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molecule in their theoretical treatments of radiationless 
transitions in molecules. The solvent-dependent 
quenching of 1A8 oxygen to its ground state is to be 
contrasted with the somewhat analogous relaxation 
of triplet state organic molecules which (aside from 
heavy atom effects) is relatively independent of solvent 
because large molecules have sufficiently large numbers 
of internal vibrational modes to act as their own heat 
sinks.'0 

Even at this preliminary stage of investigation it is 
clear that certain solvent properties are unimportant in 
affecting the lifetime of singlet oxygen. The fact that 
the lifetime is shortest in water might suggest that the 
dielectric constant or dipole moment of the solvent 
molecules is an important parameter, but this possi­
bility is eliminated by the fact that the lifetime is almost 
the same in both benzene and acetone. Comparison 
of the data in Table I further demonstrates that there is 
no correlation between viscosity and lifetime. Foote 
has also arrived at similar conclusions.2 

Our observation that the lifetime of singlet oxygen is 
quite sensitive to the nature of the solvent appears to be 
at variance with conclusions reached by other workers, 
and it is worthwhile to see how this discrepancy might 
have arisen. Many of the previous studies of dye-
sensitized photooxidation involved mixed solvents, and 
using the numbers in Table I we compute that the 
lifetime of 1Ag in a 4:1 mixture of benzene and methanol 
(a common mixture)2,6 would be 16 ^sec. This is 
considerably reduced from the lifetime in neat benzene, 
so it is easy to see that incorporation of small amounts 
of methanol in varous solvents would prevent observa­
tion of large solvent effects on the lifetime of 1A8. Fur­
thermore, reaction rate constants of certain acceptors 
may be solvent dependent (the rate constant for 1,3-
diphenylisobenzofuran in CS2 is about one-half its 
value in methanol) and therefore obscure lifetime 
changes. 

We are continuing our investigation of the various 
factors which influence the lifetime of 1A8 in solution, 
and a more detailed experimental and theoretical analy­
sis of these observations follows.14 
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Deuterium Effects on Singlet Oxygen Lifetimes in 
Solutions. A New Test of Singlet Oxygen Reactions 

Sir: 

Work during the past 6 years has clearly established 
the central role which singlet oxygen plays in a number 
of dye-sensitized photooxidation reactions of simple 
organic acceptors.1-6 On the basis of this work singlet 
oxygen has also been proposed as the reactive inter­
mediate in a variety of other reactions, including the 
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ozone phosphite oxidations7,8 and the photooxidation 
of amines6,9,10 and amino acids and nucleic acids.11,12 

However, because of a variety of problems (solubility, 
lack of volatility, possible reaction with excited sensi­
tizers,13 sensitivity of acceptors to peroxide and radical 
oxidation)8,14,15 it has been very difficult to determine 
whether or not these reactions involve singlet oxygen. 
In view of these difficulties we felt that it was essential 
to have additional criteria to determine whether or not 
an oxidation reaction involves singlet oxygen and which 
could be used in a wide range of solvents and would not 
be susceptible to the limitations of the /3-carotene16,17 

or azide quenching test.18 In this communication we 
report the development of a simple diagnostic test for 
singlet oxygen reactions which appears to be free of 
most of these limitations. 

The basis of this test follows directly from our recent 
discovery that the lifetime of singlet oxygen is extremely 
sensitive to the nature of the solvent19,20 and that there 
is a direct correlation between the lifetime of singlet 
oxygen and the intensity of the infrared absorption of 
the solvent.20 This correlation, which has now been 
confirmed in a number of different solvents, has per­
mitted us to derive the following approximate expres­
sion relating the two quantities20 

- Gusec-1) ~ 0.5(ODi270) + 0.05(ODi59o) + • • • 
T 

where ODi270 and ODi690 are the optical densities of 1 
cm of solvent at 1270 and 1590 nm, respectively, and 
additional terms may be neglected for most solvents 
where r < 40 ,usee. Since much of the solvent ab­
sorption intensity in this region is due to OH or CH 
vibrations (overtones and combinations), it was im­
mediately apparent that there could be large changes in 
the singlet oxygen lifetime in going from a normal 
solvent to a perdeuterated solvent. For photosensi­
tized oxidation reactions this carries with it the addi­
tional prediction that the "/3" value for a given acceptor 
(the ratio of the rate of decay of singlet oxygen to the 
reaction rate with singlet oxygen) should show a similar 
variation, since reaction rate constants are not expected 
to be altered significantly upon solvent deuteration. 
In fact, we have shown that for DPBF rate constants 
do not vary greatly even with large changes in solvent 
character.20 

We recently developed-a direct method for measuring 
the lifetime of singlet oxygen and have now used this to 
examine the effect of solvent deuteration on singlet 
oxygen lifetimes.19-21 In these experiments the singlet 
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Figure 1. Bleaching in oxygenated solutions of 1,3-diphenyliso-
benzofuran (1.5 X 10-6 M) monitored at 410 nm in a 1-cm cell: 
(a) 1:1 H2O-CH3OH, 1 div = 2 msec; (b) 1:1 D2O-CH3OH, 1 
div = 5 Msec. The concentration of methylene blue was 5 X 10~s 

M; arrows indicate % T before pulse. 
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oxygen was generated in <5 X 1O-7 sec by energy 
transfer from methylene blue triplets produced by a 
20-nsec ruby laser pulse. The singlet oxygen was 
monitored spectroscopically by following its reaction 
with the colored acceptor, 1,3-diphenylisobenzofuran 
(DPBF), to form a colorless product. Measurements of 
bleaching at two acceptor concentrations provide values 
for both the singlet oxygen lifetime and the reaction rate 
constant. 

When the DPBF is kept sufficiently low such that 
reaction is not a major decay pathway for 1A the rate 
of bleaching provides the lifetime of singlet oxygen 
directly. Bleaching curves obtained under these con­
ditions for 1:1 H2O-CH3OH and 1:1 D2O-CH3OH 
solutions are illustrated in Figures la and b, respectively. 
In the former solvent the lifetime is measured to be 
3.5 /isec while OD1270 = 0.33 and OD1S60 = 3.7. In 
the latter solvent the OD's are reduced by a factor of 
~ 3 (ODmo = 0.10 and OD139o = 1.0) and, as expected, 
the singlet oxygen lifetime increases by a factor of 3, to 11 
jusec. In 1:1 D2O-CD3OD (OD1270 = 0.03 and OD159O 
= 0.3) the 1A lifetime is predicted to be *~35 /isec. 

While we have not yet carried out a direct measure­
ment of the decay of 1A in the 1:1 D2O-CD3OD mixture, 
our prediction has been confirmed by steady state mea­
surements of photoxidation efficiencies. In these ex­
periments we monitored the methylene blue photosensi­
tized bleaching of DPBF (IO"6 M)" in 1:1 H2O-CH3OH 
and 1:1 D2O-CD3OD under identical conditions and 
observed a tenfold increase in efficiency of photooxida-
tion in the deuterated solvent. Since, as we have 
noted, the reaction rate constant is unaffected by deu-
teration, a tenfold increase in the lifetime of singlet 
oxygen is implicated. 

The same sort of experiments (reported in more detail 
elsewhere)23 were carried out in these solvents for the 
amino acid tryptophan for which the mechanism of 
sensitized photooxidation has been uncertain.11 A 
similar tenfold increase in bleaching of tryptophan 
absorption was observed for the deuterated mixed 
solvent. 

We have previously measured a lifetime of 2 /isec 
for singlet oxygen in water.19,20 Comparison of the 
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Figure 2. The methylene blue sensitized photobleaching of trypto­
phan (1O-4 M) in (a) H2O and in (b) D2O in an air-saturated solution 
containing 2 X 1O-6 M methylene blue. 

infrared absorption intensities of H2O and D2O suggests 
that the lifetime in the latter solvent should increase 
by approximately a factor of 9. Again this prediction 
was checked by comparison of the rates of methylene 
blue (2 X 1O-6 M) photosensitized oxidation of trypto­
phan (1O-4 M) in air-saturated H2O and D2O. Figure 
2 demonstrates that while the rate of bleaching of 
tryptophan in H2O is 0.1%/min, the rate in D2O is 
1 %/min indicating a 1A lifetime in D2O of 20 ,usee. 
These observations provide compelling evidence that 
the photobleaching of tryptophan occurs via a singlet 
oxygen mechanism. From comparison of the photo-
oxidation rates of tryptophan and DPBF we have calcu­
lated a rate constant of k = 4 X 106 M~l sec - 1 for 
reaction between tryptophan and singlet oxygen. 

The above studies confirm our theoretical prediction20 

that there should be large deuterium effects on the life­
time of singlet oxygen and provide a totally new method 
for determining the role of singlet oxygen in oxidation 
reaction. This method has the great virtue that it does 
not require addition of foreign components to a solvent 
(as in the azide or /3-carotene quenching) which might 
react with excited dye or singlet oxygen, nor is there any 
change in most properties of the solvent. 

It is important to note that deuteration will not always 
lead to an increase in the singlet oxygen lifetime and 
might in certain instances bring about increased decay 
rates. For example, a relatively small deuterium 
effect is expected for acetone and this has been sub­
stantiated by preliminary measurements of photo-
oxidation efficiencies. Methanol, on the other hand, 
appears to be a suitable solvent for characterization 
of singlet oxygen reactions since an order of magnitude 
1A lifetime increase upon deuteration is predicted. 
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