
J. Chem. Phys. 68, 1070 (1978); https://doi.org/10.1063/1.435798 68, 1070

© 1978 American Institute of Physics.

Analysis of the laser-stimulated reaction:
NO2*+CO→NO+CO2

Cite as: J. Chem. Phys. 68, 1070 (1978); https://doi.org/10.1063/1.435798
Published Online: 11 August 2008

I. P. Herman, R. P. Mariella and A. Javan

ARTICLES YOU MAY BE INTERESTED IN

Further Studies on the Oxidation of Nitric Oxide; the Rate of the Reaction between Carbon
Monoxide and Nitrogen Dioxide
The Journal of Chemical Physics 9, 840 (1941); https://doi.org/10.1063/1.1750854

The laser-stimulated reaction: NO2*+CO→NO+CO2
The Journal of Chemical Physics 65, 3792 (1976); https://doi.org/10.1063/1.433570

https://images.scitation.org/redirect.spark?MID=176720&plid=1705976&setID=378408&channelID=0&CID=622946&banID=520593089&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=7aa2e16bde07e78f0a444c1479b71452bb052a70&location=
https://doi.org/10.1063/1.435798
https://doi.org/10.1063/1.435798
https://aip.scitation.org/author/Herman%2C+I+P
https://aip.scitation.org/author/Mariella%2C+R+P+Jr
https://aip.scitation.org/author/Javan%2C+A
https://doi.org/10.1063/1.435798
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.435798
https://aip.scitation.org/doi/10.1063/1.1750854
https://aip.scitation.org/doi/10.1063/1.1750854
https://doi.org/10.1063/1.1750854
https://aip.scitation.org/doi/10.1063/1.433570
https://doi.org/10.1063/1.433570


Analysis of the laser-stimulated reaction8
): 

N02 * + CO----jNO + CO2 

I. P. Herman,b) R. P. Mariella, Jr.,C) and A. Javan 

Department of Physics. Massachusetts Institute of Technology. Cambridge, Massachusetts 02139 
(Received 22 August 1977) 

This paper describes the room temperature, gas phase reaction of NO" excited by various cw visible 
lasers, with CO to form NO and CO,. The distilled CO, product is detected by laser-induced 
fluorescence. Using t~is technique, and previously measured relaxation rates, the determined reaction rate 
constant with 4880 A excitation is kR = 3.2± 1.2X 10- 15 cc/moleculesec. The observed dependences on 
laser intensity and reactant concentration are in agreement with a proposed mechanism in which 
NO~ +CO->NO+CO, is the main step. Other possible mechanisms are found to disagree with 
experimental evidence. kR is fo?nd to increase smoothly by a factor of 10 as the exciting wavelength is 
decreased from 6125 to 4579 A. This behavior is compared to a model in which RRK theory predicts 
reactlVlty and a step-ladder model describes relaxation. Using this RRK model fit, the observed activation 
energy is 1.8 ±0.2 eV, which appears to be 0.3-D.7 eV higher than the thermal energy barrier. 

I. INTRODUCTION 

In recent years there has been intensive investigation 
in stimulating unimolecular and bimolecular chemical 
reactions via electronic and vibrational excitation of the 
reactants. 1 The interest in such studies stems both 
from the fundamental scientific need to fully understand 
and predict elementary chemical reactions and from 
practical needs, such as inexpensive isotope separation 
and chemical syntheses. This paper details the results 
of one such investigation. 

The reaction of visible laser electronically excited 
N02 with CO, to form NO and CO2, was first reported by 
the authors in an earlier communication. 2 This gas 
phase, room temperature reaction was observed to pro
ceed at a rate far exceeding that of the associated ther
mal reaction. The extent of reaction was determined by 
laser-induced fluorescence of the distilled CO2 produced 
by laser irradiation with a CO2 laser. In this paper 
further experimental details and results are presented, 
including a discussion of the fluorescence detection 
scheme and a model of the reaction dynamics. 

In Sec. II the motives for undertaking this study are 
presented. This includes a discussion of the associated 
thermal reaction, the correlation of reactants to prod
ucts, and the proposed reaction mechanism. The com
ponents of the experimental apparatus and the experi
mental technique are then described in Sec. Ill, followed 
by a detailed discussion of the method of CO2 product 
detection in Sec. IV. The outcome of the experimental 
studies of the reaction's dependence on laser intensity 
and wavelength and on reactant concentration are pre
sented in Sec. V. These results are analyzed in light of 
both the proposed reaction mechanism, as well as other 
possible mechanisms. A calibrated value for the reac
tion rate constant is determined, and possible implica-
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tions regarding isotope separation and stratospheric 
chemistry are also mentioned. In Sec, VI the wavelength 
dependence of the reaction is analyzed using a statistical 
theoretical model, including both collisional relaxation 
phenomena of the reactants and RRK unimolecular reac
tion theory. 

II. THE LASER STIMULATED REACTION 

A. The N02 -CO thermal reaction 

Calhoun and Crist3 and Brown and Crist4 were the first 
to observe and analyze the kinetics of the thermal reac
tion 

N02 +CO- NO+C02 

More recent analysis has been performed by Johnston, 
Bonner, and WilsonS and by Thomas and Woodman. 6 

A 11 three investigating teams observed this reaction 
only at elevated temperatures T~ 600 OK with no observ
able rate at room temperature. The reaction was found 
to be bimolecular, being first order in both reactants. 
In addition, the investigators concluded that there were 
no intermediate steps involved in the reaction, i. e., the 
reaction mechanism appeared to be identical to the above 
stoichiometric equation. 

Employing an Arrhenius law fit Crist and co-workers 
and Thomas and Woodman determined an activation en
ergy Ell£.t = 1. 21 eV and a pre-exponential factor A = 8. a 
x 10-13 cclmolecule sec. Johnston et al. measured a 
slightly higher energy barrier to reaction of 1. 37 eV 
and a larger pre-exponential factor of 2. ox 10-11 ccl 
molecule sec. Using the room temperature N02-CO col
lision frequency rate of 2. 6 x 10-10 ccl molecule sec this 
data implies a steric factor of from 15 to 300, depending 
on whose results are employed. Crist's data predicts 
that in an initial mixture of 1 torr of each of the N02 and 
CO reactants 6.7 mtorr CO2 is produced per h at 600 OK, 
6. 2 x 10-2 mtorr Ih at 500 ° K, and only 1. 5 x 10-10 mtorr I 
h at room temperature (293 OK). 

B. Motivation for laser-stimulated reaction study 

A study of the laser enhanced NOt-CO reaction is at
tractive for several reasons. Possible applications to 
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isotope separation and to solar-radiation-assisted strat
ospheric chemistry are of interest and will be discussed 
in more detail in a later section. More importantly, if 
both the thermal reaction and the reaction of electron
ically excited N02 and CO followed the same energy sur
faces, the reaction mechanism of the laser-stimulated 
reaction would be particularly interesting and simple to 
unravel. 

The activation energy of the thermal reaction is quite 
large and suggests typical electronic energies in N02. 
Direct one-photon vibrational excitation of the reactants 
would do little to enhance the rate of reaction because 
the energy deposited per molecule, about 0.2 eV, would 
be much smaller than the activation energy. 

At present many of the details of the structure of the 
lowest-lying electronic states of N02, and of its asso
ciated visible absorption spectrum, are poorly under
stood. 7 In fact, due to the large density of levels and to 
perturbations the room temperature N02 absorption 
spectrum remains an unresolved quasicontinuum. The 
lowest excited electronic state of CO, the a 3TIr at 6.04 
eV, is too high to be excited by the optical photons em
ployed in this study, and therefore need not be further 
considered. In its ground state x0 AI)' N02 is symmet
ric and bent. The ab initio calculations by Gillispie 
et al. B predict three low-lying excited doublet levels 2 B2 
at 1. 18 eV, 2 B1 at 1. 66 eV, and 2A2 at 1. 84 eV (with 
stated accuracy of ± 0.3 eV). Most of the absorption 
oscillator strength is due to the 2B2- ieA1) tranSition, 
with 2 B1 - X(2A1) becoming relatively more important at 
shorter wavelengths. 2A2 - X(2A1) is electric dipole for
bidden, and the existence of the 2A2 state has yet to be 
definitely confirmed. From analysis of the absorption 
spectrum Brand and co-workers have determined the 
energies of the lowest two excited states: 1. 48 eV 
(8364 Al for 2B2 and 1. 83 eV (6783 A)lO for 2B1. Since 
the energy of the 2 B2 state approximately coincides with 
the measured thermal reaction energy barrier, the ther
mal reaction may proceed along the N02(2 B2 ) energy 
surface. 

This study is also motivated by the adiabatic correla
tion of the reactant and product electronic'states. The 
lowest-lying excited electronic state in NO is the A e:E +), 
which is 5.45 eV (2220 A) above the ground state x(2n), 
while the lowest excited state in CO2 is the iP B2(~u), 
which is 5.70 eV (2120 A) above the X(l:E;) ground state. 
In this experiment the maximum energy available for 
the product states is 5.08 eV (plus several kB Troom 
"" 0.1 eV), which is the sum of the reaction exothermic
ity 2.37 eV and the maximum photon energy used 2.71 
eV (for 4579 A excitation). Therefore, the products are 
formed in their ground electronic states, with this ex
cess energy distributed among the translational, rota
tional, and vibratlonal degrees of freedom of the prod
ucts. Because an oxygen atom is transferred to the CO 
in the reaction, the CO2 asymmetric stretch mode, as 
well as the symmetric stretch mode, should be heavily 
excited. 11 

In the absence of detailed experimental or theoretical 
curves the manner in which the reactant energy surfaces 

adiabatically correlate to the product ground electronic 
state surfaces can be examined only qualitatively. It is 
useful to employ the Wigner-Witmer rulesll to correlate 
reactant N02 into NO + 0 and subsequently recombine 
CO +0 to form CO2 • Note that N02 does not actually dis
sociate in this reaction since the wavelengths employed 
in this study are all longer than 3979 A, which corre
sponds to the onset of predissociation in the N02 absorp
tion spectrum. 

The discussion of Burnelle, May, and Gangi12 suggests 
that the XeA1) and 2B1 states are the Renner-Teller 
split states of2nu in linear N02. Therefore. in linear 
N02 both of these states correlate to NO(2n) + 0(3 p). 13 
Similarly, both 2B2 and 2A2 are derived from linear N02 
states with 2<pg character and correlate to NO(2n) +o(ln). 

If both the N02 + CO - NO + CO2 and the N02 + CO - NO 
+ 0 + CO - NO + CO2 reactions proceed along the same 
surface, then since ground state CO and CO2 are both 
Singlets, electronic spin is conserved only by the N02 
species correlating to singlet oxygen, i. e., 2 B2 and 2A214: 

CO(X1:E+) +0(3p ).j. C02tX 1:E;) , 

CO(X1:E+) +O(ln) - CO2 (X1:E;) . 

This suggests that only the 2 B2 and 2A2 states lead to 
reaction. 

Several points should be emphasized in discussing 
these energy surface correlations. In this presentation 
the reaction is considered in terms of a virtual process 
in which an oxygen atom is transferred from N02 to CO. 
Instead, direct correlation of the electronic states of 
bent N02 with CO to the products suggests that all four 
N02 electronic states may lead to reaction. Alternative
ly, correlation via C. dissociation (totally unsymmetric) 
of N02 (instead of n~h dissociation of linear N02)13 im
plies that aU four N02 states correlate to 0(3p). The 
reaction correlation first discussed is phYSically the 
most realistic. In addition, there may be several path
ways for reaction-one via the ground state and one via 
an N02 excited electronic state. While the former may 
be important in the thermal studies, the latter may 
dominate in this study. Also, though only the 2B2 and 
2A2 states may lead to reaction, there may still be a 
nonzero activation energy for reaction even within these 
states. It should also be noted that the spectroscopic 
studies of N02 indicate that these states are perturbed 
and therefore these Born-Oppenheimer states are not 
true eigenstates. 

The only previous photochemical study Similar to the 
one under study was performed by Cohen and Heicklen,15 
who excited NO to the 2:E+ state with 2144 and 2265 A 
from a cadmium arc lamp and observed the reaction of 
this excited electronic state of NO with CO2 to form N02 
and CO. This is not the reverse reaction analog of the 
reaction studied here because the energy surfaces tra
versed in their reaction are not energetically acceSSible 
in this study. 

C. The proposed laser-initiated reaction mechanism 

The discussion of the'previous section suggests that 
excitation of N02 to 2 B2 (or 2A2 ) should accelerate the 
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TABLE I. Proposed reaction mechanism. 

(1) N02 + hI' - NO:!, 

(2) NO:!, - N02 + hI' 

(3) NO:!,+CO-NO+C02 

(4) N02'+N02 -2NO+02 

(5) N02'+CO-N02+CO 

(6) N02'+N02-N02+N02 

Rate 
constant 

'Yrad 

'Yeo 

"a is the absorption coefficient. This 
expression assumes that the sample is 
optically thin. 

N02-CO reaction. Since throughout the visible wave
length region the absorption spectrum of N02 is an unre
solved quasicontinuum, all nine wavelengths available 
from an argon-ion laser [A = 4545-5145 A, a = O. 005-
O. 02(cm torrt1 (the low resolution absorption coeffi
cient)] and radiation from an argon-ion laser-pumped 
Rhodamine 6G dye laser [5700-6400 A, a = 0.001-0.002 
(cmtorr(11 are readily absorbed. With the exception of 
the 4545 A argon ion laser line, 16 which is not employed, 
all the mentioned wavelengths excite 2B2 states. There
fore, excitation by the cw visible radiation promotes 
N02 to 2 B2 which should then react with CO. 2A2 cannot 
be populated by one-photon absorption from the ground 
state; however, it may be produced by collisions. 

The proposed reaction mechanism is displayed in Ta
ble I in which I represents the visible laser intensity and 
nw is the visible photon energy. NO; denotes reactive 
N02, be it the laser excited levels in the 2 B2 state or any 
other reactive state above the reaction energy barrier 
(within either this or another electronic state). In this 
mechanism ground state N02 absorbs a single visible 
photon and is excited to 2 B 2• Loss of excitation may oc
cur via reaction with N02 or CO, by spontaneous emis
sion, diffusion to the walls (not listed in the table), or 
collisional deactivation by N02 or CO. Typical collision
al decay times of -100 nsec at 1 torr17,18 are much fast
er than either radiative decay (-70 /-Lsec)18,19 or diffu
sion, and therefore these last two processes may be 
neglected. The role of Reaction (4) is considered below. 

Treating NO; as a steady state intermediate the rate 
law for CO2 production is 

d[coal _ k (aI) [N02][col 
dt - R nw i'co[ col + i'N02[N02] . 

(1) 

This assumes that collisional deactivation is much faster 
than NO; depletion by either reactive channel, an as
sumption that is borne out by the experimental results. 
The above prediction is compared to experimental data 
in Sec. V. In addition, alternate mechanisms in which 
either an N03 intermediate or vibrationally hot CO play 
an important role in the reaction are also considered 
there. 

The actual collisional deactivation scheme is much 
more involved than the simple picture painted above. 

Since 2B2 and XeA1) are spectroscopically mixed, they 
are probably also strongly coupled by collisions. Re
laxation of fluorescing 2 B2 states appears to be by multi
ple collisions, each involving the loss of vibrational 
quanta in the collisionally populated XeA1) state with 
near gas-kinetic rate. Therefore, at the experimental 
pressures of several torr the laser- excited levels of 2 B2 

are populated along with some of the high-lying vibra
tional levels of X(2A 1), and possibly also some 2B1 and 
2A2 levels. The details of collisional deactivation are 
reconsidered in Sec. VI. 

It should be pointed out that if l'eo/l'N02 is independent 
of the actual N02 level that is being relaxed, the pres
sure dependence of this simple mechanism is identical 
to one employing a more detailed deactivation mechanism 
in which the various collisionally populated N02 states 
may have different reaction cross sections. In fact, in 
a low resolution analYSis of N02(2B2) visible fluores
cence in argon Myers et al. 20 found l'Ar/YN02 to be fairly 
independent of the wavelength of the fluorescence, thus 
reinforcing this approximation. This has been confirmed 
for N02e B 2) in CO by the authors. Since the 2 B2 state is 
responsible for visible fluorescence and is also thought 
to be respons ible for reaction, these arguments relating 
relaxation in these two different processes are justified. 

The effects of laser heating of the medium must also 
be estimated. The visible laser, with power P, may be 
modeled as having a uniform cross section of radius a. 
It is centered in a cylindrical cell, with radius b, with 
N02 density n, and an effective thermal conductivity K. 
If the cell walls are fixed at room temperature, the 
maximum rise in temperature above ambient Ll. T clearly 
occurs in the center of the cell, and is given by21 

Ll.T=anP (1+2In!J) . 
47TK a 

(2) 

For the conditions of this experiment, say 800 mW of 
4880 A incident on 2 torr N02 and 4 torr CO, a = 0.01 
(cmtorrrt. K=3x103 erg/seccm °c, and b/a=4. 5, one 
obtains Ll.T=16°C. Clearly, this rise in gas tempera
ture is much too small to influence either the forward 
N02-CO thermal reaction or the endothermic back reac-

Though thermal decomposition of N02 at room temper
ature is insignificant, photodecomposition [Reaction (4) 
in Table I] is quite important. Creel and Ross22 re
ported that k~ = 4.2 x 10-14 cc/molecule sec with 4880 A 
excitation, corresponding to reaction in one out of every 
5000 NO;-N02 collisions. Since the rate measured in 
this experiment is slower, the NO[-N02 reaction sets 
an upper limit for the period of irradiation in which the 
initial reactant concentration remains unchanged. 
Another consequence of this reaction is that, unless a 
great over pressure of CO is emf-loyed, the extent of the 
NO;-CO reaction can be determined reliably only by de
tection of the CO2 product, as NO is produced in both 
reactions. It should also be noted that three- body ther
mal recombination of the NO and O2 products is extreme
ly slow under experimental conditions. 22 

The CO2 produced in the laser-induced reaction is not 
expected to react further with any of the products or re-
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actants. Collisions of N02 or NOt with NO or O2 may 
lead to isotopic exchange; however, no new products are 
expected. The rates of thermal reaction of CO with 
either 0 2

23 or NO 24 are much slower than the N02-CO 
thermal reaction, and therefore may also be ignored. 
At 2 torr pressure only 4% of all N02 exists as the dimer 
N20 4• 25 Since this concentration is very small and be
cause N20 4 does not absorb in the visible, N20 4 does not 
influence the reaction. 

III. EXPERIMENTAL APPARATUS 

Briefly, a typical experiment proceeded as follows: 
After purifying the N02 and CO, each having a partial 
pressure of a few torr, the reactants were allowed to 
mix in the reaction cell. After irradiation the CO2 prod
uct (-1 mtorr) was distilled and transferred to the de
tection cell. The CO2 was then mixed with 850 mtorr of 
argon and measured by laser-induced fluorescence, as 
is detailed in the next section. 

An extensive Pyrex gas handling system, capable of 
thorough distillation and purification, formed the bulk of 
the experimental equipment. The gas handling manifold 
consisted of a vacuum pump station, gas storage area, 
a reaction and a detection cell, along with associated 
coldfingers and cold traps. Only Pyrex and stainless 
steel tubing, along with stainless steel bellows valves 
and Teflon-FETFE O-ring stemmed stopcocks (Ace 
Glass Company), were employed. Oilfree cryo-vac
sorb pumps (to 1/3 mtorr) and sputter-ion pumps (to 
< 10-7 torr) were used to evacuate the cells. Such pre
cautions were necessary in choosing the apparatus com
ponents for if N02 were to attack the wall materials or 
were to react with oil from standard mechanical or oil
based diffusion pumps, large amounts of the laser-stim
ulated reaction products NO and CO2 would form. A 
pirani gage and a stainless steel capacitance manometer, 
calibrated by a McLeod gauge, were employed to mea
sure the reactant concentrations. 

Only gases of the highest available purity were used in 
this experiment, the CO being 99.99% research purity 
grade, with a stated maximum CO2 impurity of 10 ppm, 
and the N02 being 99.5% pure. The CO and N02 were 
stored in separate activated alumina-filled U tubes to 
remove water vapor, nickel carbonyl (from the CO), and 
other heavy contaminants. In addition, the N02 U tube 
was encased in aluminum foil to prevent photodecomposi
tion by room lighting. 

Prior to use CO was purified by transfer to a liquid
nitrogen-cooled cold trap in order to freeze out any CO2 
contaminant. N02 samples obtained directly from the 
gas cylinder froze to a deep blue condensate. This indi-
cated the presence of N20 a, whereas pure N02 instead ' 
condenses to colorless N20 4 crystals. The N20 a mole
cule is unstable in the gas phase but forms a stable (liq
uid and solid) condensate when both N02 and NO are 
present. The N02 was freed of the NO, as well as of 
other more volatile contaminants, by a freeze-pump
thaw cycle at T= -197°C (liquid nitrogen) followed by 
three such cycles at T""'- 80°C (cooled acetone bath); 
after this distillation the frozen crystals were colorless. 
CO2 impurities have been detected in industrially sup-

plied N02• 26 This purification procedure would also 
eliminate any such impurity in the N02. 

The cylindrical Pyrex reaction cell was of 9.1 cm 
average length with a 1. 9 cm inside diameter. Pyrex 
windows were fused at Brewster's angle at either end, 
corresponding to the vertical polarization of the incident 
visible laser. The laser was aligned through the center 
of the cell through a fixed aperture. A Scientech #362 
thermopile power meter was employed to monitor laser 
stability and to measure the power absorbed by the re
acting mixture. It was frequently calibrated by sending 
known currents through the meter head, thereby yielding 
consistent relative readings with precision ± 1 % for the 
visible lasers and ± 3% for the CO2 laser. The estimated 
absolute accuracy was ± 10%. 

The detection cell was a 6 cm long, 1. 1 cm inside 
diameter Pyrex cylinder with BaF2 windows attached at 
either end at Brewster's angle with red wax (Cenco). 
A sapphire window was located on top of the cell to per
mit observation of the CO2 laser induced fluorescence 
by a liquid-nitrogen-cooled InSb photovoltaic detector 
loaded by a 7 KO resistor. A s is discussed in the next 
section this window-detector combination affords double 
protection against observation of CO2 laser 10. 6 IJ. scat
ter amidst the 4.3 IJ. fluorescence signal because sap
phire is opaque, and the responsivity of the InSb detec
tor is very small for ,\ > 5. 5 IJ.. 

Since the volumes of the reaction and detection cells 
must be known in order to determine the absolute reac
tion rate, they were measured by volume comparison 
with a premeasured reference cell. 

A 4 W commercial argon-ion laser provided multi
mode cw radiation at nine wavelengths between 4545 and 
5145 A for the reaction studies. This laser was also 
used to pump a cw commercial Rhodamine 6G jet stream 
dye laser, 27 which provided over 500 mW of tunable ra
diation from 5750-6200 A with a 1 A linewidth. For the 
CO2 laser-induced fluorescence detection a homemade 
grating-tuned cw CO2 laser was employed, which could 
provide over 10 W of TEMoo, stable Single-rotational 
line radiation in either the 9.4 or 10.4 IJ. band. 

IV. MEASUREMENT OF THE CO2 PRODUCT 

The technique of CO2 detection by laser-induced fluo
rescence (LIF) is easily understood by reference to 
Fig. 1. Radiation from a CO2 laser is resonant with one 
of the (10°0)- (00°1) 10.4 IJ. band or (02°0)_ (00°1) 9.4 IJ. 
band rotational transitions in molecules in proper Dopp
ler velocity resonance, thereby causing a transition 
to (00°1). Once in (00°1) the molecule may fluoresce a 
4.3 IJ. photon and thereby relax to (00°0). Alternatively, 
it may relax by diffUSion to and relaxation by the cell 
walls or by molecular collisions. Radiative decay to 
(10°0) or (02°0) are both 2000 times less probable than 
emission to the ground state. 28 

In this study the P(16), ,\ = 10. 55 IJ. laser line was 
used to induce the transition (10°0), J=16- (00°1), J 
= 15. This line was chosen because of the higher avail
able laser power compared to the analogous 9.4 IJ. line 
and because the absorption coefficient is higher than for 
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FIG. 1. The CO2 vibrational 
level structure with room tem
perature fractional thermal 
populations of relevant levels. 
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91.7% ______________________________________ ~ __ OOoO 
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1 

other possible rotational transitions. The unfocused 
CO2 laser (3 W) was mechanically chopped at 338 Hz 
and was aligned through a fixed aperture before imping
ing on the detection cell. The 4.3 J.J. fluorescence was 
collected withJ/4 optics and was detected by a liquid
nitrogen-cooled InSb photovoltaic element; the observed 
signal was then obtained by lock-in detection. 

This fluorescence system is sensitive from 1. 0 to 
5.5 J.J., as determined by both the InSb sensitivity and 
the transmission characteristics of the sapphire window 
preceding it. Because of this broad-band response, not 
only is the (00°1), J=15- (00°0), J=14, 16 fluorescence 
observed but also that from collisionally coupled rota
tional levels (00°1), J * 15. In addition, fluorescence is 
detected from collisionally excited combination bands,' 
such as (01 11) - (01 10) + hv, which also emit in the 4- 5 J.J. 

range. 

The addition of a fixed buffer pressure of argon (PAr 
= 850 mtorr) to the CO2 was found to increase sensitivity 
by over an order of magnitude for the typical CO2 pres
sures produced by the reaction of PC0 2 ~ 1 mtorr. The 
argon inhibits the diffusion of CO2 (00°1) to the walls, 
while relaxing it only very slowly, thereby allowing more 
of the excited molecules to fluoresce. Details of the 
fluorescence kinetics may be found in Appendix A. Also, 
with such a buffer present the fluorescence intensity is 
linearly proportional to PcOa since only the concentra
tion of absorbing molecules is important in the kinetics 
as all nonradiative relaxation rates are determined by the 
the fixed amount of buffer (for PAr» Peoa) (see Appendix 
A). This was confirmed in a calibration run at typicaL 
experimental conditions with known amounts of COa in 
850 mtorr Ar, as depicted in Fig. 2, in which 100 nV 
corresponded to 3.1 mtorr CO2 in the detection cell and 
and to 0.7 mtorr in the reaction cell. Because of this 
linearity the calibration can be extended to very low 
concentrations of CO2 , Another merit of this method is 
that small amounts of impurities, say due to incomplete 
distillation or unexpected reaction products, will not af
fect the calibration as long as the impurities are not 
resonant with the laser. 

All detection work was performed at an ambient tem
perature maintained at 19.7 ± 0.5' C because the thermal 
population of (10°0), and therefore also the fluorescence 
intensity, increases by +2.3% per aC. The increase in 
gas temperature due to CO2 laser absorption is easily 
estimated using Eq. (2) to be negligible (""10-2 °C). 

V. EXPERIMENTAL RESULTS AND IMPLICATIONS 

A. Procedure 

Because each experimental run required several 
hours, extreme care was exercised to maintain identi
cal conditions for each trial. All work was performed 
in a completely darkened room to prevent N02 photode
composition and background N02-CO photochemical re
actions. 

After purification the reactants were allowed to 
thoroughly mix in the reaction cell and were then irra
diated. Typical irradiation times were from 15 min 
(argon-ion laser lines) to 2 h (Rhodamine 6G dye laser 
wavelengths). To compensate for laser power drift and 
N02 photodecomposition the laser power transmitted 
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through the cell was carefully monitored during the re
action. After irradiation N02, CO2, and N20 S, the latter 
due mostly to the NO formed in the NOt-N02 reaction, 
were collected in a liquid-nitrogen-cooled coldinger. 
The remaining gases CO and O2, the O2 also from the 
NOt- N02 reaction, were pumped out. The NO and N02 

were then transferred to another coldfinger immersed 
in an n-propanol slush, T "'" - 127 0 C, leaving CO2 in the 
gas phase. The CO2 was then transferred to the detec
tion cell, mixed with argon, and was then detected by 
LIF. Since the NO, N02 collecting coldfinger occupied 
only 4% of the relevant volume, 96% of the created CO2 

was retained in this distillation, neglecting wall adsorp
tion effects. 

Several null runs were performed in which the same 
procedures were followed as during a run, with the ex
ception that the samples were not excited during the 
"laser-irradiation" cycle. A 15 min "irradiation period" 
null run, with PN02 = 2 torr and Peo = 4 torr, produced a 
background signal of -7 nY, while a 2 h null run led to 
- 20 nY. Therefore, this background signal was very 
small in comparison to typical 15 min long argon- ion 
laser excitation signals of -100 nY, but was not insig
nificant compared with the results of dye laser excita
tion, which led to about 70 nY in 2 h. This background 
signal was neither due to thermal reactions nor to laser 
heating, but rather to the reaction of N02 with the ap
paratus. In the experimental plots to follow raw data is 
plotted as circles, whereas" corrected" data, in which 
the background h'as been subtracted from the raw data, 
appears as X's. 

The rate of CO2 production was found to be linear with 
the duration of irradiation, measured up to 15 min 
(with 800 mW incident on 2 torr N02 and 4 torr CO). 
This indicates that the reaction does not depend on the 

appearance of any of the products of either the NOt-CO, 
NOt-N02, or any N02-apparatus reactions. 

B. Dependence on laser intensity 

Figure 3 depicts the variation of the quantity of CO2 

produced, as determined by the fluorescence signal Sn 
with incident visible laser power P (4880 A, PN02 = 2 
torr, Peo = 4 torr )" The laser power was varied from 0 
to 800 mW with constant beam spot size, corresponding 
to an intensity change of 0-30 W / cm2

• Since this plot 
may need to be corrected from run-to-run variations in 
absorption length due to variations in laser alignment 
through the cell, the loss of N02 due to photodecomposi
tion, and laser saturation, each contribution should be 
analyzed. The absorption length variations were esti
mated to be at most 3%, and the maximum loss of N02 

due to the NO:- N02 reaction was estimated to be "'" 6% 
at 800 mW by observing the rate of O2 formation in ir
radiated pure N02• 22 At the N02 pressures of interest 
(1-4 torr) no laser saturation effects were observed. 
Therefore, these corrections appear to be unimportant. 
Also, the N02 absorption coefficient was found to be in
dependent of the CO pressure. This observation is ex
pected since the N02 Doppler width of 1 GHz is much 
larger than anticipated CO pressure broadening ("'" 100 
MHz), and also since the Doppler profiles of adjacent op
tical transitions in N02 overlap. 

Figure 3 is well described by a straight line. This 
linearity is in agreement with the proposed reaction 
mechanism described by Eq. (1). The lack of upward 
curvature discounts the importance of multiphoton ef
fects in the intensity regime under study. In addition, 
this figure further proves that the reaction is nonthermal 
because, if thermal effects dominated, the plot would 
increase exponentially with laser power since the tem
perature in the Arrhenius equation is linear in the laser 
power. 

C. Dependence on reactant concentrations 

Equation (1) predicts the expected dependence on re
actant concentration in the proposed mechanism. This 
behavior is more easily analyzed by examining the re
ciprocal of the equation, which implies that 

1 a:J...-a:~+ YN02 

[C02 ]formed Sn [N02] [CO] 
(3) 

Therefore, this mechanism suggests that l/S fl is linear 
with either 1/[N02] or l/[CO], with [CO] or [N02] fixed, 
respectively. Since Eqs. (1) and (3) assume an optically 
thin absorption cell, and since under experimental con
ditions al=0.1-0.3 (l=path length), this assumption is 
not strictly true and some correction is necessary. 
Therefore, the data is plotted as P Ib,.! Sf! vs 1/[ CO] with 
[N02] =2 torr in Fig. 4 and as l/Sn x (P Ib./[N02 ]) vs 
1/[N02] with [ CO] = 3.5 torr in Fig. 5, where P lb. is the 
average absorbed power during the run. Plotted in such 
a manner the data does indeed appear linear, indicating 
agreement with the proposed mechanism. 

The values of Yeo/YNo2 obtained from these two plots 
are O. 55 ± O. 1 and 1.2 ± O. 3, respectively. Since the data 
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FIG. 4. Plot of inverse of Sf!> multiplied by the absorbed 
power, as a function of l/[CO], for [N02] =2 torr. 

are plotted in an inverse manner, small variations in 
data, as well as small corrections due to the background, 
can induce large changes in this ratio while maintaining 
the linearity of the data. It is interesting to note that the 
ratio of CO and N02 visible fluorescence-quenching ef
ficiency has been measured by the authors to be "" 0.6. 2 

D. Variation of the reaction rate with exciting wavelength 

The reaction dynamics of this photochemical reaction 
were further investigated by varying the wavelength of 
excitation. The relative effective reaction rate constant 
kR obtained in this study is plotted vs the exciting wave
length (4579-6125 A) in Fig. 6. This plotted rate con
stant was obtained by dividing the observed Sf! both by 
the average absorbed laser power and by the duration of 
irradiation. Therefore, the data is normalized for the 
different available laser power at each wavelength, the 
wavelength-dependent absorption coefficient, the differ
ent lengths of irradiation, and for the small amounts of 
N02 photodecomposition. Since the rate of reaction is 
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FIG. 6. Variation of the normalized reaction rate constant, 
determined by laser-induced fluorescence of the CO2 product, 
as a function of the exciting Visible photon energy. 

linear in laser intensity, the maximum available laser 
power was employed at each wavelength. The plotted 
data has also been corrected for the background forma
tion of CO2, By multiplying the ordinate at each wave
length by the photon energy (or by 1/;\.) the relative quan
tum yield may be obtained; it behaves qualitatively the 
same as k R • 

Whereas in argon-ion laser excitation runs (;\. = 4579, 
4765, 4880, 4965, and 5145 A) the irradiation time was 
15 min, the dye laser (;\. = 5785, 5920, 6002, and 6125 A) 
excitation times were much longer (2 h) because of the 
relatively small absorption coefficient and the small re
action rate constant. In fact, to enhance dye laser ab
sorption the beam transmitted through the sample was 
once again reflected through the cell. These particular 
listed dye laser wavelengths were chosen because they 
represent relative maxima in the N02 absorption coeffi
cient. 

The effective reaction constant increases by a factor 
of 10 as the wavelength decreases from 6125 to 4579 A, 
corresponding to an increase in photon energy from 
2.02 to 2. 71 eV. Because of collisional redistribution 
of energy, the observed curve is smooth, with no ap
parent structure. In fact, a very similar wavelength 
dependence was observed by Creel and RoSS22 in their 
study of NOt + N02 - 2NO + 02' Employing the RRK model 
described in Sec. VI the activation energy appears to be 
about 1. 8 ± 0.2 eV, or about 0.3-0.7 eV higher than the 
thermal activation energy. Unfortunately, because of 
the relatively large error bars at the longer wavelength 
data and the absence of data at even longer wavelengths, 
it is not certain whether the laser-stimulated reaction 
energy barrier is in fact higher than the thermal value, 
or whether the difference is an experimental artifact. 
It is interesting to note that the measured E act is, in fact, 
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more nearly equal to the 2 Bl and 2 A2 energies than to that 
of 2 B2 • Even if only N02(2 B2 ) reacts with CO, these re
sults indicate that a small amount (0.1 to 0.5 eV) of vi
brational and/or translational energy is still required 
to cross the reaction barrier in this state. 

The calculation in the next section indicates that 
whereas collisions are efficient in relaxing NOI, only 
about one in every 105 collisions of NOt and CO are re
active. Since collisions, and neither the reaction nor 
spontaneous emission, dominates the dynamics of NOt, 
it is a steady-state nonequilibrium distribution of NOt 
that is available for reaction. Because of this collision
al coupling, not only directly laser-excited (and colli
sionally induced) 2 B2 states, but also the high-lying vi
brational levels of X(2A 1), and possibly also 2A2 and 2 B1 , 

are populated. 

In the next section the effects of collisional relaxation 
and reaction dynamics on the wavelength dependence 
portrayed in Fig. 6 are discussed quantitatively. The 
shape of the observed curve, however, may be described 
qualitatively. The observed reaction rate constant at a 
given energy depends on the population of each level and 
on each level's reactivity. There are three contribu
tions to the overall observed increase of reactivity with 
energy. The first is merely the increase in reactivity 
with energy due to a more favorable statistical distribu
tion of energy or due to dynamical effects. The other 
two effects depend on collisional relaxation. Since NOI 
is relaxed by a multistep process, the higher a photon 
excites a particular molecule above the activation energy 
the more collisions are required to relax it to an energy 
below the barrier. At shorter wavelengths the effective 
relaxation rate is Slower, and therefore the observed 
reaction rate constant is larger. Finally, since colli
sional relaxation involves both 2 B2 and X(2A1 ), the rela
tive density of states of 2B2 to X(2A1) increases as the 
energy increases. If 2B2, and not X (2A1 ), is the reac
tive species, this would also contribute to the observed 
kR behavior. 

E. Determination of k" and subsequent implications 

A calibrated value for kR may be obtained by rewriting 
Eq. (1) as 

~JCOz]VF [N02]+~ [CO] nw 
f'N0

2 
- T [CO] PaDs 

(4) 

where [C02] is the final CO2 concentration produced in a 
time T in a volume V and where F = 1. 04 compensates 
for the loss of CO2 due to distillation. Using YCO/YNOz 
= 0.6 the result kR / YN02 = 2.1 X 10-5 is obtained at 4880 A, 
indicating that the rate of reaction is indeed much slower 
than the rate of colliSional transfer. The value obtained 
for kR / YN02 has an estimated 40% accuracy, which in
cludes experimental uncertainties and allowance for 
some variation YCO/YN02' The quantum yield ¢ is defined 
as 

¢ = # of CO2 molecules produced 
# of photons absorbed 

and may be evaluated for 4880 A (PN02 = 1.7 torr, Peo 

= 3.5 torr) by noting that it is equivalent to the product 
of the first and third terms of Eq. (4); this leads to ¢ 
= 1. 7x10-5. 

While the value obtained for kR / YN02 is basically an 
experimentally determined quantity, the value obtained 
for kR depends on previously measured values for YNOz 
and the exact nature of collisional deactivation. Sakurai 
and Broida17 analyzed the kinetics of NOt visible fluo
rescence excited by 4880 A from an argon-ion laser. 
They observed a fluorescence spectrum consisting of a 
series of lines superimposed upon a broad unresolved 
quasicontinuum which extended from the exciting wave
length to at least the long wavelength cutoff of their 
photomultiplier (-7500 A). The line spectrum is due to 
transitions from the laser- excited z Bz states to various 
rotational and vibrational states in the ground state, 
while the quasicontinuum is due to transitions from col
lisionally populated 2 B2 levels to X(2A1 ). 

By varying the NOz pressure Sakurai and Broida were 
able to determine the value of a2

T for various features 
of the fluorescence, where a is the appropriate collision 
diameter and T is the apparent pressure- independent 
lifetime. In their fluorescence cell the transit time of 
NOI to the walls (in the Knudsen pressure regime) was 
about 45 J.l.sec, whereas the "bulk',29 radiative lifetime 
was somewhat longer (-75 J.l.sec).18,19 Combining both 
contributions T is actually 28 J.l.sec. Using this value of 
T one may ascertain that (1) the laser excited 2B2 states 
decay with a rate constant of 4.1 x 10-10 cc/molecule sec, 
(2) the visible fluorescence integrated from 5050- 5070 A 
is quenched with a rate constant of 1. 5x10-10 cc/mole
cule sec, and (3) the continuum fluorescence integrated 
from 4880 to about 7500 A deactivates with a rate con
stant of 2.7 x 10-11 cc/molecule sec. These relaxation 
rates correspond to 0.57, 1. 5, and 8.3 gas-kinetic col
liSions, respectively, and imply that under experimen
tal conditions only 3 x 10-6 of all N02 molecules are ex
cited. 

These three relaxation rates describe the quenching 
of different NOI states. In the model proposed in the 
next section it is the first rate that most nearly de
scribes the vibrational level-to-vibrational level relaxa
tion in NOI. It can easily be shown that this model is 
numerically equivalent to a simpler model in which kR , 

on the left-hand side of Eq. (4), represents the average 
reactivity of only the states at the exciting wavelength. 
YN02 then represents an effective relaxation rate slower 
than the first rate quoted above and numerically more 
equal to the second. USing this second rate, at 4880 A, 
kn = 3.2 X 10-15 cc/molecule sec, implying that only one in 
every 80000 collisions of NOI with CO is reactive. 
(Employing the first rate leads to kR = 8. 6x 10-15 cc/ 
molecule sec or 30000 colliSions, while the last one im
plies kR = 5. 7 X 10-16 cc/molecule sec or 450000 colli
sions. ) 

The relaxation and reaction rates reported in this 
paper are 2. 5 times those reported in the initial com
munication2 of these results because in the earlier letter 
the pressure-independent NO/lifetime was equated to 
the radiative lifetime, with no allowance made for trans-
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it to the walls. These quoted NOt deactivation rates are 
now in good agreement with those determined by 
Schwartz and Johnston_ 18 

In collisions NOt both loses energy and redistributes 
energy among nearly isoenergetic states. Therefore, 
this reported value for kR represents the average of the 
reaction rate constants of those populated states near 
2.54 eV (4880 A). It is very surprising that even though 
all participating NOt molecules have energy far in ex
cess of the N02-CO activation energy, only one in every 
80000 collisions is reactive. The following four effects 
may account for this behavior: (1) The reactive NOt 
population may be diluted into a dense manifold of non
reactive states, (2) some internal excitation of CO may 
be necessary to promote the reaction, (3) there may be 
a translational energy barrier even when the reactants 
are internally excited, and (4) steric factors may be im
portant. 

If the energy is collisionally equilibrated among iso
energetic 2Ba and X,(2A1 ) states, only 10%-25% of the en
ergy remains in aBa . If either aBl or 2Aa were involved 
in the reaction dynamics, the relative density of states 
factor would be even much smaller, again implying that 
only a small percentage of excited molecules would be in 
the proper states for reaction. It should also be noted 
that the a Ba state is considerably more bent (equilibrium 
bond angle = 102°)8 than the ground state (134°) and that 
the visible laser predominantly excites the high bending 
modes of 2 Ba- These highly bent levels may not be as 
reactive as the more linear a B2 states, corresponding 
to stretching mode excitation. It is possible that the ob
served reactivity is due to the partial relaxation of the 
laser-excited 2B2 states into these reactive levels. 

The relative orientation of the reactant molecules 'may 
also playa very important role in the laser-stimulated 
reaction. In the associated thermal reaction the steric 
factor was measured to be 15 _300.3 - 6 Since reaction prob
ably occurs in a staggered ("W" shaped) O-N -O-C-O 
configuration, 30 and since the laser excites a highly 
bent state, the relatively small observed reaction rate 
may simply be due, in part, to rigid orientation require
ments. It should be emphasized that though the mea
sured rate appears to be slow, it is still much faster 
than that of the associated thermal reaction at room tem· 
perature in which only one in every 1024 collisions is re
active. 

Isotope separation and the impact on stratospheric 
chemistry were mentioned as two possible applications 
of this study in the Introduction. Selective excitation of 
either 15N160a or 14N160180 may be feasible in the red or 
yellow part of the absorption spectrum; however, the 
rate of reactant isotopic scrambling, such as 15NOt 
+ 14N0 2 - 15N0 2 + 14NOt, is much faster than the observed 
reaction rate, suggesting little net isotopic selectivity. 
In addition, any enriched 15NO product, due to either the 
NOt-CO or the NOr-NO reaction, would have to be 
separated from N02 very rapidly as 15NO and 14N0 2 

readily scramble. gl The dominant mechanism in 0 3 de
struction in the stratosphere is catalytic destruction by 
NO and N02 • 32 Since NOa and CO are both relatively 

TABLE II. Proposed N03 laser-initiated 
reaction mechanism. 

Rate 
constant 

N02+hll-NOr aI/iiw 

NOr -N02+hll "Yrad 

Noi+ CO-NO+ CO2 kR 

Noi+ N02-N03 +NO k j 

NOt+CO-N03+C k2 

N03 + CO-N02 + CO2 k3 

N03 + N02 -NO+ O2 + N02 k4 

N03 + CO-NO+ O2 + CO k5 

NOt + N02 - N02 + N02 "YN02 

NO;+CO- N02+ CO Yeo 

abundant at an altitude of 25 km, the solar-assisted re
action analog of the reaction under study may be of in
terest in the dynamics involving the overall molecular 
makeup of the stratosphere. Using the known solar flux, 
the N02 absorption coefficient, kR determined in this 
study, and quenching by the ambient atmospheric con
stituents at 25 torr the effective rate constant k in 

is calculated to be only 10-24 ccl molecule sec. Though 
faster than the thermal rate (10-g9 cclmolecule sec) at 
stratospheric temperature (225 OK), it is still slow com
pared to other relevant thermal and photochemical re
actions. 

F. The reaction mechanism 

In Table I of Sec. n. C a laser-initiated reaction 
mechanism was proposed which has been found to be in 
agreement with the variations of the experimentally ob
served rate of reaction vs both laser intensity and reac
tant concentration. Though it is difficult to "deconvo
lute" the role of collisions and to determine exactly 
which N02 states are responsible for reaction, the es
sence of this mechanism is that the CO2 product is 
formed only by NOt-CO collisions. In this section two 
other plausible mechanisms are considered. 

1. The N0 3 mechanism 

NOg is an intermediate that is found in many reactions 
involving nitrogen oxides and has been suggested as a 
possible intermediate in the NOt-N02 reaction. 22 It is 
now considered as a possible intermediate in the NOt
CO reaction. A new, "NOg" hypothetical mechanism is 
outlined in Table II. NOt may react with CO to form NO 
and CO2 as before, or may instead react with N02 to 
form NO g• The reaction of NOt with CO to form NOg 

+ C is about 5 eV endoergic, including the energy con
tribution from laser excitation, and therefore cannot 
proceed (k2 = 0). The NOg may then either react with CO 
to form NOa and CO2, or may decompose to NO +02 by 
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collision with N02 or CO. The following reasonable as
sumptions are now made in analyzing the kinetics: 
(1) NOt and N03 maintain steady-state populations, 
(2) [N02], [CO]» [NOs], [NOt], [NO], [02], [C02], 
(3) Yeo» kR' (4) YN02» kl' and (5) radiative losses are 
insignificant. This leads to the rate law 

(5) 

The originally proposed mechanism corresponds to kR 

* 0, kl> ks = 0, while· the pathway with the NOs reactions 
dominant has kR = 0, kl' k s '* 0. Both mechanisms have 
the same dependence on visible laser intensity but have 
different variation with reactant concentration. On the 
basis of thermal results2S it is reasonable to set k4 = ks 
+ ks. In Fig. 7 the calculated 1/ Sn (0: 1/[ CO2]) is plotted 
vs 1/[CO] at fixed [N02] for this NOs mechanism (un
broken lines) and for the original mechanism (dashes). 
Figure 8 displays an analogous calculation for 1/Sn vs 
1/[N02] at fixed [CO]. Both plots have been calculated 
for Yeo/YNo2 equal to either 0.6 or 1. 0, and the experi
mental data has also been added to each display. Clear
ly, the data disagrees with this proposed N0 3 mecha
nism. 

2. The role of vibrationally excited CO 

Another possible reactive pathway concerns the reac
tion of vibrationally hot CO, denoted as COt, with N02. 
CO may become highly vibrationally excited due to ener
gy transfer from NOt to v = 1, followed by rapid CO V- V 
equilibration, with only very slow decay out of the CO 
vibrational manifold due to radiative processes, V- T 
relaxation, and V- V transfer to N02 • Reaction may oc-
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cur due to collisionS of unexcited N02 with CO which has 
been vibrationally excited to an energy above the N02-CO 
thermal reaction barrier, i. e., v ~ 5, or due to colli
sions of partially excited NC\, perhaps greatly relaxed 
below the energy of direct laser excitation, with CO 
(v = 1-4). Since the C-O bond is not ruptured in the 
N02-CO reaction, deposition of energy into the vibra
tional mode should have little effect on the rate of reac
tionif the reaction is direct. However, if the reaction 
occurs via a long-lived complex, the energy in the C-O 
bond could be transferred to the appropriate bond of the 
complex, thereby inducing reaction. This situation oc
curs in the Os + NO - O2 + N02 (or NOt) reaction, in which 
vibrational excitation of either Os ss or NO S4 seems to 
accelerate the reaction. 

The kinetics of the proposed "cot .. mechanisms are 
outlined in Table III. A more detailed documehtation 'and 
discussion of the nature of the various steps, along with 
relevant solutions of the kinetic equations, appears in 
Appendix B. Essentially, the overall process consists 
of five steps: N02 excitation, NOt relaxation with sub
sequent CO (v = 1) eXCitation, very rapid V- V equilibra
tion in CO, slow decay of CO vibrational energy, and, 
lastly, reaction. Transfer of energy from NOt to CO 
(v = 0), resulting in direct excitation of CO (v> 1), has 
been neglected; this assumption is consistent with the 
recent observation of Chu and Linss that in collisions of 
CO (v = 0) with NOt, excited with 5925 A, the rate of 
transfer to CO (v = 2) is 0. 006 times that to CO (v = 1). 
The calculation in Appendix B suggests that perhaps as 
many as 2 X 10""5 of all CO molecules are excited to v~5. 
Since the results of Sec. V. E indicate that in this experi
ment only one in every 1011 collisions of any N02 with 
any CO molecule is reactive, there certainly appear to 
be enough suitably excited CO molecules to account for 
an N02-CO (v~5) mechanism, even considering probable 
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TABLE III. Proposed cot mechanism. 

N02 excitation 

(1) N02 + hv - NOr 

Relaxation and tran sfer 

(2) NOr - N02 + hv 

(3) NO; + N02 - N02+ NOz 

(4) NOr + CO(v '" 0) - N02 + CO(v '" 1) 

(5) NO~ + CO(v '" 0) - N02 + CO (v = 0) 

cot equilibration 

(6) CO (v = 1) + CO(v = 1) - CO(v = 0) 
+CO(v=2)+27 cm-I , etc. 

cot relaxation 

(7) cot -co 

Reaction 

Rate constant 

oll/nw 

'Yrad 

'YN0 2 

'Yeo 

'Yeo -'Yeo 

Rapid CO V-V forma
tion of cot 

Slow decay (loss rate 
=r[COtJ) 

(8) N02 + CO(v 2: 5) - NO + CO2 kll 

(9) NO~+CO(v=1-4)-NO+C02 

steric factors; however, the calculated intensity depen
dence, which is proportional to the concentration of CO 
(v~ 5) (Fig. 9), is as expected highly nonlinear, in dis
agreement with Fig. 3. Similar considerations rule out 
the influence of the NOt-CO (v = 1-4) reactions. For 
example, consider the case of NOt-CO (v = 1). Since 
CO (v = 1) is directly pumped by NOt, and since even 
after CO V- V equilibration most excitation remains in 
this level, both NOt and CO (v = 1) linearly depend on 
the laser intensity, therefore incorrectly predicting a 
quadratic reaction rate behavior with intensity. Though 
CO vibrational excitation does not appear to 'influence the 
production of CO2 in this experiment, direct vibrational 
pumping of CO may still influence the N02-CO or NOt
CO reactions. 

VI. A MODEL OF THE LASER-STIMULATED 
REACTION 

It is clear from the results of the previous section that 
the reaction of NOt with CO is much slower than NOt 
deactivation. Consequently, quantitative analysis of the 
reaction and, in particular, of the observed wavelength 
dependence requires a theory including both collisional 
relaxation and reaction dynamics. The observed reac
tion rate constant, now labeled as k~b8, may be formally 
expressed as 

Emu=hc/~ 

k'kb"(> .. ) = L kR(i)n(i} , 
stat,s i 

Ej,?E act 

(6) 

where the sum is over energetically accessible states i 
between the activation and excitation energies, each with 
population n(i} and reaction rate constant kR(i). 

Analysis would be much less complicated if the reac
tion were performed at reactant concentrations low 
enough that NOt would deactivate predominantly by either 

spontaneous emiSSion or by collision with the wall. At 
such pressures only the directly laser-excited states of 
N02 would be available to react with CO. The radiative 
lifetime of N02 is, however, very long (75 /J.sec) and at 
the required pressures < 5 mtorr the rate of product 
formation would be extremely slow. Similar arguments 
make a molecular beam study of the NOt-CO reaction 
fairly unattractive. 

The exact pathway for deactivation of electronically 
excited N02 has not yet been determined. As described 
in Sec. V. E USing laser- induced fluorescence Sakurai 
and Broida17 were able to measure the net rate of colli
sional decay of the specific directly laser-excited 2B2 

states; however, to date no collision-induced lines have 
been observed in laser-induced fluorescence of N02 • 36 

Since collisions seem to induce only unresolvable quasi
continuum fluorescence, the present day description of 
N02 (2 B2 ) relaxation is a statistical theory based on the 
behavior of this fluorescence. 

Under low resolution Schwartz and Johnston18 mea
sured the pressure and wavelength dependence of both 
N02 visible fluorescence intensity and lifetime, using 
spectrometer filtered xenon arc lamp radiation (15 A 
resolution) to excite pure N02 • They observed that lev
els near the photon-excited states lost approximately 
two to three (average) vibrational quanta per collision. 
The apparent quenching rate was found to decrease as 
the difference of energy of the exciting and fluoreSCing 
photon increased. They successfully explained their 
data with the following model: All N02 vibrational modes 
are assumed to be strongly coupled; isoenergetic levels 
of 2B2 and X(2A1 ) are also strongly coupled by collision 
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FIG. 9. Calculated fraction of reactive CO vs incident visible 
laser power in the "cot" mechansim. Consult Appendix B for 
details. lIn this Appendix this fraction of reactive CO is denoted 
as jU), which contains the laser intenSity behavior expected in 
this mechanism for the experimental conditions of this study. J 
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FIG_ 10. Schematic diagram of deactivation pathways in NO~. 

and are populated according to their relative density of 
states; fluorescence occurs from only the 2 B2 state, but 
collisional relaxation occurs only down the vibrational 
ladder of XeAl ), which is modeled as a triply degener
ate vibrational mode. Direct electronic quenching of 
2 B2 appears to be unimportant. In a very similar exper
iment Keyser et al. 37 fit the N02 fluorescence behavior 
using this same model, and similarly observed that on 
the average 1000 ± 500 cm-l of vibrational energy was 
transferred from NO! per collision. 

Most of the assumptions in the Schwartz and Johnston 
model are physically reasonable. Since the 2 B2 state is 
apparently heavily perturbed by XeA 1 ) states of the same 
vibronic symmetry, these two states should be strongly 
coupled by collision. 38 If these states are coupled, 
most vibrational relaxation should occur within the 
XeA 1 ) manifold for several reasons. Since the two 
states are assumed to be populated according to their 
respective density of states, most of the population re
sides in the ground electronic state. In addition, the 
rate of relaxation within the XeAl ) manifold is expected 
to be faster than in 2 B2 because of its larger vibrational 
quantum numbers and its more severe anharmonicity, 
Larger quantum numbers imply larger state-to-state 
relaxation cross sections because, in the harmonic os
cillator approximation, this cross section is proportion
al to the quantum number of the higher state involved. 
A lso, since in soft colliSions vibrational quantum 
changes often follow the selection rules of radiative 
electric-dipole transitions, and since anharmonicity tends 
to relax these restrictions, relaxation is thereby al
lowed to more levels, causing an increase in the denSity 
of final states. 

The weakest assumption in this model is the very im
portant notion that within a given electronic state the 
three N02 vibrational modes are strongly coupled. The 
low-lying X(2A1 ) levels involving the stretching modes 

V1 at 1320 cm-l and V3 at 1617 cm-1 are probably well 
coupled with each other, but are most likely poorly 
coupled to the bending mode V2 at 750 cm-l because of the 
lack of an energy resonance with either of these modes. 
However, the higher-lying X(2A 1 ) levels are probably 
well coupled to each other because of anharmonicity. 

In the present analysis a statistical deactivation model 
similar to that of Schwartz and Johnston is employed. 
As is schematically depicted in Fig. 10, 2B2 and X(2A l ) 

are equilibrated at every energy. Deactivation occurs 
within XeA l ), fluorescence occurs from 2 B2, and, in an 
attempt to distinguish between 2 B2 and X(2A1 ) reactivity, 
it is assumed that reaction with CO may occur with N02 

in either of these two electronic states. 

The three vibrational modes of X(2Al ) are approxi
mated by a triply degenerate simple harmonic oscillator 
with a mode energy of € = 0.15 eV. This corresponds to 
1210 cm-1

, which is nearly equal to both the average 
(1228 cm-l ) and geometric mean (1169 cm-1 ) of ~he three 
actual modes. In the general case of t degenerate modes 
level i has degeneracy g/ given by 

(i+ t-1)! 
gi= i!(t-1)! (7) 

For N02 t = 3. The denSity of states predicted by this 
expreSSion is in good agreement with the actual denSity 
for i> 2. The 2B2 state is modeled in a similar manner. 
Though the exact mode energies are not known, the 
average spacing should be about the same as for XeA 1 ). 

The ground state of 2B2 is taken to be isoenergetic with 
level i= min X(2Al ), and therefore LX-eAl ), iJ and [2B2' 

i - m J are degenerate. Setting m = 10 fixes the 2 B2 ener
gy at 1. 5 eV, close to the value of 1. 48 eV determined 
by Brand et al. 9 The results of the reaction model are 
fairly insensitive to the value of m. 

The relative population of the degenerate X(2A1 ) and 
2 B2 levelS, denoted as nA and nB' respectively, at energy 
(i+3/2)€ is determined by their relative density of states 

(8) 

A steady-state, nonthermal balance exists near the la
ser-pumped level determined by the following rate equa
tions: 

with solution 

( .) 'Yl+1-1nA(i+1) R nA t - =~~ 

'YI- 1-1 'YI -1-1 
(9) 

where R is the laser-pumping rate. 'YI+1-1 is the rate of 
relaxation from i + 1 - i, which may be expressed as 

(10) 

where r = '>'1- o. This is merely the product of the rate 
of transition between a pair of i+1 and i levels with 
the denSity of final states. As mentioned earlier the 
factor of (i + 1) is derived from the i + 1- i matrix ele
ment which, in the harmonic oscillator approximation, 
is .ff+f times the 1 - 0 matrix element. The density of 

J. Chern. Phys., Vol. 68, No.3, 1 February 1978 



1082 Herman, Marielia, and Javan: Laser-stimulated reaction: NOi + CO ~ NO + CO 2 

2.5 
iae! =15 

2.0 
14 

---- - - EXPERIMENT 
----THEORy 13 

1.5 
::j II 
0 

a:: 
:,,:: 

1.0 

. 5 

11 12 13 14. 15 16 17 18 19 
lexe 

FIG. 11. Theoretical laser-initiated reaction rate vs level of 
excitation for s ~3 (direct reaction) and either the XeA 1) or 
2B2 state responsible for reaction, alongside experimental re
sults. For convenience the curves for different assumed values 
of the activation energy are normalized to 1 at i ~ 17, corre
sponding to 4880 A. For precise correlation of the abscissa 
to true energy refer to the text and to Fig. 6. 

states factor suggests that all "vibration collisional" 
selection rules between the original three modes have 
been relaxed. In addition, since R corresponds to the 
rate of laser pumping of N02, it is proportional to [N02] 
for optically thin samples, while r is proportional to 
Yco[CO] + YNo2[N021. 

ASSigning a reaction rate constant of kA (i) to [X(2A1), 
i] and kB (i -m) to [2B?, i - mJ and using Eqs. (7)-(10), 
Eq. (6) may be modified to predict the rate of CO2 pro
duction: 

d[co2 ] _R[COj i~ 1 [k (.) 8J=m k (. )~ 
- - ~ ) A t + B t- m , 

dt r /. ~/ act (i + 1 g/ gj 
(11) 

where iexc and i act refer to the levels associated with the 
exciting wavelength and the activation energy, respec
tively. As first mentioned in Sec. II. C it is clear that 
the pressure dependence of the reaction yield is inde
pendent of the details of the collisional relaxation and 
reaction scheme employed if YCO/YNo2 is independent 
of i. 

Since the potential curves for the N02-CO reaction 
have neither been measured nor calculated, a statisti
cal theory, which requires less detailed energy curve 
information, rather than a dynamical theory, is em
ployed to predict the reaction rate constants in Eq. (11). 
Specifically, RRK (Rice-Ramsperger-Kassel)39 unimo
lecular decay theory is applied. This approach of em-

ploying these statistical models to both reactivity and re
laxation is a refined version of the method adopted by 
Creel and ROSS22 in their study of the NOt-N02 reac
tion. The above model is applied to two extreme cases. 
In one case the NOt-CO reaction is considered to be a 
direct reaction, and the rate of reaction depends on the 
RRK distribution within the NOt. In the other extreme 
RRK is applied to a (N02CO)* complex, 40 and the cross 
section for forming this complex is assumed to be both 
energy and state independent, while the reaction rate 
constant is proportional to the RRK unimolecular decay 
rate_ The complex is implicitly assumed to have a defi
nite lifetime, again independent of both energy and the 
nature of the state, after which time it decomposes to 
reform the reactants. The predictions of this statistical 
theory are used in an attempt to differentiate between 
X(2A 1 ) and 2 B2 reactivity by assuming that only one of 
the two states can promote reaction (in either of the two 
ways just discussed) . 

The activated complex or excited molecule with s vi
brational degrees of freedom is treated as an s-fold de
generate oscillator. Judging from Herschbach et al.'s30 
estimate of the vibrational frequencies of a (N02CO)* 
complex the energy of level i may, to a reasonable ap
prOXimation, be expressed as E ~ (i + s/2 )E:, where again 
E: =0.15 eV. Either one of the normal modes, or rather 
a specific linear combination of them, is responsible 
for reaction, and this degree of freedom is known as the 
reaction coordinate. When the energy in this mode, 
relative to zero-point fluctuations, is at least E act = iactE:, 
reaction occurs at a rate proportional to the RRK uni
molecular decay rate 

(i-iact +s-l)l 
(i - iact)l (s - 1 )! 

(i +s -1)! 
il (s -1)! 

(12) 

where w is the geometric mean of the mode frequencies, 
and the second factor merely represents the fraction of 
energy rearrangements in which the reaction coordinate 
mode is suitably excited. This theory may be evaluated 
by employing Eq. (12) in the previous equation. If only 
the XeA 1) state leads to reaction, kR(i) of Eq. (12) is 
proportional to kA (i) and kB is set to zero. On the other 
hand, if only 2 B2 promotes reaction, Eq. (12) yields 
kB (i - m) with i - m and i act - m substituted for i and i act , 

respectively, and kA set equal to zero. The variable s 
is not actually a free parameter. In a direct NOt-CO 
reaction s = 3 (the number of N02 modes), whereas in the 
complex-forming reaction s equals the number of modes 
of the complex. (N02CO)* has nine degrees of vibration; 
however, as two of these are internal rotations, s should 
instead be set equal to seven. 

The predictions of this model have been evaluated for 
various values of sand i act and for either XeA1 ) or 2 B2 
reacting. Some of these results are reproduced in Figs. 
11-13, along with the experimental points. For the sake 
of .clarity all curves have been normalized to 1.0 at i 
= 17, which closely corresponds to 4880 A. Fair agree
ment is obtained for specific values of i act for either 
X(2A1 ) or 2B2 reactivity for any value of s between 3 and 
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9; this model predicts identical results for s = 3 with 
either XeA1) or 2B2 assumed to promote reaction. The 
data sharply disagrees with theory for s equal to either 
1 or 2. Notice that for i» i act all theoretical curves are 
linear with energy in agreement with the experimental 

2.5 
iact =14 

data obtained with argon-ion laser excitation. 2.0 

Since this model is discrete in nature, an activation 
energy of iactE: actually corresponds to a band of energies 
ranging from this value to (iact - 1 )E:, and therefore the 
true activation energy associated with the value i act is 
more nearly (iact - ~ )E:. For s = 3, and either X(2A1 ) or 
2 B2 reactivity, E act is 2.02 ± 0.08 eV. With N02e B 2) as 
the reactive species the predicted activation energy de
creases slowly with an increase in s, becoming about 
1. 87 eV for s =7 and 9. With X(2A1 ) the theoretically 
determined energy barrier decreases more rapidly with 
increasing s, falling to 1. 72 eV at s = 7 and to about 1. 57 

eV at s = 9. Although the calculated curves best fit the 
data for the s = 7, 2 B2 case, the many assumptions in
herent in the model and the balance between the influ
ences on reactivity and relaxation of the two electronic 
states in this model [which destroys any change to truly 
differentiate between XeA1 ) and 2B2 reactivity on a sta
tistical basis] do not permit any decisive conclusions. 
The activation energy predicted by this model is some
what higher than that of the thermal reaction, suggesting 
that these two reactions may proceed on different energy 
surfaces and that either there is a nonzero activation en
ergy in 2 B2 or that either 2 Bl or 2A2 is important. 

2.5 

2.0 

1.5 -

.5 

11 

- - - - - EXPERIMENT 
----THEORy 

12 13 14 15 
iexc 

16 

iact =14 

13 

12 

17 18 19 

FIG. 12. Theoretical laser-initiated reaction rate vs level of 
excitation for s = 7 (complex reaction) and X (2 A 1) reactivity 
(see Fig. 11 caption). 
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FIG. 13. Theoretical laser-initiated reaction rate vs level of 
excitation for s = 7 (complex reaction) and zBz reactivity (see 
Fig. 11 caption). 

VII. CONCLUSIONS 

The kinetics observed in this study are in agreement 
with the mechanism proposed in Table I, in which NOt
CO colliSions create the products; RRK theory ade
quately describes this experimental behavior. Only one 
out of 80000 collisions of laser-excited N02 with CO is 
reactive. Contributing factors to this small reaction 
cross section may be the dilution of the population of ex
cited N02 into nonreactive states, the importance of CO 
internal eXCitation, or the translational energy barrier. 
These various possibilities might be tested by either a 
molecular beam study, direct vibrational heating of CO, 
or by thermal heating of the laser-excited reactants, re
spectively. 
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APPENDIX A 

Of the several available techniques available for mea
suring the concentration of the CO2 product LIF was 
chosen because of its ability to measure minute quanti
ties of CO2 and its insensitivity to small impurities of 
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other molecules. Classical infrared absorption spec
troscopy (at 4.3 J-l.) is not quite sensitive enough to mea
sure the small amount of product. Direct measurement 
of the CO2 pressure after distillation is susceptible to 
errors due to incomplete distillation of the reactants and 
of other products and due to the presence of unexpected 
products. Mass spectrometry and laser optoacoustic 
detection are both very sensitive and are competitive 
with LIF techniques; however, they require either rela
tively expensive or new technologies. 

In this experiment the CO2 concentration is measured 
only after the CO2 has relaxed to its room temperature 
thermal distribution. Therefore, only one in 1000 CO2 

molecules are in the 1000 vibrational level (see Fig. 1). 
Taking into account both the rotational partition function 
and a homogeneous linewidth one-tenth that of the Dopp
ler width, at 1 mtorr only about lOB molecules/ cc are 
in Doppler resonance with the laser. This, along with 
the known transition matrix elements, 41 predicts a very 
small absorption coefficient at 10.6 J-l., of about 8XlO-7/ 

(mtorr cmt1
• Therefore, observation of the 4.3 J-l. fluo

rescence, amidst a very small thermal background, is 
much more sensitive than measuring the minute absorp
tion at 10.6 J-l.. The relatively small reaction rate con
stant measured in this study, along with the large NOt 
+ CO2 - N02 + co1 rate of vibrational excitation, 42 makes 
a measurement of the nascent CO2 reaction product-vi
brational level distribution unfeasible. 

The kinetics of the fluorescence may be analyzed in 
two steps. First, the strong collisional coupling among 
the rotational levels of each vibrational level is consid
ered, thereby reducing a many-level problem into a 
quasi-two-vibrational level system. Then, the process
es describing relaxation of the relevant vibrational lev
els are considered. This problem may be decomposed 
in this manner because R- T relaxation is much faster 

than V- V and V- TR collisional transfer, diffusional de
cay, and radiative decay. In addition, this grouping of 
the rapidly rotationally relaxed levels is experimentally 
relevant because the fluorescence from all (0001), J 

states is being detected, 

Feldman43 has analyzed the coupling of two multilevel 
states in the rate equation approximation assuming that 
the rotational levels not directly involved in the laser 
transition are in thermal equilibrium. This analysis 
leads to a familiar result for the fluorescence intensity 
Sf!: 

(AI) 
In this expression An is the subtended solid angle, ~ is 
the frequency detuning from line center, WD is the Dopp
ler width, nC02 (l000) is the density of (1000) levels [the 
thermal populatio'l of (0001) is negligible 1, J-l.m is the 
transition matrix element for the transition between the 
various m (i. e., J.) components, E is the electric field 
amplitude, Yrad is the rate of radiative decay, Yl is the 
total rate of decay of the (0001) rotational level manifold, 
'Y2 is the polarization dephasing rate, and YR is the rota
tional relaxation rate. Excluding the saturation term in 
the denominator this expression is essentially the steady 
state population of (0001), i. e., the rate of pumping 
(0001) divided by the total rate of relaxation Y1 multiplied 
by the spontaneous emission rate. Clearly, rotational 
relaxation affects only the saturation behavior. This ex
pression is easily modified to include amplitude modula
tion of the CO2 laser output, at radial frequency n, by 
substituting ,; '}{ + n2 for Yl in Eq. (AI). 

The kinetics of this effective two-level system may 
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now be analyzed. Radiative decay 'Yrail' collisional de
cay 'Yv, and diffusional loss to the walls (or out of the 
detector's field of view) 'Ydlff all contribute to 'Yt: 

'Yt = 'Yract + 'Yv + 'Ydlff • 

At the few mtorr CO2 pressures of interest 'Yract = 400 
sec-1; radiative trapping is unimportant. 44 'Yv has con
tributions from the different collision partners X each 
at partial pressure Px: 'Yv = Lxr~px' (r;02 = 350 
(sec torr r1. 45-48) Diffusion theory yields the result 'Ydlff 

= /-L2D/r~, 49 where ro is the cell radius, D is the diffusion 
coeffiCient, where D =DoIp [Do for CO2(00°1) in CO2(0000) 
is 0.066 cm2/sec at 1 atmj, 47,49 and /-L2 = 5. 76 if the mean 
free path is much smaller than ro (while it is smaller 
at lower pressures and in the free flow Knudsen regime). 

In 1 mtorr pure CO2 'Yt is very large because of rapid 
transit to the walls, thus leading to a very small fluo
rescence signal. It was observed that the addition of a 
buffer gas at about 1 torr increases the detection sensi
tivity by well over an order of magnitude by significantly 
decreasing 'Y1; the greatly reduced diffus ion to the walls 
is accompanied by a minimal increase in collisional re
laxation. Argon is an ideal buffer since it effectively 
confines CO2(00°1) (Dtr = 0.14 cm2/sec)50 while vibra
tionally relaxing it only very slowly [rt" ~ 48 ± 4 (sec 
torrf1j46,50 due to inefficient V- T and intramolecular 
collis ional relaxation. Nitrogen, on the other hand, en
hances fluorescence much less than does argon because 
of near resonant V-V transfer to N (v = 1) [r~2 = 16 000 
(sec torr rt, 48 D~2 = O. 16 cm2/ sec j. 

This behavior is experimentally verified in Figs. 14 
and 15 in which Sfl VS PAr' with Pe02 fixed at 5 mtorr, 
and Sf! vs PN2' with Pe02 = 10 mtorr, are plotted (for the 
case of n = 691 (secf1, P = 2 W). These experimental 
traces are also compared to the above theory. 'Y2 and 
'YR were determined from the work of Meyers, Rhodes, 
and Haus51 and < /-L2)m was set equal to /-L2/2, where /-L 
= 2 x 10-20 esu cm. 41 Actually, the above theory must be 
modified for the N2 case to allow for the transfer of N2 
(v = 1) excitation back to CO2(OO°l). For Pe02 = 10 mtorr 
and PN2 > 1 torr this effect increases Sf! by 11%. 

As discussed in Sec. IV this technique not only pro
vides enhanced sensitivity but also linear calibration of 
Sf! vs Pe02 and insensitivity to impurities. The cali bra-

tion is linear because in Eq. (AI) 'Y1> 'Y2, and 'YR depend 
only on PAr' for PAr» Pe02' and 'Yract is a constant for 
Pe0 2 < 20 mtorr, where radiative trapping is unimportant. 

Experimentally, all P(J) and R(J) J=12-30 (10.4 /-L) 
lines led to approximately the same fluorescence inten
sity at equal laser power. However, during experimen
tal runs care was exercised to insure single-line oscilla
tion because laser saturation is important here and it is 
inherently nonlinear. The 9.4 /-L lines led to larger sig
nals than their 10.4 /-L analogs, at equal power, because 
at room temperature (02°0) has 50% more population than 
(10°0). 

The sensitivity of this LIF technique could be further 
increased by several orders of magnitude over the 0.1 
mtorr sensitivity needed in this study by more judicious 
selection of a photodetector, by collecting a larger solid 
angle of fluorescence and by heating the CO2 gas. Fur
thermore, it should be noted that fluorescence intensity 
could also be increased Simply by transferring the CO2 
to a cell of very small VOlume, thereby increasing the 
CO2 density. (In fact, in this experiment the detection 
cell was 4. 5 times smaller than the reaction cell. ) 

APPENDIX B 

The relevant processes in the proposed reaction mech
anisms involving vibrationally excited CO were outlined 
in Sec. V. F and in Table Ill. Essentially, laser excited 
NOt may transfer energy to CO (v = 1) and then the CO 
vibrational ladder rapidly equilibrates via V- V colli
sions. [The rate of Reaction (6) in Table III is 1.15±0.3 
x 105 (sec torr )-1.]52 Significant populations of CO (v 2:: 1) 
may then be available to react with either N02 or NOt 
because the CO vibrational manifold is only slowly re
laxed. The study of Myers et al. 20 suggests that Reac
tion (4) in Table III is fairly effiCient, with about half 
the energy transferred from NOt to CO going into vibra
tion, i. e., Yeo;o 0.5 'Yeo. Also, the experiments of Chu 
and LinS5 confirm that direct excitation of CO (v> 1) is 
not very important in NOt-CO (v = 0) relaxation. Since 
the steady-state population of NOt is much smaller than 
the calculated population of CO (v = 1), the CO vibrational 
distribution is primarily determined by CO-CO colli
sions, and since V- V transfer is very rapid, the result
ing vibrational temperature Tv far exceeds the near-
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ambient translational temperature T. Furthermore 
since CO is anharmonic, the resulting vibrational d~s
tribution deviates from a Boltzmann, as is determined 
by53 

n(v) =~ exp(- VEl) exp(- VEl - E.\ 
kBTv kB T J (El) 

where Z is the vibrational partition function, and EI and 
Ev are the energies of the first and vth vibrational levels 
respecti vely. 

There are several contributing factors to the relaxa
tion of the cot manifold. The dominant loss of energy 
via radiative decay is due to v = 1- v = 0 at a rate of 
33(secfl, 54 while diffusional loss to the walls amounts 
to 140(secrl for a sample of 2 torr NOz and 4 torr CO 
under the conditions of this experiment. Both CO-CO 
and CO-NOz, V- TR transfer have negligible rates 5Z

; 

CO (v=l)-NOz V- V transfer appears to be the dominant 
mode of cot relaxation. Though there is no experimen
tal data available on this rate, analogy may be made to 
the cases of CO (v = 1) transfer to SOz and CH4, having 
measured relaxation rates of 25 and 3.3 IJ.sec atm, re
spectively.55 This suggests a NOz-CO V- V rate of 
either 105(sectl (SOz) or 880(sectl (CH4 ) in a 2 torr 
NOz-4 torr CO mixture, leading to a net cot decay rate 
r of either 275(secrl (SOz) or 1050(sectl (CH4 ). The 
CH4 analogy is the more realistic of the two since the lJ 

I 3 
mode of NOz (at 1617 em - ) and the lJz mode of CH4 (at 
1534 cm-I

) have about the same energy defect in exchange 
with the CO mode (2130 cm-l ), whereas SOz has a larger 
energy mismatch (lJ3 mode at 1362 cm-1 ). In fact, if 
CO-NOz V- V transfer is much faster than overall V- TR 
diffusion, and radiative losses, all three NOz modes and' 
the CO mode may come into vibrational equilibrium, as
suming that the NOz modes are strongly coupled. In 
harmonic oscillator approximation the vibrational tem
perature of any pair of modes T. and Tb , having mode 
energies E. and E b, are then related by the well-known 
expressions3 

~ lb._ E.- Eb 
T. - Tb - T 

(B2) 

where T is again the translational temperature. 

The specific case of ground state NOz reacting with 
CO excited to v;:: 5, i. e., above the NOz-CO thermal 
barrier, may now be numerically examined. [This cor
responds to Reaction (8) in Table IlL] If all CO mole
cules with v~ 5 (energy;:: 1. 3 eV) can promote reaction, 
the following rate law is obtained: 

(B3) 

In this relation the quantity in curly brackets is defined 
as 1(1), which represents the fraction of suitably vibra
tionally excited CO. F(l) contains the explicit depen
dence of 1(1) on visible laser intensity. Since, as is dis
cussed above, the main loss of CO vibrational energy 
appears to be due to V- V transfer to N02, r is propor
tional to [NOz], and this equation therefore predicts the 
same concentration dependence as the originally proposed 

mechanism in Eq. (l). The difference between the two 
mechanisms lies in the intensity behavior. 

Both the expected intensity dependence and the actual 
number of suitably excited CO molecules, each closely 
related to I(l), may be determined by first calculating 
the CO vibrational temperature Tv' Despite the small 
anharmonicity Tv may be obtained by equating the en
semble averaged harmonic oscillator energy to the aver
age energy stored per 010\ ecule 

EI __ _ ~ [ 1 ,'co[ CO] 1 1 
-eE=1~7'=kB~T-v_1-liw N02 'Yco[CO]+'YNo2[NOz] r [CO] 

(B4) 
Each term on the right-hand side may be simply inter
preted: The first term is the rate of pumping NO{, the 
second partitions energy into CO (v = 1), the third is the 
decay of CO vibrational energy, and the last term nor
malizes the total energy deposited into the average en
ergy per molecular oscillator. Substituting the result 
of Eq. (B4) into (Bl), I{I) may be determined for 800 
mW of 4880 A, incident. on the 2 torr NOz-4 torr CO 
mixture under inspection, for the case of slow V- V 
transfer to N02 (S02 analogy) to be 2. 3 X 10-5 and for the 
more rapid, and more likely, rate of transfer (CH4 anal
ogy) one obtains 3.6 x 10- 8• For the improbable case of 
complete V- V equilibration of NOz-CO most of the de
positied energy reappears in NOz because its mode ener
gies are smaller than that of CO, leading to 1. 9 x 10-15

• 

These results should be considered in light of I(I= 0) at 
room temperature (7. 6X10-Z3

) which is essentially 
n(1) = 5). The results described in Sec. V. E indicate that 
under the experimental conditions only one in every 1011 
collisions of any NOz with any CO molecule is reactive. 
Assuming that the CO (v~ 5)-NOz reaction has a steric 
factor of at least 100 this observation sets a lower limit 
of 10-9 on IW. There seems to be too few excited CO 
molecules in complete V- V equilibration to promote the 
reaction; however, if equilibration is incomplete, as is 
more likely, there appears to be sufficient cot mole
cules available for reaction; nonetheless, the intensity 
dependence predicted by the NOz-CO (v~ 5) mechanism, 
reproduced in Fig. 9 for the S02 V- V analogy, is as ex
pected highly nonlinear, in disagreement with observa
tions. As discussed in Sec. V. F the intensity behavior 
of proposed NO{-CO (v = 1-4) reactions also disagree 
with experiment. 
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