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ABSTRACT

This sequel discusses O3(X1A1, high v) as another possible contributor to the previously identified new component of N2O quantum yield in the UV photolysis of O3/O2/N2 mixtures that is independent of the total number density ([M]) but is temperature-dependent. Observed global average altitude profile of N2O volume mixing ratios seems to support this idea. In contrast, atmospheric observations cannot say anything about the O3(3B1) contributor that was proposed initially. Laboratory experiments are therefore needed to assess the relative roles of the two, one atmospherically significant (e.g., in heavy O-atom enrichment of N2O) and the other insignificant, contributors to the [M]-independent component. Specific suggestions are made for the needed experiments.

I.
INTRODUCTION

The quantum yield of N2O ((N2O) in the UV photolysis of O3/O2/N2 mixtures is a good test-bed for reactions involving excited state surfaces1 and N2O is also a climatologically important greenhouse gas referred to in the Kyoto protocol for possible regulation (see http://www.iisd.ca/climate/kyoto). One of us (SSP2,3) therefore recently did a meta-analysis of the observed (N2O in the UV photolysis of O3 – air mixture with emphasis on the finer details that have been hitherto neglected. A new model of (N2O was proposed3 that works smoothly over the pressure (p) and temperature (T) range 200 Torr ( p ( 110 atm and 220K ( T ( 324K covered in experiments of Kajimoto and Cvetanovic4 (KC) and Estupinan et al5 (ENLCW). This model has three components. One component of the model has a quadratic dependence on the total number density [M] (i.e., [M]2 or p2 at constant T) discovered by KC and attributed by them to the three-body O(1D), N2 association. The linear-in-[M] but  T-independent component was associated with the reaction O3(1B2) + N2 ( N2O + O2 (b 1(g). The third, [M]-independent (i.e., [M]0) but T-dependent component was attributed to reaction O3(3B1) + N2 ( N2O + O2 (X, 3(g).

It was also pointed out that the [M]0-component would be unimportant in atmospheric chemistry if it is due to the reaction of O3(3B1).

Here, we further expand the interpretation of the new [M]0-component and discuss the idea that possible reactions of N2 with highly vibrationally excited O3(X 1A1), near the threshold of dissociation, may also explain the [M]0-component. It is important to report this idea since it has practical importance in the atmospheric chemistry. For example, the suggested potential reaction could transfer the mass-independent heavy O-atom enrichment6 of O3 to N2O that also has a mass-independent heavy O-atom enrichment7 currently attributed to the photodissiation8. Note that the isotopic budget N2O is an important practical consideration since it could promote a better understanding of the transport of this climatically important greenhouse gas9. For these reasons laboratory experiments that could help determine the relative contribution of the two proposed contributors to the [M]0-component of (N2O are also suggested. 

II. 
PRODUCTION OF N2O FROM O3(X 1A1) 

Production of N2O via the exothermic reaction O3(X 1A1) + N2 ( N2O + O2(X 3() + 14.4 kcal-mole-1 is spin forbidden. It is therefore ignored. On the other hand, the two reactions, (R1) and (R2) below, conserve the spin.


O3(X1A1)  + N2 ( N2O  + O2(a1() 
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Both reactions are endothermic by about 8.1 and 23 kcal-mole-1, respectively. It is noteworthy here that O3 has a biradical character in which the two terminal O-atoms each host one unpaired electron10,11. There may, therefore, be an additional barrier of about 2 to 3 kcal-mole-1. The fact that many exothermic reactions of O3 have barriers also suggests that additional barrier. Even with this additional barrier, the reaction (R1) can be driven by only moderately vibrationally excited O3(X 1A1). On the other hand, there seems to be risks in building a case for the reaction (R1) as a likely contributor to the [M]-independent component of (N2O. If reversibility of the reaction is assumed to hold, then the extremely slow quenching12 of O2(a1(g) by N2O (rate coefficient for the reverse of the reaction (R1), i.e., k1r ( 10-19 cm3 s-1) suggests following difficulties. In the best case of k1r being almost the same as the upper limit of 10-19 cm3 s-1 most of the quenching would have to be reactive for the reaction (R1) to be the responsible for the [M]-independent component. A more serious problem arises if k1r is really less than the stated upper limit. In this case the rate coefficient for the reaction (R1) would conflict with that estimated from the assumption of reversibility of the reaction (R1).  These points will be clearer from the discussions in the Section IV.

The reaction (R2) probably does not suffer from the problem discussed above for the reaction (R1). Compared to O2(a1(g), the quenching of O2(b1(g) by N2O is about six order of magnitude faster12. Thus, the reaction (R2) could account for the [M]-independent component even if only a small fraction (<0.1%) of the quenching is reactive. However, the reaction (R2) has a problem of its own. The vibrational energy needed to overcome the total barrier (due to endothermicity + due to the biradical nature of O3) could exceed the dissociation energy of O3 putting the reaction (R2) at risk. On the positive side, a reprieve from this risk is possible. Translationally “hot” reactants (translational energy ( 2 kcal-mole-1) in the Maxwellian tail of the kinetic energy distribution could drive the reaction (R2) if the vibrational energy ((vib) in O3 reactant satisfies the condition 23 kcal-mole-1 ( (vib < dissociation energy. Thus, the reaction (R3) deserves further consideration 


O3(X1A1,  23 kcal-mole-1 ( (vib ( dissociation energy ) + N2 ( N2O  + O2(b1() 
(R3)

Formation of N2O from highly vibrationally excited ClO(v ( 10) reported by Delmdahl and Gericke13 lends further support to the reaction (R3). For brevity, here-onward the O3(X1A1, 23 kcal-mole-1 ( (vib < dissociation energy) is designated in short-hand notation as O3N2O. In this shorthand notation, the N2O superscript implies that O3N2O is that ground state O3(X1A1) which can produce N2O via the reaction (R3) by virtue of high vibrational energy (23 kcal-mole-1 ( (vib < dissociation energy). The population of O3N2O in O3-air mixture isolated from external radiation and in LTE at the room or the atmospheric temperatures will be vanishingly small and therefore no significant production of N2O would occur, consistent with experiments by Goody and Walshaw14. However, the population of O3N2O may be significant in the present context of the [M]0-component of (N2O during UV-photolysis of O3-air in the laboratory or in the atmosphere.

III.
SOURCES OF O3N2O IN UV-PHOTOLYSIS OF O3-AIR MIXTURES
Three-body O, O2 recombination is one mechanism for the formation of O3N2O in UV-irradiated O3-air mixture. Very high vibrational excitation in the v3 mode in nascent O3 from three-body O, O2 recombination is known from laboratory experiments15 and atmospheric observations16. The nascent excitation energy distribution (O3(v*, J*)) is defined as the earliest rotational-vibrational distribution for which redissociation is insignificant compared to radiative and/or collisional deactivation. From the cited laboratory experiments and atmospheric observations, this nascent distribution is thought to be statistical. A statistical nascent distribution is obtained if the entropy change in the three-body O, O2 recombination is maximized by assuming that all final states within the v3 mode are equally probable. The relative population of O3 in various v3 states ranging from 0 to 8 has been calculated by Rawlins17 in this "zero surprisal"18 distribution of states. From Figure 1 of reference 10, 0.8% of the "true" nascent excited O3 from O, O2 recombination may be in the v3 ( 8 state with vibrational energy ~ 22.9 Kcal mole-1 that is very nearly the same as the endothermicity in the reaction (R1). What fraction of the nascent O3 is actually the O3N2O is currently unknown. Hereafter it is denoted as (r. 

Fluorescence from O3(1B2) is another source of non-LTE formation of O3N2O in O3/O2/N2 mixtures irradiated in the Hartley band. "Ordinarily one would not think of O3 as fluorescent species since its dissociation is many orders of magnitude faster than spontaneous emission"19.  (O3 excited to the O3(1B2) state dissociates on time scale of ~ (1-5)x10-14 s (10 - 50 fs).) However, some tiny fraction, perhaps about 10-6, of absorbed photons is re-emitted before the molecule flies apart. According to Kinsey, Field and co-workers, "as it comes apart, the dissociating O3(1B2) molecule sweeps through infinite displacements in molecular configuration, thus developing Franck-Condon overlap with the highly excited vibrational levels of the ground state. This is reflected by unusually long progressions in the fluorescence spectrum"20. Thus, the fluorescence from O3(1B2) has been observed to produce exceptionally highly vibrationally excited O3(X1A1) with some fraction having energy within 500 cm-1 of the dissociation limit19. As with the nascent O3 from O, O2 recombination, what fraction of the O3 optically excited to the upper state of the Hartley band create O3N2O by fluorescence is unknown. Denoting the unknown as (, the fraction of the O3 optically excited to the upper state of the Hartley band that creates O3N2O by fluorescence can be expressed as (f = (( ((radiative lifetime)/(dissociative lifetime)). While the radiative and the dissociative lifetimes are fairly known, ( is very much unknown. Thus, (f is currently unknown. 

IV.
PRODUCTION OF N2O FROM O3N2O 

Assuming that collisional quenching is more important than radiative quenching in the pressure regime of ENLCW experiments, the (N2O due to O3N2O (i.e., (N2O (O3N2O)) in those experiments can now be written as: 

(N2O (O3N2O) = ((r + (f) k3[N2]/(kq[M] + k3[N2]) 




(3)

Here k3 is the rate coefficient of the reaction (R3), kq is the rate coefficient for the collisional quenching of O3N2O, and [M] = [N2] + [O2] is the ambient air number density. Additionally, intramolecular energy distribution into other vibrational modes has been assumed unimportant in the deactivation of O3N2O since the vibrational energy does not leave O3 (in sharp contrast to the collisional quenching). This (N2O (O3N2O) is clearly [M]-independent but is T-dependent through the T-dependence of either k3 or kq or both. (N2O (O3N2O) is, therefore, a potential explanation for the [M]0-component of (N2O. The equation (3) can be further rearranged as the equation (4a):


1.282 (kq/k3) + 1 = ((r + (f) 1.78x104 exp(1899/T)




(4a)

Equation (4a) follows when the left hand side of the equation (3) is equated to the [M]-independent but T-dependent component of (N2O derived by Prasad3 (C * exp(-(/T)  = 5.63x10-5 exp(-1899/T)) and 1.282 is used for the ratio [M]/[N2]. 

Assuming that nascent O3(X1A1, v3 ( 8) from O, O2 recombination only are the hypothesized O3N2O (and as a corollary (f =0), (r = 8x10-3 based  upon Rawlin's10 finding that 0.8% of "true" nascent O3 may have v3 ( 8. The idea that O3(v3 ( 8) may be the hypothesized O3N2O is plausible since the reaction (R1) becomes either thermoneutral or exothermic for v3 ( 8. Thus, the equation (4a) reduces to the equation (4b) below.


1.282 (kq/k3) + 1 = 1.42x102 exp(1899/T)





(4b)

Rate coefficient kq for the quenching of the nascent O3(v3 = 8) equals 2.3x10-14T0.5 cm3 molecule-1 s-1 (reference 18). Guided by the increase in kq with v, kq = 4x10-14T0.5 cm3 molecule-1 s-1 will assumed for O3N2O. Thus, neglecting 1 in comparison with 1.42x102exp(1899/T), k3 = 3.6x10-16T0.5exp(-1899/T) cm3 molecule-1 s-1 averaged over O3(X1A1, v3 ( 8) and this k3 = 9.9x10-18 cm3 molecule-1 s-1 at 295K. Assuming that the microscopic reversibility holds, the estimated k3 is consistent with the very low (<0.1%) yield21 of O3 in the quenching of O2(b1(g) by N2O that occurs with a rate coefficient of 7.92x10-14exp(-(74(50)/T). Note that the occurrence of the exponential factor (exp(-3.798 kcal-mole-1/ RT)) in the expression for k3 is consistent with the conjecture that translational energy is assisting in the overcoming of the additional barrier due to the biradical nature of O3. Also note that using (r (( 0.5) and kq appropriate for the less vibrationally excited ((3 ( 4) O3 that could to drive the reaction (R1) yields a value of k3 at odds with the measured very low quenching rate constant for the quenching of O2(a1(g) by N2O (since that k3 would require most of the quenching to be reactive).

From their experiment at room temperature and with 532 nm radiation, ENLCW5 have put an upper limit on the yield of N2O from O3N2O i.e., (N2O(O3N2O) ( 7x10-8. Note that there is practically no possibility of O3N2O production by fluorescence in the experiment at 532 nm. The value of the [M]-independent part of (N2O at 295 K, assuming that this component is due to O3N2O from O, O2 recombination exceeds ENLCW’s upper limit by about 30%. This does not necessarily negate O3N2O and its reaction (R3) as a possible explanation of the [M]0-component, since the 532 nm experiment may have been compromised by very long duration irradiation and larger amounts of O3. As discussed by Prasad22, experiments utilizing long duration irradiation and large amounts of O3 have tended to give conflicting results. The model of N2O production from O3N2O presented here is quite different from the model used by Zipf and Prasad23 based on the experimental data available to them at that time. The difference implies that the large yield of N2O observed by Zipf and Prasad in the photolysis of synthetic air by Schumann-Runge continuum radiation must be due to some other processes whose identification will require more experiments. 

In the other extreme that O3N2O is formed through fluorescence from O3(1B2) only (and as corollary (r = 0), (f ( 5x10-8 for ( = 266 nm, based upon the observed fluorescence efficiency of 10-6 at ( = 266 nm19 and the expectation that only (1% of the fluorescence produces O3(X 1A1) within 1000 cm-1 of the dissociation threshold (Robert W. Field, private communication, 2003) that is needed to drive the reaction (R3). This scenario is, however, incompatible with the equation (4a) at both 324 and 295 K where the [M]0-component is better evident in ENLCW experiments. Thus, with the expected low (f (( 10-8), the O3N2O from fluorescence do not make any appreciable contribution to the [M]-independent component of (N2O at either the room temperature or the temperatures in those regions of the atmosphere where the fluorescing O3(1B2) are excited to any significant degree by the absorption of the Hartley band.

V.
ATMOSPHERIC N2O PROFILES SUPPORT PRESENT INTERPRETATION

For reasons mentioned in reference 3, the O3(3A1) contributor to the [M]0-component is of little direct significance in atmosphere. Therefore, only laboratory experiments can determine the role of O3(3B1) in that component. In contrast, atmospheric observations of N2O appear to lend some support to the interpretation of the [M]0-component as presented in this sequel. This observational support can be appreciated from Figure 1 where the modeled globally and diurnally averaged altitude profiles of the vmr (volume mixing ratios) of N2O (in the upper part) and CH4 (in the lower part) for the northern-hemisphere summer (July) are compared with the similarly averaged observed vmr profile. The modeled vmr profiles were obtained using our implementation of SOCRATES (​Simulation of Chemistry, Radiation, and Transport of Environmentally important Species) that was originally developed at NCAR (National Center for Atmospheric Research) as community model. In addition to the features described in the reference 24, the model used in the present study includes atmospheric production of N2O according to the three-component model described in the reference 3 assuming that the [M]-independent component is due to the O3N2O as discussed in the previous sections. The three modeled vmr profiles presented in top part of the Figure 1 for N2O correspond, respectively, to (1) N2O production in the atmosphere by only the [M]2-dependent component, (2) production by the [M]1-dependent term attributable to the electronically excited O3 created by the absorption of the Hartley-Huggins band (as described in the references 2 and 3) added to to the case (1), and (3) the production from the [M]0-component (as discussed in the present paper) added to the case (2). Global averaging of the modeled profiles was done because this averaging minimizes error due to uncertainties in model dynamics. The observed vmr profile was created by taking a global average of the climatology of N2O and CH4 compiled by Randel from the data gathered by CLEAS (Cryogenic Limb Array Etalon Sounder) instrument on board the UARS (Upper Atmospheric Research Satellite) satellite. This climatology is available from SPARC (Stratospheric Processes And their Role in Climate) Data Center via Internet using the URL: http://www.sparc.sunysb.edu/html/RefData.html. 

Note that both N2O and CH4 are greenhouse gases with predominantly biogenic and anthropogenic activities related surface sources and very similar altitude profiles. At altitudes grater than 32 km or 10 mb, there is a considerably less satisfactory agreement between the modeled and observed profiles of N2O (relative to that of CH4) for both the Models 0 and 1. This suggests still missing upper atmospheric photochemical sources of N2O (such as that discussed by Prasad and Zipf25) at these altitudes. The Model 3 with N2O production of from O3N2O seems to help above about 45 km (1mb level). Although data have been presented for the northern hemispheric summer only, the same situation is seen in other seasons also. The observational data therefore appear to lend some support to the present interpretation of the [M]0-component of (N2O in the UV photolysis of O3-air mixture. Another message of the Figure 1 is that the O3N2O contributor may be atmospherically important in understanding the observed N2O vmr profiles, while the O3(3B1) contributor is insignificant in the atmosphere for the reasons explained in the reference 3. Further laboratory experiments are therefore needed to determine the true roles of the O3N2O and O3(3B1) in the [M]0-component of  (N2O measured by ENLCW.

VI.
SUGGESTED LABORATORY EXPERIMENTS AND THEIR SPECIFICS


Whether atmospherically significant O3N2O or atmospherically insignificant O3(3B1) contributes to the [M]0-component of (N2O can be relatively easily determined by repeating ENLCW experiment with several different amount of O3 at any given T. If the [M]0-component is due to O3(3B1) then it will have a linear dependence on [O3] at any given T (see equations (3) of reference 3). In contrast, according to the equation (3) of the present paper, if the [M]0-component is due to O3N2O then it will have no dependence on [O3], as long as the rate of O2 + O + M ( O3 + M dominates over the rate of O + O3 ( 2O2. It is also possible that both O3N2O and O3(3B1) may be contributing to the [M]0-component. This is suggested by the ENLCW’s upper limit on the (N2O for 532 nm irradiation and room temperature being smaller than the [M]0-component of (N2O at the same temperature if that component is attributed entirely to O3N2O. In this scenario, the plot of the values of the [M]0-component (= y) against [O3] (= x) at a constant temperature will fall on a curve that is best fit by y = mx + c equation. The constants m and c of this equation would be controlled by the properties of respectively the O3(3B1) and O3N2O.  For best results, it will be necessary to determine the [M]0-component over a wide range of [O3], [O2] and T.
Preferably, these new experiments should emphasize p < 200 Torr. To cover p < 200 Torr these experiments will need to utilize an experimental approach that would detect N2O more sensitively than what was possible in ENLCW experiments. Most probably, the required sensitivity of N2O detection can be achieved by the use of sweep infrared laser absorption spectroscopy and pulsed quantum cascade lasers26 and an advanced astigmatic absorption Herriot cell. These advanced cells may allow ( 360 passes through the cell27, compared to ( 180 passes in the cell used by ENLCW. If these tools are unavailable to those who might be interested in doing the suggested experiments, then cavity-enhanced techniques (CRDS or CEAS) might possibly provide the required sensitivity especially when combined with wavelength modulation (Richard P. Wayne, private communication, 2005).

Due to the scarcity of these advanced tools, it is important to point out that the more generally available equipment (TDLAS, modest Herriot cell) can also suffice with the simple trick of emphasizing higher temperatures (e.g., doing the experiments at 295K, 324K (studied by ENLCW) and 350K etc.) where the importance of the [M]0-component increases. 


In the broader context of the source-sink budget of N2O and globalization of tropospheric pollution28 a high priority task is to check Prasad’s proposal (see reference 2) that N2O may be produced from the reaction (R1) with O3(1B2) replaced by the state responsible for the Huggins band. This could be done in a straightforward manner by redoing ENLCW experiment at various wavelengths from 300 nm to at least 330 nm in the Huggins band and determining whether the (N2O follows the yield of O(1D) or the dotted curve in the Figure 2 of reference 2. It is recognized that the small O3 absorption cross sections in the Huggins band (relative to that at 266 nm) present a considerable difficulty. However, the difficulty can be offset by the larger expected (N2O and by choices of the pressure range, the amount of O3 in the reaction cell, the irradiation time, and the more sensitive N2O detection techniques mentioned above. 
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Figure Caption

Figure 1. Diurnally and globally averaged altitude profile of the modeled and the observed vmr (volume mixing ratios) of N2O and CH4 for northern hemispheric summer (July). As stated in the legends, three cases are shown for the modeled profiles. The observed profiles are global averages constructed from the climatology presented by Randel. As discussed in the text, the observational data seem to lend some support to O3N2O as a contributor to the [M]0- component of (N2O.
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