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The absorption of radiatioj\200—260 nnhby the G - N, collision complex produces NOwith an
average yield of (0.03 0.008) odd-nitrogen per absorbed photon. This process is also a new source
of isotope enriched odd-nitrogen in the atmospheres.2@1 American Institute of Physics.

[DOI: 10.1063/1.1406531

I. INTRODUCTION II. EXPERIMENTAL DETAILS AND RESULT FOR THE

. . ) . ) QUANTUM YIELD
Nitric oxide is an important species in a variety of con-

texts, particularly in atmospheric chemistry, and its dimer ~ The basic experimental techniques used in measuring the
(NO), is now recognized as a high-energy-density-materiaivavelength-averaged NOyield, &, from the reaction(1)
(HEDM).! Until now, the oxidation of nitrous oxide by have been described earlier in Ref. 3. Briefly, the photolysis
o('D) (N20+O(1D)HNO+ NO) is thought to be the domi- pell was 50 cm in length and 21 cm in diameter. An thron-
nant global source of NO in the stratosphere. Most recentlyCS Dz lamp and Mgk lens were used to create a collimated
however, the atmospheric modeling community has sug/V beam (1.5 cm, dial with accurately known fluxes
gested that additional sources of NRef. 2 are needed to (*10%) in thex200-260 nm wavelength rangeig. 1). The
balance the odd-nitrogen budget in the Earth’s atmosphere €am was co-aligned with the axis of the photolysis cell.
the 30—7 mb region. Stimulated by this development, wellthough the B lamp can deliver an integrated flux between
have discussed two new sources of NRef. 3 that show 2200-260 nm of~3X 10 photonss®, very little of this
promise of being important in atmospheric chemistry. Ondlux is absorbed by the H'N, or O,-N; in the photolysis
process was the Woodward—Hoffman forbidtedy,(B33) cell. This is because Ndoes not absorb in this wavelength

+N,—NO+NO (or, N+NO,) reaction. The other reaction range. @ does weakly absorb in several forbidden band sys-
was tems; the absorption is optically thin. The absorption cross

sections for the dimers and the collision complexes are ap-
proximately 200 times larger than the cross sectionsdb©

the Herzberg band system. Nevertheless, the effective optical
depth for these species is also very small due to the low
We inferred the existence of this reaction from the pressuraumber density of the clusters or the dimers. Nonetheless,
squared dependenc@?) of the NO (NO,) formation rate  the NQ production rate from process) in synthetic air was
that we observed in an ultraviol¢UV) photolysis experi- measurable £ 4x 10'' moleculess?) and the same cryo-
ment. In this reaction, the ON, species may be either a genic techniques described earlier were used to concentrate
very loosely bound diméror a collision compleX:” The  the sample$~5 nmole3. Research-grade 099.999% and
collision complexes © O, or O,-N, are thought to be im- N, (99.9995% gases were used. The Was further purified
portant as infrared absorbers in climate related studies. THey passage of the gas through a chemical getter and a
photochemical activity of @ N, that we had observed, and Supelco OMI-1 purifier containing Nanochem. Both gases
the similar reactiorhv+ O,-O,—05+0 reported earlier by were further purified by passing them through a molecular
Brown and Vaid&, add an additional dimension to the im- shieve column that had been baked under vacuum at 400 °C
portance of collision complexes in atmospheric environmentfor 24 hours and then cooled t0160 °C. The NQ (or N,O)

At that time, our study of the reactidil) was not complete impurity level in the so purified reagent gas was generally
and we did not report the NO quantum yield from reaction<<10 pptv. The final gas mixture was analyzed by an Extrel
(2). In this paper, we complete that task. In addition, we alsaqquadrupole mass spectrometer and a Perkin Elmer gas chro-
report on the isotopic properties of the product. We concludenatograph. Comparatively short irradiation perio¢0

with a brief mention of the potential importance of the reac-s—120 min were used to minimize secondary or wall chem-
tion in the present and the prebiological paleoatmospheristry. The previously observep? pressure dependence was
with the hope that this discussion will stimulate the reactionagain verified. Further studies in the spectral regi@h0—
kinetics community to undertake the remaining laboratory260 nm) under optically thin conditions showed that the NO
investigations. production rate, NO), varied linearly with the @ or N,
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20 ' ‘ 3 (Ref. 9 at 1000 torr for Q. There would therefore be a delay
of nearly 3 min before NQ would be detected at the center
of the cell if the source was the heterogeneous chemistry on
the walls. However, if the source is a volume process, then
the NO; would form immediately along the axis of the pho-
tolysis cell. The initial axial concentration of NQwill then
decrease exponentially with time in a manner consistent with
the well-known continuity equation governing diffusion until
the NG was uniformly distributed. In the absence of a sur-
oy proy oo P face source, the ratio of the initial NGconcentration at the

Wavelength (nm) center of the cell to the final fully mixed NOconcentration

_ _ _ should equal the ratio of the irradiated to the total cell vol-

FIG. 1. Plot showing the DN, interaction constanB(\,200K) and the =\, haq I there is a surface source in addition the volume
O, absorption cross sections that are important in atmospheric modeling. . . .
The UV flux from the § lamp used in the quantum yield measurement isgprocess, the former ratio will deviate from the latter. Thus the
shown for reference. existence of surface chemistry can be verified and it strength
estimated. Using this approach, we confirmed that thg NO

pressure when the pressure of the other gas was held Col;%)rmed immediately and that there was no evidence for sig-

stant. The experiments at constant essure are particu- n|f|cant_ wall_producuon in agreement with the implications
. . of the linearity tests.

larly important because they effectively rule out surface

chemistry as a significant NOsource in this experiment.

The linear and quadratic pressure dependenciegNfdPcan

not be accounted for by the photochemistry of any excitedll. EXPERIMENTAL DETAILS AND RESULT FOR THE

O, monomersle.g., Q(A33)] that may be created in our ISOPTOPIC COMPOSITION

experiment. In contrast, the observed pressure dependencies

are readily explained by the photo-excitation of the XD, lso f din th ) hat the ori
cluster regardless of whether it is a bound dimer or a collj-2'S9 forme in the © N, expenment so that the primary NO

sion complex. The quantum yield was, therefore, determine&?Ok':'CUIe_S from procesdd) were rapidly converted into NO
in the quadratic pressure domdia.f. curve C in Ref. 3 via reaction(3),
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In addition to nitric oxide significant amounts o @ere

using the expression NO+05;—NO,+0. (3
_ (L[> ; i 15 15
P(NO)=sf J' B(\,T)-n(0,)-n(N,)- ®g(N) This NO, exhibits a ' large ~N enhancement &°N
oJo ~150 %0). Mass analysis was done using the Extrel quadru-

pole mass spectromet¢é®MS) that had 1.59 cm diameter
+exp(—=B(A,T)-n(0y) - n(N2))aAdl, @) poles and was fitted with a high efficiency electron impact

wheren(N,) andn(O,) are the gas densitieB(\,T) is the ionizer. This procedure is essentially the same as those used
interaction constant measured by Shardan&eduivalently, by others(see Andersoret all%). As explained previousl,
the binary absorption coefficient in the terminology used inthis ionizer had other special design feature so that it can
Refs. 6 and Yand®,(\) is the total incident UV flux in the effectively trap and energy analyze both the primary ions and
interval 6A. The wavelength-averaged NGQjield was ap- their dissociative ionization fragments. These data permit a
proximately (3.3-0.8)x 10~ 2NO/absorbed photon. This es- self-consistent determination of th#°N, §'’0, and 50
timate is based on thB(\,298 K) values published by Shar- from an analysis of the complete fragmentation pattern. In
danand. There are no other independent measurements tbe study of the wavelength dependence of the isotope ef-
this quantity. However, it is worth noting that Shardanand’sfects produced when NQs photodissociated by UV radia-
B(\,T) values for the @—O, cluster are in excellent agree- tion, the NO and @were cryogenically separated from the
ment with those measured by othéfBhe formation of Qin NO, before mass analysis. In order to determine whether the
the photolysis of @ O, dimer (or collision complex by  enhancement took place in st€p or (3), we performed the
Herzberg band radiation observed by Brown and VAal®  following experiment. Ozone was synthesized in the pho-
pears to be a similar photochemical process. tolysis cell by irradiating research grade @50 torr) with

To verify that the NQ production was a volume pro- Hg \ 184.9 nm photons from a penlite source. Complemen-
cess, a simple test was done in which the UV beam irradiatethry A253.7 nm absorption measurements were used to moni-
the gas for a short timé0 9. A small capillary tube was tor the G buildup. When the @partial pressure reachedl
inserted radially into the center of the large photolysis cell torr, the Hg lamp was turned off and the isotope signatures of
This tube could be valved off at the cell and was connectedhe O; was determined. The ozone was found to be enriched
to an Extrel quadrupole mass spectrometer/GC. Because of 1’0 and*0 in a mass independent mannét {0~ 5*%0
the axial geometry of the UV beam, all of the initial photo- ~80%.) in agreement with the findings of Thiemens and
dissociation and chemistry involving NGand G takes in a  Jacksort! The isotope analysis used the standard techifque
small cylindrical volume along the central axis of the cell. of converting a small amount of the;@ O, pyrolytically. A
The time for any of the by-products of photolysis to diffuse 5% mixture of NO/N with the isotope fractionation pattern
to the wall is long. For example, it is approximately 135 sof nitrogen in air was then titrated into the, ; mixture
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until the NO was converted entirely to NOThe NG, was 70¢
then cryogenically separated out and mass analyzed using B
the Extrel quadrupole mass spectrometer.

These simple experiments showed that reacti®nis
“isotopically neutral.” For example, if the initial NO is en-
riched in'°N, then this enhancement is passed to the,NO
Similarly if the O; is isotopically heavy with a mass inde-
pendent fractionation pattern, this signature is passed
through to the N@ as well but to a lesser degreé(O
~ 60~ 40 %0). The implication of this finding is that pro-
cess(1) creates the observed isotopically heavy NO initially 10§ ]
and that subsequent reactions with €imply transfers the ) 1‘0 100 10'00 10000
5™N isotope signature to the terminal species: ,;NO NO, Production Rate (cm™ sec™)

This experiment also provided an opportunity to study
the wavelength dependence of the isotope effects observédf: 2 Plot showing the production of NO from the reactiogr R, +hv
when NG is photodissociated by UV radiatig®, arc lamp: —2NO in the present-day atmosphere.
unfiltered \ ;yo~ 170 Nm; filtered with Schott glass filter
WG-280,\ 01~ 200 Nm). These data are of interest becauseinteraction constant near240 nm(Fig. 1) then reaction(1)
this process completes the classic ozone catalytic cycle in thgecomes a minor source confined to the upper stratosphere
stratosphere and affects its isotope signature. For the filteregtig. 2). However, if the NQ production comes from the
lamp the primary products are shorter wavelength portion of the cross sectia@00—220

hv+NO,—NO+O. 4) nm), then thg reactiofil) is a major NQ source |n the NQ

source deficient 30—7 mb region. This conditional impor-
O, is subsgquently formed by wall reactions and by the voltance of the new source highlights a limitation of our mea-
ume reaction: surement, namely, it was not possible for us to measure the
0+NO,—NO+0,. (5) NOy yield_ as a_function of wavelength with our,Dight
o _ source. Dispersing the UV flux from our lamp would have
NO/G,; ratios in the range 1-2 would be expected from thisiegyited in sample sizes below our present detection thresh-
simple model. The observed value is 1.6. TANO from o4, However, we were able to carry out a simple test that
reaction (4) was found to be isotopically depletedN  gypports the conclusion thath) is probably independent of
~—70 %) but the Q isotope signature was unchangedhe wavelength. In this experiment sharp cutoff, UV glass

60

ALTITUDE (km)
[ PN i
] o o

[\S]
o

from its normal air fractionation pattern. .  filters [UG 5: N guro= 210 nm; BG 24\ o= 230 N were

~ With the unfiltered [ arc lamp an additional dissocia- ysed to modify systematically the input flux from the D

tion channel opens lamp. The changes in the measured ;N@oduction rate
hv+NO,—N+O,. (6)  were compared with the predicted changes based on the mea-

sured transmission curves of the filters, a knowledge of the
spectrum of the Plamp and our assumption abat(d). The
measured and calculated rates agreed within 10% and thus
suggested that(\) has no significant wavelength depen-
dence. Certainly, measuring(\) with moderate resolution
(10 nm should be a high priority for photochemists.
To further motivate the undertaking of the required but
difficult kinetic studies, we want to add that the react{@n
may have played an important role in the Precambrian era
IV. POTENTIAL SIGNIFICANCE: WHAT NEEDS TO BE (0.6—3.5 Byrs. when life was still developing in the oceans.
DONE AND WHY While this role of the reactiofl) is being prepared for pub-
Figure 2 shows the Nproduction rate in our present- lication elsewhere, interested readers can get some details

day atmosphere for a solar zenith angle of 60° in the variou§om the authors.

wavelengthg10 nm widg bins. The result in the Fig. 2 are

based on the cluster interaction constdit\,T), presented

is independent of wavelength. The total N@roduction rate

in the middle stratosphere is approximately 2—3 times that The quantum yield for odd-nitrogen production from ab-
from the oxidation of NO by O(*D). Thus, reactiorfl) may  sorption of ultraviolet radiationfA200—260 nrh by the

be the missing NQ source sought in the 30—7 mb altitude O,-N, collision complex is substantive: on the order of
range? The effect of the new source in the present-day at{3.3+0.8)x 10 2 NO/absorbed photon. The potential sig-
mosphere depends profoundly on the actual wavelength daificance of the reactioril) for the present atmosphere is
pendence of the quantum yield. If most of the N@oduc-  however critically dependent upon the wavelength depen-
tion is associated with the long-wavelength portion of thedence of theyield. We hope that this fact coupled with the

The observed NO/©ratio now decreases to 0.87. The NO
formed by reaction(4) continues to exhibit &N depletion
but the new @ from reaction(6) is enriched in a mass inde-
pendent manner &0~ 50~ 64 %.). Thus, the diurnal
isotope signature of O and N associated with the,N@D;
catalytic cycle in the stratosphere will be very complex and
altitude dependent.
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potential significance of the reaction in the prebiological “R. B. Woodward and R. HoffmarT,he Conservation of Orbital Symmetry

paleo-atmosphere will stimulate further laboratory studies of

this reaction.

ACKNOWLEDGMENT

One of the author$S.S.P. acknowledges support from
National Aeronautics and Space AdministratioNASA)
through Contact No. NAS1-00134.

IH. H. Michels and J. J. A. Montgomery, J. Chem. PI8&.7248(1988.

2M. Y. Danilin, J. M. Rodrigues, W. Het al,, J. Geophys. Red.04, 8247
(1999; G. A. Morris, D. B. Considine, A. E. Dessler, S. R. Kawa, J.
Mergenthaler, A. Roche, and J. M. Russell lll, J. Geophys. R&®&.8955
(1997.

3E. C. Zipf and S. S. Prasad, Scier2g9, 211 (1998.

(Chemie, Weinheim and Academic, New York, 1970

5Shardanand and A. D. Prasad Rao, J. Quant. Spectrosc. Radiat. Tansf.
433 (1976; Shardanand, J. Quant. Spectrosc. Radiat. Tratf.525
(1977; Shardanand, J. Quant. Spectrosc. Radiat. Trd®s263(1978.

6C. S. Zender, J. Geophys. R84, 24471(1999; K. M. Smith and D. A.
Newnham, J. Geophys. ReK)5 7383(2000.

"H. S. Johnstone, M. Paige, and F. Yao, J. Geophys. $841661(1984;

J. R. Herman and J. E. Mentall, J. Geophys. R&58967(1982.

8L. Brown and V. Vaida, J. Phys. Cherh00, 7848(1996.

9The time constant for the fundamental diffusion mode is givenrby
=A2p/(Dp)=135s for Q at 1000 torr. HereD is the diffusion coeffi-
cient for O; in the mixture,A is the fundamental diffusion length of the
cell, andp is the pressure.

1035, M. Anderson, J. Morton and K. Mauersberger, Geophys. Res.14tt.
1258(1987.

M. H. Thiemens and T. Jackson, Geophys. Res. l1ett624 (1987).

123, E. Heidenreich and M. H. Thiemens, J. Chem. PB¥s2129(1989.

Downloaded 07 May 2013 to 216.47.136.20. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



