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a distribution of relaxation processes, corresponding 
to the reactions represented in eq 4 and 5. 
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In 1971 Merkel and Kearns developed a laser flash 
photolysis method for determining the lifetime of 

singlet oxygen in solution in which the decay of singlet 
oxygen was followed indirectly by its reaction with a 
colored acceptor (DBBF).1'2 One of the interesting 
results of their measurements is that there is a con
siderable isotope effect on the lifetime of 1Ag (2 /isec 
in H2O and 20 ^sec in D2O). The isotope effect as 
well as the variation of the lifetime in different solvents 
was well accounted for in terms of an energy transfer 
mechanism in which 1A8 transfers its electronic excita
tion energy to the vibrational energy levels of the sol
vent molecules.3 These initial results have now been 
confirmed independently,4'8 and while there is no reason 
to doubt they are correct, it was realized that lifetime 
measurements were indirect. Because of the impor
tant role which solvent isotope effects are beginning 
to play in elucidating the role of singlet oxygen in 
other photochemical and photobiological processes,6-10 

we believed it was desirable to have an alternative, and, 
if possible, direct, method for checking the solvent 
isotope effect on the lifetime of singlet oxygen. In 
the present study we have accomplished this by mea
suring the chemiluminescence arising directly from 
singlet oxygen generated by decomposition of hydro
gen peroxide and sodium hypochlorite. 
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It is well established that singlet oxygen molecules 
are produced by mixing H2O2 aqueous solution and 
NaOCl aqueous solution, and 1A8 oxygen molecules 
show a characteristic dimol chemiluminescence at 
6334 and 7032 A and emission from 1 S at 7620 A. 1 1 " 1 3 

From an analysis of rotational structure Khan and 
Kasha were able to establish that 1 S emission only 
occurs from the bubbles,1 1 and no emission has ever 
been observed from oxygen molecules dissolved in 
solution.1 1 Since the concentration of excited oxygen 
in the bubbles depends strongly on the rate at which 
they decay in the solvent before reaching a bubble, 
we had hoped that it might be possible to obtain a 
quantitative estimate of the lifetime of singlet oxygen 
in H2O and D2O. While this turned out not to be 
possible, we were able to obtain direct spectroscopic 
evidence that the lifetime of singlet oxygen is longer 
in D2O than in H2O. We have also investigated the pH 
dependence of the chemiluminescence and the rate 
of evolution of molecular oxygen and in this way 
obtained additional information regarding the mecha
nism of the reaction. 

Experimental Section 

Materials and Methods. Commercial bleaching reagent "ChIo-
rox" was used as sodium hypochlorite solution and titration with 
a 0.1 N standard As2O3 solution14 showed that it contained 1.55 N 
(or 0.78 M) NaOCl. Hydrogen peroxide (30% Mallinckrodt 
Analytical Reagent) and deuterium oxide (Diaper Inc. 99.7 % DjO) 
were used without further purification. A D2O solution of sodium 
hypochlorite was made as follows. About 30 g of calcium hypo
chlorite, Ca(OCl)2 (B & A Technical Grade), was dissolved into 
300 ml of D2O. After about 1 hr the undissolved material was 
removed and the solution was combined with a D2O solution of 
Na2CO3 (20 g in 89 ml). After precipitation of the white CaCO3 
more of the Na2CO3 solution was added until no further precipita
tion of CaCO3 was observed. After about 1 hr the precipitated 
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Figure 1. Flow system for chemiluminescence observation: (A) 
reaction cell, (B) Pyrex window, (C) interference filter, (D) photo-
multiplier, (E) solution container with siphon, (F) needle valve, 
(G) N2 gas. 

CaCOs was filtered off using a medium glass filter Titration with 
0.1 N standard AS2O3 solution showed that this solution contained 
0.38 ./V NaOCl. Because of the Ca(OH)2 and other impurities pres
ent in crude Ca(OCl)2 reagent, the final D2O solution also contained 
10% protons as indicated by nmr. A deuterium oxide solution of 
hydrogen peroxide was prepared by dissolving 30 % aqueous H2O2 
in D2O. Since dilute solutions (mostly less than 0.3%) were used 
in most experiments, the H concentration from this solution was 
much less than that of D2O solutions of sodium hypochlorite. 
The simple flow system shown in Figure 1 was employed to measure 
the chemiluminescence. Typically 100 ml of hydrogen peroxide 
solution and 100 ml of sodium hypochlorite solution were driven 
by nitrogen gas from two identical vessels (E) into the reaction cell, 
the bottom of which was a flat Pyrex window. The flow rate was 
controlled by needle valves to about 100 ml/40 sec. An EMI 
9558A photomultiplier was used to detect the red dimol emission 
of (1O2*)!, through an interference filter (No. 3139-633 of Optics 
Technology, Inc.) which had a transmission maximum at ~637 nm 
and a transmission efficiency at both 610 and 700 nm of only 2% 
of the maximum value at 637 nm. The photomultiplier output was 
amplified by a DC amplifier and recorded on a L & N Speedomax 
Type H recorder. No further effort was made to increase the 
sensitivity of the detecting system. Some of the recorded data are 
shown in Figure 2. Except for the initial and final part of the ex
periment, in which the flow of solutions is not constant, the chemi
luminescence intensity remained fairly constant. Sometimes there 
was considerable fluctuation in the intensity due to instability of 
flow and rather vigorous bubbling of evolving oxygen, but those 
data were discarded, and the intensity values obtained from data 
with moderate fluctuations (less than ±15%) were used. 

In the course of our experiments, we observed that the chemi
luminescence intensity depends on the pH of the reaction mixture. 
This pH effect could be due in part to OH - quenching of 1O2 since 
other nucleophilic reagents such as N3

- are known to be efficient 
singlet oxygen quenchers.14 Secondly, it was possible that the pH 
effect on the chemiluminescence was due to a pH effect on the rate 
of decomposition. In order to distinguish between these and other 
mechanisms and also in order to determine the relative reaction rates 
in H2O and D2O, we measured the reaction rates using Kl-starch 
titration.16.16 The pH of the reaction mixture was adjusted by 
adding sodium hydroxide to sodium hypochlorite solution before 
mixing with the H2O2. Sodium hydroxide was not added to hydro
gen peroxide solution because the hydrogen peroxide was unstable 
in highly alkaline solution. Fifty milliliters of H2O2 solution of 
about 1O-4A/ and 50 ml of NaOCl solution of the same concentra
tion were mixed at room temperature (23-25°). Aliquots (10 ml) 
of this reaction mixture were taken out at four or five different 
times after mixing, and 1 ml of 1:17 H2SO4 containing 0.2% am-

(15) F. D. Snell and C. T. Snell, "Calorimetric Methods of Analy
sis," Vol. HA, Van Nostrand, Princeton, N. J., 1959, p 734. 

(16) R. E. Connick, J. Amer. Chem. Soc, 69,1509 (1947). 
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Figure 2. Some of the recorded chemiluminescence intensity: 
(a) H2O2 0.02%, NaOCl 0.38 W in D2O; (b) H2O2 0.02%, NaOCl 
0.38AMnH2O; (c) H2O2 0.06%, NaOCl 0.38 W in H2O. Intensity 
scales for three figures are different, so they cannot be directly 
compared. However, a and b were measured with the same con
ditions and the ratio of the intensity scales is 10. b is the weakest 
one measured in the present work. The figures also show the initial 
spike due to the transient initial conditions of flow rate and con
centrations of reacting mixtures. 
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Figure 3. pH dependence of H2O2-NaOCl chemiluminescence in
tensity: H2O2 = 0.075%; NaOCl = 0.78 N. 

monium molybdate and 1 ml of 17% KI solution were immediately 
added to each aliquot. After the yellow color of I2 developed in 
the solution t ml of starch solution was added and the O.D. of the 
resulting blue solution was measured at 570 nm by a Cary recording 
spectrophotometer (Model 14). Both 1 mol of H2O2 and 1 mol of 
NaOCl produce 1 mol of I2 and no serious interference effect was 
observed in the case of reaction in H2O. 

Results and Discussion 
The pH dependence of chemiluminescence intensity 

is shown in Figure 3. The pH of hypochlorite solution 
with added NaOH was measured before reaction and 
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Figure 4. Kl-starch analysis of H2Oa-NaOCl reaction in H2O: 
(a) pH ~6 .9 , (b) pH ~ 8 . 2 , (c) pH —10.1, (d) pH ~12.6. 

the pH of reaction mixture was also measured after 
chemiluminescence observation by a Corning pH meter 
(Model 7). We also observed the chemiluminescence 
of pH values lower than 10 by adding HCl to Chlorox 
solution to adjust the pH. Buffers were not used be
cause they might cause some undesirable interference.16 

Owing to a low dissociation constant of HOCl, a 
rather large amount of HCl was needed to lower the 
pH value of Chlorox solution below 10, and conse
quently, during the reaction (and consumption of 
HOCl and H2O2), the pH value of the reaction mixture 
decreased markedly. For example, in the case of 
reactions of 100 ml of 1% H2O2 in H2O solution and 
100 ml of 0.78 N Chlorox solution, with initial pH 
adjusted to 8.4 or 5.8, the pH values after the chemilumi
nescence measurement were 2.3 and 1.9, respectively. 
Because of this large pH change, the chemiluminescence 
intensity data in the pH region lower than 10 were 
not included in Figure 3. However, relative to the pH 
10.8 solution the intensity was six times weaker than 
a solution whose initial pH was 5.8. The low intensity 
at pH 5.8 is not due to the decomposition of HOCl 
despite the fact that HOCl is somewhat unstable in 
acidic solution. We could regain the full chemilumi
nescence intensity by neutralizing the acidic Chlorox 
solution up to pH 10.5 by NaOH. Thus our data 
show that the chemiluminescence is indeed weaker in 
acidic solution in contradiction to an earlier report by 
Seliger.17 We cannot make any definite comments 
on this discrepancy because Seliger gave neither basic 
data nor experimental conditions which led to his 
conclusion that the efficiency of the reaction is increased 
in acid solution. More recent later work by Khan 
and Kasha13 seems to show that the chemiluminescence 

(17) H. H. Seliger, Anal. Biochem., 1,60 (1960). 

intensity is stronger in alkaline solution. Stauff and 
his colleague18 also reported pH effects on oxygen 
chemiluminescence and pointed out that chemilumi
nescence is stronger in acidic solution. However, 
since they worked with different reactions (Ce4+ or 
Ti3+ with H2O2) their results cannot be directly com
pared with our present work. 

Owing to incomplete ionization of NaOH (degree 
of ionization 0.73 at 18°) and also to low dissociation 
constants of H2O2 and HOCl (2.4 X 10~2 at 25 °19 

and 3.4 X IO"8 at 25 °,16 respectively), the pH change 
during the reaction was not so very large. In each 
case, however, the uncertainty of pH is also indicated 
in Figure 3. 

The pH dependence of reaction rate in H2O is shown 
in Figure 4. The following procedure was used to 
obtain these reaction rates. We assumed that the 
reaction is of second order 

d[H2Q2] 
dr 

d[NaOCl] = 

dr 
-^[H2O2][NaOCl] 

and adjusted the initial concentration of H2O2 and 
NaOCl to a same value Co. 

In this case 

1 = 1 j _ 
[H2O2] [NaOCl] % C0 

Because the measured optical density is proportional 
to [H2O2] + [NaOCl] 

(O.D.) = — 4- 1 

'la (O.D.)„ (D 

where (O.D.)0 is the optical density of the reaction mix
ture immediately after mixing. From this linear rela
tion (eq 1) between 1/(0.D)0 and t we can obtain the 
relative reaction rate k/2a. 2a was determined to be 
about 4 X 104 O.D./(mol/l.) by measuring the optical 
density of sodium hypochlorite solution which was 
prepared by dilution of a Chlorox solution whose con
centration was known by standard 0.1 N As2O3 ti
tration. Some of the measured curves are shown in 
Figure 5. Because of the time necessary for sampling 
and some instability in intensity of the blue color of 
I2-starch solution (due to some oxidation of KI by 
oxygen in air or by some other impurities), the ob
served points show some deviation from linearity in 
the low concentration region. However, they fit 
sufficiently well to eq 1 to give unambiguous reaction 
rates. 

Returning to Figure 4, the reaction rate shows the 
same decreasing trend above pH 10.0 as the chemilumi
nescence intensity. Unfortunately, chemiluminescence 
intensity is determined not only by the reaction rate 
but also by factors such as the flow rates of the solu
tions, mean escaping time, and various quenching 
mechanisms of 1A15 oxygen in the bubble, and conse
quently we cannot prove that the decrease of chemi
luminescence intensity is solely caused by decrease 
of reaction rate. However, the close resemblance 
between the two curves suggests that reaction rate is 

(18) J. Stauff, H. J. Huster, F. Lohmann, and H. Schmidkunz, Z. 
Phys. Chem. (Frankfurt am Main), 40, 64 (1964); J. Stauff, Photochem. 
Photobiol, 4,1199 (1965). 

(19) R. C. Weast, Ed., "Handbook of Chemistry and Physics," 
49th ed, Chemical Rubber Publishing Co., Cleveland, Ohio, 1968, p 91. 
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Table I. A Comparison of the Intensity of the Oxygen Dimol 
Emission in H2O and D2O 

Chemilumi-
nescence 
intensity 

Peroxide 
concn, % 

0.06 

0.02 

NaOCl 
concn,TV 

0.376 

0.376 

pH as measured by 
Corning pH meter 

~10.2inH2O 
~10.5inD2O" 
~ 9 . 7 i n H 2 0 

—10.3 in D2O" 

ratio 
(D20/H20) 

15 

31 

" Solutions contained ~ 5 % H2O. 

the main factor responsible for the pH dependence 
of chemiluminescence intensity. We further conclude 
that the effect of O H - on the lifetime of singlet oxygen 
(up to pH 11.5) is small since a much larger decrease 
would have been observed if O H - quenching was 
becoming important. In Figure 4 we have also shown 
a theoretical rate curve which was calculated based 
on the assumption that reaction proceeds through 
either one of the following two rate determining steps. 

HO2" + HOCl 

H2O2 + OCl-

- H2O + O2 + Cl-

H2- + O2 + Cl" 

The following dissociation constants were used. 

K1 = [ H
r

+ j [ I ^° i
r ] = 2.4 X 10-12 mol/I. (25°) 

[HaUaJ 

[H+][OCl-] 
[HOCl] 

Then we obtain 

k = ki 

K2 = = 3.4 X 10"8 mol/I. (25°) 

Ki[H+] 

(K1 + [H+])(K2 + [H+]) 

or 

k = k2 
K2[U+] 

'(K1 + [H+])(tf2 + [H+]) 

(2) 

(3) 

where k is the apparent reaction rate determined by 
eq 1. Since there is no reason that kx or k2 should be 
dependent on pH, both eq 2 and 3 give the same pH 
dependence for the apparent reaction rate k, and we 
are unable to determine which one is the true mechanism 
for the H2O2-NaOCl reaction. The calculated rate 
is &i « 3 X 107 l./(mol sec) if we assume the first mech
anism and k2 ~ 2 X 103 l./(mol sec) if we assume the 
second mechanism. Our results do appear to elim
inate a mechanism involving a hydride ion transfer 
from HO2- to OCl-,20 since our results indicate that 
only one of the species is ionized. 

-O-O-H + -O-Cl —> O2 + HO- + Cl-

The chemiluminescence in deuterium oxide was 
measured at two concentrations of peroxide and these 
results are shown in Table I. The results show first 
that there is a considerable enhancement of chemilumi
nescence in D2O as compared with H2O and that the 
enhancement is larger in the more dilute solution. If 
we used even more dilute solutions, we might have 
obtained an even greater intensity ratio. The fact 
that the enhancement factor is larger in the more dilute 

(20) E. McKeown and W. A. Waters, J. Chem. Soc. B, 1040(1966). 

Figure 5. pH dependence of H2O2-NaOCl reaction rate: (O) 
measured values [units of (O.D. sec)-1], ( —) calculated values (see 
text). The unit of ordinate is for measured values. The calculated 
value is adjusted so that it coincides with the measured value at 
pHlO. 

solution immediately indicates that the lifetime of 
1O2 is longer in D2O than in H2O. To say anything 
more quantitative it is necessary to determine the rate 
of decomposition of H2O2 in D2O. We tried to measure 
the reaction rate by the same method as described be
fore for the reaction in H2O, except that 10 ml of per
oxide and of NaOCl solution and 3 ml of reaction mix
ture were used for Kl-starch analysis. The measured 
optical density was corrected to a value which would 
have been obtained if we used 10 ml of reaction mix
ture as a sample for Kl-starch analysis, so that it 
can be directly compared with the values obtained for 
H2O solution. The sodium hypochlorite solution was 
prepared by adding 100 fxl of <~10-2 M H2O solution 
OfNaOCl into 10 ml of D2O; 100 or 200 /*1 of 0.1-1 
N NaOH solution was added to adjust the pH. An 
additional 300 or 200 ,ul of H2O was added to adjust 
the proton concentration to 5%. The peroxide solu
tion was prepared similarly, but sodium hydroxide 
was not added to peroxide solution as in the case 
of H2O solution. Some of the results are shown 
in Figure 6. Unfortunately the experimental results 
do not agree with eq 1, except for the very slow 
reaction at pH ~7.0 , where the reaction rate 
was about 30 times smaller than the reaction rate in 
H2O solution. At other pH's there is an initial fast 
reaction immediately after mixing followed by a very 
slow reaction. We used distilled D2O in some experi
ments to eliminate possible effects of impurities, but 
no essential change was observed in the behavior of 
reaction mixture. We also tried to find out whether 
the slow rate of reaction following the initial fast reac
tion was due to a large reduction in the concentration 
of either one of the reagents as a result of faster con
sumption of that reagent by some abnormal reasons. 

Kajiwara, Kearns / Deuterium Solvent Effect on the Lifetime of Singlet Oxygen 
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Figure 6. Kl-starch analysis of D2O2-NaOCl reaction in D2O: (a) pH ~7.0, (b) pH ~8.5, (c) pH ~11.6. 

Titanium sulfate, which gives yellow color by reaction 
with hydrogen peroxide but is not colored by NaOCl,15 

was used to test this possibility, but measurements 
indicated that some quantity of peroxide was still 
left unreacted in the reaction mixture and also that 
peroxide concentration might be greater than sodium 
hypochlorite concentration after the initial fast reac
tion. However, the low sensitivity of this method (less 
than one-tenth of the Kl-starch method) and some 
interference by NaOCl prevented us from comparing 
the result with that of the Kl-starch method for deter
mination of a precise concentration ratio. 

Thus, while certain aspects of the reaction of deute
rium peroxide and sodium hypochlorite are still a bit 
puzzling, the fact remains that the oxygen produc
tion rate is rather smaller in D2O than in H2O, because 
even the initial fast decay observed in D2O is about the 
same as, or slower than, the decay in H2O at correspond
ing measured pH. Since the oxygen chemilumines
cence is enhanced in the D2O solutions we may conclude 
that the lifetime of 1A8 oxygen is considerably longer 
in D2O than in H2O. Our experiment does not exclude 
the possibility that oxygen molecules are produced 
in D2O by a totally different mechanism owing to the 
higher stability of the O-D bond and that two oxygen 
molecules are produced at the same time upon a col
lision of two intermediate species as suggested by 
Stauff.18 This mechanism could give additional en
hancement of chemiluminescence in D2O. However, 
since the dimer is not strongly bound21 the two oxygen 
molecules may diffuse apart immediately and the ini
tial simultaneous production of two singlet oxygen 
molecules will have little effect on the total emission 
intensity. Furthermore, even if the two simulta
neously produced oxygen molecules are bound in solu
tion, most of them will rather quickly escape into bigger 
bubbles (in 10 ^sec or less). These considerations 
and the fact that the radiative and nonradiative life
times of 1Ag oxygen in the bubble are long22 indicate 
that the contribution of emission from oxygen dimers 
in the liquid phase must be small. From the values 
given Table I, t, the time that the 1O2 molecule spends in 

(21) S. J. Arnold, R. J. Brown, and E. A. Ogryzlo, Photochem. Photo-
Wo/., 4,963 (1965). 

(22) R. P. Wayne, Advan. Photochem., 7,311 (1969). 

solution before it escapes into a bubble, is estimated 
to be a few microseconds. Assuming that most of 
the chemiluminescence originates from bubbles, the 
intensity ratio may be roughly given by (e-t/Tl/e~t/T2)2, 
where n is the lifetime of 1A6 in D2O and r2 is the life
time of 1A8 in H2O. To estimate, t, n and T2 were 
set to 20 and 2 /isec, respectively.3 The equation 
(e-' /T1/e-(/")2 = 15 or 31 then gives the corre
sponding value of t. Assuming that the diffusion 
constant of O2 in water is ~ 1 cm2/day, it is calculated 
that O2 molecule can travel about 500 A in 2 jusec. 
This seems to be reasonable considering that O2 mole
cules may have to collide with each other many times 
before they form a bubble or escape into a bubble. 

We have also observed chemiluminescence enhance
ment in D2O of about the same order of magnitude as 
those in Table I using Ca(OCl)2 solution instead of 
NaOCl solution, so that the results apply to other hy
pochlorite systems. However, this reaction produced 
a considerable amount of white precipitate (perhaps 
CaO2) and was not suitable for chemiluminescence 
observation. No significant enhancement was ob
served when we tried Cl2 bubbling in peroxide solution, 
but in this case the rate of oxygen production was too 
fast or oxygen molecules were produced only near the 
surface of a bubble and the amount of time an O2 

molecule remained in solution was too small for there 
to be any solvent effect on the singlet oxygen decay. 

We conclude that our studies of the singlet oxygen 
chemiluminescence produced by decomposition of 
H2O2 provide direct spectroscopic evidence that the 
lifetime of singlet oxygen is longer in D2O than in 
H2O. This confirms our earlier work which was 
based on indirect laser photolysis experiments and 
further establishes the solvent deuterium effect on 
singlet oxygen as a powerful diagnostic test for the 
involvement of singlet oxygen in various photophysical 
and photochemical processes. We obtained some 
additional information about the nature of the H2O2 

decomposition reaction, but the details of the reaction 
mechanism in D2O remain to be clarified. 
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