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A fast flow reactor, with an oven source and resonant fluorescence detection, was used to study 
the kinetics ofNa atoms in the gas phase. The rate constant for Na + 0 3 is (7.3 ± 1.4) X 10- 10 

cm3 molecule- I S-I at 286 K and NaO + O2 is the predominant product channel. The rate 
constant for Na + N20 over the temperature range 240 to 429 K is 
(3.7 ± 0.9) X 10- 10 exp[ ( - 1690 ± 180)/T] cm3 molecule- I S-I. The kinetics of the NaO 
radical were measured directly. NaO is made in the flow tube by the reaction 
Na + N20 --+ NaO + N2 with N20 in large excess. NaO is detected by conversion to Na atoms 
in the detection region by NaO + NO --+ Na + N02. NaO + 0 3 has two exothermic product 
channels, Na + 202 and Na02 + O2, The rate constants are - 5 X 10- 11 and 
(1.8 ± 0.4) X 10- 10 cm3 molecule- I S-I at 296 K, respectively. Upper limits for 
NaO + N20 --+Na + N2 + O2 and NaO + N20 --+ Na02 + N2 are 1 X 10- 16 and 2X 10- 15 

cm3 molecule -I s - 1, respectively. The rate constant for NaO + NO --+ Na + N02 is 
-1.5 X 10- 10 cm3 molecule- I S-I. Since wall collisions remove NaO with near unit efficiency, 
NaO diffusion coefficients can be measured. DNaO,He = 640 ± 340 cm2 Torr s -I and DNao,N,o 

= 48 ± 24 cm2 Torr S-I at 295 K. The error limits in all cases represent the 95% confidence 
level, including an estimate of systematic errors. 

I. INTRODUCTION 

The reaction ofNa atoms with ozone to form NaO, reac­
tion ( 1 a), was proposed by Chapman I in 1938 as one step in 
a catalytic cycle, consisting of reactions (la), (2), and (3), 
to explain the Na D line night air glow emanating from the 
upper mesosphere: 

Na + 0 3 -+ NaO + O2, !:J/;98 = - 35 kcal mol- I 

(la) 

--+ Na02 + 0, !:J/;98 = - 14 kcal mol-I, 
(lb) 

NaO + Oep) --+ Naep) + O2, 

!:J/;98 = - 10 kcal mol-I, (2) 

Naep) --+ NaeS) + hv(590 nm). (3) 

In 1964 Blamont and Donahue2 estimated a rate constant of 
6.5 X 10- 12 cm3 molecule-I S-I for reaction (la) based on 
an analogy with H + 0 3 , In 1975 Kolb and Elgin3 proposed 
that the electron jump model4 can be applied to reactions 
(la) and (2) and estimated a much faster rate constant of 
3.3 X 10 - 10 cm 3 molecule - I S - I for reaction ( 1 a), using the 
available value of the electron affinity of 0 3 , 

The reaction ofNa with 0 3 has two exothermic product 
channels, (la) and (lb). The rate constant for the sum of 
these channels was recently measured in a flow tube experi­
ment by Silver and Kolb,5 who obtained 
kl = (3.1 ± 0.4) X 10- 10 cm3 moleculel S-I, a value very 
close to the electron jump model estimate. 3 Husain et al.6 

have recently reported kJ = 4( + 4, - 2) X 10- 10 cm3 mol-

a) Author to whom correspondence should be addressed at: NOAA RIEl 
Al2, 325 Broadway, Boulder, CO 80303. 

ecule - I S - I from a flash photolysis study at 500 K. The 
product branching ratio was not measured in either study. 

The reaction ofNa with N20, reaction (4), is important 
in the 

Na + N20 --+ NaO + N2, !:J/;98 = - 21 kcal mol-I 
(4) 

catalyzed oxidation of CO to CO2.
7 This oxidation scheme has 

been used to produce a CO2 chemical laser. 8 The reaction is 
also useful as a source ofNaO radicals in kinetic studies. The 
rate constant of reaction (4) was first measured in 1937 by 
Bawn and Evans9 who used the diffusion flame technique and 
obtained "(2 ± 1) X 10- 11 cm3 molecule-I S-I at 535 K. In 
1973 Walker and Creeden 10 measured a rate constant of 
1.3 X 10- 12 cm3 molecule -I s -I at 330 K using a flow tube 
technique very similar to that used by Silver and Kolb5 and in 
the present study. Silver and Kolb5 obtained a rate constant of 
(7.7 ± 0.9) X 10- 13 cm3 molecule- I S-I at 295 K. Recently, 
Husain and Marshall ll have measured the temperature de­
pendence of reaction ( 4) over the range 349 to 917 K in a flash 
photolysis/resonant absorption experiment and obtained 
k4 = (1.9 ± 0.3) X 1O- lOexp[ ( - 1500 ± 70)/11 cm3 mol­
ecule-I S-I. 

Very little is known about the spectroscopy of the NaO 
radical. There have been no published microwave, infrared, or 
matrix isolation studies. One chemiluminescence studyl2 used 
reaction ( 4) under single collision conditions to produce visi­
ble emission which was attributed to NaO·. A problem with 
this assignment is that it is - 13 kcal mol- I endothermic for 
reaction (4) to produce the observed emission. The heat of 
formation ofNaO was measured in a mass spectroscopy study 
of the vaporization of Na20 by Hildenbrand and Murad 13 

who obtained !:J/f.298 (NaO) = 24.3 ± 4.0 kcal mol-I. 
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Theoretical studies 14-16 have predicted that Ilil 1.298 (NaO) is 
in the range 25-27 kcal mol-I. We have used the value of 
24.8 ± 1.0 kcal mol-I suggested by the review of Lamoreaux 
and Hildenbrand l7 in calculating the reaction enthalpies. 18 

The calculated 16 bond length of 2.05 A. and dipole moment of 
8.7 D correspond to 90% ionic character in the NaO bond. 

The reactions of NaO with both 0 3 and N20 have two 
exothermic product channels: 

NaO + 03~ Na + 202, 1lil;98 = - 33 kcal mol-I (5a) 

~ Na02 + O2, 1lil;98 = - 72 kcal mol-I, 
(5b) 

NaO+ N20~Na+ N2 + O2, 

1lil;98 = - 19 kcal mol-I (6a) 

~ Na02 + N2, 1lil;98 = - 58 kcal mol-I. (6b) 

Silver and Kolb5 reported kSa + kSb = 2X 10- 10 cm3 mole­
cule-I s-Iand ksJk5 = 0.7 ± 0.2 from modeling the effects 
of secondary chemistry in their flow tube. 

This work describes direct room temperature measure­
ments of the rate constant and the branching ratio for 
Na + 0 3 and the temperature dependence ofNa + N20 over 
the range 240 to 429 K. We describe a method to perform 
direct kinetic studies ofNaO radical and report rate constants 
for reactions (5b) and (6b). 

II. EXPERIMENTAL 

The Na oven source, the flow tube reactor, and the reso­
nant fluorescence detection scheme are described in detail 
elsewhere. 19 The method for measuring Na atom rate con­
stants is identical to that used in our previous work. 19 

Some minor modifications were made to the experimen­
tal apparatus in order to study NaO kinetics. The radical 
source is reaction (4), where N20 is added to the flow tube 
with the carrier gas at the upstream flange. Although reaction 
(4) is not rapid, k4 = (1.0 ± 0.2) X 10- 12 cm3 mole­
cule - I s -I at 292 K, enough N20 is added to ensure that the 
reaction is essentially complete within a few cm downstream 
of the Na inlet tip. Under typical experimental conditions, 
[N20]=6.6X1015 moleculecm-3 and flow veloci­
ty = v = 2000 cm s - I, the first-order rate constant for reac­
tion (4) is 6600 s -I and the conversion of Na to NaO is 
99.8% complete 3 cm downstream of the Na inlet. NaO is 
detected by chemical conversion to Na via reaction (7), 

NaO+NO~Na+N02' 1lil;98 = -12 kcalmol- I, 
(7) 

by addition of a large excess of NO through a gas inlet located 
4 cm upstream of the Na resonant fluorescence detection re­
gion. We estimate the rate constant of reaction (7) to be about 
1.5 X 10- 10 cm3 molecule-I S-I (see Sec. III). At a typical 
NO concentration of I X 1014 molecule cm -3 in the detection 
region, the first-order rate constant for reaction (7) is about 
1.5 X IQ4 S-I. Under these typical conditions Na and NaO go 
quickly to steady state by reactions (4) and (7). In the exam­
ple given, roughly 70% of the NaO is converted to Na in the 
detection region. The Na and NaO radical concentrations are 
typically IQ4_107 molecule cm-3, so reactions between Na 

species are negligible. The detection region chemistry is first­
order, and the Na signal varies linearly with [NaO], regard­
less of the conversion efficiency. This was shown to be true by 
numerical simulation of the detection region chemistry. In an 
actual experiment, the amount of added NO is adjusted to 
optimize the Na signal, which involves a tradeoff between 
NaO conversion and fluorescence quenching by NO. We esti­
mate that the detection limit for NaO is about the same as it is 
for Na, -I X IQ4 molecule cm-3. To insure that this detec­
tion method is specific for NaO, an upper limit of I X 10- 14 

cm3 molecule -I s -I was measured for the reaction of Na02 
with NO, 

Na02 + NO ~ NaO + N02, 

1lil;98 = + 25 kcal mol-I, (8) 

using Na + O2 + He as the Na02 source in the flow tube. We 
expect this reaction to be much slower than this limit because 
it is very strongly endothermic. 

In the measurement of the NaO + 0 3 rate constant, che­
miluminescence was observed from the reaction 
NO + 0 3 ~ N02* + O2 in the detection region. This back­
ground signal, which was comparable in magnitude to the 
scattered light, was subtracted from the total photocurrent. 

This arrangement allows direct quantitative measure­
ments ofNaO kinetics, except for reactions in which Na is a 
product, such as reactions (5a) and (6a). In those cases the 
Na product reacts with the large excess ofN20 to regenerate 
NaO. Such product channels are detected by observing an Na 
signal with the NO off. 

The 0 3 used in this work was produced by an electrical 
discharge in pure O2 and stored on silica gel at 195 K. The 
measured purity of the 0 3 was - 90%, with the balance being 
O2, At a flow tube pressure of 0.5 Torr of He, the ratio of the 
first-order rate constant for reaction (I) to that of reaction 
(9) is2X lOS, so reaction (9) has no effect on the observed Na 
kinetics, 

Na+02 + M~Na02 + M, 

1lil;98 = - 39 kcal mol-I. (9) 

For kinetic experiments the 0 3 was eluted from the trap by a 
small (-0.5 STP cm3 S-I; STP = 760 Torr, 273 K) flow of 
helium. The partial pressure of 0 3 in the He/03 flow was 
measured by absorption in a 10 cm pathlength cell at the 254 
nm Hg line using an 0 3 absorption cross section20 of 
1.15X 10- 17 cm2. The He/03 mixture was added to the flow 
tube at the upstream flange. [03] was also measured at the 
detector end of the flow tube by UV absorption along a 17 cm 
transverse length. Both measurements agreed to within 4%. 
This measurement is a test of all flow and pressure calibra­
tions and demonstrations that 0 3 is not lost on the Na coated 
reactor wall. 

The carrier gas in all the experiments was He ( > 99.9% ) 
purified over 50% 5x, 50% 13x molecular sieve at 78 K. Na 
reactions with carrier gas impurities have been shown to be 
completely negligible. 19,21 The NO (> 99%) was purified 
over silica gel at 195 K to remove N02 and other impurities. 
Preliminary measurements of the kinetics ofNa + N20 were 
made with very high purity N20 ( > 99.998%). Later, a low­
er grade of N20 ( > 99.99%) was used with no change in the 
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observed kinetics. HCI ( > 99%) was used without purifica­
tion. 
III. Na KINETICS 

Initial measurements of the Na + 0 3 rate constant pro­
duced curved decay plots and curved k [ vs [03] plots that 
varied with flow tube velocity (see Fig. I). This behavior was 
attributed to reaction (Sa) reforming Na. Numerical simula­
tions of the kinetics showed (see Sec. V) that reactions (1), 
(Sa), and (Sb) could explain the observed kinetics. To elimi­
nate the effects of this secondary chemistry, the Na + 0 3 rate 
constant was measured in the presence of an NaO scavenger, 
HCI. We measured an upper limit for the rate constant of 
reaction (10) of 4 X 10 -13 cm3 molecule - I S - I: 

Na+HCI_NaCl+H, AH~98 = +4.4 kcalmol- I. 
(10) 

Silver et al.22 have reported that the rate constant for 
NaO + HCl, reaction (11), is very large, -3X 10- 10 

cm3 molecule -I s -I. This reaction has two exothermic prod­
uct paths, neither of which can reform Na by reaction with 
0 3 : 

NaO + HCl_ NaCl + OH, AH~98 = - 37 kcal mol-I 
(lla) 

- NaOH + Cl, AH~98 = - 23 kcal mol-I. 
(11b) 

Enough HCl was added to the flow tube through the up­
stream flange to ensure that reaction (11) would be the 
dominant loss process for NaO. The [HCl]l[03] ratio was 
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FIG. I. kobs vs [03] for Na + 0 3: (0) 0.522 Torr, [HCI]I[03] >4, 
v = 4200 cm S-I; (D) 0.522 Torr, [HCI] = 0, v = 3900 cm S-I; (-) least 
squares fit to the scavenged system, kl = (7.3 ± 1.4) X 10- 10 cm3 mole· 
cule- I S-I; ( •.•• ) best fit to secondary chemistry, k s• = 5X 10-" cm3 mo· 
lecule- I S-I. 
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FIG. 2. Sample decay plots for Na + 0 3 in the presenceofHCI, 0.916 Torr, 
v=2750 cms-I, 289 K: (0) [03] =0, [HCll =4.IOXI012 mole. 
culecm-3; (D) [03 ] =3.72XIO" moleculecm- 3, [HCI] =6.53XI012 

moleculecm- 3
; (0) [03]=5.68XIO" moleculecm- 3, 

[HCI] = 1.13 X 1013 moleculecm- 3; (\7) [03] = 1.45 X 1012 mole· 
cule cm-3, [HCll = 1.47 X 1013 molecule cm- 3. 

always larger than 4, so the first-order rate constant for reac­
tion (11) was at least ten times faster than reaction (Sa). 
Decay plots for the Na + 0 3 reaction in the presence ofHCl 
were linear as shown in Fig. 2. The k[ vs [03] plots in the 
scavenged system showed no evidence of interfering secon­
dary chemistry as shown in Fig. 1. The rate constant was 
independent of pressure and velocity over the ranges 0.30-
1.S Torr and 1800-8000 cm s -I, respectively. The reaction 
rate constant was obtained from the observed first-order rate 
constant by the method of Brown23 as described earlier.19 
The experimental data are tabulated in Table I. The rate 
constant for Na + 0 3 is (7.3 ± 1.4) X 10- 10 cm3 mole­
cule - I s - I, where the error limits represent an estimate of 
random and systematic errors at the 9S% confidence level. 
This is in excellent agreement with the results of a prelimi­
nary analysis of the unscavenged system which gave 
k l ::::6X 1O- lO cm3 molecule-I S-I from the initial slopes of 
the decay plots. 

The product distribution of the Na + 0 3 reaction was 
evaluated by converting NaO formed by channel (la) back 
to Na by adding NO to the flow tube. If channel (1 b) were 
unimportant, large amounts of NO would drive all the prod­
uct NaO back to Na via reaction (7). This will not be possi­
ble if channel (lb) were significant, since Na02 does not 
react appreciably with NO. Figure 3 summarizes the results 
of this type of experiment. At [NO] = 3.SX 1012 molecule 
cm-3 and [03] = 8.2X 1011 molecule cm-3, the observed 
first-order loss of Na is indistinguishable from the wall loss. 
This means that reactions (1 a) and (7) have reached steady 
state and that there is no evidence of channel ( 1 b). We con­
clude from a modeling analysis of the kinetics that k la / 

k l >0.9S and estimate that k7:::: 1.S X 10- 10 cm3 mole­
cule-I S-I. 
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TABLE I. Na + 0 3 kinetic measurements in the presence ofHCl scavenger. 

p No. of T v [HClI" [031 kll ± 0'> 
(Torr) expts. (K) (ems-I) ( 1012 molecule em - 3) (lOll moleculecm- 3) (10- 10 cm3 molecule-I S-I) 

0.299 6 283 8040 5.9 1.69-12.8 7.07 ± 0.09 
0.522 9 289 4200 4.1-11 2.11-20.5 7.22 ± 0.07 
0.576 9 289 6030 2.2-8.5 2.20--26.2 6.95 ±0.08 
0.687 7 283 3920 12 4.18-30.1 7.22 ± 0.21 
0.916 9 289 2750 4.1-15 2.43-14.5 7.74 ± 0.07 
1.56 5 283 1800 26 4.85-14.4 7.46 ± 0.16 

recommended value (7.3 ± 1.4)C 

"[HC1)1[031>4 for all experiments. .. . . 
bOtained from k_ by the method of Brown (Ref. 23) as described in Ref. 19. The standard deViation IS from the unwelghted least squares fit of the data. 
cThe recommended value includes an estimate of random and systematic errors at the 95% confidence level. 

The kinetics of Na + N20 are less complex. A total of 
93 measurements of the first-order decay were made. The 
second-order rate constant was measured 14 times at differ­
ent pressures and velocities over the temperature range 240-
429 K. Sample kobs vs [N20] plots are shown in Fig. 4. The 
experimental results are summarized in Table II. The ob­
served second-order rate constant at a given temperature 
shows no dependence on flow tube velocity or on the pres­
ence of the NaO scavenger, HCI. From these observations 
we conclude that the secondary reaction (6a) is much 
slower than reaction (4). By modeling reaction (4) and 
(6a) as a simple approach to equilibrium, we estimate k6a 
..; 1 X to- 16 cm3 molecule-I S-I at 295 K. The Arrhenius 
plot is given in Fig. 5. The rate constant for Na + N20 is 
(3.7 ±0.8)Xto- lO exp[( -1690± 180)/T] where the 
uncertainties are 2u from the least squares fit. 

Evidence for the endothermic reaction ofNa with HCI, 
reaction (to), was observed at the highest temperatures. 
This cannot perturb the measurement of the primary reac­
tion since in these experiments the concentration ofHCl was 
kept constant over a series of runs; this is equivalent to hav­
ing a larger Na wall loss. 

500 T I T 

450 I- -

~ 400 I- -
en .g 
~ e 

350 l- e 

300 r<- 0 

I I I 
0 1 2 3 4 

[NO] (1013 molecule cm-3) 

FIG. 3. Na + 0 3 product branching ratio test (see Sec. III), 0.591 
Torr, v = 4030 em S-I, 285K: (0) [031 =0;(0) [031 =8.2XI0Il mole­
cule cm-3; 5 S-I is within the 3% measurement precision for k_. 

IV. NaO KINETICS 

The diffusion coefficient of NaO in the He and N20 
carrier gas mixture was measured by the method used pre­
viously.19,21 The first-order wall loss rate was measured in 54 
separate experiments over the pressure range 0.19-2.0 Torr 
at eight different mole fractions of N20. The kobs vs p-I 
plots were not linear and showed the behavior predictedl9,21 
for simultaneous diffusion loss and reaction with a carrier 
gas component: kobs = ap-I + bp, where a = 0.569 D (D is 
the diffusion coefficient of NaO in the HeIN20 carrier gas 
mixture) and b = 0.629 k [C] (k is the bimolecular rate 
coefficient for the reactive component, C). The reactive 
component in this case is the N20 itself and the reaction is 

o 
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FIG. 4. Samplek_ vs [N201 plots for Na + N 20: (0) upper scale, 4291(, 
0.770 Torr; (D) lower scale, 292 K, 0.544 Torr; (fl.) lower scale, 243 K, 
0.656 Torr. 
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TABLE II. Na + N20 kinetic data as a function of temperature. 

T No. of p v [HC!] [N2Oj kn ± if 
(K) expts. (Torr) (cms- I) (1012 molecule cm-3

) ( 1013 molecule cm - 3) (10- 13 cm3 molecule-I S-I) 

240 6 1.23 1040 0 7.36-54.2 3.60 ± 0.07 
243 9 0.656 2580 7.8 1.46-65.4 3.69 ± 0.05 
256 6 1.33 1050 0 5.04-27.2 5.48 ± 0.02 
273 6 1.44 1170 0 6.56-26.8 7.49 ± 0.03 
291 6 0.790 1730 4.4 2.32-16.9 10.2 ± 0.5 
292 9 0.544 2830 2.6 5.88-35.5 11.3 ± 0.3 
292 6 0.830 1820 0 1.71-14.9 9.53 ± 0.32 
293 6 1.47 950 0 8.60-13.3 11.6 ± 0.4 
329 6 1.37 1380 0 3.07-17.0 21.6 ± 0.5 
356 6 0.680 2350 0 1.79-9.70 28.2 ± 1.1 
385 6 0.780 2670 0 0.919-6.31 47.1 ± 2.5 
415 6 1.46 1370 1.5 1.88-6.99 65.7 ± 2.6 
416 9 0.487 4470 0 0.555-6.97 65.4 ± 2.4 
429 6 0.770 2530 0 1.29-6.07 82.6 ± 1.7 

k 11 = (3.7 ± 0.9) X 10- 10 exp[ - 1690 ± 180)/Tl b 

• Obtained from ko,," by the method of Brown (Ref. 23) as described in Ref. 19. The standard deviation is from the unweighted least squares fit of the data. 
b The uncertainties are 95% confidence limits. 

NaO + N20 -+ Na02 + N2, reaction (6b). With this analy­
sis, a plot of kobsp VS p2 is linear, with a slope of b and a P = a 
intercept of a. A typical plot of this type is shown in Fig. 6 
and is indeed linear. The rate constant for the NaO reaction 

T (K) 

~ 

'I en 
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FIG. 5. Na + N20 Arrhenius plot: (0) this work; (.) Silver and Kolb 
(Ref. 5); (M Husain and Marshall (Ref. II); (T ) Walker and Creeden 
(Ref. 10); (.) Bawn and Evans (Ref. 9); (-) best fit to data ofthis work, 
k. = (3.7 ± 0.9) X 10- 10 exp[ ( - 1690 ± 180)/Tl cm3 molecule-I S-I; 
( ----) fit to the data of Ref. 11. 

with the carrier gas component is obtained from the slope of 
this plot. The measured rate coefficient was dependent on 
the N 20 reactant source, which indicates that NaO is also 
reacting with impurities in the N20. The slowest rates were 
obtained with electronic grade N 20 purified over molecular 
sieves at 213 K. Since we are not certain that the observed 
NaO reaction is due solely to N20, we report an upper limit 
for k6b of2X 10- 15 cm3 molecule-I S-I. 

The diffusion coefficient of NaO in the mixture of He 
and N 20 is obtained from the intercepts of the kobsp vs p2 
plots. Using the formula of Fairbank and Wilke24 for minor 
component diffusion in a gas mixture, a plot of DNa::', He/N,o 

VS mole fraction N 20, j(N20), yields DNa::', He as the 
j(N20) = a intercept and DNa::', N,o as thej(N20) = 1 val-

'I en ... ... 
~ 
C. 

Ul 
.0 
0 
~ 

FIG. 6. NaO diffusion and reaction in 50.6% He/49.4% N20, T = 295 K, 
Do,," ± q = 91.9 ± 0.4cm2 Torr S-I andk6b ± q = (1.46 ± 0.03) X 10- 1

' 

cm3 molecule - I S - 1 are obtained from the intercept and slope, respectively, 
as described in Sec. IV. 
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FIG. 7. DNa:'.HeIN,O vs mole fraction ofN20 plot. The/(N20) =0 and 

I( N2 ) = 1 intercepts are DNa:'. He and DNa:'. N,O' respectively, as described 
in Sec. IV. DNao.He = 640 ± 340 cm2 Torr S-l and DNao.N,O = 48 ± 24 
cm2 Torr s - I where the error limits are 2u from the least square fit. 

ue. This plot is shown in Fig. 7. Our extrapolation yields 
DNaO,He = 640 ± 340 cm2 Torr S-I and DNao,N,O 

= 48 ± 24 cm2 Torr s -I at 295 K, where the error limits are 
20" from the least squares fit. Because the [N 20] and the 
pressure remain constant during the measurement of an 
NaO rate constant, the N20 reaction does not disturb the 
kinetics measurement. Reaction (6b) is an added, but con­
stant, first-order loss for NaO. 

The rate constant for reaction (5b), NaO + 0 3 
_ Na02 + O2, was directly measured using the NaO source 
and detection method described in the Experimental section. 
The NaO decay plots constructed by graphing the log of the 
Na signal from the converted NaO vsz are linear. The kobs vs 
[ 0 3] plots were also linear within the range discussed below 
as shown in Fig. 8. We identify two types of reaction pro­
cesses in the N aO + 0 3 system. Reactions (1 a), (4), and 
(5a) establish the equilibrium between Na and NaO. Reac­
tion (5b) and the wall losses ofNa and NaO are permanent 
removal processes that convert Na species into unreactive 
forms. In the absence of 0 3, the [N aO ]I [ N a] ratio is very 
large since reaction (6b) goes quickly to completion and 

reaction (6a) has been shown to be slow. However, when 
[03] is large, reaction (5a) converts some of the NaO to Na, 
thus lowering the [NaO]l[Na] ratio. The Na produced by 
this equilibrium shift was directly observed with the NO off. 
It is observed thatthe kobs vs [03] plot curves down slightly 
at high [03], This is caused by reaction (5a) converting the 
NaO, which has large permanent removal processes [wall 
and reaction (5b)] to Na, which has a smaller permanent 
loss process (just the wall). Numerical simulations of this 
system are discussed in Sec. V and show that this will cause a 
< 5% underestimate ofthe rate constant for reaction (5b). 

Since the total first-order rate constants for NaO are 
smaller than their Na counterparts, axial diffusion, which 
was usually a < 6% effect in Na kinetics,19 will be an even 
smaller effect in NaO kinetics. Therefore, the continuity 
equation solution of Huggins and Cahn,25 which neglects 
axial diffusion, was used to extract the reaction rate constant 
from the experimental data. The experimental data are sum­
marized in Table III. The rate constant for reaction (5b) is 
( 1.8 ± 0.4) X 10- 10 cm3 molecule -I s -I, where the uncer­
tainty limits include an estimate of random and systematic 
errors. 

v. DISCUSSION 

The Na + 0 3 reaction proceeds by an electron jump 
mechanism as suggested by Kolb and Elgin.3 The simple 
electron jump model4 predicts a rate constant of 4.4 X 10- 10 

cm3 molecule-I S-I at 285 K, using E.A.(03) = 2.103 
e V. 27 The refined electron jump model of Gislason28 predicts 
a larger value, 6.1 X 10- 10 cm3 molecule -I s - I, which is in 
good agreement with our measured value, 
(7.3X 1.4) X 10- 10 cm3 molecule-I S-I. We expect charge 
transfer to be efficient, since the ozonide, Na +03- , is known 
to be the Na + 0 3 reaction product in inert gas matrices.26 

In the gas phase the decomposition of this ionic reaction 
complex to NaO + O2 is 35 kcal mol-I exothermic, so we 
also expect this process to be efficient. Silver and Kolb5 re­
ported kl = (3.1 ± 0.4) X 10- 10 cm3 molecule-I S-I in a 
flow tube system very similar to the one used in the present 
study. Their result is only about half of the predicted colli­
sion rate constant. We do not know the reason for the large 
discrepancy between the two studies. Since we have had 
good agreement on the Na + Cl2 rate constant19 and on Na 
diffusion coefficients,21 the measurement of [03] may be a 
factor, although both studies exercised great care in measur­
ing this reactant both outside and inside the flow reactor. 

TABLE III. Kinetic data for the direct measurement ofNaO + 0 3 -+ Na02 + O2, 

p No. of T v Mole fraction [031 kn ±u" 
(Torr) expts. (K) (cm S-l) ofN20 (lO" molecule cm- 3) (10- 10 cm3 molecule- 1 S-l) 

0.364 9 296 7860 0.281 1.43-20.7 1.87 ± 0.09 
0.560 4 296 4590 0.303 6.01-13.3 1.76±0.13 
0.845 8 296 2770 0.348 3.70-22.8 1.80 ±0.06 
1.28 8 296 3230 0.196 2.29-22.8 1.78 ± 0.03 

recommended value (1.8 ± 0.4)b 

a Obtained from k_ by the method of Brown (Ref. 23) as described in Ref. 19. The standard deviation is from the unweighted least squares fit of the data. 
bThe recommended value inclUdes an estimate ofrandom and systematic errors at the 95% confidence limit. 
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FIG. 8. Sample kob< vs [03] plot for NaO + 03 - Na02 + O2, 1.28 Torr, 
v=3230 ems-I, [N20]=8.19XIO IS moleculecm- 3, kSb 
= (1.8 ± 0.4) X 10- 10 cm3 molecule- I S-I. 

Silver and Kolb5 also used an NaO scavenger to reduce the 
effect of secondary chemistry. The value obtained by Husain 
etal. 6 at 500 K, 4( + 4, - 2) X 10- 10 cm3 molecule-I S-I, 
is also significantly smaller than our measured value, al­
though the results of both Silver and Kolb5 and this work are 
within their uncertainty limits. Their value may be expected 
to be low, since no attempt was made to control the secon­
dary chemistry of reaction (5a), which reforms the Na reac­
tant. 

The Na + 0 3 reaction is the fastest reaction process for 
Na in the atmosphere at 90 km. Using our value for kl' the 
results of Silver et al. 29 for Na + O2 + N2, an 0 3 mixing 
rati030 of 1 ppm, and T = 187 K, the rate for the bimolecular 
Na reaction with 0 3 is 15 times faster than the termolecular 
reaction with O2 at 90 km. 

The four previous measurements of the rate constant for 

TABLE IV. Comparison of measured Na + N20 rate constants. 

T range 
Reference Method" (K) 

This work oven source, flow 240-429 
tube, RF 

Silver and Kolbc oven source, flow 295 
tube, LIF 

Husain and Marshalld flash photolysis-- 349-917 
resonant absorption 

Walker and Creeden' oven source, flow 330 
tube, RF 

Bawn and Evans' diffusion flame 535 

"RF, resonant fluorescence; LIF, laser induced fluorescence. 

Na + N20 are compared to this work in Table IV and Fig. 5. 
Our result is in good agreement with the early flame study of 
Bawn and Evans.9 In their flow tube measurement of k4 , 

Walker and Creeden lO observed Na D-line emission which 
they attributed to a chain reaction involving NaO. Since this 
chain reforms the Na reactant and would cause an underesti­
mate of the rate constant, they multiplied their observed rate 
constant by a stoichiometry factor of 1.5 which was derived 
from an assumed mechanism. Their result is about 40% low­
er than ours. The source of the large discrepancy with the 
result of Silver and Kolb5 is not known. Their result is about 
35% lower than ours. TheA factor obtained from the work 
of Husain and Marshall ll over the range 349 to 917 K is 
(1.9±0.3)XIO- 1O cm3 molecule- 1 S-I, a factor of 2 
smaller than the value obtained from our extrapolation. The 
activation energy measured in that study, (2.9 ± 0.1) kcal 
mol- 1 is in good agreement with our value of (3.4 ± 0.4) 
kcal mol- I, and their data extrapolated to 300 K is in perfect 
agreement. 

Although it has a large uncertainty, we were initially 
surprised that our value for DNaO, He' 640 ± 340 
cm2 Torr S-I, is larger than our previously measured value 
for DNa, He of 380 ± 40 cm2 Torr S-I, A similar result was 
reported by Silver et al.22 who found that DNaOH, He 
-;:::;DNa, He' From simple gas kinetic theory, the larger mass of 
NaO compared to Na would give a diffusion coefficient only 
3% smaller for the same collision cross section.3I(a) We ex­
pected DNaO, He to be smaller than DNa, He since the large 
dipole moment of NaO, 8.7 D, induces long range forces 
with the He. However, since the polarizability of He is small, 
0.205 A3, this force is small compared to the dispersion at­
traction we estimate from a simple model, 3 I (b) 

C6= -~(~)ala2' 
2 II +12 

(12) 

where the I 's are the ionization potentials32 and the a's are 
the polarizabilities. 33 Since the polarizability of Na is large, 
aNa = 23.6 A3, compared to the value we estimate for NaO: 
a(Na+) + a(O-) = 3.4 A3,34 the dispersion attraction in 
Na-He is actually larger than the sum of the dispersive and 

k,,(300 K)b 
(cm3 molecule- I S-I) 

(1.3 ± 0.2) X 10- 12 

(8.5 ± 1.0) X 10- 13 

(1.3 ± 0.2) X 10- 12 

7.6X 10- 13 

(1.6 ± 0.8) X 10- 12 

b Except when noted, extrapolated to 300 K by the temperature dependence measured in this work. 
cReference 5. 
d Reference II, extrapolation is that of the authors. 
'Reference 10. 
'Reference 9. 
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induced forces in NaO-He. On the other hand, the dipole­
dipole induced dipole force is predominant in NaO-N20, 
which is consistent with the small measured diffusion coeffi­
cient, DNao• N

2
0 = 48 ± 24 cm2 Torr s -I. 

The flow tube kinetics for the NaO + 0 3 reaction were 
simulated with a computer model of the flow tube kinetics 
that includes Na and NaO reactions and diffusion to deter­
mine whether Na formation via reaction (5a) could perturb 
the direct measurement of k Sb ' The simulations showed that 
kSb could be accurately measured at low [03 ] and that the 
kobs vs [03 ] plot would become significantly curved before 
an inaccurate estimate of kSb would be made. For example, a 
simulation with v = 4600 cm S-I, [N20] = 5.5X lOIS mol­
ecule cm- 3, kl = 7X 10- 10 cm3 molecule-I S-I, kSa 

= 1.5X 10- 10 cm3 molecule-I s-I, and kSb = 2X 10- 10 

cm3 molecule-I S-I showed that for an [03 ] of up to 
2 X 1012 molecule cm -3 only a 4% error would be made in 
the measurement of kSb ' The simulation also showed that N a 
and NaO are in steady state after 15 cm as was experimental­
ly found by observing decays with the NO on and the NO off. 

A measurement ofNa + 0 3 in the absence of scavenger 
gives a complex Na decay caused by reactions (1a), (5a), 
(5b), and diffusion. For this reason we could not quantita­
tively estimate the rate constants of reactions (5a) and (5b) 
by fitting the small curvature of the Na decay plots as was 
done by Silver and Kolb.5 However, we can fit the kobs vs 
[03 ] plots in the unscavenged experiments by simulating the 
decay with the computer model and calculating a first-order 
rate constant appropriate for the experimental time scale. 
The low velocity Na + 0 3 experiments without scavenger 
were simulated using the measured values for k l , k 4 , k Sb ' 

DNa. He' and DNao• He' The simulation predicts that the slope 
of the kobs vs [03 ] plot at large [03 ] will be k Sb ' Taking 
these slopes from three low velocity Na + 0 3 experiments 
we estimate kSb ::::: 1.5 X 10- 10 cm3 molecule - I S - I. This is 
in excellent agreement with the directly measured value. The 
best fit to these data was obtained for kSa::::: 5 X 10 - 11 

cm3 molecule -I s - I. A sample fit is shown in Fig. 1. The 
simulation accurately reproduces the shape of the experi­
mental plot, especially the flat region at moderate [03 ], 

Since the source reaction for NaO is 25 kcal mol-I ex­
othermic we must consider the possibility of excited NaO, 
especially the low lyingl4 A 2l; state at - 2200 cm -I. The 
vibrational and electronic relaxation ofNaO by collisions is 
expected to be fast because the dipole moments of both the 
ground and excited electronic state are large l6 (8.7 D) 
which leads to large long-range interactions with the carrier 
gases, especially N20. The electronic relaxation is also ex­
pected to be fast, since theA 2l; --+ X 2rr transition is optical­
ly allowed. A lower limit for the radiative lifetime can be 
calculated by assuming that the oscillator strength of the 
transition is unity and this calculation yields 7;;;'0.3 fls. A 
much longer lifetime on the order of a few ms is necessary for 
the 2l; state to perturb the kinetics. At a typical flow tube 
pressure of 0.3 Torr and a velocity of 2000 cm s -I the excited 
NaO would have to survive about 1 X l~ collisions, many of 
which would be with N20, to travel 10 cm. We feel this is 
unlikely. If our NaO reactant were a mixture of ground state 
and excited species with different reactivities, we would ex-

pect to find curved decay plots and velocity and pressure 
dependences in the NaO rate constant. These effects were 
not experimentally observed. We conclude that the reported 
kinetic data represent reaction of a thermal distribution of 
ground state NaO. 

Our directly measured value for the rate constant of 
NaO + 0 3 --+ Na02 + O2 of ( 1.8 ± 0.4) X 10- 10 cm3 mole­
cule - I s - I is in good agreement with the indirect measure­
ment of Silver and Kolbs of -1.4 X 10- 10 cm3 mole­
cule - I s - I. The indirectly measured values for 
NaO + 0 3 --+ Na + 202 obtained by this work and Silver 
and Kolb5 are also in good agreement, -5X 10-11 and 
- 6 X 10- 11 cm3 molecule -I s -1, respectively. In contrast 
to Na + 0 3, it is interesting that there is no discrepancy with 
Silver and Kolbs on these 0 3 reactions. The refined electron 
jump model28 predicts a rate constant for both channels of 
the NaO + 0 3 reaction of 4.0X 10- 10 cm3 molecule-I S-I 
using I.P.(NaO) = 6.5 eV from Hildenbrand and Murad. 13 

This is somewhat larger than the sum of the experimental 
values for ksa and kSb ' 

Further work on the reactions of NaO with H2, H20, 
hydrocarbons, and alcohols is in progress. 
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