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Summary 

Vibrationally excited ozone, produced by absorption of COs laser radi- 
ation, was found to react significantly faster with NO and O,(‘A) than thermal 
ozone. Using a modulation technique, absolute and relative rate constants at 
300K for the following reactions were calculated assuming rapid equilibration 
between the three closely spaced vibrationally excited levels of Oa, and that 
only the lowest level of these, the v2 bending mode, is active in reaction. 

0, + NO --f NOz*(2B~) + 0s (1) 
O,+ + NO --, N0,‘(2B,) + O2 (1’) 

0s + NO --t N02+(2A1) + O2 (2) 
O,+ + NO --, N02+(2A,) + O2 (2’) 

0s + O,(‘A) + 202 + 0 (7) 
O,+ + O,(‘A) --, 202 + 0 (7’) 

kIr + kg’ = 2.7 X lo-l3 cm3 molecule-’ s-l; (kIl + k2p)/(kl + kz) = 16.2 
f 4.0; kIa/k, = 4.1 + 2.0; k2*/k2 = 17.1 f 4.3; k7r/k7 = 38 f 20. These rate 
constants must be modified if a different combination of vibrationally excited 
levels is involved. The fraction of vibrational energy usable in chemical reac- 
tion was found to be about 15, 50 and - 100% respectively for processes l’, 
2’ and 7’. Our measurements clearly differentiate between the participation 
of vibrational energy and thermal energy but do not distinguish differences 
between the individual vibrationally excited states. Details of the modulation 
technique, involving chemiluminescence detection of NOa and resonance 
fluorescence detection of oxygen atoms, are described. Comparison of our 
results with a previous measurement of the summation reaction (1’ + 2’) 
shows excellent agreement. 

* Work supported in part by Climatic Impact Assessment Program, Department of Trans- 
portation, Office of Secretary, and Measures for Air Quality Program, NBS, Washington, D.C. 
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Introduction 

Rate constants for reactions involving simple species, e. g. atoms plus 
diatomic or triatomic molecules or diatomics plus diatomic or triatomic mol- 
ecules are usually measured as Maxwell-Boltzmann averages. Such rate meas- 
urements are performed under bulk or bath conditions and the resulting rate 
constants are dependent only on ambient gas temperature. There has long been 
interest in and speculation about the effect of excess internal reactant energy 
on the measured rate constant for chemical reactions. Extensive experimental 
evidence indicates that products resulting from the reaction of atoms with sim- 
ple diatomic molecules frequently possess considerable excess internal energy 
[ 1 - 33. Detailed energy balance arguments (i. e. the principle of microscopic 
reversibility) would therefore predict that the reverse reaction(s), involving 
reactants with excess internal energy would proceed significantly faster than 
with reactants where the internal energy has a Maxwell-Boltzmann distribu- 
tion corresponding to the bath temperature. This conclusion is supported by 
a variety of experimental and theoretical results from the laboratories of 
Polanyi [4] , Bauer [ 51, and others [6] . Vibrational and rotational energy in 
simple diatomics can electronically excite Na [ 7, 81. Recently, vibrationally 
excited OH (~2 to u=9) has been shown to react with ozone and other di- 
atomic and triatomic molecules at significantly higher rates than does ther- 
malized OH [ 91. 

With the advent of lasers and the ability to tune them to specific mole- 
cular absorptions, it has now become possible to investigate specific.reaction 
processes involving vibrationally excited species. Odiorne et al. [lo] employed 
a molecular beam technique to show a two order of magnitude enhancement 
of the reaction rate of K with HCl upon laser excitation of the HCl. Bauer et 
al. [11] have recently been able to influence the rate of gas phase Hz-Da 
metathesis by specific vibrational excitation. Still more recent measurements 
by Gordon and Lin (GL) [12] have shown conclusively that NO reacts with 
vibrationally excited O3 at least one order of magnitude faster than with ground 
state or thermal Oa. Finally, a recent-flash photolysis study has shown that 
vibrational excitation in CN radicals produces no changes in the rate constants 
for the exothermic reaction with 0 atoms to produce CO but can possibly 
enhance the rate of the endothermic channel which produces NO [ 131. 

We describe here several experiments in which 9.6 pm radiation from 
a COZ laser was used to produce vibrationally excited 03, (001). Details are 
given of an apparatus and procedure which employ both chemiluminescence 
and resonance fluorescence to monitor the effect of this excess vibrational 
energy on the rate constants for the reactions Oat + NO + NO2 f O2 and 
Os* + O,(‘A) + 202 + 0( 3P). We evaluate our experimental observations in 
relation to the participation of the various possible vibrational states. 

Previous measurements on the 0 3* + NO system by GL using a Q 
switched CO2 laser tuned to the P(12) transition are re-examined here using 
a different experimental method and different experimental conditions. 
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Our objectives are two-fold. As part of more extensive studies designed to 
measure other reactions of vibrationally excited ozone we employ the NO + 
Ost reaction as a calibrant. (This procedure is described later in the paper.) 
We therefore need to estabhsh a more precise value for the rate constant for 
the NO + OS? reaction. The modulation method employed here has higher 
signal to noise than the pulse method employed by GL for equivalent power 
levels and allows for a more precise rate constant determination [23]. Sec- 
ondly, the increased sensitivity enables us to extend the earlier measurements 
to very dilute ozone and NO concentrations and very low steady state laser 
power levels. While our modulation method is more sensitive for measuring 
decay processes, it has the disadvantage of being unable to unravel any very 
short lived phenomena (T < 30 ps). Nevertheless this modulation method 
complements the Q switched pulsed experiments and yieIds somewhat differ- 
ent information on this rather complex chemical system. 

Experimental 

A (1 m) CO2 laser, tunable to specific rotational hnes in the 9.6 and 
10.4 ,um region, was employed in the following experiments; the wavelength 
was determined by a COz spectrum analyzer. 

Measurements of the absorption of COz laser radiation by ozone indi- 
cated that the strongest coincidence was with the P(30) (9.6 pm) line (1043 
cm-‘) and the majority of experiments were performed using this transition. 
Precise absorption data at the P(30) line were obtained using a long path 
(50 cm) cell containing 0s and Oz together with a differential power mea- 
surement technique. Ozone concentrations (here and in later experiments) 
were determined by measuring its absorption of 253.7 nm radiation (emitted 
from a low pressure mercury arc lamp and isolated through a narrow band 
interference filter). The CO2 laser, tuned to the peak gain for the P(30) line, 
was operated in continuous wave mode with an average output power of 3 - 

4 W. The laser power was periodically checked with a disc calorimeter and 
was monitored continuously using a pyroelectric detector. Experiments were 
performed with real-time detection techniques in a modulated mode. The 
CO2 laser was square-wave chopped by focusing the output of the laser to a 
point at the chopper wheel using a 10 cm focal length NaCl lens. The chopped 
beam was then defocused into the experimental apparatus. Because of opti- 
cal losses, the laser power entering the active cell region was typically 0.6 W. 
Chopping frequencies could be continuously varied from 0 Hz to 2000 Hz. 
The chopped waveform of the laser source was monitored at the exit of the 
apparatus using a pyroelectric detector and the phasing, transmitted power, 
and modulation frequency could thus be continuously determined. Details 
of the complete experimental apparatus are shown schematically in Fig. 1. 
The multi-purpose reaction cell, equipped with NaCl capped laser entrance 
and exit ports, the gas inlets, ports for the atom-monitoring resonance lamp, 
and fluorescence (chemiluminescence) monitoring photomultiplier tubes is 
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the photomultipliers used. 

Fig. 2. (A) Side view of reaction cell. RI, reactant inlet; 01, ozone inlet; P, pump. Some 
side ports are not shown. (B) Top view of reaction cell. LI, laser in; VM, vacuum mono- 
chromator; PM, photomultiplier; LO, laser out; RL, resonance lamp. The projections 
indicate the photomultiplier viewing zone, and the laser and resonance lamp illuminating 
zones. 

shown in detail in Fig. 2. Exact cell geometry and dimensions are indicated 
since subsequent calculations depend on them. 

Experiments were performed under fast flow conditions. A 7 l/s mechan- 
ical pump provided residence times of less than 1 ms for gases traversing the 
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laser and detection zone (s 1 cm). In order to minimize heating effects a res- 
idence time in the cell of the order of the lifetime of vibrationally excited 0s 
(V-T transfer) was considered important. To facilitate performing a large 
number of experiments under such fast flow conditions it was deemed desir- 
able to use 0s directly from an ozone generator and accept the presence of 
Oz. Ozone was thus prepared continuously by a silent discharge in Oz at atmo- 
spheric pressure in a commercial ozonizer. The exit O3 + Oz stream could be 
bled into the reaction cell through a needle valve and the concentration of O3 
continuously monitored either at the cell entrance or at the intersection of 
the laser beam. Pressures of Oz in the cell were typically 0.5 - 4 Torr, with an 
Oa level about 4% of this. Pressures were measured, within a few mTorr, with 
a digital-capacitance differential manometer. 

Two different detection techniques were used. Rates of the reaction of 
vibrationally excited 0s with NO were measured using the visible chemilumin- 
escent radiation from electronically excited NOz, NO2 *, produced via one 
channel of the reaction, [14, 151. A photomultiplier was employed for this 
purpose. Data were acquired using pulse amplifiers and multiscaling. A multi- 
channel analyzer was synchronized to the chopped laser output with known 
phase relationship. For this purpose the analyzer was triggered by the ampli- 
fied output of the i.r. detector located at the cell’s laser exit port. The wave- 
form of the exciting laser beam could itself be recorded by converting the 
amplified i.r. detector voltage to frequency. The resulting waveform could 
then be displayed on the multichannel analyzer. The production of oxygen 
atoms from reaction of Oz(’ A) with vibrationally excited ozone was measured 
using. resonance fluorescence detection. Vacuum U.V. radiation resonantly 
scattered by 0 atoms is detected at 90” to an atomic oxygen resonance lamp 
[16]. A solar blind vacuum U.V. photomuhipher viewed this fluorescence 
through the same collimating section used for the NOa* chemiluminescence 
measurements. The oxygen atom (- 130.3 nm) radiation was freed from 
Lyman CY (121.6 nm) radiation by a CaFz window on the photomultiplier 
port. Signals were again processed using pulse counting and multiscaling 
techniques. 

All gases were used directly from cylinders and were of ultra high purity 
grade (Oz, He, Ar). Reagent grade nitric oxide was found by mass spectro- 
metric analysis to be better than 99% pure. Oxygen, Oz(‘A), was prepared 
using conventional techniques [ 171 by a microwave discharge in a low pres- 
sure (0.5 Torr) flow of OZ. Oxygen atoms were effectively eliminated from 
the reaction cell by passing the discharged gas through a mercury mirrored 
trap. The effectiveness of 0 atom removal could be ascertained by monitoring 
0 atom resonance fluorescence in the reaction cell. Upon addition of 0, to 
the O,(’ A) stream the production of 0 atoms from the reaction Oz(‘A) + 0s 
+ 0 + 2Oz provided sufficient evidence for the presence of O2 (l A) [18 - 201. 
Since absolute concentrations of O,(‘A) were not required, monitoring [21, 
221 of Oz(lA 9) was not deemed necessary. 
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Procedure 
The reaction between ozone and NO proceeds through two parallel chan- 

nels. The first, reaction (I), produces electronically excited NOs; the second, 
reaction (2), produces NOz in its ground electronic state. 

0s + NO 2 N02*(2B1) + O2 (1) 

0s + NO 2 NO&*Ar) + O2 (2) 

The rate constant for reaction (l), kr = 1.27 X 10W1* exp(-4200/RT) 
cm3 molecule-1 s-l is roughly ten times less than the rate constant for reac- 
tion (2), k2 = 7.17 X lo-l3 exp(-2300/RT) cm3 molecule-’ s-l at 298 K 
[14, 15]. If we initially assume the existence of a single vibrationally excited 
state, the following equations dictate the enhanced production of NOz* due 
to ost: 

O3 + laser @(t) O,t (3) 

O,t + NO !!$’ N02* + O2 (1’) 

03t + NO !$ N02t + O2 (2’) 

Oat + M !$ Oa + M (4) 

NOa” +M ~NO~+M (51 

NOa* 2 NO2 + hu (6) 

In reaction (3), a(t) represents the pumping rate, photons absorbed,cm-3 
s-l, and is a constant value when the laser is on and zero when the laser is off. 
Kinetic equations based on the series of reactions can be solved for the total 
time dependence of [O,t] . However, for the sake of simplicity we have re- 
stricted our analysis to the “laser off” period during which [03t] is given by: 

[03tl = [03tlm,x ew(- WI (11 

where [03tl max is the 03t concentration at the moment the laser turns off 
and t is the elapsed time which equals zero when the laser turns off and l/( 2f) 
when the laser turns back on, (f being equal to the chopping frequency). 
X1 is given by: 

X1 = (k,j + kz,) [NO] + k4[M] + k, WI 

where k, is associated with removal of O3 t by mechanical pumping and M 
refers to any deactivating gas. In the present work we monitor the NOa* 
emission via process (6), which follows the NOz* concentration. Over this 
same “laser off” period the modulated part of the N02* concentration is 
given by: 

[N&*1 = VW& - WI lo21 max bw(- Ad) - ew(- b41 + 
+ W%*l o ew( - W) 

(III) 

where h2 =k5[M] +ks+k, (IV 
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[NOz*] 0 is the concentration of NO 2* in the viewing zone at the moment 
the laser turns off, and t is defined as for eq. (I). Since Xa has a value many 
times larger than X1, (~a = l/X2 < 1 PS) [24] eq. (III) reduces to: 

[NO,*] = A exp(- X1t) 00 

for At < t < l/Zf. We employ this equation in our analysis as the decay of 
the visible chemiluminescence parallels the decay of [Oat ] . Experimental 
conditions were usually chosen to minimize deactivation of O,+ (reaction 4), 
although, at very low concentrations of NO, the influence of deactivation and 
removal by mechanical pumping (k,) can be detected. 

The time dependent portion of the NOz* emission is added to a steady 
state emission due to reaction (1). We therefore performed a non-linear least 
squares analysis of the decay curves using the functional form: 

I=I, exp(-Art) +I,, (VI) 

where I,, is the steady state emission intensity. The determination of hi leads 
to a value for (k 1’ + k2R). Separate experiments in which the peak NOz* mod- 
ulation was determined at low chopping frequencies established kle/kl. These 
are described in the discussion of eqn. (X). 

For the reaction of O,(’ A ) with vibrationally excited ozone : 

OS+ + O,(‘A> y 2Oz + 0 (7’) 

an expression for 0 atom production can be derived which corresponds 
exactly with eqn. {III). There is a notable difference, however, between the 
analyses of the NO + Oa+ data and the Os(’ A) + Oat data. In the former case, 
decay data reflect the occurrence of chemical reaction. In the latter case, both 
the concentrations of Oz(lA) and Oat are so low that the decay rate reflects 
only Os+ deactivation and/or the rate at which both OS+ and oxygen atoms 
are physically removed from (pumped out of) the apparatus viewing zone. 
The rate constant for process (7’) must therefore be determined not by mea- 
suring the variation with time of the oxygen atom concentration, but by 
measuring the depth of modulation. In the square-wave (low chopping fre- 
quency) limit the modulation can be determined from a steady-state analysis 
of the following rate processes: 

0s @(t)os+ 

Oat + M %O,+M 

O,+ 2 removal through pumping 

OS +O,(‘A) !!$ 202 +0 

Oat + O&A) 2 202 + 0 

0 k removal through pumping 

(3) 

(4) 

(7) 

(7’) 
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With the laser off, the steady state concentration of 0 atoms in the viewing 
zone is derived from: 

d[O] /dt = k, [O&A)] [0,] ,, - kJO] + F = 0 

When the laser is on, we obtain: 

(VII) 

dIO1 ldt = MO~(lA)l (CO310 - lo,+1 I + bWh1 lo,+1 - 

-k,[O] +F=O (VIII) 

The term F (in units of molecule cm13 s-l ) represents any influx of atoms 
into the viewing zone from the reaction of 0s + 02(’ A ) directly above the 
viewing zone. [O,] o is the ozone concentration during the laser-off period. 

Solving eqns. (VII) and (VIII) for [0] we obtain: 

PI on/rOl off = 
WWIA\)l W’310 - l93+1 I + ~&M1~)l Co,+1 + F 

b[WIA)l Kblo +F 
f IX) 

Extraction of (k7n/k7) requires a value for [O,+]/[O,] . To obtain this, a 
small amount of NO was added in each of the Oz(‘A) + 03 experiments and 
the NOa * modulation signal was measured. [03+] /[03] can then be calcu- 
lated from the steady state expression for the square wave modulation in the 
NO + O,* experiments 

IN%* I on/[NOz*l off = 
kl([O,lo - W,+l) + k1’[03+1 

k1 W33 0 
(Xl 

once a value for (kle/kl) is known. Here there is no term resembling the 
function F. 

The ratio (kle/kl) was determined separately as follows. A laser power 
absorption measurement (long pass cell with our usual operating pressures) 
was made to determine a(t). From this we calculate : 

w,+1 /co31 )NO = WM& + k,EMl ) WI 

where the average lifetime, l/( 12, + k 4 [M] ) was measured in an actual exper- 
iment with little NO present. The validity of eqn. (X’) was tested by varying 
the lifetime by adding a deactivating gas. A three-fold variation of the life- 
time was paralleled by a decrease in the modulation signal to one-third. 

The values of ([%+I /[%I INO thus obtained have to be corrected by a 
geometric factor (see Fig. 2) which takes into account the fact that the pho- 
totube views reaction (chemiluminescence) over a volume element larger than 
that irradiated by the laser. Careful analysis of the conical intersections in- 
volved (projections in Fig. 2) indicate a downward correction of 1.8 + 0.2. 
We can then recalculate effective values for ([O,?] /[O,] )NO under specified 
pressure conditions of the chemiluminescent experiments. 

The analysis up to now has been based on a simple one-level model 
assuming involvement of only one vibrationally excited ozone level, Oat, and 
ground state ozone, 03. In reality, three vibrationally excited ozone states, 
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TA3LE 1 

Ozone Fundamental Vibrational Modes 

Designation 
Relative 

-1 
Ei(Cm 1 exp(--E,lkt)* exp(+ %,lkf)t populations 

at 298 K 

Vl Symmetric stretch 1110 0.0048 208.5 1.00 
v2 Bend 705 0.0337 29.7 7.02 
v3 Antiiymmetric stretch 1043 0.0067 148.4 1.40 

* Fractional population at 298 K, 
* Maximum theoretical rate constant enhancement due to given mode baaed solely 

on energy considerations at 298 K. 

representing the three fundamental vibrational modes, must be considered 
(Table 1). In the present experiments, the CO2 laser was tuned to the us 
anti-symmetric stretch mode which, as seen in Table 1, is nearly degenerate 
with the symmetric stretch (AE - -67 cm-‘), and energetically somewhat 
more removed from the v2 bending mode (AE - 338 cm-‘). Since all of 
these levels are approximately within kT of one another one would have to 
assume rapid equilibration between them. Depending on which level(s) are 
involved in chemical reaction, our simplified reaction scheme must be suit 
ably modified. In pulse measurements GL have clearly observed a fast induc- 
tion period in the N02* fluorescence following laser excitation of the u3 
mode. Our modulation experiments, as previously mentioned, are insensitive 
to detection of a rapid build-up followed by a significantly slower decay. 
Based on their measurements, GL concluded that the pumped level, v3, is 
not involved in the chemical reaction. A model based on two vibrationally 
excited levels of ozone was therefore considered and is reproduced here. 

If the pumped state, Os+, can equilibrate rapidly with a second vibra- 
tionally excited O3 state, O,+, and only the second state, O,+, can react 
with NO, the previous scheme must be modified by the following reactions: 

0s + laser @z’ O,+ (3’) 

Os*+M yO,+M (4’) 

03*+M 
k8 
* O,++M (3) 
&-8 

If equilibration, through reaction (8), is very rapid, two limiting cases can be 
considered: (i) if the equilibrium constant K = [Os+] /[OS*] is much greater 
than unity, essentially all of the 0s * produced by the laser is converted over 
to O,+ at very short time and the previously derived expression for X1, eqn. 
(II), still applies. If, however, (ii) K Q 1, the classical reactive intermediate 
case, IO,+] is always much smaller than [Os *] and X1 now reduces to: 

X1 = (klr+ kg)(K)[NO] + k,K[M] f k&M] + k, WI) 
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For all values of K, X1 can be solved, in closed form. 

x1 =- ‘z {B + k8 + k_8 + kq* - [(B - k, + k_-8 - k4p)2 + 4k,k_,] 1’2} 
* 

(XII) 

where B = (k, ‘+ kzt)[NO] + kl[M] + k,, and [M] has been absorbed into 
the values for k8 and k_g. The steady state expressions, eqns. (IX) and (X), 
must also be modified if rapid equilibration between two or more vibration- 
ally excited ozone levels occurs. The quantity [Oat] obtained from laser 
power measurement must be reduced according to the equilibrium fractional 
population of the actual reacting excited state. 

A detailed analysis of the rise and decay times for NO2* fluorescence 
enabled GL on the basis of the simple two level model, to show that the 
bending mode, v2, is active in chemical reaction rather than the symmetric 
stretch vl. The pumped, us, mode was eliminated from the mere evidence 
of an induction period. 

Assuming v2 to be the active mode in our experiments, we therefore 
multiply the geometrically corrected ratios for ([@?I /[OS] )~o by 0.745 
( i. e. - 7/9.4, the ratio of v2 population to total population given in Table 1). 

. 

*. 
.- 

. . . 

Fig. 3. Typical modulation in an NO + 03 experiment showing exponential decay of the 
chemiluminescence attributable to NO + 03f’. PAr= 4 Torr; PO = 13 2 = 2.5 Torr; PO 3 
mTorr; PNO = 150 mTorr. 
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ResLllts 

A typical multichannel analyzer display (showing the decay portion of 
an NO + Oat modulation curve) is shown in Fig. 3. As indicated earlier, the 
rate constant analysis involved non-linear least squares treatment of this fall- 
off (laser-off) portion of the curve. Experiments performed with the P(30) 
laser line yielded rate data from which X1 [eqns. (I) and (II}] could be deter- 
mined with a precision of better than 5%. Careful analysis of the residuals 
showed no evidence for any deviation from a single, simple exponential 
decay. Values of hl for an individual curve were constant, independent of the 
portion of the decay curve analyzed (analyses starting anywhere from 30 to 
150 ps - 3 to 15 analyzer channels - after the laser cut off. Because of the 
finite size of the laser beam in the chopper, it took from 1 to 2 channels for 
the laser intensity to decay completely). 

Under the experimental and analysis conditions of the present experi- 
ments, no evidence for an induction period in the decay could be detected 
(for f G 1 kHz). High er chopping frequencies gave signal levels too weak to 
be analyzed. Modulation, at the higher frequencies, fell off linearly with f 
(f > 300 Hz) and the phase shift approached 90’ in the limit of very high f. 
(The possible errors in the use of eqn. (11) due to an equilibration of vibra- 
tional states, i. e. very short induction period, has been discussed. The impli- 
cations of reducing our data via eqn. (XII) are investigated in the discussion 
section.) 
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TABLE 2 

Rate Data for the NO + Os* Reaction 

PO,* (mTorr) PNot (mTorr) Al (s--Y 

55 14 2400 
38 28 2580 
23 67 3006 
13 132 3360 
13 153 3720 

8 244 4470 
6 355 4600 
5 539 6010 
3 646 7150 

* This is the average 0s concentration in the laser irradiated zone during the laser- 
off period in the presence of the indicated amounts of NO. All runs contain 4 Torr of 
Ar and 2.5 Torr of 02. 

t These NO pressures have been corrected to account for removal of NO by 03 
upstream of the viewing zone. This was accomplished by subtracting the change in 0s 
concentration (when NO was added) from the differentially measured initial NO pressure 
(concentration). 

Since the NO concentration was always at least one order of magnitude 

lower than the inert gas concentrations (0, and Ar) the dependence of X1 on 

[NO] was through reactions (1’) and (2’) and to a good approximation does 
not involve reaction (4). Thus a plot of hI US. [NO] should yield a straight 
line with slope (kIr + k21) and intercept k,[M] + k,. Such a plot is shown in 
Fig. 4. A linear least squares analysis of the data (presented in Table 2) gives: 
(kIp + k,*) -I- (2.2 = 0.1) X lo-l3 cm3 molecule-’ s-l where the uncertainty 
corresponds to one standard deviation. At very low total pressures, and in 
the limit of zero NO concentration, the decay reflects solely the mechanical 
pumping rate. Experiments performed under such conditions gave pumping 
rates (k,) of 1400 s-l in good agreement with a value of k, calculated from 
the measured pumping speed and the cell cross-sectional area. 

A precise measurement of k, is crucial to the computation of the aver- 
age temperature rise due to laser heating. It is essential to show that the 
observed enhancement of the reaction rate is due to vibrationally excited 
species rather than due to thermal effects. The maximum temperature rise in 
the present experiments can be calculated from the laser power absorption 
(0.15% cm-’ of 0.6 W at 18 mTorr pressure of 0s and 1 Torr O,), residence 
time (l/k,- 700 ps), and the heat capacity of the gases present. For the 
conditions indicated, a temperature rise of 0.4 K can occur upon complete 
deactivation of Ost. Our experiments were performed under conditions of 
minimum Oat deactivation during the mechanical pumping time. Indeed, 
depths of modulation (square wave limit) were found to be at a maximum in 
the limit of negligible thermal deactivation (i. e. the condition of minimum 
thermal heating). 
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Fig. 5. (A) Modulation of O,(la) + 0, reaction caused by laser excitation of 03. Viewed 
by monitoring the 0 atom product by resonance fluorescence. PO, = 1 Torr PO 3 = 18 
mTorr; P, = 30 mTorr; Po$‘A) = 20 mTorr (estimated). Total counts = 10.6 K. 
(B) Modulation of NO + 03 chemiluminescent calibration reaction under conditions iden- 
tical to those in (A). Total counts = 102 K. 

The results for the modulation experiments on the Os(lA ) + 03t sys 
tern are shown in Table 3. The percentage modulation values, measured as 

(CO1 laser on - CO1 laser 0ff)/[Ol hse. 0ff, were obtained in the square-wave low 
frequency limit. Percentage modulation values for NO + 03* for similar pres- 
sure conditions are also listed since they serve for calibration purposes. 
Figure 5 shows typical modulation curves for the Os(‘A) + 03* reaction along 
with the calibration NO + O,* curve obtained under identical experimental 
conditions. 

For the first experiment listed, a concentration ratio ([Os’] /[03] )No 
equal to 0,021 was calculated using the procedure outlined earlier. From 
eqn. (X) we then calculate kIg/kI = 4.1 f 2.0 where the uncertainty reflects 
both the uncertainties in the geometric corrections as well as the modulation 
measurements. Applying this latter ratio in eqn. (X) we calculate the other 
values for ([03+] / [03] ) NO appearing in the Table. The rate constant ratio can 
also be used along with our value for (k, * + k2’) to calculate the rate constant 
enhancement associated with reactions (2) and (2’) independently. Since 
(k,e + k2*)/(kl + k2) = 13.2, we find that kp/kz = 13.9 or kg= 2.15 X 10-l” 
cm3 molecule-1 s-l. 

If the same geometric correction applied to the resonance fluorescence 
as to the chemiluminescence measurements, these same concentration ratios 
could be used to calculate the rate constant enhancements for the reaction 
of O,(lA) + O,* (i. e. k7*/k,) using eqn. (IX). However, analysis of the reso- 
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nance lamp geometry indicates that it illuminates a volume much smaller than 
the effective chemiluminescent volume (see Fig. 2). This in turn lowers the 
geometric correction to a value of 1.3 for the resonance fluorescence exper- 
iments. Consequently, for matching pairs of experiments we calculate that 

(lo,+] /[O,l )lA = (l-S/1.3) ([WI /co,1 INO- These values are tabulated in 
Table 3. FinaIIy, the value for F in eqn. (IX) must be obtained. A simple 
analysis of cross-sectional areas, flow rates and mixing times indicated that 
F = (0.5 + 0.5)k,[O&A)] [O,]. Using the mean value we obtain the tabu- 
lated values for k,n/k, as calculated from eqn. (IX). Fortunately, the 100% 
uncertainty in F creates less than 50% uncertainty in k7*/k7. We thus obtain 
an average value for the rate constant enhancement of the O,(‘A) + Oat 
reaction of 38 f 20 where the error limit reflects the combined uncertainties 
of all the measurements and calculations. 

Modulations in both the NO and Oz(‘A ) systems were found to vary in 
identical fashions and were determined solely by the influence of deactivation 
on [Oat]. As in the NO system, the depth of modulation of the Oz(lA) reac- 
tion was a maximum under conditions of minimum deactivation of Oat, thus 
indicating the absence of any heating effects. Measurements performed at 
different frequencies showed that the modulation depth fell off with increas- 
ing frequency faster than that for NO + Oat. In the high frequency limit, the 
measured phase shift exceeded 90” as expected since there is a phase shift 
accompanying both the reaction and the mechanical pumping (0 atom remov- 
al) process. 

Discussion 

The simplified data treatment presented in the procedure section was 
based on a model assuming one excited vibrational level. A modification of 
this simple model to include two vibrationally excited levels (one of them 
chemically active) in rapid equilibrium was included. Extension to multiple 
levels with one or more active modes is possible but not justified in the pre- 
sent work. Without the necessary time resolution, we are unable to distinguish 
the participation of the various vibrationally excited levels in either the NO 
or the Oz(‘A) experiments. 

According to the analysis of GL, the pumped mode, v3, is not active in 
the NO experiment since they observe an induction period for the NOz* chemi- 
luminescence. Further (mathematical) analysis of their results indicated that 
only the v2 bending mode enhances the reaction rate. The induction period 
can be associated, on the basis of their experiment, only with that channel 
of the NO reaction producing electronically excited NOz* (reaction 1’). Such 
an induction period may or may not be associated with the non-signal-pro- 
ducing channel (reaction 2’). To include the possibility that reactions (1’) and 
(2’) involve different vibrational levels would again require a correction pro- 
cedure similar to that summarized by eqn. (XII). For the simplified analysis, 
no correction is needed. For the more complex analysis we have assumed, 
according to GL, participation of only v2. 
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We can thus compare our value for (Fz,* + kg*) = 2.2 + 0.1 X lo-l3 cm3 
molecule- ’ s-l calculated from eqn. (II) directly with the value of 1.5 X 

lo-l3 cm3 molecule-l s- ’ obtained by GL via similar analysis. Alternatively, 
we can correct our value using eqn. (XII) along with values of ks and 12-s as 
measured by GL. We thereby obtain (k,* + k,,) corrected = 2.7 5 0.1 X 10-13 
cm3 molecule-l s-l to be compared with a similarly corrected value of 2.5 
* 0.4 X lo-l3 cm3 molecule-l s- ’ from the work of GL. The agreement, 
well within the quoted error limits, is quite gratifying in view of the markedly 
different experimental conditions used in the two studies. Owing to these, 
the percentage corrections (via eqn. XII) ranged from ZO%in our case to 
some 65 % in the higher pressure study of GL. 

Our corrected values for (Izl t + k2n) can be used with experimentally 
measured values of k1 and k2 at 298 K to recalculate a corrected value of 
16.2 + 4.0 for (k,e + k2t)/(k1 + kz). This value in turn permits us to obtain a 
corrected ratio for k,t/kz of 17.1 * 4.3. There are no results in the literature 
with which we can compare our individual ratios of &n/k1 and kzt/k2. 

The tabulation of k7e/k7 (Table 3) is based on the assumption that the 
v2 bending mode is, as in the NO f 03t system, responsible for the rate con- 
stant enhancement. The inclusion of the other modes (trl and JJ~) requires a 
correction on the term ([O,*] /[03] )1A equal to the ratio of equilibrium 
concentrations of the various vibrational levels. Thus for involvement of 
only v1 (or v3) the enhancement should be multiplied by a factor of about 
7 (or 5) (see Table I). 

Within experimental error the enhancement in the reaction rate for the 
O,(lA) f Oat reaction is equal to the full Boltzmann factor (Table 1) which 
means that essentially all of the energy of the vibrational mode is useful in 
promoting chemical reaction. This is to be compared with the NO + 03t 
system where only about 50% of the energy of vibration is useful for channel 
(2’), producing ground electronic state N02, and about 15% is useful for the 
channel producing electronically excited NOz* (reaction 1’). 

Although we have assumed that chemical reaction occurs directly be- 
tween 02( ‘A) and O3 we should consider the possibility that the process 
involves electronic energy transfer, namely: 

03(%) + 02(% -+ 02(“W + 03t3A2) (9) 

followed by: 

03(3Az) + 0z(3ZZ) + 0(3P) (16) 

Theoretical calculations place the energy of the 3A2 state of 03 slightly 
higher than the 0.98 eV energy of O,(’ A) [ 251. The possibility that any vi- 
brational energy in O,(l A,) would promote the energy transfer (process 
9) is consistent with the present observation that all the laser excitation 
energy can be utilized in reaction (7’) and that the activation energy [ 181 
in the thermal reaction roughly equals the endothermicity. 
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