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Nonlocal thermodynamic equilibrium effects of vibrationally excited NO 
c. Moralejo,a) R. J. Cody, b) and J. E. Allen, Jr.b) 
Astrochemistry Branch, NASA/Goddard Space Flight Center, Greenbelt, Maryland 20771 

(Received 10 September 1992; accepted 8 December 1992) 

The vibrational distribution of NO(X 21T) from the reaction OCP) 
+ N02 (X 2A1) ->NO(X 21T,v") +02 was studied at room temperature in a fast-flow system. 
O~ygen atoms were p~oduced via the microwave-discharge dissociation of molecular oxygen 
with argon as the carner gas. The reaction time between the N02 molecules and the oxygen 
atoms was kept at ~3 ms to minimize vibrational energy quenching. NO(X) radicals were 
detected via laser-induced fluorescence of the A 2~+ <-x 21T electronic transition. The relative 
vibrational population ratio of NO in the ground electronic state was determined to be 87.4 
±2.6% and 12.6±2.7% in the v" =0 and v" = 1 levels, respectively. No higher vibrational 
states were observed. The NO vibrational population ratio measured in this study correlates 
well with the earlier observation of high vibrational excitation in O2. 

I. INTRODUCTION 

The reaction between 0 and N02 ( 1) is an important 
source of NO in the stratosphere and is a principal part of 
the catalytic cycle which interconverts NO and N02 dur
ing the daytime, 

0(3p) +N02(X 2A 1) ->NO+02• (1) 

Kinetic studies have shown that the reaction proceeds with 
a rate constant of 9.7X 10-12 cm3 molecule- 1 S-1 at 298 
K.l Although controversy exists over how the reaction 
proceeds,2-5 there is sufficient experimental evidence to 
suggest that a significant portion of the reaction energy is 
released as vibrational excitation of the O2 (X 3~;- ). Lip
scomb et af. 6 observed vibrationally excited O2 molecules 
upon photolysis of N02 in a flash photolysis system and 
concluded, based on the reaction kinetics, that the excited 
molecules were produced as a result of reaction (1). The 
vibrational excitation of O2 was confirmed by Basco and 
Norrish,1 who may have also observed the first and second 
vibrational levels of NO. While no experimental studies of 
the vibrational distribution of the NO formed in this reac
tion have been reported, studies of the analogous 
H+N02->OH+NO reaction have shown that ~72% of 
the energy is released as vibrational, translational, and ro
tational (25%, 25%, and 22%, respectiveiy) excitation of 
OH(X 21T) (Ref. 8) and the remaining 28% as excitation 
of the NO(X 21T ).9,lO Of the energy distributed into vibra
tional excitation of the NO(X), approximately 75%, 19%, 
5%, and 1% reside in the v=0,1,2,3 levels, respectively, 
with minor amounts found in v=4 and 5.9 

Based in part upon the results of Lipscomb et af., 6 who 
observed that oxygen molecules were produced with up to 
eight quanta of vibrational energy in reaction (I), and the 
results of Norrish and McGrath,II-13 who observed excited 
O2, CIO, and BrO molecules from reactions between 0 and 
O2, CI and O2, and Br and O2, respectively, it has been 
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concluded that in an exothermic reaction between an atom 
and a triatomic molecule the newly formed bond will ac
cumulate most of the energy.7,l1 In the case of reaction (1) 
it can be assumed that if ~ 75% ofthe energy is released as 
vibrational excitation of the O2 (X) molecule, the remain
ing energy would be sufficient only to excite the NO vibra
tionally up to v = 1 of its electronic ground state. We have, 
therefore, undertaken the study of the vibrational distribu
tion of NO(X) from reaction (1) in order to verify this 
assumption. 

In addition to the contribution that this information 
makes to the general body of knowledge concerning the 
products of the reaction, the information is of practical 
value with respect to the measurement of the concentration 
of NO produced in the upper atmosphere. Nitric oxide is 
one of the stratospheric molecules whose concentration is 
being measured by infrared (IR) spectrometers on board 
the Upper Atmosphere Research Satellite. The retrieval 
algorithm must take into account any nonlocal thermody
namic equilibrium (LTE) effects of vibrationally excited 
molecules in order to infer their concentrations correctly. 
Laboratory studies indicate that non-LTE effects are pos
sible for NO from reaction (1),6 and non-LTE NO emis
sion has been observed in the thermosphere. 14 Model cal
culations15 indicate that the population of NO (X, V= 1) 
could be 30% above that expected for L TE at 30 km with 
smaller enhancements above and below this altitude. Non
LTE effects for NO (X, V= 1,2) are possible for the strato
sphere based on calculations derived for the mesosphere 
and lower thermosphere. 16,17 This paper, therefore, reports 
the results of our recent laboratory studies on the vibra
tional distribution of NO from reaction ( 1). The experi
ments were performed in a fast-flow system to minimize 
vibrational quenching. The NO (X, v") molecules were 
monitored with laser-induced fluorescence (LIF). 

II. EXPERIMENT 

A. Fast-flow system 

The experimental apparatus is illustrated in Fig. 1. The 
fast-flow system consisted of a Pyrex flow tube which was 
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FIG. 1. Schematic representation of the experimental apparatus. A, ar
gon, O2 in; B, argon in; C, N02 in; 1, microwave discharge; 2, nitrogen 
laser; 3, dye laser; 4, lens; 5, BBO crystal; 6, 7, 11, mirrors; 8, 10, MgF2 
windows; 9, photomultiplier tube; 12, photodiode; 13, pulse generator; 14, 
computer; 15, boxcar integrator. 

60 em in length and coated with halocarbon wax. The flow 
tube terminated in a stainless steel, 7 cm cubic photolysis 
cell equipped on four faces with 2.5 cm o.d. MgF2 win
dows. A microwave discharge produced oxygen atoms 
from the dissociation of O2 (Matheson, 99.999% purity), 
and N02 was added through a movable injector. Argon 
(Air Products, 99.999%) was used as the carrier gas. The 
flow speed was ~ 1000 cm/s, and the total pressure was 
varied between 300 and 1300 mTorr. An MKS baratron 
pressure measurement system and mass flow controllers 
(model No. 1259B) were used to monitor the pressures 
and introduce the gases into the system. N02 was obtained 
from Matheson (research grade) and purified by mixing 
with equal pressures of O2 for 12 h followed by three 
freeze-pump-thaw cycles to obtain the pure white solid. 
The NO (A 2~+ -x 21T, v=O,O) transition was used to ver
ify that no NO impurity was present in the N02 prior to 
use. The pure N02 was kept in a darkened bulb at all times. 

B. Irradiation and detection procedures 

Detection of the ground-state NO product was 
achieved by LIF of the A-X electronic transition. The out
put from a Molectron nitrogen laser (model UV-22)
pumped dye laser (model DL-14) was doubled with a 
f3-barium borate crystal to produce the required excitation 
wavelengths. The NO emission was isolated with an Oriel 
200-320 nm bandwidth interference filter and the radiation 
detected with a Hamamatsu R928 photomultiplier tube. 
The NO fluorescence signal and the signal from a photo
diode used to monitor the relative energy of the doubled 
dye laser wavelength were processed by an EG&G model 
No. 4420 boxcar averager and recorded with an EG&G 
model No. 4402 signal processor for storage and subse
quent analysis. A Hewlett-Packard model No. 214A pulse 
generator provided the timing pulses to trigger the nitrogen 
laser and the boxcar integrator. 
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FIG. 2. Temporal scan of the signal measured for the NO A-X (0,0) 
transition showing tlie scattered dye laser emission intensity alone CA) 
and the total emission intensity which includes the dye laser emission and 
the NO fluorescence CB). 

C. NO emission spectra 

The maximum NO fluorescence intensity for the v 
(0,0) or v (0,1) transitions was obtained by scanning the 
emission of various lines of the NO produced in reaction 
(1) between 226.16 and 226.50 nm for the (0,0) transition 
and between 236.62 and 236.72 nm for the (0,1) transition. 
In these experiments, the laser was most often tuned to 
226.22±0.01 or 236.65±0.01 nm for the (0,0) or (0,1) 
transition, respectively. 

III. RESULTS AND DISCUSSION 

In experiments where initial energy state distributions 
are measured, quenching of these states by collisions is a 
major concern. To minimize collisional quenching in the 
experiments reported here, several types of measurements 
were taken. Some of these measurements (see Sec. III B) 
set the physical conditions for the experiments. In addi
tion, the NO laser fluorescence signals were corrected for 
several factors. 

A. NO fluorescence measurements 

Collisional quenching of the NO fluorescence would 
have decreased the emission lifetime from that for radia
tion alone. Therefore, the time decay of the NO fluores
cence was measured with the boxcar integrator in the scan
ning mode. Figure 2 shows a typical example of the decay 
of the NO emission for the (0,0) transition produced from 
reaction (1). The total intensity containing both the NO 
fluorescence and the scattered dye laser emission back
ground is superimposed on the background emission. The 
decay time is calculated from the corrected NO emission 
and measures 225 ns. Nitric oxide emission lifetimes for 
the A -+ X transitions have been reported to be on the order 
of 200 ns. 18 The comparison of our lifetimes with the ra
diative lifetimes indicates collisional quenching was not a 
problem in these experiments. 

For the NO fluorescence measurements which yielded 
the vibrational population ratio, the boxcar averager was 
used in the static-gate mode so that the intensities were 
monitored at a fixed time rather than over the entire decay 
time interval. The fixed gate time was usually selected to 
maximize the difference between the NO and scattered la-
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FIG. 3. Fluorescence intensity measurements for the v (0,1) (A) and the 
v (0,0) (B) transitions at 200 ns corrected for background, variation in 
dye laser energy, and Einstein A coefficients. T is the total number of 
samples since the initiation 'of the scan. 

ser emission intensities. A typical example of the fluores
cence intensities of the v(O,O) and v(O,1) transitions with 
the boxcar averager set in the static-gate mode is given in 
Fig. 3. The fluorescence data for both transitions were 
taken under the same experimental conditions and then 
corrected for background, dye laser energy, and Einstein A 
coefficients. 

B. Pressure measurements 

Oxygen atoms were produced by the microwave
discharge dissociation of high purity O2, and the carrier 
gas argon was introduced through the bypass inlet. Puri
fied N02 was added to the main gas stream through the 
movable injector at a point - 3 cm from the area irradiated 
by the nitrogen-pumped dye laser. The injector was main
tained at this distance to minimize quenching of the NO 
fluorescence by argon. In one set of experiments the pres
sure of O2 and the total pressure were kept constant at 120 
and 800 mTorr, respectively. Varying pressures of N02 

were then added to the main gas flow, and changes in the 
relative populations of the v=o and 1 vibrational levels of 
NO(X) were monitored. Figure 4 demonstrates that the 
maximum popUlation of V= 1 occurred when the pressure 
of N02 reached a critical concentration. This concentra
tion of N02 was generally the amount required to extin
guish the green emission which was observed and which 
was attributed to reaction (2),19 

O+NO-+NOf· (2) 
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FIG. 4. Variation in the relative vibrational populations of NO(X) v=O 
(A) and v= 1 (B) levels with the pressure of N02• 
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FIG. 5. Variation in the relative vibrational populations of NO(X) v=O 
(A) and v= 1 (B) levels with the total pressure. 

It was observed over several trials that the average popu
lation of NO in the V= 1 level appeared to slowly decrease 
upon further addition of N02; therefore, the critical con
centration of N02 was used in the vibrational distribution 
measurements to eliminate quenching by N02• This was 
attributed to the quenching of the NO (v= 1) by excess 
N02•

20 The excess oxygen atoms not consumed in the re
action with N02 were likely responsible for the quenching 
of the NO prior to addition of the critical concentration of 
N02•

21 At this N02 concentration, the 0 atoms were ti
trated to the endpoint and were, therefore, unavailable to 
quench NO (v= 1). Since atomic oxygen had the fastest 
quenching rate constant (k=6.5X 10- 11 cm3 molec- I 

S-I),21 of the gas constituents, this titration was important 
to the measurement of the nascent vibrational distribution 
of NO. 

In a second set of experiments, the pressures of O2 and 
N02 were kept constant, the total pressure of the system 
was varied, and the populations of NO in the v=o and 1 
levels monitored. Argon was again used as the carrier gas. 
The pressure of O2 was kept at 120 mTorr, the N02 added 
was just enough to extinguish the green glow, and the ar
gon was added in varying pressures to increase the total 
pressure from 300 to 1300 mTorr. The results of these 
experiments are shown in Fig. 5. As can be observed from 
this figure, once the total pressure reaches - 700 mTorr, 
the populations of NO in the v=o and 1 levels remain 
steady. Reduction of the NO fluorescence at pressures 
< 600 mTorr is attributed to the slower gas flow and, con
sequently, longer flow times. 

C. Calculations 

Having determined the optimum conditions that gave 
the highest concentration of NO in the V= 1 level, we de
rived the vibrational state population ratio from the NO 
fluorescence signals. These signals were corrected for the 
background, the scattered dye laser emission, and the vari
ation, of dye laser power with wavelength. The NO(O,O) 
intensity was then corrected for the variation in the Ein
stein A coefficients between the (0,0) and the (0,1) tran
sitions as shown in Eq. (3). The values for these Einstein 
coefficients were taken from the work of Piper and 
Cowles.22 The vibrational population ratio was then calcu
lated from these corrected fluorescence intensities as shown 
in Eqs. (4) and (5), 
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TABLE I. Prior distribution calculations. 

p(NO)b 

v(NO) Pl(No)a (8,9,10) (9,10) 

0 0.381 0.797 0.892 
0.255 0.188 0.108 

2 0.163 0.Ql5 
3 0.099 
4 0.056 
5 0.Q28 
6 0.012 
7 0.004 
8 0.001 
9 0.0001 

aThe prior distribution. 
~he distribution when O2 vibrational levels are constrained. 

.0 A NO (O,I) 
lNO=INO(O,O) X ANO(O,O) , 

%NO(v=O) = [~oI(~o+Iko)] X 100, 

%NO(v= 1) = 100- %NO(v=O), 

(10) --

0.990 
0.010 

(3) 

(4) 

(5) 

where ~o and 1&0 are the corrected NO intensities, and 
A(O,O) and A(O,I) are the Einstein coefficients in S-1 for 
the (0,0) and (0,1) transitions, respectively. We observed 
that, on average, 87.4±2.6% and 12.6±2.7% of NO re
sided in the v=O and 1 levels, respectively. 

D. Prior distribution 

Early observations by Lipscomb et al., 6 and Basco and 
Norrish7 of the vibrationally excited O2 molecules pro
duced from the reaction between 0 and N02 indicate that 
little of the energy from this reaction is distributed as vi
brationally excited NO. Our experimental results confirm 
that only 13% of energy from this reaction is distributed as 
vibrationally excited NO. This, in turn, suggests that the 
remaining energy could be distributed as vibrationally ex
cited O2, We have used some simple calculations23 to dem
onstrate the feasibility of this assumption. The prior distri
bution for the NO vibrational levels was calculated using 
Eq. (6) from the work of Kelley,24 

f!J( Iv,jv,) = (1-Iv-lv' )5/2/~v~v'( 1-Iv- lv' )5/2. 
(6) 

In this equation, Iv is E/Eav from the reaction; Ev is the 
energy of the vibrational level v above the energy of the 
v=O level; Eav is the sum of the reaction enthalphy, the 
activation energy, and the thermal energy of the reactants 
( = 3R T). When the vibrational excitation of O2 is not 
constrained, then NO vibrational levels can be populated 
to v=9 as shown in Table I. Under these conditions, NO 
vibrational levels up to v=5 would have been observed in 
our experiments. Only v=O and 1 levels were detected. 
When the population of the O2 vibrational levels is re
stricted to the v=8, 9, and 10 levels, only the lower levels 

in NO are excited. These results are given in Table I. Since 
the NO population ratio measured in the work reported 
here is (v=O):(v=1) =0.874:0.126, the prior distribution 
suggests that the O2 is formed in the v=8,9,10 or v=9,10 
levels. 

IV. CONCLUSIONS 

The early work by Lipscomb et al. 6 as well as Basco 
and Norrish7 on the reaction 0+N02 -->NO+02 demon
strated that O2 is formed vibrationally excited up to v = 8 of 
the ground electronic state. Basco and Norrish observed 
excitation up to v = 11 levels. Excitation up to the v = 8 
level can account for up to 34 kcallmol of the energy 
released by the reaction. The remaining energy would, 
therefore, be sufficient to excite NO vibrationally only up 
to v = 2 of the ground electronic state. In our experiments, 
vibrational levels higher than v = 1 were not observed. This 
information complements well the observations of Lip
scomb et al. 6 What remains to be verified for this reaction 
is how the distribution of the energy into NO and O2 as 
observed is achieved. 
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