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The absorption of radiation@l200–260 nm# by the O2•N2 collision complex produces NOX with an
average yield of (0.0360.008) odd-nitrogen per absorbed photon. This process is also a new source
of isotope enriched odd-nitrogen in the atmospheres. ©2001 American Institute of Physics.
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I. INTRODUCTION

Nitric oxide is an important species in a variety of co
texts, particularly in atmospheric chemistry, and its dim
~NO!2 is now recognized as a high-energy-density-mate
~HEDM!.1 Until now, the oxidation of nitrous oxide by
O~1D! ~N2O1O~1D!→NO1NO! is thought to be the domi
nant global source of NO in the stratosphere. Most recen
however, the atmospheric modeling community has s
gested that additional sources of NO~Ref. 2! are needed to
balance the odd-nitrogen budget in the Earth’s atmosphe
the 30–7 mb region. Stimulated by this development,
have discussed two new sources of NO~Ref. 3! that show
promise of being important in atmospheric chemistry. O
process was the Woodward–Hoffman forbidden4 O2(B

3S)
1N2→NO1NO ~or, N1NO2! reaction. The other reactio
was

hn1O2•N2→2NO. ~1!

We inferred the existence of this reaction from the press
squared dependence (p2) of the NO ~NO2! formation rate
that we observed in an ultraviolet~UV! photolysis experi-
ment. In this reaction, the O2•N2 species may be either
very loosely bound dimer5 or a collision complex.6,7 The
collision complexes O2•O2 or O2•N2 are thought to be im-
portant as infrared absorbers in climate related studies.
photochemical activity of O2•N2 that we had observed, an
the similar reactionhn1O2•O2→O31O reported earlier by
Brown and Vaida,8 add an additional dimension to the im
portance of collision complexes in atmospheric environme
At that time, our study of the reaction~1! was not complete
and we did not report the NO quantum yield from reacti
~1!. In this paper, we complete that task. In addition, we a
report on the isotopic properties of the product. We conclu
with a brief mention of the potential importance of the rea
tion in the present and the prebiological paleoatmosph
with the hope that this discussion will stimulate the react
kinetics community to undertake the remaining laborat
investigations.
5700021-9606/2001/115(13)/5703/4/$18.00
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II. EXPERIMENTAL DETAILS AND RESULT FOR THE
QUANTUM YIELD

The basic experimental techniques used in measuring
wavelength-averaged NOX yield, «̄, from the reaction~1!
have been described earlier in Ref. 3. Briefly, the photoly
cell was 50 cm in length and 21 cm in diameter. An Optro
ics D2 lamp and MgF2 lens were used to create a collimate
UV beam ~1.5 cm, dia.! with accurately known fluxes
~610%! in thel200–260 nm wavelength range~Fig. 1!. The
beam was co-aligned with the axis of the photolysis c
Although the D2 lamp can deliver an integrated flux betwee
l200–260 nm of;331015 photons s21, very little of this
flux is absorbed by the O2, N2, or O2•N2 in the photolysis
cell. This is because N2 does not absorb in this waveleng
range. O2 does weakly absorb in several forbidden band s
tems; the absorption is optically thin. The absorption cro
sections for the dimers and the collision complexes are
proximately 200 times larger than the cross sections of O2 for
the Herzberg band system. Nevertheless, the effective op
depth for these species is also very small due to the
number density of the clusters or the dimers. Nonethel
the NOX production rate from process~1! in synthetic air was
measurable (;431011 molecules s21) and the same cryo
genic techniques described earlier were used to concen
the samples~;5 nmoles!. Research-grade O2 ~99.999%! and
N2 ~99.9995%! gases were used. The N2 was further purified
by passage of the gas through a chemical getter an
Supelco OMI-1 purifier containing Nanochem. Both gas
were further purified by passing them through a molecu
shieve column that had been baked under vacuum at 40
for 24 hours and then cooled to;160 °C. The NOX ~or N2O!
impurity level in the so purified reagent gas was genera
,10 pptv. The final gas mixture was analyzed by an Ext
quadrupole mass spectrometer and a Perkin Elmer gas c
matograph. Comparatively short irradiation periods~20
s–120 min! were used to minimize secondary or wall chem
istry. The previously observedp2 pressure dependence wa
again verified. Further studies in the spectral region~210–
260 nm! under optically thin conditions showed that the NOX

production rate, P~NO!, varied linearly with the O2 or N2
3 © 2001 American Institute of Physics
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pressure when the pressure of the other gas was held
stant. The experiments at constant O2 pressure are particu
larly important because they effectively rule out surfa
chemistry as a significant NOX source in this experiment
The linear and quadratic pressure dependencies of P~NO! can
not be accounted for by the photochemistry of any exci
O2 monomers@e.g., O2(A

3S)# that may be created in ou
experiment. In contrast, the observed pressure depende
are readily explained by the photo-excitation of the O2•N2

cluster regardless of whether it is a bound dimer or a co
sion complex. The quantum yield was, therefore, determi
in the quadratic pressure domain@c.f. curve C in Ref. 3#
using the expression

P~NO!5 «̄E
0

LE
0

l

B~l,T!•n~O2!•n~N2!•F0~l!

•exp~2B~l,T!•n~O2!•n~N2!!]l] l , ~2!

wheren~N2! andn~O2! are the gas densities,B(l,T) is the
interaction constant measured by Shardanand5 ~equivalently,
the binary absorption coefficient in the terminology used
Refs. 6 and 7! andF0(l) is the total incident UV flux in the
interval dl. The wavelength-averaged NOX yield was ap-
proximately (3.360.8)31022NO/absorbed photon. This es
timate is based on theB(l,298 K) values published by Sha
danand. There are no other independent measuremen
this quantity. However, it is worth noting that Shardanan
B(l,T) values for the O2uO2 cluster are in excellent agree
ment with those measured by others.7 The formation of O3 in
the photolysis of O2•O2 dimer ~or collision complex! by
Herzberg band radiation observed by Brown and Vaida8 ap-
pears to be a similar photochemical process.

To verify that the NOX production was a volume pro
cess, a simple test was done in which the UV beam irradia
the gas for a short time~20 s!. A small capillary tube was
inserted radially into the center of the large photolysis c
This tube could be valved off at the cell and was connec
to an Extrel quadrupole mass spectrometer/GC. Becaus
the axial geometry of the UV beam, all of the initial phot
dissociation and chemistry involving NOX and O3 takes in a
small cylindrical volume along the central axis of the ce
The time for any of the by-products of photolysis to diffu
to the wall is long. For example, it is approximately 135

FIG. 1. Plot showing the O2•N2 interaction constant,B(l,200 K) and the
O3 absorption cross sections that are important in atmospheric mode
The UV flux from the D2 lamp used in the quantum yield measurement
shown for reference.
Downloaded 07 May 2013 to 216.47.136.20. This article is copyrighted as indicated in the abstract.
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~Ref. 9! at 1000 torr for O3. There would therefore be a dela
of nearly 3 min before NOX would be detected at the cente
of the cell if the source was the heterogeneous chemistry
the walls. However, if the source is a volume process, th
the NOX would form immediately along the axis of the pho
tolysis cell. The initial axial concentration of NOX will then
decrease exponentially with time in a manner consistent w
the well-known continuity equation governing diffusion un
the NOX was uniformly distributed. In the absence of a su
face source, the ratio of the initial NOX concentration at the
center of the cell to the final fully mixed NOX concentration
should equal the ratio of the irradiated to the total cell v
umes. If there is a surface source in addition the volu
process, the former ratio will deviate from the latter. Thus
existence of surface chemistry can be verified and it stren
estimated. Using this approach, we confirmed that the NX

formed immediately and that there was no evidence for s
nificant wall production in agreement with the implication
of the linearity tests.

III. EXPERIMENTAL DETAILS AND RESULT FOR THE
ISOPTOPIC COMPOSITION

In addition to nitric oxide significant amounts of O3 were
also formed in the O2•N2 experiment so that the primary NO
molecules from process~1! were rapidly converted into NO2
via reaction~3!,

NO1O3→NO21O. ~3!

This NO2 exhibits a large 15N enhancement (d15N
;150 ‰). Mass analysis was done using the Extrel quad
pole mass spectrometer~QMS! that had 1.59 cm diamete
poles and was fitted with a high efficiency electron impa
ionizer. This procedure is essentially the same as those
by others~see Andersonet al.10!. As explained previously,3

this ionizer had other special design feature so that it
effectively trap and energy analyze both the primary ions a
their dissociative ionization fragments. These data perm
self-consistent determination of thed15N, d17O, andd18O
from an analysis of the complete fragmentation pattern.
the study of the wavelength dependence of the isotope
fects produced when NO2 is photodissociated by UV radia
tion, the NO and O2 were cryogenically separated from th
NO2 before mass analysis. In order to determine whether
enhancement took place in step~1! or ~3!, we performed the
following experiment. Ozone was synthesized in the ph
tolysis cell by irradiating research grade O2 (250 torr) with
Hg l 184.9 nm photons from a penlite source. Complem
tary l253.7 nm absorption measurements were used to m
tor the O3 buildup. When the O3 partial pressure reached;1
torr, the Hg lamp was turned off and the isotope signature
the O3 was determined. The ozone was found to be enric
in 17O and18O in a mass independent manner (d17O;d18O
;80 ‰) in agreement with the findings of Thiemens a
Jackson.11 The isotope analysis used the standard techniqu12

of converting a small amount of the O3 to O2 pyrolytically. A
5% mixture of NO/N2 with the isotope fractionation patter
of nitrogen in air was then titrated into the O2 /O3 mixture

g.
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until the NO was converted entirely to NO2. The NO2 was
then cryogenically separated out and mass analyzed u
the Extrel quadrupole mass spectrometer.

These simple experiments showed that reaction~3! is
‘‘isotopically neutral.’’ For example, if the initial NO is en
riched in 15N, then this enhancement is passed to the N2.
Similarly if the O3 is isotopically heavy with a mass inde
pendent fractionation pattern, this signature is pas
through to the NO2 as well but to a lesser degree (d17O
;d18O;40 ‰). The implication of this finding is that pro
cess~1! creates the observed isotopically heavy NO initia
and that subsequent reactions with O3 simply transfers the
d15N isotope signature to the terminal species: NO2.

This experiment also provided an opportunity to stu
the wavelength dependence of the isotope effects obse
when NO2 is photodissociated by UV radiation~D2 arc lamp:
unfiltered lcutoff;170 nm; filtered with Schott glass filte
WG-280,lcutoff;200 nm!. These data are of interest becau
this process completes the classic ozone catalytic cycle in
stratosphere and affects its isotope signature. For the filt
lamp the primary products are

hy1NO2→NO1O. ~4!

O2 is subsequently formed by wall reactions and by the v
ume reaction:

O1NO2→NO1O2. ~5!

NO/O2 ratios in the range 1–2 would be expected from t
simple model. The observed value is 1.6. The15NO from
reaction ~4! was found to be isotopically depleted (d15N
;270 ‰) but the O2 isotope signature was unchang
from its normal air fractionation pattern.

With the unfiltered D2 arc lamp an additional dissocia
tion channel opens

hy1NO2→N1O2. ~6!

The observed NO/O2 ratio now decreases to 0.87. The N
formed by reaction~4! continues to exhibit a15N depletion
but the new O2 from reaction~6! is enriched in a mass inde
pendent manner (d17O;d18O;64 ‰). Thus, the diurna
isotope signature of O and N associated with the NOXuO3

catalytic cycle in the stratosphere will be very complex a
altitude dependent.

IV. POTENTIAL SIGNIFICANCE: WHAT NEEDS TO BE
DONE AND WHY

Figure 2 shows the NOX production rate in our presen
day atmosphere for a solar zenith angle of 60° in the vari
wavelengths~10 nm wide! bins. The result in the Fig. 2 ar
based on the cluster interaction constant,B(l,T), presented
in Fig. 1 and the assumption that that the quantum yield«̄,
is independent of wavelength. The total NOX production rate
in the middle stratosphere is approximately 2–3 times t
from the oxidation of N2O by O~1D!. Thus, reaction~1! may
be the missing NOX source sought in the 30–7 mb altitud
range.2 The effect of the new source in the present-day
mosphere depends profoundly on the actual wavelength
pendence of the quantum yield. If most of the NOX produc-
tion is associated with the long-wavelength portion of t
Downloaded 07 May 2013 to 216.47.136.20. This article is copyrighted as indicated in the abstract.
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interaction constant nearl240 nm~Fig. 1! then reaction~1!
becomes a minor source confined to the upper stratosp
~Fig. 2!. However, if the NOX production comes from the
shorter wavelength portion of the cross section~l200–220
nm!, then the reaction~1! is a major NOX source in the NOX
source deficient 30–7 mb region. This conditional imp
tance of the new source highlights a limitation of our me
surement, namely, it was not possible for us to measure
NOX yield as a function of wavelength with our D2 light
source. Dispersing the UV flux from our lamp would ha
resulted in sample sizes below our present detection thr
old. However, we were able to carry out a simple test t
supports the conclusion that«~l! is probably independent o
the wavelength. In this experiment sharp cutoff, UV gla
filters @UG 5: lcutoff5210 nm; BG 24:lcutoff5230 nm# were
used to modify systematically the input flux from the D2

lamp. The changes in the measured NOX production rate
were compared with the predicted changes based on the
sured transmission curves of the filters, a knowledge of
spectrum of the D2 lamp and our assumption about«~l!. The
measured and calculated rates agreed within 10% and
suggested that«~l! has no significant wavelength depe
dence. Certainly, measuring«~l! with moderate resolution
~10 nm! should be a high priority for photochemists.

To further motivate the undertaking of the required b
difficult kinetic studies, we want to add that the reaction~1!
may have played an important role in the Precambrian
~0.6–3.5 Byrs.! when life was still developing in the ocean
While this role of the reaction~1! is being prepared for pub
lication elsewhere, interested readers can get some de
from the authors.

V. SUMMARY AND CONCLUDING REMARKS

The quantum yield for odd-nitrogen production from a
sorption of ultraviolet radiation@l200–260 nm# by the
O2•N2 collision complex is substantive: on the order
(3.360.8)31022 NO/absorbed photon. The potential si
nificance of the reaction~1! for the present atmosphere
however critically dependent upon the wavelength dep
dence of theyield. We hope that this fact coupled with t

FIG. 2. Plot showing the production of NO from the reaction O2•N21hn
→2NO in the present-day atmosphere.
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potential significance of the reaction in the prebiologic
paleo-atmosphere will stimulate further laboratory studies
this reaction.
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