Phys. 

Chem. 6 6 , 2499 (1962). 
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dinitronaphthalenes and compounds like coumarin and fluorescein also 
show more intense phosphorescence in the presence of ethyl iodide in 
rigid solvents, as was found by Graham-Bryce and Corki l l . 1 3 Robinson 
et al.14 have reported on a very interesting external spin-orbit coupling 
effect. They investigated the phosphorescence of benzene and deutero-
benzene in rigid solutions of methane, argon, krypton, and xenon at 
4.2°K. The pronounced fall in the lifetime of the phosphorescence of 
benzene or deuterobenzene between solution in argon (16 and 26 seconds, 
respectively) and solution in xenon (0.07 second for both compounds) 
points to a strongly Z-dependent spin-orbit coupling effect. 

The strengths of singlet-triplet absorption spectra can also be altered 
by external spin-orbit coupling effects. Kasha 9 made the first observation 
of this kind. If the two colorless liquids 1-chloronaphthalene and ethyl 
iodide are brought together the mixture is yellow. Study of the visible 
spectrum reveals great similarity in position and vibrational structure 
to the commensurately strong S-T absorption spectrum of 2-iodo
naphthalene. Obviously the weak S-T absorption of the 1-chloro
naphthalene has been greatly enhanced under the influence of the ethyl 
iodide. McGlynn et al}5 have established that we are definitely concerned 
here with an external spin-orbit coupling effect that increases the 
probability of the S-T transition. The effect is associated with the 
formation of a weak charge-transfer complex. 

It has been observed by E v a n s 1 6 - 2 0 and other authors that S-T 
absorption spectra are greatly enhanced by the presence of paramagnetic 
substances such as oxygen, nitric oxide, or paramagnetic metal che la tes 2 1 

in the solvent. The effect had earlier been interpreted in rather obvious 
fashion as an overwhelming magnetic perturbation. Recent investiga
t i o n s 2 2 make it probable, however, that the increase in the intensity of 
1 3 J. J. Graham-Bryce and J. M. Corkill, Nature 186, 965 (1960). 
1 4 M. R. Wright, R. P. Frosch, and G. W. Robinson, / . Chem. Phys. 33, 934 (1960). 
1 5 S. P. McGlynn, R. Sunseri, and N. D. Christodouleas, / . Chem. Phys. 37, 1818 

(1962). 
1 6 D. F. Evans, Nature 178, 534 (1956). 
1 7 D. F. Evans, / . Chem. Soc. p. 2753 (1959). 
1 8 D. F. Evans, / . Chem. Soc. p. 1351 (1957). 
1 9 D. F. Evans, / . Chem. Soc. p. 1753 (1960). 
2 0 D. F. Evans, / . Chem. Soc. p. 3885 (1957). 
2 1 J. N. Chaudhuri and S. Basu, Trans. Faraday Soc. 54, 1605 (1958). 
2 2 H. Tsubomura and R. S. Mulliken, / . Am. Chem. Soc. 82, 5966 (1960); J. N. 

Murrell, Mol. Phys. 3, 319 (1960). 
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the S-T absorption spectra in these systems is connected chiefly with the 
formation of weak charge-transfer complexes. In these complexes the 
aromatic hydrocarbon or heterocyclic compound whose S-T absorption 
is being measured is behaving as an electron donor and the oxygen as an 
electron acceptor. 

The method using oxygen is especially important and is carried out 
with liquid solutions (in special flasks) by keeping the oxygen in solution 
under high pressure. In this way T-S absorption spectra have been 
observed for numerous compounds, e.g., benzene, 1 6 benzene deriva
t ives , 1 7 polycyclic aromatic hydrocarbons, 1 8 azahydrocarbons, 1 7 and 
also aliphatic compounds 1 9 such as ethylene, butadiene, and others. 
For easily volatilized substances, e.g., benzene, T-S absorption spectra 
have also been measured in the gaseous state by the oxygen method . 2 0 

Reference should also be made in this summary to the phosphorescent 
properties of stable charge-transfer complexes, e.g., those of polycyclic 
aromatic hydrocarbons (donors) with sym-trinitrobenzene or tetra-
chlorophthalic anhydride (acceptors). The phosphorescence of the 
donors is observed. The spectra are altered only slightly from those of 
the complex-free compounds and the duration of phosphorescence is 
abbreviated by the formation of the complexes. The work of Czekalla 
et al.23 and of McGlynn et al.24 has been specially important in elucidat
ing for charge-transfer complexes the complicated problems that arise 
because the donor phosphorescence is superimposed on a charge-transfer 
fluorescence lying in the same spectral region. 

By application of the external spin-orbit coupling effects just described, 
particularly Kasha's ethyl iodide method and Evans's oxygen method, 
S-T absorption spectra have now been made accessible for very many 
compounds. This is especially significant in cases in which the observa
tion of the lowest triplet state by phosphorescence is impossible for 
experimental reasons such as very weak emission at very long wavelength. 
An example is tetracene, whose lowest triplet state has so far been 

2 3 J. Czekalla, Naturwissenschaften 43,467 (1956); J. Czekalla, G. Briegleb, W. Herre, 
and R. Glier, Z. Elektrochem. 6 1 , 537 (1957); J. Czekalla, A. Schmillen, and 
K. J. Mager, ibid. p. 1053; J. Czekalla, G. Briegleb, W. Herre, and H. J. Vahlsen-
siek, ibid. 6 3 , 715 (1959); J. Czekalla and K. J. Mager, ibid. 6 6 , 65 (1962). 

2 4 S. P. McGlynn and J. D . Bogus, / . Am. Chem. Soc. 8 0 , 5096 (1958) ; S. P . McGlynn, 
J. D . Bogus, and E. Elder, / . Chem. Phys. 3 2 , 357 (1960); for a comprehensive 
review, see S. P. McGlynn, Chem. Rev. 58,1113 (1958). 
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measurable only in absorption and not in emission. 2 5 Knowledge of the 
position of the lowest triplet state of this hydrocarbon has been of great 
significance for the theory (see Section 2.1). 

External spin-orbit coupling effects can also find useful applications 
in phosphorimetry; details of these will be given later (see Section 3.2). 

1.3. POSITIONS AND VIBRATIONAL STRUCTURES OF PHOSPHORESCENCE 
SPECTRA 

If the simple Huckel molecular orbital approximation is used to derive 
the energies of singlet and triplet states having the same electronic 
configurations, i.e., having the same orbital distribution of electrons, it 
is found that they, the energies, are identical. The reason is that the 
coulombic repulsion of the electrons has not been allowed for. This 
repulsion will be all the greater and the energy of the excited state 
simultaneously all the higher, the smaller the distances between the 
various electrons. It can be shown that the probability of both electrons 
of a singlet state being found in the same place has a finite value, but 
that for the electrons of a triplet state is zero. Because the closer proximity 
of the electrons of the singlet state leads to greater coulombic repulsion, 
the singlet state always possesses higher energy than the triplet state 
with the same electronic configuration. 1 This is a special case of Hund 's 
rule, applicable both to atoms and to molecules, that the state of highest 
multiplicity is always the most stable. 

It follows from this that the lowest excited state of a molecule is always 
a triplet. Since the phosphorescence originates from this, it must 
necessarily lie at longer wavelength than the fluorescence that originates 
from the lowest singlet excited state. 

The position of the phosphorescence transition depends strongly on 
the structure of the molecule, and the spectral region in which it may be 
observed stretches from the U V to the near infrared. Spectra lying in 
the visible region are obviously very easily accessible experimentally, 
whereas those at very long wavelength, which are usually also extremely 
weak, can only be measured with difficulty. 
2 5 S. P. McGlynn, M. R. Padhye, and M. Kasha, / . Chem. Phys. 2 3 , 593 (1955). 

1 A. Streitwieser, Jr., "Molecular Orbital Theory for Organic Chemists," Wiley, 
New York, 1961 ; C. Sandorfy, "Electronic Spectra and Quantum Chemistry." 
Prentice-Hall, Princeton, New Jersey, 1964. 
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The phosphorescence spectra of the aromatic hydrocarbons, of most 
heterocyclics, and of many derivatives of these classes of compounds 
correspond to π-π* transitions, but although this type of excitation is 
by far the most frequent, there is a series of compounds that shows 
« - 7 7 * phosphorescence. 2 To this belong very important families of 
compounds: the carbonyls (quinones, ketones, etc.), the nitro com
pounds, and a few heterocyclics such as pyrimidine and pyrazine. 

A series of cri teria 2 is available by which 7 7 - 7 7 * and η-π* phosphor
escences can be distinguished. The latter are characterized usually by a 
very high ratio of φΡΙφ/. Thus, for example, anthraquinone (see Section 
2.3) shows no measurable fluorescence, but instead, an intense η-π* 
phosphorescence; anthracene fluoresces more strongly than it phos
phoresces. 

In homologous chemical series, the energies and lifetimes of phos
phorescence are strongly dependent on the size of the molecule if they 
result from 7 7 - 7 7 * transitions, but are only slightly influenced by molecular 
size if they result from η-π* transitions. 

For azahydrocarbons, Goodman and K a s h a 3 found a sharp criterion 
for distinguishing the two types of phosphorescence, viz., that 7 7 - 7 7 * phos
phorescence is displaced toward longer wavelengths by substitution, for 
example, by methyl groups; η-π* phosphorescence, on the other hand, 
is displaced toward shorter wavelengths. Goodman and Shul l 4 have 
also demonstrated a theoretical foundation for this criterion. 

Finally it should be mentioned that in the vibrational structure of 
η-π* phosphorescence spectra there are usually to be found frequencies 
characteristic of those groups present that have lone electron pairs, for 
example, the carbonyl frequency (ca. 1725 c m - 1 ) in the phosphorescence 
spectra of carbonyl compounds and the Raman frequency of the nitro 
group (ca. 1450 c m - 1 ) in the phosphorescence spectra of aromatic 
nitro compounds. 2 

The band of shortest wavelength (the 0,0 band) of a phosphorescence 
spectrum gives the energy (in c m - 1 ) of the lowest triplet state compared 
with the ground state as the zero of energy. In correlating the triplet 
state with the singlet excited states of the molecule, three questions are 
especially interesting: 

2 M. Kasha, Radiation Res. Suppl. 2, 243 (1960). 
3 S. L. Goodman and M. Kasha, / . Mol. Spectry. 2, 58 (1958). 
4 S. L. Goodman and L. Shull, J. Chem. Phys. 27, 1388 (1957). 
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1. How great is the energy difference between the lowest singlet and 
the lowest triplet state? This energy difference makes it possible to 
predict whether a thermal transition from the lowest triplet to the lowest 
singlet state is possible, and this is significant in connection with what 
is called "E-type delayed fluorescence" (see Section 1.6). The difference 
in energy is easily deduced from the phosphorescence and fluorescence 
spectra. 

2. Which singlet excited state has the same electronic configuration 
as the lowest triplet state? This question concerns the classification 5 of 
the lowest triplet state in a compound and the consequent magnitude of 
the singlet-triplet splitting (the energy difference between the singlet 
and triplet states having the same electronic configurations). There are 
two important possibilities for the classification. First, in homologous 
chemical series (e.g., hydrocarbons of the acene series) passage from 
one member of the series to the next is accompanied by approximately 
uniform changes, both in direction and magnitude, in those spectra that 
arise from singlet and triplet states having the same electronic con
figuration. Second, classification frequently becomes feasible if com
parison is made between the measured energy of the lowest triplet state 
of a molecule and the energies of successive triplet states as determined 
quantum mechanically. 

The classification of the lowest triplet state is thoroughly discussed for 
polycyclic hydrocarbons in Section 2.1. 

3. Which singlet state mixes with the lowest triplet state (see Section 
1.4)? Since the polarization of the phosphorescence is determined by the 
symmetry of that singlet state that perturbs and mixes with the triplet 
state, conclusions can be reached from the phosphorescence polarization 
spectra concerning the nature of the perturbing singlet state. Such 
spectra have been measured for a large number of compounds and will 
be considered later (see Section 1.4). 

In addition to the position of the 0,0 band of a phosphorescence 
spectrum, its vibrational structure is also of interest. Because of the low 
temperature at which phosphorescence measurements are usually 
carried out, the phosphorescence transition starts at the lowest vibra
tional level of the triplet state and leads into the various vibrational 
levels of the ground state. The distances between the phosphorescence 
0,0 band and the higher bands are therefore given by the nuclear vibration 
5 D. R. Kearns, / . Chem. Phys. 3 6 , 1608 (1962). 
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frequencies of the ground state. The succession of the frequencies 
determined from the phosphorescence spectra agrees with data from 
infrared and Raman spectra. 

For the detailed vibrational analysis, spectra that are rich in bands of 
small half-value width are desirable. In connection with the important 
fluorescence investigations of ShpoPskii, 6 Sponer, Kanda, and their 
collaborators 7 have shown that phosphorescence spectra that are es
pecially rich in structural details are obtained by employing a crystalline 
hydrocarbon matrix. This has been demonstrated particularly well with 
cyclohexane. 

Vibrational analyses of numerous phosphorescence spectra are to be 
found in the literature (see Section 2.1). For the overwhelming majority 
of compounds the vibrational structure and the intensity distribution of 
the spectra show that the phosphorescence transition is not forbidden 
by symmetry (concerning the selection rules in organic molecules, see 
Streitwieser 1). The 0,0 bands of the spectra are intense and usually 
display totally symmetrical vibrations. Examples of typical phos
phorescence spectra (phenanthrene and carbazole) are shown in Fig. 5. 

An exception to the usual behavior is found in benzene. Working 
independently Shul l 8 and Dikun and Sveshnikov 9 were able to show 
that the phosphorescence transition of benzene is symmetry forbidden. 
The triplet-singlet transition of this compound is therefore determined 
by two selection rules, viz. intercombination forbidden and symmetry 
forbidden. That the spectrum is symmetry forbidden is shown by the 
extremely low intensity of the 0,0 band (in EPA at 77°K); moreover it 
follows unequivocally from the vibrational analysis of the spectrum 
given by these authors. 

Extremely weak 0,0 bands also distinguish the phosphorescence spectra 

of the hydrocarbons triphenylene and coronene which are also sym

metrical; for these compounds too it seems probable that the pilos

is Ε. V. Shpol'skii, Usp. Fiz. Nauk 71, 215 (1960); ibid. 80, 255 (1963). 
7 H. Sponer, Y. Kanda, and L. A. Blackwell, Spectrochim. Acta 16, 1135 (1960); 

Y. Kanda and R. Shimada, ibid. 17, 279 (1961); Y. Kanda, R. Shimada, and 
Y. Sakai, ibid. 17, 1 (1961); Y. Kanda, R. Shimada, K. Hanada, and S. Kajigaeshi, 
ibid. 17, 1268 (1961); R. Shimada, ibid. 17, 14 and 30 (1961). 

8 H. J. Shull, J. Chem. Phys. 17, 295 (1949). 
9 P. P. Dikun and Β. Y. Sveshnikov, Zh. Eksperim. i. Teor. Fiz. 19, 1000 (1949); 

Dokl. Akad. Nauk SSSR 65, 637 (1949). 
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Fig. 5. Phosphorescence spectra of carbazole (—) and phenanthrene (—) in EPA 
at 77°K. 

Note: In all figures showing spectra the intensities are in (uncorrected) scale 
divisions unless otherwise indicated. 

Robinson et al.12 have observed that in rigid solutions in krypton and 
xenon (solvents in which a considerable external spin-orbit coupling 
effect is revealed as a decrease in the duration of phosphorescence), 
benzene and deuterobenzene have intense phosphorescence 0,0 bands, 

1 0 F. Dorr and H. Gropper, Z. Elektrochem. 67, 193 (1963); J. Czekalla and K. J. 
Mager, ibid. 66, 65 (1962). 

1 1 Y. Kanda and R. Shimada, Spectrochim. Acta 17, 7 (1961). 
1 2 M. R. Wright, R. P. Frosch, and G. W. Robinson, J. Chem. Phys. 3 3 , 934 (1960). 

phorescence transition is symmetry forbidden. 1 0 

Several observations suggest that the forbidding of phosphorescence 
transitions by symmetry may be slightly relaxed through external 
perturbations. Thus Kanda and Shimada 1 1 found that benzene in a 
crystalline matrix of carbon tetrachloride (in contrast to its properties 
in an EPA glass) displays a typical symmetry-permitted phosphorescence 
spectrum with an intense 0,0 band. 
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but in methane and argon (solvents in which no spin-orbit coupling 
effect occurs) the 0,0 bands are extremely weak. 

Zander has made a very similar observation 1 3 on triphenylene and 
coronene. The phosphorescence 0,0 bands of these hydrocarbons are 
very weak in EPA as well as in crystalline matrices of ^-heptane, benzene, 
toluene, or /^-xylene (solvents without spin-orbit coupling effects), 

\{π\μ) —»-

Fig. 6. Phosphorescence spectra of coronene in trichlorobenzene (—) and EPA 
(—) at 77°K. Intensity = relative energy (corrected). 

though they are very intense in carbon tetrachloride, monochloro-
benzene, o-dichlorobenzene, 1,2,4-trichlorobenzene, or monobromo-
benzene (solvents having spin-orbit coupling effects). The positions of 
the phosphorescence transitions were only slightly influenced by the 
rigid solvents. As an example, the phosphorescence spectra of coronene 
1 3 M. Zander, Naturmssenschaften 52, 559 (1965). 
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in EPA and in 1,2,4-trichlorobenzene are repeated in Fig. 6. The follow
ing observation shows that this last effect is not attributable to the 
crystalline matrix: the 0,0 band of triphenylene or coronene, which is 
very weak in EPA, becomes very strong in a glass that consists of 9 parts 
of EPA and 1 part of methyl iodide (see also Section 3.2). Also the 
symmetry-forbidden S-T absorption spectrum of benzene becomes 
symmetry permi t ted 1 4 in solution and in the gas phase in the presence 
of oxygen (increase of spin-orbit coupling; see Section 1.2); this is 
demonstrated by the great increase in the intensity of the 0,0 band. 

All these observations point to an incomplete understanding of the 
connection between the prohibition of phosphorescence by symmetry 
and that by intercombination; this is obvious from the symmetrical 
hydrocarbons discussed here. 

Except in the cases just considered the positions and the vibrational 
structures of phosphorescence spectra alter only slightly with the solvent 
as has been shown especially by the extended researches of N a u m a n . 1 5 

Little is known about the dependence of these spectra on temperature. 
The spectrum of coronene in rigid solution in perhydrocoronene matches 
that in EPA at 77°K. At room temperature new bands appear at shorter 
wavelength and can perhaps be attributed to transitions from higher 
nuclear vibration terms of the triplet s ta te . 1 6 

1.4. LIFETIME, QUANTUM YIELD, AND POLARIZATION OF PHOSPHOR
ESCENCE 

In rigid glasses and at low temperature, phosphorescence decays 
exponentially according to the first-order law. To determine the "mean 
phosphorescent lifetime" r 0 , the intensity of the phosphorescence is 
plotted logarithmically against the time after cutting off the exciting 
radiation. The gradient of the resulting straight line is 2 . 3 0 3 r 0 . 1 , 2 

The quantity τ 0 is only identical with the "natural lifetime" τΝ of the 
triplet state if the sole transition arising from this state Tx is the radiation 

14 D. F. Evans, J. Chem. Soc. p. 3885 (1957). 
1 5 R. V. Nauman, Dissertation, University of California, Berkeley, California (1947). 
1 6 M. Zander, Naturwissenchaften 47, 443 (1960). 

1 See T. Fôrster, "Fluoreszenz organischer Verbindungen," pp. 156ff. and 266ff. 
Vandenhoeck & Ruprecht, Gottingen, 1951. 

2 D. S. McClure, / . Chem. Phys. 17, 905 (1949). 
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transition to the ground state S0. This is not often the case. Usually a 
radiationless transition to the ground state also occurs and has greater 
probability the smaller the energy difference between Tx and S0.3 

Because of this radiationless transition Tx -> .S0, r 0 is generally smaller 
than rN. 

Assuming that the only radiationless transition taking place in a 
molecule occurs from Tx to the ground state and not from the lowest 
excited singlet state or any higher excited state, it is possible to calculate 
τΝ from a knowledge of the absolute quantum yields of fluorescence and 
phosphorescence. 4 The relationship is 

τΝ = τ0(1-φ/)Ιφρ (2) 

In cases in which other radiationless transitions to the ground state 
occur as well as Tx --> S0, the " t rue" rN is smaller than that given by 
Eq. (2). From this it follows that the true rN lies between r 0 and that 
given by Eq. (2). The range of values obtained in this way is useful for 
many semiquantitative purposes. 

For reasons that Rob inson 5 (in particular) has discussed, the radia
tionless Τχ -> S 0 transition is almost completely suppressed in per-
deuterated hydrocarbons (e.g., perdeuterobenzene). Hence the mean 
phosphorescent lifetime r 0 of a perdeuterated compound is approxi
mately the same as the natural lifetime rN of the triplet s t a t e . 5 ' 6 The 
frequencies of other processes are not substantially altered for deuterated 
compared with nondeuterated compounds. The r 0 values of the 
deuterated compounds are, therefore, simultaneously good approxima
tions to the rN values of the nondeuterated compounds. In Table 4, 
r 0 is listed for some deuterated and nondeuterated aromatic hydro
carbons. 7 The significantly smaller values of r 0 for the hydrogenated 
compounds show that in the hydrocarbons the radiationless Tx --> S0 

transition can have a really high probability. 
In principal it should be possible to calculate the natural lifetime rN 

3 G. W. Robinson and R. P. Frosch, X Chem. Phys. 38, 1187 (1963). 
4 E. H. Gilmore, G. E. Gibson, and D. S. McClure, / . Chem. Phys. 20, 829 (1952); 

for correction, see ibid. 23, 399 (1955). 
5 G. W. Robinson, / . Mol. Spectry. 6, 58 (1961). 
6 M. S. de Groot and J. H. van der Waals, Mol. Phys. 4, 189 (1961); E. C. Lim and 

J. D. Laposa, J. Chem. Phys. 41, 3257 (1964). 
7 R. E. Kellog and R. P. Schwenker, / . Chem. Phys. 41, 2860 (1964). 
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of the triplet state from the integrated intensity of the S-T absorption 
spectrum. In practice there are many difficulties. Thus, it is very difficult 
(e.g., because of traces of oxygen) to observe the entirely unperturbed 
S-T spectrum. In any case entirely unperturbed S-T spectra are usually 
very weak and so in determining the area under the absorption curve 
through the spectral background originating from the longest-wavelength 

TABLE 4 Phosphorescent Lifetimes of Perdeuterated 
Aromatic Hydrocarbons" 

Compound Phosphorescent lifetime (sec)6 

Naphthalene-i/g 22.0 
Naphthalene-/z8 2.4 
Phenanthrene-i/jo 16.4 
Phenanthrene-/* 1 0 3.8 
Triphenylene-i/12 23.0 
Triphenylene-A 12 16.0 
Pyrene-i/10 3.2 
Pyrene-A10 0.5 
Diphenyl-i/ 1 0 10.3 
Diphenyl-A10 4.2 
/7-Terphenyl-i/i4 5.3 
/?-Terphenyl-/*i4 2.6 

A R . E. Kellog and R . P. Schwenker, / . Chem. Phys. 4 1 , 
2860 (1964). 

b All measurements in EPA at 77°K. 

S-S band large errors may be introduced. Finally the relationship 
between the lifetime of the excited state and the absorption strength of 
the corresponding transition is only approximately valid for molecules . 4 , 8 

All the same, in cases in which the triplet lifetime measured from phos
phorescence is appreciably shorter than that determined from the T-S 
absorption, one can conclude that there is a high frequency of radiation
less Τχ --> S0 transitions. 

8 G. N. Lewis and M. Kasha, J. Am. Chem. Soc. 6 7 , 994 (1945); M. R . Padhye, 
S. P. McGlynn, and M. Kasha, / . Chem. Phys. 2 4 , 588 (1956). 
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Compound Phosphorescent lifetime (sec.) Reference0 

Aromatic Hydrocarbons 
Benzene 7.0 1 
Naphthalene 2.6 1 
Anthracene 0.09 2 
Phenanthrene 3.3 1 
1,2-Benzanthracene 0.3 1 
Chrysene 2.5 1 
3,4-Benzphenanthrene 3.5 3 
Pyrene 0.2 1 
1,2-Benzpyrene 2.0 3 
1,2:6,7-Dibenzpyrene 7.5 3 
Coronene 9.4 1 

Substituted Aromatics 
Chlorobenzene 0.004 1 
Phenol 2.9 1 
Aniline 4.7 1 
Benzoic acid 2.5 1 
1-Nitronaphthalene 0.05 1 
1,5-Dinitronaphthalene 0.11 1 

Carbonyl Compounds 
Acetone 0.0006 1 
Acetophenone 0.008 1 
Anthraquinone 0.2 3 
Methyl-2-naphthyl ketone 0.95 1 

Heterocyclics 
Indole 5.0 4 
Quinoline 0.5 5 
Isoquinoline 1.3 5 
7,8-Benzoquinoline 1.4 5 

a 1. D. S. McClure, / . Chem. Phys. 17, 905 (1949). 
2. S. P. McGlynn, M. R. Padhye, and M. Kasha, / . Chem. Phys. 23, 593 (1955). 
3. E. Clar and M. Zander, Chem. Ber. 8 9 , 749 (1956); M. Zander, unpublished 

data (1965). 
4. R. C. Heckman, / . Mol. Spectry. 2, 27 (1958). 
5. D. P. Craig and J. G. Ross, / . Chem. Soc. p. 1589 (1954). 

TABLE 5 Phosphorescent Lifetimes of Various Compounds 
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In Table 5 the mean phosphorescent lifetimes r 0 of various compounds 
have been assembled. The measurements are for glassy rigid solvents at 
low temperatures. It will be seen that they are strongly dependent on the 
structures of the molecules and are quite short for carbonyl compounds. 
The influence of heavy substituents on the duration of phosphorescence 
has already been demonstrated in detail (see Section 1.1). For aromatic 
hydrocarbons a reduction of lifetime is observed with increasing dis
placement of the phosphorescence transition toward longer wavelengths. 
This is attributable to the rapid increase in the rate of the radiationless 
Τι -> S0 transition with decreasing difference between the Tx and S0 

energies. 
The mean phosphorescent lifetime r 0 is effectively independent of 

concentration. Hence for a given temperature and solvent it is a charac
teristic constant of the substance and so can be used for its identifica
t ion. 9 This has still to be discussed in detail (see Section 3.3.3). 

The dependence of τ 0 on temperature is quite complicated and turns 
on the nature of the rigid solvent. For example, with aromatic hydro
carbons such as coronene, phenanthrene, fluoranthene, etc. in heptane 
it is only slightly temperature dependent. At about 170°K, i.e., at about 
10°C below the melting point of the solvent, it has still about half the 
value measured at 77°K. 1 0 In artificial glasses such as polyacrylonitrile 
(Orion A), cellulose acetate, and others the magnitudes of r 0 for aromatic 
hydrocarbons again depend only slightly on temperature. Whatever the 
compound, r 0 is reduced by a factor of about 2 between 77°K and room 
temperature. 7 For rigid solutions of naphthalene and of naphthalene-i/ 8 

in d u r o l 1 1 as well as for triphenylene and some other compounds in 
glycerol, 1 2 an identical temperature variation was observed, viz., slight 
dependence on temperature at low temperatures, strong dependence 
above 200°K. What kind of process comes into operation at the higher 
temperatures is not really understood ; it leads to a very marked decrease 
of r 0 . In contrast, when these hydrocarbons are dissolved in isopropyl 
alcohol (again at very low temperatures), their r 0 values display an 
extremely strong variation with t e m p e r a t u r e . 1 0 , 1 3 

9 M. Zander, Angew. Chew. Intern. Ed. Engl. 4 . 930 (1965). 
1 0 G. von Foerster, Z. Naturforsch. 18a, 620 (1963). 
1 1 S. G. Hadley, Η. E. Rast, and R. A. Keller, J. Chem. Phys. 39, 705 (1963). 
1 2 T. H. Jones and R. Livingston, Trans. Faraday Soc. 6 0 , 2168 (1964). 
1 3 A. Schmillen and A. Tschampa, Z. Naturforsch. 19a, 190 (1964). 
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The dependence of r 0 on the solvent that is occasionally observed may 
be closely connected with its dependence on temperature . 1 0 

Absolute determinations of the quantum yields in phosphorescence 
are experimentally rather difficult to carry out and so have still not been 
made for very many c o m p o u n d s . 4 ' 1 4 A collection of values is shown in 
Table 6. As with the lifetime of phosphorescence so too its quantum 

TABLE 6 Quantum Yields in the Phosphorescence 
of Various Compounds* 

Compound Quantum yield 

Benzene 0.17 
Naphthalene 0.06 
Phenanthrene 0.31 
Triphenylene 0.37, 0.46 
Chrysene 0.13 
Coronene 0.30 
Chlorobenzene 0.04 
Acetophenone 0.43 
Benzophenone 0.52 

a E. H. Gilmore, G. E. Gibson, and D. S. McClure, 
J. Chem. Phys. 20, 829 (1952); W. H. Melhuish, 
/. Opt. Soc. Am. 54, 183 (1964). 

yield is very sensitive to molecular structure. It is found that the yield 
decreases with increasing shift of the transition toward longer wave
lengths and this, like the parallel change in the lifetime, suggests a great 
increase of the radiationless 7\ -> S0 transition. Since this process 
obviously cannot be neglected, particularly when the difference between 
S0 and Τι is small, it is only very approximately correct to equate the 
ratio of the quantum yields in fluorescence and phosphorescence with 
the ratio of the probabilities of fluorescence and intersystem crossing, 
as has occasionally been done. 

The phosphorescence quantum yield is temperature dependent and, 
at least for aromatic hydrocarbons, more strongly so than the phos-

14 W. H. Melhuish, / . Opt. Soc. Am. 54, 183 (1964). 
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phorescent lifetime. It decreases rapidly with rising temperature, again 
over a range throughout which the medium is quite r igid. 1 0 

A matter of great interest is the question of whether the phosphor
escence quantum yield and the ratio of the quantum yields in phos
phorescence and fluorescence φΡΙφ/ depend on the exciting wavelength. 
For the majority of the compounds investigated it has been established 
that this is not s o . 4 , 1 5 However, for some, e.g., fluorescein,16 chrysene, 1 7 

and the interesting substance hexahelicene 1 7 (I), φρ\φί increases with 

falling excitation wavelength. A possible explanation is that in these 
cases intersystem crossing from the higher singlet excited states occurs 
with greater frequency than from the lowest singlet excited state. It can 
be established theoretically that the opposite case cannot occur, 3 and 
it has, in fact, never been observed. 

Ferrocene behaves in an interesting way. As Scott and Becker 1 8 

found, no phosphorescence takes place following irradiation in the 
absorption band of longest wavelength (4300 Â) ; it is observed at 
5280 Â, with τ 0 = 2 seconds, however, in EPA at 77°K if irradiation is 
in the second absorption band (3240 Â), and it arises from the lowest 
triplet level of ferrocene. Several possible explanations of this unusual 
phosphorescence excitation phenomenon have been discussed. 

According to theory the rule forbidding intercombination relaxes 

1 5 J. Ferguson, / . Mol. Spectry. 3 , 177 (1959); R. M. Hochstrasser, Can. J. Chem. 
3 8 , 233 (1960). 

1 6 See P. Pringsheim, "Fluorescence and Phosphorescence," p. 437. Wiley (Inter-
science), New York, 1963; R. Bauer and A. Baczynzki, Bull. Acad. Polon. Sci., 
Ser. Sci., Math., Astron. Phys. 6, 113 (1958); Chem. Abstr. 5 2 , 13,438 (1958). 

1 7 M. F. O'Dwyer, M. Ashraf El-Bayoumi, and S. J. Strickler, / . Chem. Phys. 3 6 , 
1395 (1962); but see S. K. Lower and M. A. El-Sayed, Chem. Rev. 6 6 , 199 (1966). 

1 8 D. R. Scott and R. S. Becker, / . Chem. Phys. 3 5 , 516 (1961). 
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because spin-orbit coupling mixes some singlet character into the 
triplet state.* How, in any particular case, can a decision be reached 
concerning the nature of the perturbing singlet state? It can be shown 
that the polarization^ of the phosphorescence transition is identical with 
that of an absorption transition that leads from the ground state of the 
molecule to the perturbing singlet excited state. In this way measurements 
of the polarization of the phosphorescence permit decisions concerning 
the nature of the perturbing singlet state and in this lies their great 
significance for the theory of phosphorescence. 1 9 

It is, however, conceivable a priori that not just one but several 
different singlet excited states of comparable importance could get 
mixed into the triplet state. These different perturbations would then 
bring about in a compound several triplet-singlet radiating transitions 
of the same energy but of different polarizations. In such a case only a 
slight degree of polarization (zero, weak positive, or weak negative) 
would be expected as the mean of the different polarizations of the 
individual T-S transitions. 

Relationships of this kind were found by Dôrr et al. as well as by 
El-Sayed and Pavlopoulos 2 0 for the halogenonaphthalenes (1- and 
2-fluoro-, chloro-, bromo-, and iodonaphthalene). Naphthalene itself 
shows negative polarization of the phosphorescence and the observed 
degree of polarization reaches approximately the theoretical limiting 
value of—1/3. Hence it is concluded that only a single perturbing singlet 
state is involved in mixing with the triplet state. Halogen substitution 
makes the degree of polarization more positive and in fact all the more 
so the greater the atomic number Ζ of the halogen. In no case does it 
approach the limiting value, positive or negative, for polarization 

* It is assumed here that the perturbation of the singlet ground state, through which 
this acquires some triplet character, is negligibly small. In many cases, however, this 
is only approximately true. In this connection, see L. Goodman and V. G. Krishna, 
/. Chem. Phys. 37, 2721 (1962). 

t For the theoretical foundations of the polarization of phosphorescence and 
fluorescence, see Th. Forster, "Fluoreszenz organischer Verbindungen," p. 160. 
Vandenhoek & Ruprecht, Gottingen, 1951 ; S. K. Lower and M. A. El-Sayed, Chem. 
Rev. 66, 199 (1966); F. Dorr, Angew. Chem. 78, 457 (1966). 

1 9 H. Gropper and F. Dorr, Z. Elektrochem. 67, 46 (1963). 
2 0 F. Dorr, H. Gropper, and N. Mika, Z. Naturforsch. 18a, 1025 (1963); M. A. El-

Sayed and T. Pavlopoulos, / . Chem. Phys. 39, 1899 (1963); ibid. 41, 1082 (1964). 
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exclusively in one direction. It is, therefore, obviously the case here that 
not a single singlet excited state but several of different symmetry are 
mixed with the triplet state. It is, of course, plausible that the perturba
tion introduced into the molecule by substituents of high Z, e.g., iodine, 
is different from that in the hydrocarbon. 

The properties observed for the halogenonaphthalenes are, however, 
relatively rare. In the majority of cases the same results are found as for 
naphthalene, namely, almost exclusive polarization of phosphorescence 
in one direction. In other words, only one perturbing singlet excited 
state participates. 

It is very interesting to note that all the compounds with 7 7 - 7 7 * phos
phorescence that have been investigated in this connection show negative 
polarization whatever absorption band is selected for the exc i t a t ion . 2 1 " 2 9 

According to theory this means that the moment of the phosphorescence 
transition is perpendicular to the moments of all the absorption transi
tions appearing in the molecule. Since whenever these absorption 
transitions involve 7 7 - 7 7 * transitions they are polarized in the molecular 
plane, the moment of the phosphorescence transition must be per
pendicular to i t . 2 1 - 2 9 

This result was obtained from a large number of compounds and 
although negative polarization of phosphorescence was first observed by 
Wi l l i ams 2 1 for phenanthrene, McGlynn and Azumi , 2 2 among others, 
have since confirmed the discovery using more refined methods of 
measurement. 

Krishna and Goodman 2 3 carried out measurements of the polariza
tion of phosphorescence not only on phenanthrene but also on naph
thalene, chrysene, and picene ; in every case they found that the transition 
moment of the phosphorescence is approximately perpendicular to the 
plane of the molecule. Dorr and Gropper 2 4 came to the same conclusion 
2 1 R. Williams, / . Chem. Phys. 3 0 , 233 (1959). 
2 2 T. Azumi and S. P. McGlynn, / . Chem. Phys. 3 7 , 2413 (1962). 
2 3 V. G. Krishna and L. Goodman, / . Chem. Phys. 3 7 , 912 (1962). 
2 4 F. Dorr and H. Gropper, Z. Elektrochem. 6 7 , 193 (1963). 
2 5 M. A. El-Sayed, Nature 197 , 481 (1963). 
2 6 R. M. Hochstrasser and S. K. Lower, / . Chem. Phys. 4 0 , 1041 (1964). 
2 7 F. Dorr, H. Gropper, and N. Mika, Z. Elektrochem. 6 7 , 202 (1963). 
2 8 B. Ja. Sweschnikow and W. L. Jermolaev, Ber. Akad. Wiss. Ud. SSR [N.S.] 7 1 , 

647 (1950). 
2 9 V. A. Pilipovich, Opt. Spectry. (USSR) (English Transi.) 1 0 , 104 (1961). 
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for fluorene, triphenylene, and coronene, but El-Sayed 2 5 investigated 
several aromatic hydrocarbons using the photoselection method and 
confirmed the observations made by other authors. The phosphorescence 
polarization of anthracene, pyrene, and other aromatics in benzo
phenone as a rigid solvent has been studied by Hochst rasser 2 6 ; here too 
negative polarization has been observed. Heterocyclics with 7 7 - 7 7 * 

phosphorescence such as quinoline, isoquinoline, 5,6- and 7,8-benzo-
quinoline, phenanthridine, and others likewise show negative polariza
tion of phosphorescence according to the investigations of Dorr and 
G r o p p e r . 1 9 , 2 4 ' 2 7 Sweschnikow and Jermolaev 2 8 as well as Pil ipovich 2 9 

have established the same effect with dyestuffs such as auramine, 
fluorescein, and rhoduline orange. 

As has been stated above, phosphorescence shows the same polariza
tion as would be shown in an absorptive transition from the ground state 
to the singlet excited state perturbing the triplet state to cause the 
phosphorescence. The moment of this transition is therefore oriented 
perpendicular to the plane of the molecule. But such behavior is displayed 
only by transitions that involve σ electrons. It is therefore the surprising 
result of the measurements of the polarization of phosphorescence that 
the singlet excited state that mixes with and perturbs the triplet state is 
not a pure 77-electron state. The nature of this σ term is not clear in any 
particular case. For the azahydrocarbons investigated by Dorr and 
Groppe r 1 9 the obvious assumption is that a singlet η-π* state is con
cerned. It is well known that such states are characterized by the promo
tion of one of the lone-pair electrons from an orbital of σ symmetry 
(in this case on the nitrogen) to an empty 7 7 * orbital. Such η-π* states 
with σ character are thus also to be assumed in azahydrocarbons even 
though the corresponding η-π* transitions cannot be observed because 
of overlapping by other bands. For the hydrocarbons both the Rydberg 
and the ionic states (which also have σ character) have been considered 
to be the perturbing singlet t e rms . 3 0 

Among heterocyclics with η-π* phosphorescence Krishna and 
G o o d m a n 3 1 have observed for pyrazine and pyrimidine polarization in 
the plane of the molecule. The transition moment of the η-π* phos-

3 0 H. Gropper and F. Dorr, Z. Elektrochem. 67, 46 (1963); M. A. El-Sayed, Nature 
197, 481 (1963); M. Mizushima and S. Koide, J. Chem. Phys. 2 0 , 765 (1952); 
E. Clementi, J. Mol. Spectry. 6, 497 (1961). 

3 1 V. G. Krishna and L. Goodman, / . Chem. Phys. 36, 2217 (1962). 
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phorescence is perpendicular to that of the η-π* absorption. El-Sayed 
and Brewster 3 2 have generalized this result by showing that for hetero
cyclics with π-π* phosphorescence the singlet term that mixes with the 
triplet state has σ character, in contrast to those with η-π* phosphor
escence, for which it has π character. 

1.5. TRIPLET-TRIPLET TRANSITIONS 

In principle every ^-electronic configuration that describes an excited 
state can be resolved into a singlet and a triplet state. In practice with 
unsaturated organic compounds there are observed in addition to the 
lowest triplet excited state (which gives rise to the phosphorescence), 
higher triplet states that are of lower energy than the corresponding 
singlet states. Transitions between the lowest and these higher triplet 
states can occur as either radiating or radiationless processes. Since 
transitions between terms of the same multiplicity are thus involved, 
they take place with high probability, exactly like singlet-singlet transi
tions. 

Because of the long lifetime of the lowest triplet state it is possible, by 
intense and continuous irradiation of a substance present in a rigid 
medium, to establish a relatively high stationary concentration of 
molecules that are in the triplet state. If an absorption spectrum is 
measured for a compound excited in this way, it is found that the singlet-
singlet bands are lowered somewhat; beside them appear new bands, 
generally of longer wavelength, and these, after shutting off the irradiat
ing light, slowly disappear again at a rate appropriate to the lifetime of 
the phosphorescence. These bands arise from absorptive transitions 
between the lowest triplet state and higher ones. 

The first "absorption spectrum of a molecule in the triplet s tate" of 
this kind was measured by Lewis et al.1 for fluorescein. Since then 
McClure 2 as well as Craig and R o s s 3 have measured triplet-triplet 
absorption spectra of numerous polynuclear aromatic hydrocarbons, 
heterocyclics, and substitution products of aromatics. Naphthalene, 
anthracene, phenanthrene, chrysene, triphenylene, fluorene, 3,4-

3 2 M. A. El-Sayed and R. G. Brewster, / . Chem. Phys. 3 9 , 1623 (1963). 
1 G. N. Lewis, D. Lipkin, and T. T. Magel, J. Am. Chem. Soc. 6 3 , 3005 (1941). 
2 D. S. McClure, J. Chem. Phys. 19 , 670 (1951). 
3 D. P. Craig and I. G. Ross, J. Chem. Soc. p. 1589 (1954). 
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benzpyrene, quinoline, isoquinoline, and halogenonaphthalenes have 
been investigated. The precise determination of the extinction coefficients 
of triplet-triplet absorption bands is difficult because of the uncertainty 
of the concentration of the "triplet molecule." Nevertheless the approxi
mate values obtained (e.g., € > 10,000 for naphthalene, 3 € > 50,000 for 
anthracene, 3 though smaller for other compounds) make it clear that 
triplet-triplet transitions occur with the high probability to be expected. 

If the lowest triplet state has a very short lifetime, as is the case with 
all compounds in liquid solution or in the gaseous state, then triplet-
triplet spectra can be measured only if very high intensity of excitation 
is employed. An extremely elegant and very generally applicable method 
of measurement has been developed by Porter . 4 The substance, in liquid 
solution or the gaseous state, is excited by a light flash of very great 
intensity ; in this way there is obtained for a short time a sufficiently high 
concentration of molecules in the lowest triplet state. Immediately after 
the exciting flash a second flash is passed through the solution perpen
dicular to the direction of excitation so that the light that passes through 
the solution falls onto a spectrograph. In this way triplet-triplet absorp
tion spectra of numerous substances and under various external con
ditions could be measured. The method has also been used to follow 
very fast chemical reactions in which triplet molecules take part. 

To identify the spectra obtained as of the triplet-triplet type, various 
criteria were employed. Thus the spectra obtained by flash spectroscopy 
were also measured in rigid solution where they decay with the 
same speed as the phosphorescence. Further, the energies of the higher 
triplet states of organic molecules can be calculated by the molecular 
orbital method and these theoretical values have proved very useful for 
identifying the measured spectra. 

Triplet-triplet transitions can also take place without radiating (e.g., 
intramolecularly between a higher and the lowest triplet state). Of special 
interest is the phenomenon of a radiationless triplet energy transfer 
between two different sorts of molecule. In this an excited "donor" 
molecule in its lowest triplet state TD and an "acceptor" molecule in 
its ground state NA react with each other so that the acceptor goes over 
into its lowest triplet state TA and the donor into the ground state ND 

according to ^ , r ^ 
TD + NA->TA + ND 

4 G. Porter, Proc. Chem. Soc. p. 291 (1959). 
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The necessary prerequisite for a process of this type is that the triplet 
state of the donor have greater energy than that of the acceptor. A 
system that has been much investigated is that in which benzophenone 
is the donor and naphthalene the acceptor, their triplet energies being 
72 and 61 kcal/mole, respectively. 

In this and a series of similar systems the phenomenon of inter-
molecular triplet energy transfer has been discovered. If solutions 
of naphthalene in a rigid solvent at low temperature are irradiated with 
light of 366 τημ wavelength practically no phosphorescence is observed, 
since naphthalene only begins to absorb at about 325 m/x. Now Terenin 
and Ermolaev 5 found that under otherwise identical conditions but in 
the presence of benzophenone, which absorbs at 366 πΐμ and whose 
lowest triplet state lies higher than that of naphthalene, the characteristic 
green phosphorescence of the naphthalene develops intensely but that 
of benzophenone is almost completely suppressed. It is obvious that in 
the mechanism of this "sensitized phosphorescence" the transfer of 
triplet energy (from benzophenone to naphthalene) must play a part. 
Direct proof of this mechanism is found in the observation that the 
lifetime of the benzophenone phosphorescence is reduced in the presence 
of naphthalene. 5 The lifetime of the sensitized naphthalene phosphor
escence is, in contrast, identical with that obtained by direct excitation. 

In rigid solutions triplet energy transfer and sensitized phosphor
escence are observable only at relatively high concentrations (greater 
than 10~ 2 mole/liter) since the intermolecular exchange is effective only 
over short distances. In liquid media and in gases triplet energy transfer 
is observed at greater d i l u t i o n s 4 ' 6 and the exchange between the mole
cules is here determined by diffusion. 

It is worth noting that the quantum yield of the benzophenone-
sensitized phosphorescence of naphthalene is greater than that resulting 
from direct excitation. 5 The especially high probability of intersystem 
crossing in benzophenone (no fluorescence) leaves its triplet state with 
a denser population than that naphthalene achieves by direct excitation. 
Transfer of the triplet energy from benzophenone to naphthalene 
follows, and this is almost complete in concentrated solution. 

5 A. Terenin and V. Ermolaev, Trans. Faraday Soc. 5 2 , 1042 (1956); Proc. Acad. 
Sci. USSR 8 5 , 547 (1952). 

6 G. Porter and F. Wilkinson, Proc. Roy. Soc. A 2 6 4 , 1 (1961). 
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Hochstrasser 7 has investigated the triplet energy transfer in mixed 
crystals of benzophenone and naphthalene. The phosphorescence arises 
exclusively from the naphthalene up to a concentration of 10~ 5 mole/per 
mole of the "guest" (naphthalene). Similar results were obtained when 
chrysene, pyrene, or anthracene replaced naphthalene as guest. 8 

An interesting study of this classical triplet energy transfer system, 
benzophenone-naphthalene, has been supplied by Hammond et al.9 

These authors investigated the luminescence properties of compounds 
of the type II. Triplet energy transfer can take place here intramolecularly 

between the chromophores benzophenone and naphthalene that are 
now separated by C H 2 groups. Irradiation with light of the wavelength 
366 m/x, i.e., in the η-π* band of the benzophenone, led exclusively to 
the sensitized naphthalene phosphorescence. It could be shown that the 
frequency of the process of triplet energy transfer at ca. 10 1 0 times per 
second is greater than that of singlet energy transfers (see also Section 1.1). 
Like the corresponding intermolecular process, triplet energy transfer 
in II takes place by exchange interaction involving overlap of the electron 
clouds of the two unsaturated groups. Dexter 1 0 has presented the theory 
of this phenomenon as a modification of Forster's ideas . 1 1 

In principle then, sensitized phosphorescence ought always to be 
observable (at sufficiently high concentrations) if the following con
ditions are fulfilled : 

where Τ and S signify the lowest triplet and singlet states, respectively, 
7 R. M. Hochstrasser, J. Chem. Phys. 3 9 , 3153 (1963). 
8 R. M. Hochstrasser and S. K. Lower, J. Chem. Phys. 4 0 , 1041 (1964). 
9 A. A. Lamola, P. A. Leermakers, G. W. Byers, and G. S. Hammond, / . Am. Chem. 

Soc. 87, 2322 (1965). 
1 0 D. L. Dexter, J. Chem. Phys. 21, 836 (1953). 
1 1 Th. Forster, Ann. Physik [6] 2, 55 (1948); Discussions Faraday Soc. 27, 7 (1959). 

Ο 

I I 

TA < TD and SA > SD 



7.5. Triplet-Triplet Transitions 47 

and A and D the acceptor and donor. Of course both the donor and the 
acceptor may be aromatic hydrocarbons. A system that has been 
investigated very often is that of donor phenanthrene and acceptor 
naphthalene (SD = 29,000, TD = 21,640, SA = 31,400, TA = 21,300 cm" 1 ) . 
Figure 7 shows the phosphorescence spectrum of a 1:1 mixture of 0.1 M 

λ£χ= 345 m/i. 

400 450 500 550 

X(m/x) 

Fig. 7. Phosphorescence spectrum of a 1:1 mixture of 0.1 M solutions of phen
anthrene and naphthalene in EPA on excitation with 345 η\μ at 77°K. [According to 
M. Zander, Erdoel Kohle 19, 278 (1966).] 

solutions of phenanthrene and naphthalene in EPA at 77°K on irradia
tion in the longest-wavelength absorption band of phenanthrene (345 
ταμ). The phenanthrene phosphorescence appears only weakly in contrast 
with the intense sensitized phosphorescence of the naphthalene. The 
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strong dependence of processes of triplet energy transfer on the con
centration, which is universally displayed in rigid media, is shown in 
Table 7 for the phenanthrene-naphthalene system. Here are set out for 

T A B L E 7 Quenching of the Phosphorescence of Phenanthrene by Naphthalene* 

Concentration 
(M) 

Relative intensity of phosphorescence6 

Concentration 
(M) Phenanthrene 1:1 Phenanthrene-naphthalene 

0.001 0.15 0.15 
0.01 0.69 0.60 
0.1 0.77 0.11 

a M. Zander, Erdoel Kohle 19, 278 (1966). 
b EPA, 77°K. 

various concentrations the relative intensities of phosphorescence of the 
phenanthrene in solution both as the sole solute and in the presence of an 
equal concentration of naphthalene. Although in the 0.1 M solution 
strong quenching of the phenanthrene phosphorescence by the naph
thalene is found, it is only weak at 0.01 M, and at 0.001 M it is scarcely 
noticeable. An equally strong dependence on concentration has been 
found with many other systems. 1 2 

Hutchison et alP have carried out an interesting ESR study on the 
phenanthrene-naphthalene system. The behavior of these compounds 
was investigated at low temperature in a single crystal of biphenyl. 
Irradiation in the longest-wavelength absorption band of phenanthrene 
produced unequivocally the triplet ESR spectrum of naphthalene. 

From researches by Bhaumik and El-Sayed 1 4 and by Heller and 
Wassermann 1 5 it has been established that triplet energy transfer can 
take place also from an organic donor to a lanthanide element such as 
terbium or europium. When aromatic hydrocarbons and carbonyl 
1 2 M. Zander, Erdoel Kohle 19, 278 (1966). 
1 3 R. W. Brandon, R. E. Gerkin, and C. A. Hutchison, Jr., / . Chem. Phys. 3 7 , 447 

(1962). 
" M. L. Bhaumik and M. A. El-Sayed, J. Phys. Chem. 69, 275 (1965). 
1 5 A. Heller and E. Wassermann, / . Chem. Phys. 42, 949 (1965). 
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compounds act as donors, the lanthanide acceptor exists either as a 
chela te 1 4 or as a salt of the tervalent i o n . 1 5 The phosphorescence of the 
lanthanide ion is observed following irradiation in an absorption band 
of the organic donor. 

1.6. DELAYED FLUORESCENCE 

So far we have discussed the following processes which can start from 
the lowest triplet state ( 7 \ ) of a molecule: ( 1 ) phosphorescence (path 1, 
Fig. 8), (2) radiationless transition to the ground state (path 2), (3) triplet-
triplet absorption (path 3), and ( 4 ) intermolecular triplet-triplet energy 

transfer (path 4 ) . In principle, a further process seems to be possible, 
viz., a reversal of the intersystem crossing .S^ -> Τ χ (path 5). A process of 
this kind (5), first suggested by Jablonski, 1 involves higher nuclear 
vibration terms of 7 \ and requires the addition of external thermal 
energy. In contrast to light absorption it leads to delayed occupation 
of S χ. In systems in which this process takes place there ought to be two 
fluorescences, both starting from Si and so spectroscopically identical, 
viz., a "spontaneous" fluorescence excited by direct absorption of light 
and a "delayed" fluorescence excited thermally via 7 \ . It can be shown 
that the mean lifetime of this delayed fluorescence must be identical 
with that of the Tx -> S0 phosphorescence that appears simultaneously. 2 

1 A. Jablonski, Nature 1 3 1 , 839 (1933); Z. Physik 9 4 , 38 (1935). 
2 Th. Fôrster, "Fluoreszenz organischer Verbindungen," p. 272ff. Vandenhoek & 

Ruprecht, Gottingen, 1951. 

(3) 

Fig. 8. Term scheme. 
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The activation energy of the thermal transition Tx -> S{ is given by the 
difference A between the energies of these terms. For compounds with 
large A such a process could only take place at relatively high tempera
tures, but at such temperatures quenching processes will usually be more 
probable than any others. For compounds with small A, however, the 
reversal of the Si --> Tx transition seems to be always possible. Com
pounds with small A ought, therefore, to display spontaneous fluor
escence, phosphorescence, and delayed fluorescence. 

The phenomenon of thermally excitable delayed fluorescence has 
actually been known for a long time. In the older literature it is fre
quently described as "high-temperature phosphorescence." This 
expression is not very happily chosen and so the phrase "Ε-type delayed 
fluorescence," introduced by Parker and Hatchard, 3 is preferable. 
Ε stands for eosin, on which the phenomenon has been most thoroughly 
studied and which thus serves as the prototype of the compounds dis
playing it. 

Parker and Ha tcha rd 4 have investigated the luminescence properties 
of eosin in glycerol and ethanol over the temperature range +70° to 
—196°C. It shows, throughout this temperature range, a "spontaneous" 
fluorescence of short decay period. Measurements with the phosphor-
oscope reveal, in addition, both a delayed fluorescence with the same 
spectral distribution and a phosphorescence of longer wavelength. The 
lifetime of the delayed fluorescence and of the phosphorescence is of 
the order of a few milliseconds, is therefore relatively short, and is the 
reason that these luminescences can also be observed in liquid solutions 
up to relatively high temperatures. The radiant transitions proceed so 
rapidly that they can compete with the quenching processes that increase 
strongly in the liquid solutions. The excitation mechanism discussed at 
the beginning of this section for the Ε-type delayed fluorescence requires 
that its intensity increase with increasing temperature, while the intensity 
of the phosphorescence that simultaneously appears decreases. This is 
exactly what is observed with eosin. The thermal transition Tx -> Si 
proceeds according to the first-order law and its activation energy can 
easily be determined if the ratio of the intensity of delayed fluorescence 
to that of phosphorescence is plotted logarithmically against the recip
rocal of the absolute temperature. From the gradient of the resulting 
3 C. A. Parker and C. G. Hatchard, Trans. Faraday Soc. 5 9 , 284 (1963). 
4 C. A. Parker and C. G. Hatchard, Trans. Faraday Soc. 5 7 , 1894 (1961). 
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straight line Parker and Hatchard 4 estimated an activation energy of 
ca. 10 kcal/mole. This value agrees very accurately with the difference 
between the positions of the fluorescence and phosphorescence transi
tions, i.e., with the energy difference Si — Τ χ. It should be added that 
it is clear from the measurements made by Parker and H a t c h a r d 4 that 
the frequencies of the two intersystem crossing processes Sx -> 7 \ and 
Τι --> Si are of the same order of magnitude, namely 10 6 -10 7 per second. 

Br Br 

V V I 

The majority of compounds for which Ε-type delayed fluorescence 
has been observed are found among the triphenylmethane and the 
acridine dyestuffs. Examples, in addition to eosin (III), are fluorescein 
(IV), acridine orange (V), and erythrosin (VI). For none of these com
pounds is the Si — Τι energy difference greater than ca. 10 kcal/mole. 
For references to the voluminous older literature, the monographs of 
Fôrs te r 2 and Pringsheim 5 should be consulted. 

The unsubstituted hydrocarbons do not conform to this pattern, 
however. For the majority of aromatics the energy difference Si — 7 \ 
5 P. Pringsheim, "Fluorescence and Phosphorescence," p. 285fT. Wiley (Interscience), 

New York, 1963. 
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lies between 20 and 30 kcal/mole. In these compounds the transition 
Τ χ --> S χ can first take place at temperatures at which quenching processes 
are more probable than any others. Thus Ε-type delayed fluorescence is 
not characteristic of aromatic hydrocarbons. 6 

So far only one exception is known. For coronene the difference 
Si — Τγ comes to about 12 kcal/mole. As Zander has shown, 7 rigid 
solutions of coronene in perhydrocoronene ( C 2 4 H 3 6 ) at —196°C give 
almost exclusively the familiar 7 \ - S 0 phosphorescence. At room 
temperature, beside the phosphorescence, the very faint delayed fluor
escence of the coronene can just be detected; at 100°C it has become 
very intense and at 170°C it is the only luminescence observable. Although 
a rigorous proof is still lacking—it might be secured by measuring the 
activation energy of the delayed fluorescence and determining the 
lifetimes accurately—it is possible, because of its strong dependence on 
the temperature, to assume that here the Ε-type delayed fluorescence 
really is excited in the way discussed initially, i.e., by Jablonski's 
mechanism. The remarkable insensitivity of the triplet state to thermal 
quenching processes seems to be a special property of the coronene-
perhydrocoronene system and must be connected with its crystal 
structure. 

A type of delayed fluorescence different from that discussed so far 
was first observed by Kautsky and Miiller. 8 Adsorbates of tryptaflavin 
on silica gel at low temperatures display only spontaneous fluorescence 
and a yellow 7 \ - > S0 phosphorescence. If small amounts of oxygen 
are added to the adsorbates excited at low temperatures, the phos
phorescence is quenched and a delayed fluorescence appears without 
further excitation. This has the same spectral distribution as the spon
taneous fluorescence. At the low temperature at which delayed fluor
escence is here observed, it is impossible for a thermal transition Tx -> Sx 

to take place to any significant extent.* The energy necessary for the 
occupation of SY from Tx must therefore be obtained by some other 
mechanism. Kau t sky 8 has proposed one in which two molecules that 
are in the triplet state react with each other by exchange so that one 

* But see I.e.2 

6 H. Kautsky and H. Merkel, Naturwissenschaften 27, 195 (1939). 
7 M. Zander, Naturwissenschaften 47, 443 (1960). 
8 H. Kautsky and G. O. Miiller, Naturwissenschaften 29, 150 (1941); Z. Naturforsch. 

2a, 167(1947). 
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molecule, by taking up the triplet energy of the other, goes over into the 
first singlet excited state, the second going to the ground state; the 
oxygen therefore serves only as a means of taking up the excess energy 
2Ti — Si. A reaction of this sort is formulated as 

Ά + Tx -> S1 + S 0 (3) 

This is really nothing more than an energy balance, but experimental 
proofs that a reaction of this kind is possible were first provided (for 
another system) by Parker and Hatchard. 9 

These authors observed that solutions of anthracene or phenanthrene 
in carefully deoxygenated ethanol at room temperature produce, as well 
as the spontaneous fluorescence, a delayed fluorescence which can be 
detected with a phosphoroscope. Its lifetime is of the order of magnitude 
of several milliseconds. In spectral distribution it agrees perfectly with 
the spontaneous fluorescence. The excitation mechanism of E-type 
delayed fluorescence breaks down because of the great difference 
between Si and Tx for the compounds under consideration and because 
of the relatively low temperature at which the delayed fluorescence was 
observed. One decisive observation points to the Kautsky mechanism: 
the intensity of the delayed fluorescence is proportional to the square of 
the intensity of the absorbed exciting light. This is in accord only with a 
mechanism by which, through energy transfer, two excited molecules 
produce one molecule capable of fluorescence. The observation asserts 
nothing with respect to whether there are two singlet-excited molecules 
involved, two triplets, or one singlet and one triplet. 

Nevertheless the Kautsky mechanism (interaction of two triplets) is 
the most adequate. There are at least two experimental criteria by which 
it can be distinguished from the other two possibilities (reaction between 
two singlets and between one singlet and one triplet). In systems in which 
phosphorescence can be observed as well as delayed fluorescence of the 
type now under discussion, the phosphorescent lifetime ought (as a 
simple application of kinetic theory easily shows) to be twice as long as 
that of the delayed fluorescence; moreover, the intensity of the delayed 
fluorescence must be proportional to the square of that of the phosphor
escence. 

Stevens and Walker 1 0 have provided the experimental proof of the 
9 C. A . Parker and C. G. Hatchard, Proc. Roy. Soc. A 2 6 9 , 574 (1962). 

1 0 B. Stevens and M. S. Walker, Proc. Chem. Soc. p. 181 (1963). 
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validity of the relation 
T"DF = * τ Ρ ( 4 ) 

Solutions of pyrene in liquid paraffin show spontaneous fluorescence, 
phosphorescence, and delayed fluorescence even at temperatures at 
which the Ε-type mechanism is excluded. Measurement of the decay 
times of phosphorescence and of delayed fluorescence showed that they 
obeyed the above relation. 

Finally McGlynn and A z u m i 1 1 were able to demonstrate conclusively 
for yet other systems that the intensity of the kind of delayed fluorescence 
discussed here is proportional to the square of the intensity of phosphor
escence. 

It has, therefore, been experimentally established that the excitation 
mechanism first postulated by Kau t sky 8 in fact does operate. The 
exchange reaction between two molecules in the lowest triplet state by 
which one goes into a singlet excited state and the other into the ground 
state is generally described nowadays as "triplet-triplet annihilation." 
The delayed fluorescence that is associated with this has been called 
"P-type delayed fluorescence" by Parker and Hatchard, 3 the Ρ standing 
for pyrene, which, as indicated above, shows it and has been very 
thoroughly investigated in connection with it. 

McGlynn and Azumi 1 1 and others have shown that the course of the 
triplet-triplet annihilation process described by Eq. (3) should not be 
regarded as one of simple emission-absorption in which one molecule 
in the triplet state takes up the phosphorescent radiation of the second 
after the manner of a triplet-triplet absorption and then passes from a 
higher triplet state by intersystem crossing into the first excited singlet 
state. In Eq. (3) the process is much more like a resonance interaction 
which can only be properly described quantum mechanically. 

P-Type delayed fluorescence is a very widespread phenomenon, and 
it is shown in the vapor state by numerous aromatic hydrocarbons such 
as p h e n a n t h r e n e , 1 2 , 1 3 a n t h r a c e n e , 1 3 ' 1 4 p e r y l e n e , 1 3 , 1 4 and p y r e n e . 1 3 , 1 4 

The delayed fluorescence of liquid solutions of aromatic hydrocarbons 
has already been referred t o . 9 ' 1 5 In both liquid solutions and vapors the 

n T. Azumi and S. P. McGlynn, J. Chem. Phys. 3 8 , 2773 (1963); 3 9 , 1186 (1963). 
1 2 P. P. Dikun, Zh. Eksperim. i. Teor. Fiz. 2 0 , 193 (1950). 
! 3 R. Williams, / . Chem. Phys. 2 8 , 577 (1958). 
1 4 B. Stevens, M. S. Walker, and E. Hutton, Proc. Chem. Soc. p. 62 (1963). 
1 5 B. Stevens and E. Hutton, Nature 1 8 6 , 1045 (1960); C. A. Parker and C. G. Hat

chard, Proc. Chem. Soc. p. 147 (1962). 
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process of triplet-triplet annihilation is controlled by diffusion so that 
the phenomenon is also observed in very dilute gases and solutions. 
In rigid glasses, e.g., EPA at low temperatures, McGlynn and A z u m i 1 1 

found that beside the phosphorescence that is very intense under these 
conditions a delayed fluorescence also appears if the concentration is 
relatively high (> 0.01 M). Delayed fluorescence in EPA glass has been 
observed for naphthalene, naphthalene-i/ 8, phenanthrene, triphenylene, 
and biphenyl. 

One of the first observations of delayed fluorescence with aromatic 
hydrocarbons was made on "pu re" crystals of naphthalene and phenan
threne at low temperatures . 1 6 Today it ought to be regarded as certain, 
at least for naphthalene, that one is not concerned here with the delayed 
fluorescence of the pure compound but rather with that of a small 
amount of impurity (2-methylnaphthalene). 1 7 Also the delayed fluor
escence of the guest molecule comes about by triplet-triplet annihilation, 
the theory of which has been developed for mixed crystals particularly 
by Robinson et al.11 In the investigation of the delayed fluorescence of 
aromatic mixed crystals, for example of the type of chrysene (guest) and 
phenanthrene (host), it has been established that the intensity of the 
delayed fluorescence depends in an interesting way on the temperature . 1 8 

This can be attributed to a radiationless transition from the lowest 
triplet state of the guest to the lowest triplet state of the host. The latter 
undertakes the transfer of the energy of one guest triplet to another and 
in this way takes part in the triplet-triplet annihilation and in the 
establishment of the delayed fluorescence. Other processes also play 
a part. 

A phenomenon that is also of analytical significance and therefore of 
special interest for the field of this monograph is the sensitized P-type 
delayed fluorescence.9,19 At room temperature 0.001 M solutions of 

1 6 H. Sponer, Y. Kanda, and L. A. Blackwell, / . Chem. Phys. 29, 721 (1958); H. 
Sponer, in "Luminescence of Organic and Inorganic Materials" (H. Kallmann 
and G. M. Spruch, eds.), p. 143. Wiley, New York, 1962; N. W. Blake and D. S. 
McClure, / . Chem. Phys. 29, 722 (1958). 

1 7 H. Sternlicht, G. C. Nieman, and G. W. Robinson, J. Chem. Phys. 38,1326 (1963). 
1 8 M. Zander, Z. Elektrochem. 68, 301 (1964); L. Azarraga, T. N. Misra, and S. P. 

McGlynn, / . Chem. Phys. 42, 3720 (1965); N. Hirota and C. A. Hutchison, ibid. 
p. 2869; F. Dupuy, R. Lochet, and A. Rousset, Compt. Rend. 258, 4223 (1964). 

1 9 C. A. Parker, Proc. Roy. Soc. A276,125 (1963); C. A. Parker and C. G. Hatchard, 
Proc. Chem. Soc. p. 386 (1962). 
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phenanthrene to which very tiny quantities of anthracene have been 
added show only the spontaneous fluorescence of the phenanthrene. If 
the luminescence of these solutions is examined with the phosphoroscope 
it is surprising to find only the delayed fluorescence of the anthracene. 
Clearly energy transfer takes place from the triplet state of the phen
anthrene to the lower-lying triplet state of the anthracene (see Section 1.5). 
Thus anthracene molecules in the triplet state give rise (in the sense of 
the triplet-triplet annihilation mechanism) to delayed fluorescence. In 
this way it is possible to sensitize the delayed fluorescence of compounds 
selectively. The analytical application of this p h e n o m e n o n 2 0 will be 
looked into later (Section 3.8). 

Finally it should be mentioned that, in addition to E- and P-type 
delayed fluorescence, there is a third type, which has been investigated 
very thoroughly by Stevens and W a l k e r 2 1 for perylene. These authors 
found that rigid solutions of this compound in paraffin at 77°K showed 
delayed as well as spontaneous fluorescence. McGlynn and A z u m i 1 1 

had also used rigid solutions in their researches and it had to be assumed 
that the delayed fluorescence observed with perylene was likewise of 
Ρ type. In fact McGlynn's and Stevens's systems and results differ in two 
important respects : the delayed fluorescence of perylene was observable 
even in dilute solutions (10~ 6 M) and could only be excited by light of 
wavelength less than 280 m/x. But in this spectral region, as Porter and 
Windsor have shown, 2 2 perylene ionizes from the triplet state. The 
obvious suggestion is, therefore, that the delayed fluorescence observed 
by Stevens and Walker is a "recombination glow"; the perylene 
molecules become photoionized and the separated electrons are trapped 
in the solvent matrix until they are able to be reunited with the perylene 
cation by emission of a delayed fluorescence. Similar mechanisms have 
been assumed for tne delayed fluorescence of acriflavin 2 3 and poly-
methinecyanine d y e s 2 4 in rigid glasses at low temperatures. 

2 0 C. A. Parker, C. G. Hatchard, and T. A. Joyce, Analyst 9 0 , 1 (1965). 
2 1 B. Stevens and M. S. Walker, Chem. Commun, p. 8 (1965); but see C. A. Parker 

and T. A. Joyce, f. Chem. Soc. p. 821 (1966). 
2 2 G. Porter and M. W. Windsor, Discussions Faraday Soc. 17, 178 (1954). 
2 3 E. C. Lim and G. W. Swenson, / . Chem. Phys. 3 6 , 118 (1962). 
2 4 J. Kern, F. Dorr, and G. Scheibe, Z. Elektrochem. 66 ,462 (1962). 



APPENDIX: REFERENCES TO REVIEW LITERATURE ON TRIPLET 
SPECTROSCOPY 

Since the appearance of the fundamental work of Lewis and Kasha 
[/. Am. Chem. Soc. 66, 2100 (1944)] on the connection between phos
phorescence and the triplet states of unsaturated organic molecules, the 

TABLE 8 Review Articles on Triplet Spectroscopy 

Phosphorescence 
1. M. Kasha, Chem. Rev. 41, 401 (1947). 
2. M. Kasha and S. P. McGlynn, Ann. Rev. Phys. Chem. 7, 403 (1956). 
3. C. Reid, Quart. Rev. (London) 12, 205 (1958). 
4. M. Kasha, Radiation Res. Suppl. 2, 243 (1960). 
5. S. K. Lower and M. A. El-Sayed, Chem. Rev. 66, 199 (1966). 

Photochemistry and the Triplet State 
1. G. Porter, Proc. Chem. Soc. p. 291 (1959). 
2. R. Hochstrasser and G. B. Porter, Quart. Rev. (London) 14,146 (1960). 

Luminescence in Crystals 
1. R. M. Hochstrasser, Rev. Mod. Phys. 34, 531 (1962). 
2. H. Sternlicht, G. C Nieman, and G. W. Robinson,/. Chem. Phys. 38,1326 (1963). 

Energy Transfer 
1. Th. Fôrster, Radiation Res. Suppl. 2, 326 (1960). 
2. M. Kasha, Radiation Res. 20, 55 (1963). 

η-π* Transitions 
1. J. W. Sidman, Chem. Rev. 58, 689 (1958). 

Luminescence of Molecular Compounds 
1. S. P. McGlynn, Chem. Rev. 58, 1113 (1958). 
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field of triplet spectroscopy has developed with extraordinary rapidity 
and has spread, fanwise, into many subdivisions. Thus not only spectros-
copists have taken part in its expansion, but also photochemists, solid-
state physicists, biochemists, and others, and it is not surprising, therefore, 
that the relevant literature has grown like an avalanche. 

In the foregoing pages the theoretical and experimental bases of triplet 
spectroscopy have been discussed only insofar as seems necessary for 
the analytical chemist who wishes to appraise, develop, and apply the 
methods of phosphorimetric analysis. Those who have special interests 
must refer to the quite voluminous literature. However, to facilitate the 
approach to original publications a list of review articles on various 
aspects of triplet spectroscopy is given in Table 8. 


