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COM M U N ICATIONS

Singlet 0, Production from Photoexcited NO,
Theodore Frankiewicz‘ and R. Stephen Berry
Department of Chemistry and The James Franck Institute, The University of Chicago, Chicago, IL 60637

N Mixtures of NO, and O2were irradiated with visible light.

(A > 4000A). Electronically excited NO? was produced which
transferred energy collisionally to 0 2 to produce O2(IA0).
The population of 0 2 ( l A g ) in the reaction cell was determined
by monitoring its phosphorescent emission at 1.27 p with a n
RCA 7102 photomultiplier used in a photon-counting mode.
From the experimentally determined rate of production and
destruction of 02(
‘A,), the probability that a quenching collision of NO2*with O2will produce Or(la,) is found to be Q =
0.01 i 0.002. This mechanism is capable of producing a
steady-state OZ(lAg) concentration in the atmosphere of 107108 ~ m - ~ .

T

he possibility that singlet molecular oxygen might play
a noticeable role in the photochemical smog cycle
was pointed out by Pitts (1969). Herron and Huie (1969)
found the relative reactivities of single molecular oxygen,
oxygen atom, and ozone to be l o p 3:1 :1 at best and concluded
that known mechanisms for producing metastable 0 2 molecules were not sufficiently effective to make these species
important in the smog cycle. Subsequent work indicates the
reactivity ratio may be more like lO-4:1:1 (Johnston et al.,
1971). About the same time, Kummler and Bortner (1969),
Steer et al. (1969b), and Snelling (1968) showed that benzaldehyde, benzene, naphthalene, and naphthalene derivatives
To whom correspondence should be addressed.

could absorb light and transfer this energy to OZto produce
excited oxygen molecules. Still, these mechanisms seem too
inefficient to be important for smog formation because of the
low ambient concentrations of the photosensitizing species
and their small extinction coefficients in the visible or near-uv
spectral regions.
We have investigated another possible mechanism for
generating singlet molecular oxygen, the production of 0 2 ( lA)
by the NOr-photosensitizedprocess
NO2
NOT*

+

+ Oz

-

/ZY

-+

NOz*

NO2

+ 02(lA)

(1)
(2)

This process was studied by irradiation of N02-02 mixtures
with a chopped, carefully filtered beam of visible light. Wavelengths below 4000A were excluded to avoid photodissociation
of the NOz (Douglas and Huber, 1965; Schuck et al., 1966;
Cvetanovic, 1964). Direct measurement of the 1-27-p emission
from the process 02(
‘A)
02(
Q)
hu was used t o monitor
the energy transfer. Emission was observed through two
Corning No. 7-56 filters with an RCA 7102 photomultiplier
operated as a photon counter. The emission was confirmed as
originating only at 1.27 p by scanning the line with a temperature-tuned, narrow band interference filter (Razdow Optical
Instruments, 1.2728 p peak transmission a t 20°C). The photomultiplier tube was calibrated against a blackbody source
with various filter combinations. Under our operating conditions, the quantum efficiency of the tube at 1.27 p is 1.5 X
lo-’. The observed signal was about 4 countsisec. Modulation
at 30 Hz was as follows: The sample was irradiated during
the first
cycle; after l/s-cycle delay, the photomultiplier

-

+
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was gated on for cycle, the final 'Is cycle was dead time.
The pressure dependence of both the near-ir and visible
NOz emission gave Stern-Volmer plots which yielded values
for NO, quenching by NZand by Os in essential agreement with
those in the literature (Meyers et al., 1966; Schwartz, 1968).
In a typical experiment, p(NOn S 0.48 torr, p(Oz)E 3.0
torr, and the system absorbs approximately 5.4 X 101j photons/sec, all in the wavelength range 4000-5OOOA. From
geometric factors and the observed rate of emission by On(lA),
we estimated a total Oz(IA) production rate of 4.1 X 1013/sec.
These diffuse uniformly throughout a cell of 860 cm3, in the
irradiation interval. Deactivation of excited Os molecules is
due to wall collisions, to collisions with NOs, to collisions with
Ozand, in very small part, to radiation. The pseudo first-order
rate coefficients for the first three processes are 0.10 sec-I
(in our system), 0.08 sec-', and 0.21 sec-I, respectively (Becker
et al., 1971; Steer et al., 1969a); the radiative rate is 2.58 X
sec-l. The system is in a steady state with respect to
Os(IA), with an effective total first-order decay constant of
0.39 sec-I.
From the known quenching constants (Meyers et al., 1966;
Schwartz, 1968) for NOz* by NOz (7.1 X
cm3/mol-sec),
the measured concentrations of NOzand Oz,and the knowledge
that NOn fluorescence is completely quenched, we determine
that fraction of photons absorbed which go one way or another to On. From the experimentally determined rate of
production (and destruction) of 02(
'A), we thus determine the
probability, a, that a quenching collision of NOz* with 0 2
will produce O,(lA) :
a = 0.01 =t0.002

( 3)

The uncertainty is due largely to uncertainties in collection
efficiency from molecules away from the optic axis of the
photomultiplier. In other words, about 1 of the collisions
of NO,* with 0 2 yield a metastable Os( 'A).
The possible significance of this observation for the problem
of smog appears when we estimate the ambient concentration
of O,(lA) from the NOz-activated process alone. The rate
constant for quenching of NO2*by N, is 3.1 X 10-l' cm3/molsec, slightly less than that for quenching by On.From these two
coefficients, we infer that about 21.5% of the NOz* in the
atmosphere lose their energy to Oz, and thus about 0.215z of
the excited Nos* molecules generate OZ(lA).(NOzfluorescence
is, of course, completely quenched in the atmosphere.) The
rate of production of NOz* by light in the 4000-5OOOA region,
when the NOn concentdation is 0.035 ppm and the photon
flux in the 4000-5000A interval is 5 X 10'6/cm2-sec-corresponding to the sun 40' from the zenith, on a clear day-is
about 2.3 X 1010/cm3-sec.Hence the rate of production of
O,(lA) under these conditions is about 4.35 X 107/cm3-sec.
The 02(lA) is in a steady-state condition, with most of its
quenching accomplished by Oz; the rate coefficient for this
process is 2.2 X lo-'* cm3/mol-sec. Hence the pseudo firstorder rate coefficient for deactivation of 0 2 ( l A ) is 12 sec- ', and
the steady-state concentration of Oz(IA) under the conditions
just described is 3.6 X 106/cma.
More generally, we can express the steady-state concentration of 02('A), in molecules/cm~,in terms of the photon flux
4 (as 1OI6 photons/cmz-sec) and the NO, concentration (in
the common units of ppm) as
[02(1A)1= 2 X 1O7(NO2,ppmM

(4)

Under conditions of intense sunlight and moderately high
concentrations of NOs, the steady-state concentration of
366 Environmental Science & Technology

02('A) easily exceeds l o 7
and may reach 108
as a
result of the NOz-activated mechanism alone. The concentration of 0 atoms is probably seldom greater than 5 X lo5
(Berry and Lehman, 1971) and may be up to an order of
magnitude lower than this during earlier stages of the smog
cycle (Johnston et al., 1971). It thus appears the NOs-activated
mechanism by itself is capable of producing sufficient OZ('A)
to make singlet molecular oxygen a contributor to smog
formation despite the 103-104-fold lower activity of the molecular species
Early work on the photooxidation of hydrocarbons in the
presence of NOz (Bufalini and Altshuller, 1967) indicated that
the rate of hydrocarbon oxidation could be explained solely
on the basis of 0-atom oxidation. However, it should benoted
that these experiments were conducted using uv light which
photodissociates NOs to NO 0 quite efficiently and produces
very little NOz*. Thus these early experiments were under
conditions where [02(1A)]<< lo4 (0)and therefore have no
bearing either positive or negative on the role of Ot('A) in the
atmospheric oxidation of hydrocarbons.
In addition to the high NOz concentration experiments
mentioned above, we have conducted experiments with the
NOe concentration as low as 500 ppm and find the mechanism
for Os( 'A) formation remains operative. This strongly indicates
that the energy transfer is truly an elementary molecular
process and thus our extension to the atmosphere is valid.
After this work was submitted for publication, we learned
that very similar conclusions have been reached by Jones and
Bayes (1971) based on a very different detection method.
A more detailed discussion, including a study of the 'Z
state, is in preparation.
I
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