Rate constants for deactivation of N,(4 3}, v'=0,1) by O
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The removal of N,{4 °Z *, »" = 0,1} by O has been studied in a room temperature discharge-flow apparatus
by monitoring the temporal decay of the 0,6 and 1,10 bands of the Vegard—Kaplan system. The measured rate
constants are (2.8+0.4) and (3.4£0.6)X 107! cm® molecule~' s~ for v’ = 0 and 1, respectively.

. INTRODUCTION

It has been suggested that the reactions of N, (A%%})
with atomic and molecular oxygen could be significant
sources of odd nitrogen and vibrationally excited NO in
the upper atmosphere. ! For the interaction between
N,(A) and atomic oxygen, the possible reaction channels
are as follows:

Ny(A3ZD), o +OCP)~Ny(X =)+ 0(CP)+6.2eV, (la)
Ny(X'23)+0('D)+4.2eV, (1b)
Ny(x'z=t)+0(s)+2.0ev,  (lc)
NO(X )+ N(!18)+ 2.9 eV, (1d)
NO(X’M)+ N(D)+0.5ev.  (le)

Reactions (1d) and (le) may be major sources of NO and
N(D) in auroras and in the quiet daytime E region’; in
addition, some of the exothermicity of these reactions
may appear as vibrational energy in the product NO
molecules. The further reaction of N(D), formed in
Reaction (le), with ambient O, can also produce vibra-
tionally excited NO.

The rate constant for quenching N,(4°5!) by oxygen
atoms has been reported to be 2. 2x10° ¢ and 1. 5
%10 ¢m® molecule™!s™.® However, Meyer et al.’s?
number was measured relative to the rate constant for
quenching N,(4) by molecular oxygen k,, which they
took to be 6. 0x 1072 cm® molecule™ s™!, and should be
reduced by a factor of 2 to conform to presently ac-
cepted values of k,.* The determination of Dunn and
Young3 was made in a complicated system which could
provide reactive species, in addition to N,(A), which
might complicate the kinetics, Furthermore, their
atomic oxygen number densities were subject to sub-
stantial uncertainties., Some aeronomic estimates' have
favored a value closer to 107! cm® molecule™!s™!, al-
though recent rocket measurements by Sharp et al. 3¢
and O’Neil et al. ¥ are in conflict on this. Sharp et al. %®
favor a value of 2x10™!° ¢cm® molecule™' s, while O’Neil
et al.’ support the earlier laboratory measurements
wilth an estimate for &, of (2-4)x107'! ¢m® molecule™!
s,

Only Meyer et al. %% have investigated the products of
the reaction between Ny(4) and oxygen atoms. They
observed excitation of O(!S) by its characteristic emis-
sion at 557. 7 nm, and estimated that 25:33% of the total
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N,{4) quenching by oxygen atoms occurs via this path.
This estimate is probably a lower limit since they
neglected quenching of O('S), which can be considerable
in systems containing discharged oxygen. Our recent
observations indicate a value much larger than this. 9
Their system was not sufficiently free from extraneous
NO contamination to rule out the possibility of NO prod-
uct formation as well.

During the course of a program to study product for-
mation in Reaction (1), we remeasured the rate constants
at 300 K for this reaction for both vibrational levels 0
and 1, Our results are about a factor of 2 higher than
the corrected measurement of Meyer ef al.® and that of
Dunn and Young, 3 but a factor of 7 less than the aero-
nomic estimate of Sharp et al. >*® In contrast to the
quenching of N,(4) by O,, where k¥*!/k50= 1.8,* the
quenching of N,(A) by atomic oxygen shows only a 20%
enhancement of k¥~ over &},

Il. EXPERIMENTAL
A. Apparatus

The experiments were done in a discharge-flow ap-
paratus with the N,(A4) number densities monitored by
spectroscopic observations of individual vibrational
bands of the Vegard-Kaplan Ny(4 %2} -X '5}) system of
nitrogen. The reactor, which has been described in
detail previously, #** is a 2 in. diameter quartz tube
which is pumped by a Roots blower that is capable of
producing linear flow velocities up to 8x10° cms™! at
pressures of 1 Torr., A 0.5 m monochromator (Min-
uteman) is mounted upon a set of rails parallel to the
flow tube. Spectral observations of the luminous gases
in the flow tube, therefore, can be made as a function of
linear distance along the tube by sliding the monochroma-
tor up and down on its rails. Distances are converted
to reaction times by dividing by the flow velocity. Light
intensities are measured photoelectrically using a ther-
moelectrically cooled EMI 9558QA photomultiplier and an
an SSR 1105 photon-counting rate meter,

The metastable nitrogen molecules are produced in the
reaction between metastable Ar(*P ;) and molecular
nitrogen. 10! This transfer results in the production
of nearly equal populations of the C*II, and B3II, states
of N, 2 which quickly cascade radiatively to the meta-
stable ASZ;‘, state, The metastable argon is produced
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by flowing argon through a cold, hollow-cathode dis-
charge operated at about 210 V and 3 mA. The argon
was purified by flowing it through a trap filled with a

5 A molecular sieve and cooled with dry ice. Typically,
the argon flow rate is ~1500 umol s‘l, the nitrogen

flow rate is ~250 umols ™}, and the flow tube pressure
is about 1.3 Torr. Typical flow velocities ranged from
1100-1500 cm s™!. These were obtained by throttling
the Roots blower, or by shutting the blower off and us-
ing only the forepump on the flow tube.

Atomic oxygen was made by dissociating O, in a
microwave discharge through a small amount of O, in
helium (typical flows: 1 umols™ of O, and 100 pmols™
of He). The oxygen atoms were injected into the flow
tube through a 1in, diameter loopfabricated from 2mm
0.d. polyethylene tubing. Number densities of atomic
oxygen were determined using the air -afterglow tech-
nique, * which required the injection of NO through
a second loop in the flow tube about 10 cm downstream
from the oxygen injector.

The molecular oxygen was purified by pumping on
liquid O, prior to expanding the middle portion of the
liquid O, into a 5~1 storage bulb. The nitric oxide used
in the O-number -density determinations was purified
by slowly flowing NO through an ascarite trap, and then
a trap at dry ice temperature prior to storage in a
5~1 bulb.

B. Determination of atomic oxygen number density

When atomic oxygen and nifric oxide are mixed, a
continuum emission called the air afterglow is observed,
which extends from 375 to beyond 3000 nm. ¥™%* The in-
tensity of this emission is directly proportional to the
product of the number densities of atomic oxygen and
nitric oxide, and independent of pressure of bath gas, at
least at pressures above about 0.2 Torr. Thus, the
emission intensity of the air afterglow is given by

Io/no= Kx[o] [NO] s 2)

where «k, is a calibration constant specific to the particu-
lar viewing geometry and incorporates such things as
detection system efficiency, the size of the observation
volume, and the absolute air-afterglow rate constant,

k is a function of wavelength both through the detection
ststems’ spectral response as well as through the wave-
length variation of the air -afterglow rate constant. The
calibration constant x is determined experimentally by
titrating atomic nitrogen with excess NO:

N+NO-N,+O. (3)

In the absence of added nitric oxide, N-atom recom-
bination produces chemiluminescence from the nitrogen
first-positive bands, the intensity of which is propor -
tional to the square of the N-atom number density:

N+N+M~Ny(B%1,), (4)

N,(B%1,)~Ny(A32) + kv (first positive bands).  (5)

Upon addition of NO, the first positive emission intensity
decreases until such a point that the quantity of NO
added balances the amount of N atoms initially in the
flow. At this point, the end point of the NO titration,
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FIG, 1. Variation in emission at 580+ 5 nm as a function of
added [NOJ.

all N initially in the reactor has been quantitatively con-
verted to O, and no emission is observed in the reactor.
When even more NO is added to the reactor, the air-
afterglow emission begins to be observed, and the in-
tensity of the emission will vary linearly with the
amount of NO added. An N-atom titration plot is shown
in Fig. 1. The equation describing the change in the
air-afterglow intensity as a function of added NO for NO
additions beyond the titration end point is

Iosno= «[0}[NO] =[N}, ((NOJ, -[N]y) , (6)

where « is the constant of proportionality relating the
air-afterglow intensity to the product [O}[NO], [N], is
the number density of N atoms initially in the reactor
prior to NO addition and the O-atom number density for
NO additions beyond the titration end point, and [NOJ,
refers to the NO number density which would obtain in
the absence of Reaction (3). The factor «, then, is de-
termined to be the ratio of the square of the slope tothe
intercept of the line describing the change in air-after-
glow intensity with [NO],. %

O-atom number densities in the present experiments
were determined by measuring the air-afterglow signal
at 580nm, with a 5 nm bandpass at at least three differ-
ent NO number densities. Then [O] was taken to be the
slope of the line representing the air-afterglow intensity
as a function of [NO] divided by ¥. Even through small
amounts of ozone could be by-products of the O-atom
discharge, there can be no interference from the O,

+ NO chemiluminescent reaction in the technique for
deter mining the O-atom number density. The continuum
generated from the Oz + NO reaction has a short wave-
length cutoff of 600 nm. %

A series of calibrations taken over a period of time
established « to +10%. The slopes of the I yo Vs [NO]
plots for the determination of [O] has standard devia-
tions less than 5%. Thus, the determination of [0] is,
in principle, accurate to +12%. Because the measure-
ments of [0] were not made simultaneously with the
kinetic measurements, it is possible that short-term
variations in [O] could lead to differences between the
number density of O measured and that actually in the
reactor during the kinetic measurements. We shall
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assume these differences to be random and therefore
included in the experimental scatter in the data analysis.

C. Experimental technique for measurement of the
quenching of N,(A4) by atomic oxygen

Atomic oxygen is produced for the studies of the

quenching of N,(4) by dissociating molecular oxygen in
a microwave discharge of a trace of O, in helium. When
the discharge is on, there are three important processes
for Ny(A) removal: deactivation at the wall (rate con-
stant k,), quenching by atomic oxygen (rate constant &),
and quenching by molecular oxygen (rate constant k).
With the discharge on, the equation describing the
change in N,(A) number density with distance down the
flow tube is given by

= [N(4)

vln A, ~ (ko + 21[O]+ E,y[O,))z . (n
When the discharge is turned off, the Ny(4) number
density is given by

[Ny(4)]**
(N4

When the discharge is on, the molecular oxygen num-
ber density is given by

[0.]=[0,], - 3[0O], 9

where [O,], is the number density of O, with the dis-
charge off. Substituting Eq. (9) into Eq. (7) and taking
the difference between Egs. (7) and (8) results in an ex-
pression which relates the ratio of the N,{4) number
density with the discharge on to that with it off to the
rate constant of interest £, the atomic oxygen number
density, and the reaction time, i.e.,

_ [NZ(A)]“ . [Nz(A)]m = [N (A)]on
B 7y Sl Ty R )
- (k1 —3k,)[O]z . (10)

Plots of the left-hand side of Eq. (10) against [O] give
lines whose slopes equal (&) -3k;)z=T". The slope from
a plot of I vs z can be used to obtain the unknown rate
constant &; given the previously determined rate con-
stant k,.*

7In = — (kw + kz[Oz]o)Z . (8)

D. Flow analysis

In our apparatus there is essentially unit probability
of N,(A) deactivation in collisions with the reactor walls.
Thus, 2 radial gradient in Ny(4) number density is set
up in the flow tube, and this radial gradient, when cou-
pled with a parabolic velocity profile resulting from
laminar flow within the flow tube, affects the analysis
of the rate constant measurements. The proper fluid
dynamic analysis of this situation had been considered
exhaustively in the literature. =% In the ideal case, the
parabolic velocity profile is fully developed, and the
rate constants determined under the assumption of plug
flow conditions must be multiplied by a factor of 1.6
to give the true rate constant. The time required for
the development of a parabolic velocity profile in the
reactor is usnally translated into a traversal distance
2=0. 227aR, where z is the distance from the inlet of
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the tube, a is the tube radius, and R is the Reynolds
number of the flow. In our experiments R ranges from
35-55 and typical entry lengths vary from 20-32 cm.

All our measurements were done 30-45 cm downstream
of the reagent inlet, thus ensuring that the flow was

fully developed even if there was some perturbation to the
the flow from reagent addition.

ll. RESULTS

Figures 2 and 3 show the plots of the left-hand side
of Eq. (10) vs [O] for N,(A4), v’ =0 at two different reac-
tion distances, and Fig. 4 the plot of IV vs z for the '
=0 measurements which monitored the 0, 6 Vegard—
Kaplan band; Figs. 5, 6, and 7 show the similar plots
for measurements made on the 1,10 band. The slopes
of the lines of I vs z are (1. 7+0.1)x10°"! em® mole-
cule”'s™! for v’ =0 and (2.0+0.1)x 10" ¢m® molecule™!
s™! for v' =1, where the uncertainty given is one standard
deviation in the least squres fit. The removal rate con-
stants are then determined by multiplying these slopes
by 1. 6 to correct for flow effects (Sec. 1ID) and adding
half of the rate constant for removal by molecular oxy-
gen. We previously have determined these rate con-
stants to be 2. 3x10"" and 4. 1x10°2 ¢m® molecules™'s "
for v' =0 and 1, respectively.? The final results for the
removal of N,(A°Z?) by atomic oxygen are (2.8 0. 2)
%x10°" cm® molecule™!s™! for v’ =0 and (3.4+0. 2)x 107!
cm® molecule™!s"! for o' =1. The total uncertainty
(rms), including uncertainties in temperature, pres-
sure, flow rate, O-atom number density, etc., is 15%
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for v’ =0 and 19% for v’ =1. These resulis are tabu-
lated in Table I along with some other values which
have appeared in the literature.

iV. DISCUSSION

At least two other species which are known to be pro-
duced to some extent in oxygen discharges also could be
potential quenchers of N,(A). These species are ozone
and O,(a A). The electronically excited molecular oxy-
gen is formed primarily through the heterogeneous re-
combination of atomic oxygen, while the ozone is formed
from the three body reaction

0+0,+M -0+ M

(g =3.6x10"% cm®molecule™ s ™' ; M=Ar).® (11)
The ozone is destroyed by reaction with atomic oxygen
0+ 0~ 20,

(k1 =8.4%10™"® ¢cm® molecule™! s, 33 (12)

reaction with O,(a'A), 3 and with hydrogeneous impuri-
ties in the discharged gas.®® This latter removal pro-
cess probably has the largest effect, but is the most
difficult to assess, Given sufficient reaction time, Re-
actions (11) and (12) combine to give an upper limit to
the steady-state concentration of Oz which is governed
by the ratio %,[M][Q;)/k;,. We estimate that the pres-
sure in the tube containing the atom discharge is about

7.8 Torr. Thus, the ratio [0;)/[0;] (= k1 [M)/ky;) is
less than or equal to 0. 011, where we have made the
assuroption that the third body efficiency of helium in
Reaction (11) is similar to that for argon. This assump-
tion probably is good to = 30%, %

The point of the above argument is that, in the worst
case, the ozone number density in the reactor will be
only 1% of the molecular oxygen number density, where-
as the atomic oxygen number density is typically about
25% of the molecular oxygen number density. Thus, even
if the rate constant for quenching N,(4) by ozone is 1
%1071 ¢m® molecule™ s", the measurement of the rate
constant for quenching of Ny(4) by O will be too large
by only 12%. Given that our calculated ozone number
density is an upper limit because of our neglect of the
removal of ozone by O,(a 1a) and by hydrogeneous im-
purities created in the discharge, we feel confident in
rejecting ozone as a significant quencher of Ny(A4) in this
series of measurements. However, the sidearm pres-
sure was not varied to check for this effect.

Electronically excited molecular oxygen Oy(a A) could
also be a potential quencher of N,(4). This species is
produced to some extent in the discharge and also in the
heterogeneous recombination of atomic oxygen of the
Pyrex walls of the injector. 37 The presence of signifi-
cant number densities of O,(a 1/.\.) in the gas stream can
have two possible effects. If the electronically excited
molecular oxygen quenches or reacts with Ny(A) very
efficiently, our rate constant for Reaction (1) will be too
large. On the other hand, if the rate constant for the
interaction between N,(A) and O,{a'A) is very small

TABLE I, Rate constants for removal of N, (432 by O.

Rate constant?
2.2 (1.3)

Comments Reference

Hg (6 3p) tracer value from
ko/ko,=3~4 and ko,=0. 6

x 1071 om? molecule™ 51,
Correcting to average value
of ko, for 50/50 mixture

of Ny (A), v=0 and 1 gives
value in parentheses.

1.5 Looked at VK 0,6 and 1,5
with interference filters in
pulsed N,/0,/0 discharge.
Probably interference
from NO y bands. Sub-
stantial uncertainty in [O].

Meyer, Setsger,
and Stedman®

Dunn and Young?

2.8+£0.4 (v=0)
3.4 0.6 (v=1)

Direct observation of de-
cay of Vegard-Kaplan
emission in discharge—
flow reactor.

Present results

O’Neill, Lee,
and Huppi’

2—4 Estimate from rocket mea-
surements of emissions
in electron beam excited
air at altitudes =100 km.

20 Estimated from rocket Torr and Sharp®
measurements in an

aurora.

%The listed rate constants are in units of 107! ¢cm?3 molecule™
x g"! and are for T=3800 K.
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(<10" ¢m® molecule™ s7!) and if, in addition, a large
fraction of the undissociated molecular oxygen is in the
ala state, then we will have overcorrected for quench-
ing of N,(4) by the undissociated molecular oxygen, and
the rate constant we present will be smaller than the true
value. However, even if 100% of the undissociated mo-
lecular oxygen is in the a A state, our rate constant will
be low by less than 25%.

Although we cannot think of mechanisms that would
make Oy(a A) a significantly more efficient quencher
of Ny(A4) than O,(X 3%°), the combination of more than
30% of the undissociated O, in the @ 's state and an Ny(4)
+0,(a'a) rate constant greater than 10°"" ¢m® molecule™
s™! would cause our measurement of %, to be high by more
than 25%. As evidence that these two coincidental con-
ditions did not obtain in the present experiments, we
note that O(!S) is excited strongly in our reactor.® This
excitation must be via Reaction (1¢) because the dissocia-
tive excitation of Oy(a 18) by Ny(A) to make O('S) and
OCPp) is not energetically feasible. Preliminary results®
indicate that most of the quenching of N,(A) by O leads
to O(!S) excitation, Thus, the possible presence of
O,(a 'A) in our reactor cannot cause large errors in our
measurements. Strictly speaking, however, our mea-
surements should be considered upper limits until any
effects of O,(a 1A) on N,(A) quenching measurements can
be demonstrated conclusively.

Our results, although of substantially improved ac-
curacy, confirm the earlier laboratory measurements
with respect to the order of magnitude of 2;. In addi-
tion, our values are in excellent agreement with the
model-derived rate constants of O’Neil et al. " in their
simulated-aurora, rocket experiments. The model-
derived rate constant of Sharp et al. %% of 2. 0x10~°
cm? molecule™!s™! differs substantially from our mea-
surements. The resolution of this discrepancy will re-
quire a careful reanalysis of the model and input data
used by Sharp ef al. to derive their rate constant.
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