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Producis ol the NatA) + Oa reaction were measused 1n a discharge-flow reactor. N O accounts for only (2 + 0.5)7 of the
reattion. Lonlrary to reeent reports, und O-atoms for (65 = 10)%7 1f N2(A) is quantitatively produced from ArT wath encess
Na ‘This assumption s examined and speafic Na(A) + O, rate paramieters are estimated.

1. Introduction

Although the orerall rate of the title reaction is now
very well known [1-3]. 1ts product channels are much
less well characterized. Five sets of products dre ener-
getically allowed

Ny(A)+ 0, ~N,(X)+ 07 +<5.1 ¢V, (1)
~N,(X)+20(3P) + 1 1 eV, (2)
~N,0(X)+ O(P) + 28 ¢V, (3a)

_,Nzo(x)+o('l))+o_79 eV, (3b)
- NO(X) + NO(X) ++.3 eV. “

~+NO,(2A )+ N(*S) +095eV.  (5)

Here. (1) 1s excitation transfer to any dccessible state
of O, below the dissociation hmit. (2) 1s dissociative
excitation transfer leading to the production of two
ground-state oxygen atoms, and (3), (4). and (5) are
reactive channels, (3) being O-atom transfer to form
N, O, (4) 4 four-center reaction to form two NG, and
(5) an unlikely rearrangement in which two bonds are
brohen and two others formed. There is no expenmen-
tal evidence for either (4) or (5). The former should
lead 10 subsequent NO y-band enussion as a result of
N, (A) + NG exentation transfer. This has not been ob-
served, hence both (4) and (5) are neglected mn the en-
suing discussion,

The identification and quantitative measurement of
channels (1) to (3) are of mterest not only as a funda-

mental problem of excitation-transfer and reactivity in

a simple system, but also have important apphcations

in upper atmosphere science. Reaction (3) represents

a potential high-altitude source of N,O whose infrared
chemiluminescence, photolysis, and reaction with O(1 D)
can provide substantial source terms of infared radiation
and of NO, [4.5]. Zip{'s {1] finding of 60 2 20% N,O
formation per N5 (A) reaction has been the only direct
experimental contribution, so far, to the question of
product channel identity apart from qualitauve obser-
vauons of O-atom formaton [6]. Zipfs [1] exper-
mental work was based on spectroscopic and mass
spectrometrnic analysis of a repetitively pulsed, very
siowly pumped discharge-aftergiow system where cumu-
lative impurity side reactions are not ruled out. We have,
therefore, undertaken to measure both O-atom and

N, O-production in a rapidly pumped discharge-flow
system, where there 1s less opportunity for such nter-
ference. because the reaction occurs well downstream
of the active discharge.

2. Experimental

The apparatus was a slightly modified version of onc
used previously (see fig. 1 of ref. [2]). The main mod-
ification was the addition of a twelve-hiter glass bulb
connecled to the flow tube 5 cm downstream from the
vacuum UV resonance fluorescence detection cell. After
being filled slowly (=20 min) to within 2% of flow tube
pressure (2 Torr) in the course of an experiment or of
a dynamic calibration, this bulb was isolated and con-
nected to an evacuated, 107 cm long, 0.4 c¢m i.d. col-
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lection tube of either 304 stainless steel or quartz of
=15 cm3 volume. One end of this tube was then im-
mersed in liquid helum to cryopump the enure gas
sample. Following pumpdown to S 0.02 Torr, the col-
lection tube was isolated from the bulb, heated to
2150°C, and the gas sample, now at =3 atm pressure,
was analyzed for N,O using electron capture gas chro-
matography (Perkin—Elmer, model Sigma-3, N5 carrier
gas, 4 f1. carbosieve-S column at 150°C, with 5 cm3
sample valve). For each gas sample, up to 12 successive
chromatograms were run in order to guard against 1n-
complete mining 1n the long tube. The accuracy and
sensitivity of the GC analysis of N,O are estimated to
be £10% and 4 ppb. respectively. This sensitvity cor-
responds 10 a detection limit of 2 X 108 em=3 in the
flow tube.

Lascr-induced fuorescence (LIF) detection of
N.(A) was carried out as before [2]. The OCP) con-
centration was measured by resonance fluorescence
[2]. calibrated absolutcly using small, measurcd addi-
tions of NO to excess N-atoms produced in a micro-
wave discharge in flowing N, /Ar mixtures. Another
microwave discharge in flowing He at 1.5 Torr con-
taiming a tracc of 05 served as the VUV resonance
lamp. The monochromator sht widths were set at | mm,
and the photomultipler signal was pulse counted for
10 s mtervals. The detection limit was in the range
(5-10) X 108 cm=3 (S/N = 1).

The N>O collection and detection system was care-
fully checked using both static and dynamic calibra-
tions. In the former, five separate cahbration mixtures
were prepared in the 0 to 500 part per billon (ppb)
range and analyzed repeatedly under various condr-
tions of inlet system temperature. These points are
shown in fig. 1. More importantly, dynamic cahbra-
tions were performed which were the exact equivalent
of N3(A) + O, reaction expeniments, except that the
Ar* discharge was off and that known small flows of
N, O greatly diluted with O, were added to Ar/Ny mix-
tures. The final gas composition closely duplicated that
of the reaction mixtures, i.e. 80% Ar, 20% N, , 0.6%
0,, and 100300 ppb N,O corresponding to a 20—
60% yield of N,O in the N5 (A) + O, reaction. Two
such dynamic calibrations were carried out using the
stainless steel and one using the quartz collection tube
to make sure that there was no loss of N, O 1n the col-
lection procedure. From the corresponding points in
fig. 1, it is clear that there was no N, O loss, since static
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Mg 1. Gas chromatographic calibration and measurement of
[N2O] ==. static cahibrations represent two 1o five analyses,
cach consisting of three 1o siv chromatograms, X. dynamic cah-
bration c\pcriments where cach point represents 14—16 con-
secutine chromatograms The inset shows the calibration line
and the six GC measurements of N2 O product from Na(A) +
O, . where cach analysis represents 1012 consceutive chroma-
toprams

and dynamic calibration points agree to withm =£]0%,
Dynamic blank calibrations without added N,O were
also run and gave no N, O signal as expected.

Total pressure (=2 Torr), flow velocity (r =~ 40 m
s~! eacept lower in N + NO uitrations for O-atom cahi-
bration), and gas purification were as described earlier

[2].

3. Results and discussions

The principal experiments consisted of the sumul-
taneous collection of twelve-hter samples for N,O anal-
ysis and of O-atom concentration measurcment by
VUV resonance fluorescence. LIF measurements of
N5(A) and of its removal by added O, were also carried
out at various tumes to ascertain that Na(A. v=0,1,2)
LIF signals were comparable to those observed before
[2). The absolute Ar(3 P, o) concentration was mea-
sured indirectly by reaction with excess O, in the ab-
sence of added N5 under otherwise closely matched
experimental conditions. In six experiments, [Ar(3P2'0)]
was found to be (3.2 0.5) X 1010 em=3 where st 1s
assumed that Q, dissociation and dissociative excita-
tion together produce a quantitatwe yield of O-atoms
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detected downstream as O(3P) [7] . In 17 experiments,
the O(3P) vield from Ar™ + O~ was coinpared quanti-
tatively with that obtamed under conditions of iden-
tical Ar™ generation, but with excess N, mterposed
upstreain of the O, minmg inlet, replacing an equal
flow of added Ar. These expermnients gave J ratio of
0.66 % 0.10 for O-atoms formed with N, interposttion,
12 for Ny(A) + O,. as agamst without N, 1.e Tor Ar*
+0, The key experiment. viz N, O analysis. was car-
ried out six times and gave the unevpected result of
only (2 = 0 5)% tracuonal yield of N5O from Ny (A) +
0, on the assumption. further discussed below. that
the Ar™ + N, reaction ultmately produces Ny(A) in
quanntauve vield The [N;0] measurements are shown
m the expanded scale mset of Tig |

Before these yiclds are mterpreted m terms of the
relative rates of channels (1) to (3). several assumptions
inherent in our interpretation must be discussed.

(1) The dissocuation of O, by reaction with Ar™
was rcported by Breckenridge and Miller [7] using
electron spin resonance detection of both Ar(3P2) and
O(3P3). In their experments. as in ours, any O('D,)
formed would be rapidly quenched and detected as
O(3P). Although little quanttative information was
presented {7], the dissoctation wus considered to be
quuanutative, as would reasonably be expected. con-
sidering the energetics of the reaction and the many
avatlable dissociauve states. Balamuia and Golde [8]
have recently determined the relative magnitude of the
O(3P) + O(3P). O(3P) + O(' D). and O(3P) + O(1S)
channels to be -6 : 52 : 2 by resonuance fluorescence
detection of O(3P) i the presence or absence of
scavenger specics such as H,0.

(2) The comparison of O-atom yields from Ar* +
0, and N(A) + O, assumes the equivalence of the
reactine species concentratton apart from the complete-
ness of the Ar® to N»(A) transfer. Smce O was added
througli the movable injector which was retracted to
just above the N»(A) or Ar™ inlet (see fig 1 of ref. [2]).
whereas N, was added =2 ms flow time upstream. the
loss processes for Ar* and N1 (A) i this intermediate
region must be compared. For N,(A) in Ar, we assume
diffuston controlled wall deactivation which, 1n lowest
mode diffusion and laminar flow, gives an effective
first-order rate constant of 3.66 Dfr2 =176 s=1 at 2
Torr [9]. setung Dg = 150 cm? 57! at 1 Torr pressure
[10]. For Ar™ n Ar, the corresponding diffusion coef-
ficient is much smaller, Dy = 50 em? 571 [11], but
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there are two-bady and three-body gas-phase quenching
processes that add 96 ard 57 s~ L, respectivaly, for a
total of 210 s~!, which is 34 s~! faster than the N,(A)
loss rate. This corresponds to a 7% greater loss of Ar™
over the 2 ms flow tume. Considering the large uncer-
tainues in these loss rates. this difference is neglected.

(3) If N,O 1s formed by reaction of N»(A) and the
latter has a radial concentration gradient in keeping
with 1ts rapid surface loss, the initial N»O concentra-
tion will reflect that gradient [9]. In 40 cm distance
and 10 ms flow time from the reaction zone to the
N, O samphing pomnt at a diffusion coefficient of =75
cm? s~!, these gradients will have largely disappeared.
particularly since both at the O, addition point and
at the GC sampling point. there are right angle bends
i the main flow. Any underestimate of N,O due to
sampling near the wall of the flow tube must be less
than ~10% and probably much less so.

() The most serious assumption 1 our analysis
pertamns to the ultimate yield of Na(A) m the Ar* +
N, reaction. Although this same technique has been
used for some ume as a source of N5(A) (see ref. {12]
tor a recent review), the details of the primary energy
transfer and subsequent radiative and collisional cascade
are stil in some question. The reported ratio of imually
populated N5 C to B states, has risen over the years
from1.6[13) tol.1[14] 101:0.25 [15] and re-
cently to essentially 1:0 {16]. Sadeghi and Setser [16]
now claim that only N, (C 5[1“) 1s formed n the colli-
sional energy transfer. This 1s followed by the rapid ra-
dianve transition to No(B 3l'lg) and then by further ra-
diative and collisional processes to lower triplet states
IfN,(C) is indeed the only initial product, 1ts vibration-
al distnbution [17] of approximately 755 v =0, 20%
v=1, and 5% v =2 leads to a vibrational distribution
in N,(B) of 49% 1 =0,27% u= 1. 13%v=2,6%v =
3.3%v=4.and I$%5v=>5 [I8] and of much smaller
amounts in higher levels. IT the subsequent population
of N5(A) were controlled by purely radiative cascade
(N, first positive emission), its vibrational distribution
would be 45%v=0,31%v=1,12%v=2,6%v=23,
3%u=4,14%v=>5,and 0 8% v =6, based on the known
transition probabilities [18] . Under our experimental
conditions, although the C — B transition is entirely
radiative (tg = 37 ns), the B~ A transition 1s not.
Sadeghi and Setser [19] and Rotem et al. [20] have
shown that the N, B, W(3A,), and A states are colli-
sionally coupled and that the B == W coupling rate con-
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stants are nearly gas kinetic for N, as a collision partner
and quute fast even for Ar collisions. For N, (B.v=
2-5) whose radiative lifetime, 7y , is %6 us, the cor-
responding collisional interconversion times range from
~04pusatv=210=02psatv=35 [20].ie. the
N, (B) distribution will be further relaxed to lower v.
The rapid B == W interconversion and the close energy
match of the B and W states for low v rules out any
storage of N3 in a metastable form, say N,(W). on the
time scale of our experiments. In the =2 ms between
Ar*+ N, muning and reaction of N-, + 0, ntercon-

version plus B— A radiation should lead to N5(A) in
low v-levels n very large yield The further vibrational
relaxation of N>(A.v= 1-3) 1s probably slow.1e. 7,
=~ 2msforv=3and 2100 ms forv=2 [21].and it
is reported to occur m Av = 2 steps, which may explain
why the u=0 and 1 levels are highly populated while
v 2 are present in much smaller concentrations. This
does not rule out the possibility that a small fraction
of the imtial N,(C) population muy end up in as yet
not fully characterized metastable states. However,
the known kinetic and radiative properties of the B
state require a large yicld of N;(A), in agreement with
earlier studies [21] . which reported N;(A) concentra-
tions of =100 ¢m=3 under simular experimental condi-
tions

The possibility of N-atom production in the Ar* +
N, process 1s as yet unresolved, but there 1s indirect ex-
permental evidence [22] for the formation of $30%
N(*S). This interesting question is under investigation
in our laboratory and elsewhere [22

Finally, our results of relative O-atom and N»O
yields are interpreted in terms of reaction channels (1),
(2), and (3) under two sets of assumptions (A) as-
suming quantitative conversion of Ar* to N,(A,v =0,
1. 2): (B) assuming 80% conversion to Na(A.v=0. 1,
2) plus 20 dissociation of N, i.e 33% N(4S) yreld.
For case (A), the fractions of N,(A) reacting to give
03,0 +0,and N,0 + O are 0 33 £0.10, 0 65 + 0.10,
and 0.02 + 0.005, respectively. Specific rate constants
can be assigned only approximately, since the overall
rate constant for N5 (A, v= 1) is considerably larger
than that for v =0, 3.9 X 10-12 versus 2 5 X 10-12
cm3 57! [1], and nothing 15 known regarding the v-
dependence of product channels. Using a “eighted
average kg of 3X 10712,k ,, ~ 1X 10712
~2X 10-12,and k3 5, ~ 6 X 10714 cm? 571,

For case B, neglecung the slow reaction of N(S)

» K24y
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with O5, the fracuons are 0.16 £ 0.13,0.81 +0.13,
and 0.025 +0.006, and the k-values are correspondingly
somewhat different. In cither case, the large O-atom
yield seems to require a non-vertical transition of N,,
A — X, since a vertical transitton from A. v’ = 0. would
yield X. v" =5 or 6 with insufficient energy release
(4 8 t0 4.5 eV) to dissociate O,. Ths restriction is
relatively weak. however. since O -dissociation 1s near-
ly thermoneutral for the (4, 0) transition for which the
Franck--Condon factor is only shghtly smaller than for
=5, and smnce dissociation 1s exothermic for a ver-
tical transition from A.v' = 1 to X.v" = 3.

The discrepancy between our and ZipfTs 1] resuits
suggests that other reactions among discharge products
were responsible for his luarge N, O yields, including,
perhaps N + NO; —~ N,O + 0 [23], since N-ovides
were prominently observed n the mass spectrd of those
expeniments. In view of the magmitude of this discrep-
ancy. further verification by an independent exper-
mental method is desirable.
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