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INTRODUCTION 

(A) Spectra or the 03-NO Chemiluminescence and its 
Mechanism: 

In early work this chemiluminescence was confused 

with that from the oxygen atom - nitric oxide reaction. 

Indeed it has turned out that their spectra and mechanisms 
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are quite similar, so that an understanding of the 0-NO reaction 

(which was investigated first) will facilitate understanding 

of the o3-No reaction. 

The 0-NO chemiluminescence, when first observed, 

was called the "air afterglow" or "oxygen a:fterglow". 

Thomson (17) subjected oxygen to an electrodeless discharge 

at low pressures and observed a yellow-green glow, which 

persisted for some time after the discharge was turned off. 

Air under the same conditions also gave this glow. 

Lord Rayleigh (13) postulated a reaction between 

ozone and nitric oxide to account for this chemiluminescence, 

although when he mixed these two gases, no afterglow appeared. 

He reported that the afterglow spectrum was continuous, 
0 

extending from 4200 - 6700A. 

The conditions necessary for the afterglow were 

investigated later in more detail by Lewis (25) and 

Herzberg (26). Stoddart (15) reported 28 or 30 weak diffuse 
0 

bands over the range 4200 - 6700A for the afterglow spectrum. 

About the same time, Newman (16) reported at least 29 diffuse 

bands superimposed upon a continuous spectrum in the same 

range. The emitter was taken to be N02, and oxygen atoms, 



rather than ozone were shown to be responsible for the after-

glow (7, 14). 

The mechanism for the 0-NO chemil~minescence was 

first investigated by Kaufman (21, 27). He concluded that 

the continuum in the afterglow spectrum might arise from 

0 + NO--i)o.,.. N02 + hv 

but this would not yield the complex system of bands. By 

varying separately the quanti ties [o], [jfo] and ~ J, where M 

is an inert molecule, he found that the emission intensity I 

varied jointly as the concentrations thus 

r = k [o] EmJ 

and was independant of ~] and the nature of M (in the torr 

pressure range). 

The mechanism suggested by this author was 

~ .. ~~ 
0 + NO + M " 

.. ,'f02 + M {1,1') 

NO~ > Nu2 + h'Y (2) 

~-
M N02 M (3) N02 + > + 

where N02 representa a molecule in an excited state • .. 
'),:" 

Under steady-state conditions for N02 , 

I = k 'No*l = 2 L.:~ ~ ss 

In the experimental pressure range, (k3 + kf) [!:1] » k2 

• 
• • I = 

2 



As Kaufman pointed out, however, the ratio k1/(k3 + kf) would 

be expected to vary for different M, since there is no resson 

why all M should have similar relative efficiencies in 

reactions (1), (1 1 ) and (3). 
{r 

The molecule N02 has generally been taken to be in 

an excited electronic state. In consideration of available 

spectroscopie data of the molecule, Broida, Schiff and 

Sugden (24) presented an elaborated scheme which included two 

excited states of N0 2 , (B) and (C): 

0 + NO + M, '>- NO?r 
2 (C) + M 

NO-):· 
2 {C) > NO* 2 {B) 

NO* 2 (B) )r N02 {C) 

NO* 2 >- N02 + hv 

No'~" 
2 + M > N02 + M 

where (C) is the higher energy state, and undergoes transition 

to (B) by a resonance transfer process. 

The work of Clyne and Thrush (22) supported the now 

generally accepted scheme, which is as follows: 

0 + NO + 

NO~ 
No'~'" 

2 + M 

The emission intensity will 

I = 

= 

?~ 
M~ N02 + 

> N02 + 

) N02 + 

be expressed 

k1 k2 [oJ ~<f} [MJ 

k2 + k3[;M] 

M (1) 

hv (2) 

M (3) 

by 

(I) 

3 



The ratio k1k2/k3 would not necessarily be constant 

for different gases, for reasons given by Kaufman above. 

Clyne and Thrush found that this ratio did indeed change 

somewhat from gas to gas. This fact had been envisaged in 

the expanded schema of Broida, Schiff and Sugden (24). 

The proportionality (I) was found to be valid in 

the pressure range 0.85 - 400 microns according to Doherty 

and Jonath.an (99) and in the range 3 - 20 microns, according 

to Reeves, Harteck and Chace (20), althougn at these pressures 

the inequality k3 [M]~ k2 may not hold. 

The parallel spectroscopie and kinetic investigations 

of the o3-No reaction were begun only recently. As no dis-

charge is necessary to produce this radiation, it is not called 

an "afterglow", although N02 undoubtedly is responsible for the 
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emission in beth cases. The upper state of the N02 may, however, 

differ in the two cases. 

Tanaka and Shimazu (7) coMpared spectra of the 0-NO 

and 03-NO reactions in the same apparatus. All their work 

was dona at a total pressure of a few torr. The 03-NO emission 

was produced by mixing directly pure ozone and pure nitric oxide 

in a flow system. At low flows it appeared very red, but at 

high flows more yellowish. In this case the beat of reaction 

probably decomposed soma ozone, and the resulting oxygen atoms 

existed long enough to produce the 0-NO flame. 

If, however, the ozone producing the red flame was 

discharged before mixing, the yellow-green flame appeared 

instead. Cessation of the disoharge brought back the red glow. 



The discharged ozone showed no ultraviolet absorption bands, 

and hence had been destroyed. 

For the red flame, they reported 24 diffuse bands 
0 

and a continuum in the range 4300 - 6300 A. The resolution 

was limited and the resulta indicated that the 0-NO and 03-NO 

spectra were rather similar. 

Better spectra were made later by Greaves and 

Garvin (10) who reported soma 65 unresolved bands overlying 
0 

an apparent continuum in the range 5900 - 10,850 A. The 

absolute emitted intensity increased continuously toward 

longer wavelengths and probably extended much further into 

the infrared. The partial pressures of 03, NO and o2 diluent 

were 5 torr, 60 torr and 140 torr respectively. Under these 

conditions the concentration of oxygen atoms was very small, 

and the 0-NO radiation did not interfere. The exother.micity 

of the 03-NO reaction, 47.5 kcal./mole (8), corresponds to an 
0 

einstein of radiation at 6000 A, which agrees with their short 
0 

wavelength eut-off of 5900 A. The exothermicity of the 0-NO 

reaction, 72.7 kcal./mole, corresponds similarly to an einstein 
0 

of radiation at 3834 A, whicb can account for the radiation 
0 

below 6000 A observed by Tanaka and Shimazu. 

Clyne, Thrush and Wayne (12) obtainad spectra of 
0 

this radiation and listed 12 bands in the range 7140 - 8500 A; 

they obtained the intensity distribution photoelectrically 
0 

from 6000 - 8750 A. 

Greaves and Garvin. 

Their resulta were similar to those of 

They also compared these data with those 

from the thermal emission of No 2, as observed by themselves 



and by Kondratiev (28). They concur with the suggestion or 

Greaves and Garvin that electronically excited N02 is respons­

ible ror the chemiluminescence. 

Furnival {19) has reported spectrophotometric meas-

urements or the red emission. Under appropriate conditions, 

she also obtained the spurious 0-NO arterglow as observed by 

Tanaka and Shimazu. The total pressure, ror the red rlame, 

was a rew torr with nitrogen as diluent. In the range 5900 -
D 

10,500 A she reported 54 bands upon a continuum, and the 

resulte substantiate those or Greaves and Garvin (10) and 

Clyne, Thrush and Wayne (12}. 

At the time of initiation of the present work, no 

mechanism for this chemiluminescence had been established. 

That one for 0-NO, however, provides a good analogy, so that 

for the o3-No system we can write 

03 + NO r N02 + 02 <4> 

03 + NO >~ + 02 (4*) 

NO~ > N02 + hY (2) 

NO* 2 + M > 002 + M (3) 

(B) Reactions or Ozone: 

The reactions reported below are those which either 

would occur in the 03-NO system used in this work, or are 

otherwise related to the problem under study. 

----- Nitrogen Dioxide -----

The stoichiometry of this reaction was r1rst estab­

lished by Wulr, Daniela and Karrer (43) who showed that one 

6 



mole o3 reacted with one mole N204 in the gas phase at room 

temperature. The overall reaction was 

and one gas could be tttitratedu against the other, using the 

disappearance or appearance of brown fumes as end-point. 

The rate constant has been measured at constant 

volume in the temperature range 13 - 29°C by Johnston and 

Yost (44). Its value at room temperature was 6.7 x lo-17 cc./ 

molecule/sec. and the activation energy was approxtmately 

7 kcal./mole. The N02 concentration as a function of time 

was deter.mined by ohopped-be~ absorption photometry {4400 -
0 

4800 A). The total pressure was near one atmosphere with 

oxygen as diluent. Since ozone does not reaot direotly with 

> rate-determining 

M + N02 + N03 ---7' N2o5 + M fast 

Ford, Doyle and Endow (45) also measured the rate 

constant at room temperature, using a stirred f~ow reactor with 

one atmosphere nitrogen. Its value was 3.3 x lo-17 oo./ 

molecule/seo. The effluent stream was analyzed continuously 

for N02 with a photocolorimeter using flowing m-phenylene­
o 

di~ine, and for ozone by absorption photometry (2537 A). 

----- Nitrogen Pentoxide -----

This was first studied in detail by Sohumaoher and 

Sprenger (46) who observed that the disappearanoe of ozone 

7 



depended upon the two-thirds power of ozone concentration and 

of N205 concentration. By optical absorption, they were able 

to follow the concentration of the intermediate species N03 ; 

the mechanism, elaborated by Johnston (63), is 

M + N205 "' 
:::::.. N02 + N03 + M (5, 6) 

N03 + N03 > 2N02 + 02 (7) 

N02 + 03 )' 02 + N03 (8) 

It is thus not a true o3-N205 reaction. 

Assuming steady-state concentrations for N02 , N03 

= 

The values of all rate constants in this expression have been 

tabulated by Schott and Davidson (64). 

----- Photolysis of Dry Ozone -----

The early work was reviewed by Schumacher (48), and 

Klstiakowsky 1 s (49) was the least ambiguous. For photolysis 

witb both red and ultraviolet ligb.t, ki ne tic considerations 

ruled out the primary steps 

03 + hv )'= o?l-
3 

o~· 
3 + 03 > 30* 2 

* M > 03 M 03 + + 

Rather he suggested 

03 + hll >- 02 + 0 (9) 

0 + 03 > 20~ (10) 

0 + 02 + M > 03 + M (11) 

8 



where the formation of 0~ can lead to a chain reaction to 

explain high quantum yields (~) 2): 

o* + 2 03 -->~ 202 + 0 

_ ___;>=!io- 02 + M 0~ + :t-1 

(12) 

(13) 

This could account qualitatively for the variation of ~, 0.1 
0 

to 3.6, at 6200A (50, 51) 

9 

0 

At shorter wavelengths (3130 to 2080A) ~ was as high as 

6.7 (52, 53). Heidt and Forbes adopted Schumacher•s scheme, adding 

0 3 + hl' _ __;>-~ 0~ + 0 

and obtained the asymptotic approximation 

1 ., = 1 + 
2 

kll@2] [MJ 
2klo[03] 

where most of the gas was o2 • Up to this time, 02 was assumed 

to be an electronically excited molecule. 

The work of McGrath and Norrish (47, 54, 55) helped 

to identify the atomic and molecular states in reactions (9), 

(10) and (12). In flash photolysis they observed Schumann-

Runge absorption bands for 02 molecules in their ground 

electronic state. These molecules, formed in reaction (10), 

possessed up to 17 quanta of vibrational energy and were 

rotationally cold. Thus for ultraviolet light, and in con-

sideration of spin and energetic principles, they wrote 

------;;;.~ 02('Ag) + O(tD) o3 + hv 

O(ID) + 03 

o~c32:g) + o3 

-.......::>:;;...... 0~(32g) + 02(3 2g) 

->~ 202(3_2:g) + O(ID) 

(14) 



* 3 -where o2 ( ~g) is the chain propagator. 

steps are (11) and (13) and 

0 + 0 + M ----'>~ o2 + M 

0 
wall 

> 1 
202 

The termination 

Benson, however, in contrast to this, has suggested 

that the chain is photon-propagated (35, 56, 57): 

hl'~ 02 + O(ID) 

10 

03 + 

0 ( 1 D) + 

02(32:> 

03 )r o2c32g) + 02(3z:> 

-~>~ o2 c3.2's> + hv c2oool> 

(15) 

(16) 
0 

03 + h~(2000A) ~ 02 + O(fD) 

However, reaction (15) is 4 kcal./mole endother.mic, while (14) 

is 138 kcal./mole exothermic, and will more likely be favoured. 

McGrath and Norrish also believe that the radiation from 
0 

reaction (16) would be of longer wavelength than 3000A, and 

could not produce a photon chain because ozone absorba so 

weakly in this region. Schumacher (58) also agrees with 

these conclusions. 

The existence of energy chains in the red light 

photolysis of ozone has been a matter of contention (47, 58). 

On energetic grounds, McGrath and Norrish believe that the 

0-atom produced in reaction (9) in this case is 3p, which 

cannot lead to a chain as depicted in reaction (15). Data 

for the energetics of this reaction are given in Table 1 

(from reference 65): 



TABLE 1 

Limiting Wave1engths for Production of o2 + 0 from 03 

02 

3:2 ~ '2 
0 

À,A 

0 (3p) 11,400 5,900 4,600 

0 ( 'D) 4,100 3,100 2,600 

Recent1y Oastel1ano and Schumacher (59) reinvest­
o 

igated the photo1ysis in the region 5800 - 6200A with extrema 

care. The highest value of ~ observed was 2, indicating the 

absence of any excited o2 molecules. 

Fo1lowing the work of McGrath and Norrish, Fitz­

simmons and Bair (60) have measured the distribution and 

relaxation of vibrationa1ly excited o2 from ozone flash 

photolysis. They were able to measure the concentration 

of the species 

Il 
, = 13 to 19 

as a tunction of time. The relaxation rate constants were 

large and this was interpreted as an efficient transfer of 

energy between o3 and o!, taking place in single quantum steps. 

----- Thermal Decomposition of Ozone -----

The pyrolysis of ozone, at tirst sight, would seem 

to be a relatively simple process. Ostensibly there are only 

three chemieal spee1es eoneerned (0, o2, 03) and all eontain 

nothing but oxygen. 

11 



After 25 years 1 research, however, Tolman and 

Wulf (66) in 1927 still had just cause to say that the 

kinetics of " ••• this bothersome chemical change [wer!J 

entirely in doubt ••• " Previous authors• resulta disclosed 

discrepancies of such arder which belied the apparent simplic-

ity of the system. 

It has turned out that ozone decomposition is an 

excellent example of a chemical change which is extraordin­

arily sensitive to the presence of trace impurities acting 

as catalysts. Indeed, the clarification of this "bothersome 

chemical change" may be said to have advanced in step with the 

effective elimination of these impurities. 

Resulta of earlier work (67 - 74) were summarized 

by Wulf and Tolman as follows (all work was dona with a dilute 

03 in o2 solution). The reaction was followed manometrically 

and generally at 100°C and above. At room temperature the 

12 

rates of decomposition were very erratic and seemed first order. 

At higher temperatures the reaction was second or mixed first 

and second arder (corresponding to "monomolecular" and "bi-

molecular" rate constants kA and k.s respectively). The rate 

constant would increase during a run and might or mlght not 

change markedly with different wall materials, vessal shape 

and surface-ta-volume ratio. Increasing the o2jo3 ratio 

usually (but not always) decreased the rate. 

The most consistent second-arder rate constant kB 

at 100°0 was circa 2.7 x lo-22 cc./molecule/sec. and the 

activation energy lay in the range 25.9 to 38.3 kcal./mole. 



The mechs.nism thought to be operative ws.s first 

given by Jahn (69): 

03 02 + 0 (fast equilibrium) Kl 

0 + 03 > 202 (rate determining) (17) 

and the rate of ozone disappearance would be 

(II) 

which shows the second-order behaviour and inverse affect of 

Doubt was cast on its strict applicability by TolMan 

and Wulf (66), who showed that the number of 03-0 collisions 

was too small for observed rates of reaction. 

Further work (75 - 82) yielded more detailed but 

not conclusive information. Addition of inert gases was 

found to inhibit the monomolecular reaction and accelerate 

the bimolecular, in the arder of decreasing efficiency 

co 2) N2> Ar>He. The value of kAwas about 2 x lo-4 sec. -l 

Anomalously high rates and occasional explosions 

13 

were presumed to arise from energy chains, as in the following: 

"MONOl-10LECULAR" 
DECOMPOSITION 

03~ 0 + 02 
~~ 

0 + 03 ':> 202 
~} 

02 + OJ >- 202 + 

0 + 02 + 
0-JI-

2 + 

0 

M 

M 

'tBIHOLECULAR 11 

DECONPOSITION 

0~ + 03 ~ 30~ 
o~ + o3 ~ oj + o2 

-......::::>..- 0 3 + }1 

-~>=~ 02 + M 



Garvin•s work (42) at 157- 287°C, however, showed 

no evidence of chains and could be described by the Jahn 

relation, equation (II). 

Benson and Axworthy (35) re-interpreted the resulta 

of Glissman and Schumacher (80) and Garvin (42). From these 

and their own results they concluded that there was no need to 

postulate energy chains or surface affects, or to include the 

reaction 

Abnormally high rates could be accounted for by the existence 

of temperature gradients in the reacting gases, as suggested 

by Harteck and Dondas (82}. In accordance with Garvin's 

suggestion, they gave a modified Jahn mechanism: 

(18, 11) 

(17) 

where a steady-state [o] , rather than an equilibrium con­

centration is assumed, and k17 )) ~8· 

14 

(III) 

In two limiting cases, we can write 

(a) Pure ozone: k17 [_03] » k11 @~ [M J, M = o3 

- d~J] = 2kl8 [Oi]2 

(b) Dilute ozone: k17@3]<:< k11 @2j (!i], M = o2 

d@3J = 2k17k18 @3]
2 

dt kll ~2] 

(IV) 

(V) 
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Efficiencies of inert gases (relative to ozone) in reaction (18) 

were also found. Equations (III), (IV) and (V) could clarify 

previous order-of-reaction anomalies, and also the fact that 

o2 accelerates the reaction in pure ozone and decelerates it 

in dilute ozone; addition of inert gas under any conditions 

accelerates it. 

In the following paragraphs, the rate constants 

quoted are those at room temperature, and the experimental 

temperature range follows the value of the activation energy. 

From their data and existing thermodynamic values, 

Benson and Axworthy (85) derived the following: k17, 2.3 x 

lo-15 cc./molecule/sec., activation energy 6.0 kcal./mole 

(70- 110 C); k18, 3.3 x lo-26 cc./molecule/sec., 24.0 kcal./ 

mole (70- 110°C). 

Zaslowsky et al. (34) decomposed lOo% ozone at 

115 - 1300c; the data were completely compatible with equation 

(IV), without energy chains. The values were: k1a, 2.7 x 

10-26 cc./molecule/sec., 24.3 kcal./mole. 

In shock-tube experimenta, Jones and Davidson (84) 

obtained rate constants at 416 - 637°C consistent with previous 

values at lower temperatures: k17 , 3.4 x lo-15 cc./molecule/ 

sec., 5.6 kcal./mole. Through flash absorption, moreover, 

they recorded the presence of vibrationally excited o2 mole-

cules, 
Il 

y = 10 to 17, which they say result from 

although McGrath and Norrish (47, 54) doubt the ability of 



3p atoms to form chains by this method, as do also Schumacher 

and Castellane (59, 86). 

The resulta of Pshezhetskii et al. (83) at 70 -

170°C could also be described without energy chains. 

The value 2.5 x lo-14 cc./molecule/sec. for k17 
was obtained by Phillips and Schiff (18) using mixed streams 

of discharged oxygen and an o3-Ar mixture, and following 

reaction with a mass spectrometer. 

----- The Rate of the o3-No Reaction 

Previous work on the measurement of this rate 

constant is described below, where all pressures are in torr. 

The resulta are summarized in Table 2 which follows the 

descriptive material. 

Johnston and Crosby (1) followed the reaction at 

The partial pressures were: ozone and nitric 

oxide, 0.1; nitrogen, 700. Ozone was determined in situ by 
0 

16 

optical absorption photometry (2537 A). The 1:1 stoichiometry 

was established by reacting excess 03 or excess NO and determin­
e 

ing 03 and N02 by optica1 absorption at 2537 and 4360 A respect-

ively. 

Goyer (6) confirmed the 1:1 stoichiometry of the 

reaction, analyzing for ozone by the potassium iodide method 
0 

and for N02 by optical absorption (3500- 4800A). The partial 

pressures were: ozone, 0-10; nitric oxide, 0.4 - 100. The 

total pressure was one atmosphere at room temperature, the 

diluants being 02, N2 and water vapour. 



Ford, Doyle and Endow (2) used dry air at atmos-

pheric pressure as diluent at room temperature and reactant 

partial pressures of lo-4. Ozone was measured by optical 
0 

absorption (2537A) and N02 by a continuous colorimetrie 

method. The reactants were made in situ by photolysis of 
0 

N02 at 3660A: 

N02 + hY >-NO + 0 

0 + 02 + M--+ o3 + M 

03 + NO >= N02 + 02 

Borok (3, 4) used reactants at pressures about 

10-2 with nitrogen and oxygen as diluants at one atmosphere 

at 6o0 c. Product N02 was determined continuously by a 

photocolorimeter using flowing m-phenylenediamine, calibrated 

17 

gravimetrically. Initial ozone was determined iodometrically. 

~ae rate constant was calculated from NO concentrations re-

quired for full oxidation, and from residence times of react-

ants in the reaction zone. 

Marte, Tschuikow-Roux and Ford (11) measured the 

rate of reaction in a supersonic nozzle, from - 28 to + 72°C. 

The partial pressures were: ozone, 2 x 10-2 ; NO, 2; N2, 200. 
0 

Ozone was deter.mined by optical absorption (2537A). 

Clyne, Thrush and Wayne (12) measured the rate 

between - 57 and+ 49°C. The partial pressures were: 03, 

Ozone concentrations were 

deterrnined by using the resulting emission as a monitor. In 

this case, [}f] and [N<D are constant, and so the expression 

I = 



reduces to 

I = 

This gives relative concentrations; presumably the initial 

flowrate was determined by the iodometric method. 

Using a mass spectrometer to follow o3 and NO 

concentrations, Phillips and Schiff (18) measured the rate 

18 

t t t Th ti 1 0 7 10-2,. a room empera ure. e par a pressures were: 3, x 

NO, 16 x 10-2 ; N2, 0.5. 
The pre-exponential factor A for the 03-NO rate 

constant has been calculated by Herschbach and Johnston (9). 

It was derived in three ways, viz., (a) using a detailed form 

of the activated complex theory, (b) using a cruder method of 

hydrocarbon analogy and (c) using the simple collision theory. 

A more refined activated complex calculation was reported by 

Ford et al. (11); theoretical and experimental values are 

compared in Table 2. 

(C) Purpose of the present work: 

At the time of initiation of this work, there existed 

no data on the mechanism of the chemiluminescence of the o3-No 

reaction. It was therefore of interest to explore this prob-

lem, particularly since previous work on the 0-NO chemilumin-

escence suggested a similar mechanism by analogy. The relative 

quenching efficiency of various inert gases for this chemilumin-

escence could also be found without difficulty, and might provide 
~!. 

information on the excited molecule N02 which is responsible for 

the chemilumineacence. 



TABLE 2 

EXPERIMENTAL AND THEORETI CAL P ARAMETERS FOR 

THE OZONE-NITRIC OXIDE REACTION 
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Au thors 

Johnston and 
Crosby 

Ford, Doyle 
and Endow 

Borok 

Marte et al. 

Clyne et al. 

Phillips and 
Schiff 

Herschbach and 
Johns ton 

Reference Rate Constant 
cc./molecule/sec. 

x 1014 
27°C 6o0 c 

1 2. air 2.8* 

2 ,5.0 

3, 4 6.5 
11 3.0 4.2 

12 1.5 2.3'~'" 

18 2.1 

9 

Activation Energy 
kcal./mole 

Temperature 
Range 

oc 

e 

Pre-exponentiel 
Factor 

cc/molecule/sec. 
x 1012 

2.50 - 75 to -43 1.3 (experimental) 

2.50 - 28 to +72 2.0 (experimental) 
1.3 (theoretical) 

2.46 - 57 to +49 1.0 (experimental) 

0.73 
1.1 

78t 

(act.complex) 
(hydrocarbon 

analogy) 
(collision 

theory) 

.!'· 
n extrapolated value 
t requires a "normal" steric factor, about 10-2 

1\) 
0 



Unfortunately, the resulta of Clyne, Thrush and 

Wayne (12) on this problem were published during the course 

of the present work. The present work, however, was con-

tinued for the following reasons: 
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(i) the mechanism for the chemiluminescence proposed 

by Clyne, Thrush and Wayne needed substantiation, and their 

values for relative quenching efficiencies for inert gases 

needed confirmation. 

(ii) the data for testing the mechanism were to be 

obtained by different and independant methods. In their work, 

Olyne, Thrush and Wayne first established that, under experi-

mental conditions, the emission intensity could be used to 

monitor the ozone concentration. For testing the mechanism, 

simultaneous ozone concentration and emission intensity meas-

urements were needed; in their system these quantities were not 

measured independently. 

In the present work, ozone concentration was deter-
o 

mined at all times by optical absorption at 2537 A (believed 

to be the most reliable method), and emission intensity was 

detected independently by a separate phototube. 

(iii) The present work extended the total pressure 

range to 20 torr; previous work had been done at 3 torr or 

below. 

{iv) The temperature range for measurement of the 

o3-No rate constant was extended to 3000C; the temperature 

used in all previous work did not exceed 72°C. 

{v) The data of Clyne, Thrush and Wayne were derived 



from experimenta in which the maximum removal of NO and o3 
was only 5% of the initial value. In the present work, 

the reaction was followed to 60% reaction or farther. 

22 
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EXP ERH1ENTAL 

(A} Cylinder Gases Used: 

OXYGEN (Therapy USP, 99.5%, Liquid Carbonic Canadien) 

was used exclusively for making ozone. At first it was passed 

through a foretrap at -78°C to remove water before entering the 

ozonizer; however, the presence of the small amount of this 

impurity did not affect significantly the ozone production, 

and the trap was later removed 

The following gases were treated as indicated before 

entering the main flow system. 

HELIUM (99.99%, Matheson of Canada and Air Reduction 

Canada) was passed at atmospheric pressure through a trap at 

liquid air temperatures. 

CARBON DIOXIDE (Canadian Liquid Air) was passed at 

atmospheric pressure through a trap at -78°C. 

NITROUS OXIDE ( >98%, Matheson of Canada) was passed 

through a trap at -78°C at atmospheric pressure. 

SULPHUR HEXAFLUORIDE ( >98%, :Hatheson of Canada) was 

used without turther purification. 

ARGON (Canadien Liquid Air) was passed at atmospheric 

pressure through a trap at -78°C. 

NITROGEN (Standard Grade, Canadien Liquid Air) was 

passed at atmospheric pressure through a trap at liquid air 

temperatures. 

NI TRIC OXIDE ( > 99%, Matheson of Canada) was passed 

through a column of Caroxite {acldic oxide absorber, Fisher) to 

remove N02 and condensed at liquid air temperatures. It was 



then evaporated into two 12-liter storage bulbs and the high 

boiling fraction, consisting mainly of N2o4, was discarded. 

(B) Manufacture and Storage of Ozone: 
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For kinetic studies, the method of ozone production 

will depend upon several factors, soffie of which are: (i) quantity 

desired and the rate at which it is used, (ii) purity, {iii) 

efficiency and ease of preparation and (iv) mode of use (gas, 

liquid or solid phase). 

The simplest and safest procedure for making gaseous 

ozone consists of passing oxygen through the discharge and 

using it irnmediately, with or without other inert gases. If 

oxygen-free ozone is rlanted, the ozonizer mixture (2 - 15% 03 

in o2 at roo~ temperature and one atmosphere) may be condensed 

below -183°0 in a vacuum system, and oxygen pumped off (ozone 

boiling point -112°0, melting point -193°0). It is then 

evaporated into a storage bulb and inert gas may be added. 

Oonvenient amounts of ozone may be accumulated in this way. 

In this method, however, there is much danger of 

ozone detonation. Both gas- and ~iquid-phase decompositions 

of ozone are extremely sensitive to trace impurities, especially 

hydrocarbons. Thorp (32) bas discussed this at length and 

urges the following precautions: (a) oxygen for ozonization 

must be as pure as possible; (b) organic stopcock lubricant 

must be absent; {c) metal surfaces and mercury vapour from 

manometers must be excluded; (d) all glassware must be scrup­

ulously clean; (e) liquid or gaseous ozone must not be subjected 

to any sudden application of localized energy, e.g., stopcock 



friction, static electricity and abrupt rise in temperature. 

Despite the hazard, this method has been used widely 

in the past. Representative procedures have been described 

by Benson and Axworthy (35) and Zaslowsky et al. {34). 

This method, without evaporation of the ozone, has 

been used by a few authors (36, 37, 38) to prepare solid and 

liquid ozone for reaction with hydrogen atoms. 

Certain materiels (such as "activated" charcoal) 

possess an enormous effective surface area per gram and adsorb 

a variety of chemical species. Now, to bring ozone into con-
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tact with carbon black is dangerous (39), but alumina andsilica 

gels have adsorptive properties of sufficient magnitude to 

ovarweigh any decomposing effects. Indeed, at low enough 

temperatures, ozone on silica gel decomposes to a negligible 

extent; the bonding power between ozone and silica gel is so 

great as to lower appreciably its chemical reactivity. It can 

be subjected to astonishing amounts of chemical, thermal and 

mechanical shock without developing spontaneous decomposition 

leading to detonation (30, 32). 

This adsorbent power of silica gel was first exploited 

for determination of ozone in air, by concentrating enough ozone 

at liquid oxygen temperature for it to be measured by standard 

iodometric methods. Edgar and Paneth (4) separated 03 and N02 

this way by fractional distillation at -120°C. 

The amount of ozone adsorbed per gram of gel is a 

definite function of temperature and partial pressure of ozone 

in the gas phase. Adsorption isotherms have been obtained (30, 

31) and sample curves are shown in Fig. 1. This behaviour is 
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FIGURE 1 

ADSORPTION ISOTHER}lS FOR OZONE ON SILICA GEL 

Tl: -140°C 

T2: -130 

T3: -120 

T4: -110 

Ts= -100 

T6: -90 

T7: -78.5 
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well suited to supplying ozone (with or without carrier gas} 

at a particular rate for flow experimenta. For large flows, 

the ozone may be desorbed at a higher temperature than that 

at which it was adsorbed. The amount of gel, its loading 

and the adsorption and desorption temperatures may be chosen 

to yield a practically constant flowrate of ozone for any 

desired length of time. 

The overriding attraction of this method of using 

ozone is its great safety and insensitivity to shock of any 

kind, and is attested by the author and others (41). 

In Fig. 2 is shown the Siemens-type ozonizer used. 

Cylinder oxygen passed first through the manostat M and then 

into the annuler spaces of two condensera in series. The 

outside of each condenser was wrapped with several thicknesses 

of aluminum foil, taped in place, and mercury was placed in 

the inside tubes. 8000 v.a.c., obtained from a Variee and a 

12,000-volt cold cathode fluorescent lighting transformer, was 

applied across the 2-3 mm. gap. The current in the ozonizer 

under normal operating conditions was approximately six milli-

amperes. 

The OJ/02 mixture, approximately 3 mole % 03, flowed 

at 200 cc.(S.T.P.)/min. into a double-U trap shown in Fig. 3, 

filled with 90ot 1 grams of silica gel {14-20 mesh, Fisher). 

The gel bad previously been beated in vacuo at 120°C for six 

hours to drive off water. The trap was tben cooled to -?8°0 

witb a dry-ice/etbanol mixture. The level of cold liquid was 

always above tbat of the gel in the trap. The temperature of 

28 
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FIGURE 2 

OZONIZER 

ST: Splash trap 

S: Stopcock 

M: Manostat 

Al: Aluminum foil 
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FIGURE 3 

DOUBLE-U TRAP OF SILIGA GEL 
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the liquid on all sidas of the trap was explored with a copper­

constantan thermocouple probe, and was found to be uniform 

within !2oc. The greatest source of temperature imbalance 

arose from the heat of adsorption of ozone on the gel. This 

was approximately 12 kcal./mole (30), and at the gas flowrate 

used, the rate of energy dissipation was about 3 cal./min. 

All the ozone was adsorbed from the gas phase by the gel and 

the exhaust gas pessed into the atmosphere. If ozone was 

generated continuously, the gel was saturated in about three 

days. At this point, the flow of gas was reduced to 60 cc. 

(S.T.P.)/min. to keep the gel saturated and at atmospheric 

pressure, until ozone was needed for an experiment. The 

ozonizer was equipped with a mercury blow-off and splash­

trap to prevent a possibly dangerous pressure build-up. 

The capacity of the gel column may be derived from 

Fig. 1. In the present apparatus, the partial pressure of 

ozone was about 23 torr and the temperature was -78.5°C; hence 

the loading was 5.5 g./100 g. and the total amount of ozone at 

saturation was about 50 grams. 

The main impurities in the oxygen used for making 

ozone were water and nitrogen. After passage through the 

ozonizer, the gas stream contained these possible chemically 

As the 

gas stream entered the double-U trap, these were deposited as 

a fine white powder immediately above the gel column. The 

vapeur pressures of these substances at -78°C were as 

follows (lOO, 101): 



3.5 x lo-2 torr 

5.6 x 10-4 torr 

In an experiment, the partial pressure of ozone above the gel 

was of the order of 20 torr, so that the ratio (?3] / [chem­

ically active impuritiJ was about 600:1. 

(C) Main Apparatus 

The flow system, of Pyrex glass, is represented 

schematically in Fig. 4. The volume Vc was 2.22 litera. 

The densities at 25°C of the manometric liquida in 
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M2 and M3 were measured with a Christian Becker Chainomatic 

specifie gravity balance. M2 contained Octoil hydrocarbon 

fluid of density 0.9809 g./cc., and M3 contained silicone oil 

(Dow Corning # 200 fluid, 10 centistokes) of density 0.9290g./cc. 

The difference in levels in M2 was raad from a steel rule 

graduated in 0.5 mm.; that in M3 from graph paper in 0.05 inch. 

Both liquids were degassed in vacuo. It was found that the 

silicone fluid absorbed gases exposed to it, and so the 

evacuated arm of M3 was continuously pumped when in use. 

The tilting McLeod gauge TM was used only for 

measuring ultimate pump vacua, since its accuracy in the range 

1 - 5 torr varied by 0 - lo%, when compared with H2so4 and 

silicone oil manometers read with a cathetometer. 

All mercury in manometers was covered with a layer 

of silicone oil or dibutylphthalate to exclude mercury vapour 

as much as possible from the system. 

not in use, was isolated by S22• 

The McLeod gauge, when 
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FIGURE 4 

GENERAL APPARATUS 

One-way stopcock 

Two-way stopcock 

Mercury manometera 
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Stopcocks in the ozone flow line were lubrlcated 

with Kel-F # 90 halocarbon grease (Minnesota Mining and 

Manufacturing Co.) and all ethers with Dow Corning High Vacuum 

Silicone grease. The halocarbon substance was never visually 

attacked by ozone, but the silicone quickly became ngrainy" 

and lost its lubricating properties. 

The needle-valves N1, N2 and N3 were stainless-steel 

(fine control, W. Edwards and Co.) and N4 was glass-teflon 

(Fischer-Porter). 

Most of the ozone emerging from the reaction tube 

was destroyed by the hot wire Hl•!. It was a length of B.& S. 

# 18 nichrome wire in a 25-cm. coil, heated electrically to 

orange-redness with a Variac. Trap T4 contained silica gel 

(3-8 mesh) at -78°C to adsorb N02 and NO from the gas stream. 

The reaction tube, shown in Fig. 5, was 22 ~~. I.D. 

37 

A movable jet for NO was at the gas entrance end. Six equally 

spaced holes (diameter 0.25 ~ 0.03 mm.) were blown on the 

circumferance of the bulb, which moved axially along the tube, 

aided by glass guides. A movable copper-constantan ther.mo-

couple probe, encased in a thin layer of glass, also with 

glass guides, was at the gas exit end. This probe could be 

moved along the entire length of the tube and beyond the 

furnace. Veeco Quick Vacuum Couplings (with rubber 0-rings) 

were sealed to the glass by Epoxy resin. 

The apparatus shown in Fig. 5 was enclosed in a 

light-tight box of black plastic curtain. 
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FIGURE 5 

REACTION TUBE AND ASSOCIATED APPARATUS 

PM: 1P21 photomultiplier 

Q: Quartz absorption cell 
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(D) Analytical Methods for Gaseo~s Ozone: 

Thorp (32) has compiled a bibliography of more than 

240 references on this subject, which may be summarized as 

f'ollows. 

{a) Reaction with Iodide in Neutral Solution: 

The extensive literature on this method attesta to 

its popularity and its unsettled nature. 

stoichiometry is usually taken to be 

The reaction 

and the liberated iodine may be titrated with thiosulphate. 

When large amounts of ozone react, the solution becomes 

increasingly basic, causing spurious ozone decomposition and 

hence low ozone determinations. Acid solutions give erron-

eously high results, and so buffers are sometimes used to 

maintain pH 7. They must not, however, f'avour ozone de-

composition themselves or interfere in the iodometric chemical 

processes. For greatest precision this method should be 

checked against more reliable methods (e.g. the pressure 
3 change at constant volume for the conversion o3 ~2 02) and 

solution volumes, titration times and temperature should all 

be unifor.m. Also, iodide can be oxidized to iodine by other 

substances, such as nitrogen- and chlorine-oxides. 

(b) Catalytic Decomposition Calorimetry: 

The heat liberated in the change 

= -34.5 kcal./mole 

40 



may be detected with thermocouples when the ozone is de-

composed catalytically and adiabatically. The sensitivity 

of this method would of course depend upon the efficiency of 

the catalyst, sensitivity of the detecting deviee, flow of the 

gas and the extent of adiabatic conditions realized. 

(c) Fluorescence and Photometry: 

Ozone oxidizes dihydroacridine and the resulting 

compound fluoresces; the light intensity may be measured and 

calibrated. Ozone also decolorizes fluorescein in a pre-

dictable mannar, but in both these cases the action is not 

specifie and the solvant may interfere. 

(d} Thermal Conductivity: 

The use of a catharometer has been described by 

Zhitnev (87) for detecting ozone in air or oxygen. The de-

vice uses semi-conductor thermoresistors with a thin covering 

of glass; the peak height from a balancing circuit voltage was 

a linear function of percentage ozone in the range 0-10%. Its 

reproducibility depends upon the constancy of catharometer 

temperature, of bridge current and of the rate of gas flow 

througn the instrument. 

(e) Other Chemical Methods: 

At various times the reaction of ozone with rubber, 

aldehydes, arsenite, arsenate, bromide, ferrous ammonium sul-

phate, nitrite, sulphite, manganite, etc. were tried, but all 

were less reliable than the iodometric method. 

(f) Absorption Spectrophotometry: 
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The absorption coefficient of gaseous ozone has been 
c 

determined in the range lOOOA - 25 microns (32) with particular 



attention to the ultraviolet and visible regions. The best 

work, using ~ 95% ozone, was done by Vigroux (88), Ny and 

Choong (89), Inn, Tanaka and Watanabe (90, 91), DeMore and 

Raper (92) and Hearn (93). In the latter two the concen-

tration of ozone present was determined from the pressure 

change during decomposition; this avoids chemical determinations 

and gives independant and absolute coefficients. 

authors used the iodometric method. 

The other 

Thus the use of the Beer-Lambert law allows the most 

precise and reliable ozone determinations, especially at the 
0 

pronounced absorption peak near 2550A. The only serious 

drawback to this method would be the presence of other absorb-

ing species in the light path. In the o3-No system used by 

the author, this is not important; hence this method was used 

in the present work. 

5 and 6. 

The ultraviolet absorption cell Q is shown in Figures 

It consisted of four flat quartz plates, 29 mm. x 

26 mm. x 1.5 mm. with 450 edges so that they could be cemented 

together with Epoxy resin. The optically polished plates were 

made rrom rused, clear Si02 (Pursil 453, Quartz et Silice, Paris, 
0 

France) and each transmitted 97% of radiation at 2537A. The 

round ends of the reaction tube were flared to the same square 

shape of the cell and were connected to it with Epoxy resin. 

The final inside dimensions were: 23.0 t 0.2 mm. (horizontally) 

and 24.0 t 0.2 mm. (vertically). 

The light source S shown in Fig. 6 was a small quartz 

Pen-Ray lamp (low pressure mercury discharge, Black Light 



FIGURE 6 

ULTRAVIOLET ABSORPTION CELL FOR OZONE ANALYSIS 

S: 

C: 

L: 

Q: 

M: 

F. S.: 

F: 

:P .1'4.: 

Mercury lamp 

Collimator 

Quartz lens 

Quartz cell 

Aluminum front-surface mirrors 

Filter solutions 

Corning glass filter 

l:P28 photomultiplier 
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Eastern Corp., Madel 11/SC-1). Its strongest lina was at 
0 0 

2537A; the next strongest at 4358A, and the ratio between 

these two intensities was about 13:1. A pencil of rays about 

2 mm. diameter was selected by the collimator C and quartz 

lena L. The bearn passed eight times through the cell; all 

traversals were co-planar. The total light path was there-

fore 18.8 ~ 0.2 cm. The mirrors H were .front-surface evap-

orated aluminum (V. Avarlaid, McGill University, and Canadien 
0 

Arsenals Ltd., Toronto). Their reflectivities at 2537A were 

measured (as described on p.62) and lay in the range 95 ~ 5%. 
The mirrors surrounding the cell were cemented to 

balsa wood spacers upon a plexiglas platf'orm supported by a 

layer of polyurethane foam as cushion. The units were held 

in place on a frame of plexiglas by fine threaded rods and 

nuts, which af'forded the delicate adjustment for reflection 

angles. 
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The beam, emerging from the cell, passed through the 

quartz-windowed cell F.S. filled with two filter solutions (94) 
() 

to isolate 2537A radiation. The first was a 2.5 cm. length of 

4.2 mg. 1,!~-diphenylbutadiene (~Iatheson, Coleman and Bell) in 

250 ml. 2-propanol (boiling range 82.2- 82.4°0). The second 

was a 5 cm. length of an aqueous solution of NiS04.6R2o, 240 g./1. 

and CoS04.7H20, 45 g./1. (C.P. reagents). The be~~ then passed 

through the Corning glass filter F {O.S. # 7-54, 1 mm.) into 

the 1P28 photomultiplier P.M., operated at 900 v.d.c. for great-

est signal-tc-noise ratio. 

The optical transmission of the filter solutions and 
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glass filter were measured with a Unicam spectrophotometer 

(Model SP 500), and the results for the important lines of the 

mercury lamp are given in Table 3. 

Wave-
1ength 

mp. 

254 
313 
365 
405 
436 
546 
577 

TABLE 3 

TRANSMISSION FRACTIONS OF VARIOUS 
MEDIA FOR LIGHT AT MERCURY WAVELENGTHS 

5 cm. 2.5 cm. Gorning Quartz 
NiSO~-CoS04 dipheny1- fil ter windows 
in ater butadiene 7-54 (total) 

in 2-propanol 

0.5 5.8 x 10-2 0.60 0.50 
0.86 5 0 0.84 1.0 

3.7 x 10-10 0.34 0.78 1.0 
10- 1.0 0.24 2 1.0 

6 -5 1.0 4 x 10- 1.0 1. x 10 5 
7.6 x 10- 1.0 0 1.0 
1.3 x 1o-2 1.0 0 1.0 

Total 
trans-

mission 

8.7 x lo-3 
0 

9.8 x 1o-6 
2.4 x 1o-11 
6.4 x lo-7 

0 
0 

These total transmissions were also verified from time 

to time with a Beckmann DK spectrophotometer. The ratio of the 
0 

intensities transmitted at 2537 A and the next strongest was 

ciroa 103. The 1P28 photomultiplier (S-5 response) had 
0 

negligible sensitivities for wavelengths greater than 7000 A. 

The diphenylbutadiene solution was susceptible to 

deterioration upon long exposure to ultraviolet light; both 

solutions were replenished monthly and new stock solutions were 

made twioe yearly. 

The filter solutions were plaeed in the 1ight bemn 

after it had passed through the cell, and it passed through the 
0 

organic phase first. This was neeessary because (a) 2537 A 



47 

radiation caused both quartz and organic solution to fluoresce, 

causing a spurious photomultiplier current, and (b) this 

fluorescence was of such a wavelength that the Corning filter 

transmitted it but the NiS04-CoS04 solution did not (i.e., it 
0 

was in the neighbourhood of 4000 A). 

Spectra of the mercury lamp radiation, both with and 

without filters interposed in the light path were photographed, 

using a Hilger Quartz Spectrograph Model E518, quartz optics 

and Ilford N40 plates. The table which follows gives the 

exposure details for the spectra seen in Fig. 7. In all cases 

the setting of the diaphragm of the spectrograph was 5. 

TABLE 4 

EXPOSURE DETAILS FOR 1-ŒRCURY LAMP SPECTRA 

Plate Spect- Physical Slit Collimator Exposure 
rum arrangement width set ting time, 

mm. minutes 

I (a) lamp only 0.075 9.0 o • .s 
I (b) lamp only 0.025 7.5 0.5 

II (a} lamp only 0.015 7.0 0.5 
II (b} lamp plus inorganic 0.015 7.0 4 

salt solution 
II (c) lamp plus inorganic 0.015 7.0 20 

salt solution plus 
diphenylbutadiene 

solution 

The spectra confirm in a qualitative manner the 

quantitative transmission measurements made witb the Unicam 

spectrophotometer as given in Table 3. 

The output current of the 1P28 (ca. 10-8 ampere) was 
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FIGURE 7 

SPECTRA OF THE PEN-RAY MERCURY LAMP 
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led into a Model Al200R Ratio-Linear Photometer (Analytical 

Instruments, Inc.). It was used as a simple one-channel 

current amplifier, and the pertinent circuit is shown in 

Fig. 8. The output of this amplifier was 0 - 50 millivolts 

and was displayed on a Leeds and Northrup Speedomax Azar 

Recorder, Modal H. 

For greatest precision in determining ozone con­

centration, it was necessary to know how much extraneous noise 

this amplifier introduced. To determine this a test voltage 

of -50 millivolts t 0.02% from a dry cell and dropping resist­

ors was substituted for the photomultiplier current at the 

point indicated in Fig. 8. The output at the recorder 

terminais was measured with a manual potentiometer (Tinsley, 

Madel 3184D). It had an average deviation of 0.13%, which 

was considered good for this type of amplifier. 

{E) Measurement of Chemiluminescence Intensity: 

This was accomplished with the 1P21 photomultiplier 

PM, Fig. 5, whose position was not changed during the course 

of all experimenta. Its photocathode was 6 cm. from the 

reaction tube surface, and a 1.5 mm. collimating slit was made 

from the edges of two opaque microscope slides cemented to the 

housing. 

This photomultiplier was operated near 1180 v.d.c. 

from a battery pack. The precise value of this voltage was 

unimportant, but it was necessary that the s&me value be used 

for every experiment. To this end, the circuit in Fig. 9 

was used. In practice, R2 and R3 (fine and coarse controls 
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FIGURE 8 

GURRENT-AHPLIFIER SECTION OF THE RATIO-LINEAR PHOTŒ1ETER 

Range resistor values: 

R1: 50K t 1% 

R2: 166K ± 3.6% 

R3: 500K t 1% 

R4: 1.67M! 1.8% 

R.5: 5M! 1% 

R6: 16.6M! 5% 

R7: ,50M ± .5% 

.e 
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FIGURE 9 

SUPPLY VOLTAGE CIRCUIT FOR PHOTOMULTIPLIERS 

R1 : l.lK wire-would 

R2: 0 - 500K continuous 

R3: 0 - lOM continuous 

R4: lM t 5~, carbon 

A: Photomultiplier anode 

PC: Photomultiplier photocathode 



.. 
TO POTENTIOMETER 

BATTERY 
PACK 

1410 VOLTS 

+ • 
• -

54 

--

DPST 

IP21 

SPOT 



respectlvely) were adjusted until the stable voltage across 

R1 was 0.13000 volt, as measured with a manual potentiometer. 

The battery voltage, upon the closing of the DPST 

swltch, was allowed to stabilize for ten minutes, after which 

its variation was less than 1 part in 104 during the time of 

an experiment. 

(F) Calibration of Inert Gas Flow.meter: 

Fig. 4. 

The quencher gas flow.meter is shown as N3 and c3 in 

Before these and in series with them was placed the 

system shown in Fig. 10. It consisted of an inverted burette 

through which the gas flowed, and a trap after it. The blow-

off assured that the gas was at the measured atmospheric 

pressure. As the gas moved up the burette, it carried a 

soap bubble film with it, and the rate at which it swept out 

the known volume was measured with a stopwatch. The trap, 

cooled with liquid air, dry-lee/acetone mixture or CCl4 slush 

(-23°C} according to the gas passing through, removed water 

vapour before it entered capillary C3. The differentiel 

pressure drop Ah across the caplllary was also noted. The 

flowrate was changed by adjustment of N3. 

Under steady flow conditions, the mole flow was the 
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same at all points ln the flow system. The time-differentlated 

form of the ideal gas law is 

p dV 
dt = 

where f is the mole flow. 

!!!! RT 
dt = fRT 

P is the partial pressure of inert 
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FIGURE 10 

MEASUR~1ENT OF GAS FLOW FOR FLO~METER CALIBRATION 
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gas in the burette, and if' /:J.V is the volume swept out in time 

ilt, the mole f'low may be calculated !'rom 

f' = p 
RT 

A plot of' f' (micromoles/sec.) versus Llh (cm.Hg) 

could be made, which was almost always linear. In some cases 

this plot had a slight curvature. Instead, the data could be 

re-plotted as a log-log relation, which would then be: more 

precisely linear, but less sensitive. 

It is interesting to note that the Poiseuille law 

predicts that the relation is not linear, but that f' is 

proportional to (~h)m, where m should be about 2, in the 

conditions realized in this work. The !'act that m Viras more 

nearly unity indicated that Poiseuille's law could not be 

applied in the actual conditions used (e.g., the capi.llary was 

"drawn out", and bence the radius was not constant). 

(G) Experimental Check o:f Ozone Extinction Coef'f'icient: 

{ i) THE "G !VEN" VALUE: 
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The Beer-Lambert law, in the f'orm used for gases, 

is 

where 

= A 

! 0 is the transmitted light intensity with no 
(or non-absorbing) gases in the light path 

It is the transmitted light intensity with ozone 
in the light path 

fi.').. is the extinction coe:fficient in cm. -l for 
ozone at wavelength ~ • 



x is the 1ight path in cm. through the gas, 
reduced to S.T.P. 

If the pressure of ozone is P atm., its temperature T°K and 

the actua1 1ight path 1 cm., then 

where 

A = 

= 2~3} 

R is the gas constant 

'N0 is Avogadro• s number 

~3Jis in mo1ecu1ar units 

Rearranging, we have 

where the term in brackets is the extinction coefficient in 

mo1ecu1ar units. Substituting in this equation the values 

o:..,. = 
R = 

we obtain 

A = 

133 cm.-1 at 2537A 

82.05 cc.ab~./°K mole 

6.02 x 1023 molecules/mole 

for ~3] in molecules/cc. 

(ii) THE "EXPERIHENTAL tt VALUE: 

First the ozone content of the mixture from the 
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ozonizer was deter.mined iodometrically from five consecutive 

samples, for constant conditions of voltage and flowrate in the 



ozonizer. Each srunple, exactly 300 bubbles, was passed into 

a .5% KI solution, buffered according to Boelter, Putnam and 

Lash (96). Only one bubble tower was used, as preliminary 

experimenta with two towers in series showed that moi'e than 

99.8% of the ozone was absorbed in the first. T:."'le liberated 

iodine was titrated immediately with 0.00.5!1 Na2s2o3 , with 

Thyodene as indicator. The thiosulphate solution bad prev-

iously been standardized against KI03, according to Kolthoff 

and Sandell, p. 59!~ ( 9.5) • 

The pertinent che~ical equations are 

03 + 2KI + H 0 2 > 2KOH + 02 + I2 
one cne 
mole mole 

2Na2s2o3 + I2 > Na2s
4
o6 + 2Nai 

two one 
moles mole 
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The number oi' moles o2 represented by 300 bubbles was 

deter.mined by displacement of water. ~ne data are as follows: 

Number of bubbles for 100 cc.: 411 

Atmospheric pressure: 7.53 torr 

Temperature of water: 23°C = 296°K 

Vapour pressure of water: 22 torr 

The required quantity, n0 , is obtained from 
2 

= 

= 

= 

PV 
RT 

(tt3 - 22) (lOO} 
2,360)(296) 

2.89 x lo-3 
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If the titretion required v ml. thicsulphate, this corresponds 

to n
03 

moles cf ozone given by 

= 5 -6 2. v x 10 

The mole percent. 03 v-ras then givon by n0 Xl00/n0 and the data 
3 2 

are given in Table 5. The average o3 content vras found to be 

2.91 mole %. 

TABLE 5 

IODOM3T3.IG .ANALYSES 0F CZONIZER NIXTURES 

FROl'l TH::.!; SAME STREAl'l UNDER CONSTAl~T CONDITIONS 

OF FLO:..VRATE AND VOLTAGE 

Analysis Milliliters Moles 0~ Nole % o3 number thiosulphate in sam.p e in sample 
for titration 

1 34.5 8.63 x lo-5 2.99 
2 31.8 7.95 x Io-5 2.75 
3 JC5.4 8.84 x lo-5 3.06 
4 30.6 7.65 x 10-.5 2.65 
.5 3.5.9 8.98 x lo-.5 3.11 

Average: 2.91 

Five consecutive ozonizer sruap1as of the same output 

at different pressures were then analyzed optically by bleeding 

the gas into the absorption cell and noting I 0 , It and the 

total pressure. The partial pressure of ozone, Po , was 
3 

calcu1ated from its mole fraction as found previously, and 

was cc,nverted to concentration uni ts as in the previous section. 

The data are in Table 6. 



62 

TABLE 6 

OP'riC.AL ANALYSES OF OZONIZER HIXTURES 

FROM THE S.t-\HE STRE..4.1'-'I UNDER CONDITIONS AS 

PREVIOUSLY, OF DIFFERENT TOTAL PRESSURES 

Room temperature: 23°C 

Analysis Io It G:) 
log Total Partial [o] 

number Arbitary (Io/It) pressure pressure rriole~u1e s/ 
units Ptot' of ozone, cc.l5 

torr Po , torr x 10-
3 

1 96.7 17.2 5.63 0.751 8.97 0.261 8.53 
2 95.0 58.9 1.61 0.207 2.44 0.0711 2.32 
3 9L~. 3 75.5 1.25 0.0970 1.26 0.0366 1.20 

'+ 94-5 22.1 4.28 0.631 6.90 0.201 6.56 
5 95.1 45.7 2.08 0.318 3-79 0.110 3.59 

In Fig. 11 is p1otted A (obtained from I 0 /It) versus 

(?3] (obtained from iodometric calibration). The s1ope (by 

the method of least squares) is 9.22 x 10-17 cc./molecule, so 

that the extinction coe.fficient is 9.22 x 1o-17/18.8 or 4.91 x 

1o-l8 cc./molecule/cm. By the same method the intercept is 

-0.005. These values are to be compared with the 1iterature 

values 4.95 x lo-18 cc./molecule/cm. and zero. Such close 

agreement is partly fortuitous, considering the uncertainties in 

iodometric analysis and ozonizer output stability. 

{H) Measurement of Reflectivity of Alun1inum Mirrors: 

In Fig. 12 is seen a sketch of the apparatus used. 

The filter F, c.s. # 7-54, 5 mm., reduced the intensit;y of the 
0 

2537 A radiation selected by the filter solutions SNS. 

In (a), without the mirror, the phototube was placed 
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FIGURE 11 

TEST FOR THE BEER-LAMBERT LAW FOR OZONE 
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FIGURE 12 

MEASUREtJIENT OF l'URROR REFLECTIVITIES 

L: Mercury lam.p 

SNS: Fil ter solutions 

Q.L: Quartz lens 

F: Glass filter 

PC: Photocathode 

N: Mirror 

• 
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so that the bearn was focussed on its photocathode. The 

measured signal was Ia, representing the original unreflected 

lainp intensi ty. 

In (b), the mirror was interposed in the light beam 

and the phototube was again placed at the correct focal dist-

ance. The signal vJas Ib, representing the reflected intensi ty. 

For all six mirrors used, Ib/Ia was 0.95 ~ 0.05. 

During the time of measurement, the observed variation in the 

mercury lamp intensity was ~ 1%. The reflectivity of each 

mirror was essentially the same over its entire area. 

(I) Furnace Design: 

A furnace, of 1000 watts maximum power, was constructed 

for following the reaction up to 300°C. It is shown diagram­

matically assembled in Fig. 13, dissembled in Figs. 14 and 15. 

~le entire furnAce consisted of aluminum plates, 

through which the center hole (diameter 27 mm.) was drilled 

longitudinally. Layera 1, 3, t1., 5 and 7 and bases of layers 

2 and 6 were ~" thick. 
"' 

The frames of layers 2 and 6 were 

made f'rom ~~~ aluminum strip to f'orm the heater troughs. 

In order to heat the reacting gases evenly, the 

elements were made in three sections, Fig. 16. All consisted 

of B. & s. # 24 nichrome wire, 1.61r.L/ft. Sections A and C 

both contained 5 feet of wire, section B, 10 feet. The wire 

was insulated from the aluminum by and sandwiched between thin 

asbestos sheet wetted for snug fit. The leads were drawn 

through double-hole porcelain insulators placed in the frame. 

The units were dried overnlght at 105°C. 
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FIGURE 13 

YrlE FURNACE LAYERS ASS.Er,ŒLED 
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FIGURE 14 

FURNACE LAYERS 1, 2, 6 and 7 
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-- FIGURJI: 15 

FURNACE LAYERS 3. 4 and 5 
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FIGURE 16 

HEA TER ARRANŒ~~ŒNT 
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The pairs of sections A, B and C of layers 2 and 6 

were joined in series, and each pair 1JJ"as supplied from a 

separate Variac. 

1.-fl1en the pla tes '\•1ere bol tect. toge th er wi th the reaction 

tube inside, thay were completely surrounded by four layers of 

~" asbestos board. 4 

(J) Temperature Profi.les 

The temperature cf the heated gases in the reaction 

tube coulâ be meas~red directly with the movable thermocouple 

probe. A typical tempera ture profile, for an air flot-rra te 

of approxima.tely 3.50 micromoles/ sec. is seen in Fig. 17. 

The resistance of each heater was knoHn, anrJ the calculated 

v.ra tta,3es for this proflle were: 

Section li: 158 

Section B: 70 

Section G: 197 

The shape of the profile was inde pendent of the helium carrier/ 

quencher pressure in the range 2 - 20 torr. For the distance 

3 - 33 cm. in the :rurnace, the temperature was T°K t 2.5~ or 

better, for all temper.atures used in the range T = 373 to 573. 

(K) Ni tric Oxide Flow Neasurement: 

The f'lowrate of NO was obtained for each experiment 

by the P-V-T method, using a "two-bulb" technique. The camp-

onents concerned, in Fig. 4, were Vc, s5, s6, M2 and the 

24-liter storage volume. During reaction s5 and S6 were open, 

and both volumes were used as a supply reservoir (at pressures 
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FitJ'URE 17 

A TYPICAL T~4PERATURE PROFILE 
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near one atmosphere). 

For finding the flowrate, S5 was closed and the 

pressure in the kn01-rn volwne V c dirr.inished \<Ti th time, as 

shown by M2 . When a maasurable pressure difference was 

attained, S6 was closed and S5 opened to provide a continuous 

flow for reaction. If a pressure difference tl p appeared 

in time Llt, the flovrrate was 

= dn 
dt 

where T is ambiant temperature. 

= 

During the time ..6 t, the flowrate decreased somewhat 

because the supply pressure in Vc dacreased. The value of' 

Ljp was about 5 torr, which, in a reservoir at 700 torr, 

constituted less than 1% error. 

(L) Procedure for a T 
with reference 

The mercury lamp (on a Sola Constant-Voltage trans-

former) and the photomultiplier battery voltage were turned on 

and allowed to stabilize. 

(i) Preparation of the gel colman for use: 

The ozonizer and gas flow were turned off, and 

the gel trap SG was evacuated with the secondary pump through 

S18· An auxiliary hot wire destroyed ozone before the pump. 

The gel was flushed four times with carrier gas through SS4 

and SS5, alternately being filled to 70 cm.Hg and evacuated 

to 7 cm.Hg as measured on M4 . 

79 



\,.l..i) The d gases use : 

The quencher gas and its flo-vœate (wbich 

constituted almost the entire flow) were chosen witb the 

intention of f'inèling i ts relative quencbing efficiency for 

NO~. Its flow was started through the system S10 to S16' 

and wa.s read off from its flowmeter calibration. 

The carrier gas for the ozone would generally 

be identical to the quencher gas, except SF6, co2 and N20, 

which would be more or less completely adsorbed on the silica 

gel colunm. In these cases, heliŒrn was used as carrier gas, 

because it was adsorbed to a limited extent only, and its 

quenching efficiency was small, compared with SF6, co 2 and 

The carrier gas flow was started through s13 

The main hot wire HW was turned on (to decompose 

ozone before the pun1p) and trap T4 was brought to -78oc (to 

trap nitrogen oxides before the pump durlng reaction). Tùe 

ozone/carrier flow was allowed to stabilize for at least lr.5 

minutes. The flow of ozone was controlled by N4 and c4, 

the carrier flow by C2 and N2. 

(iii) Measurement of initial ozone concentration: 

In this optical measurement, the value of ! 0 

was obtained by by-passing the ozone/carrier flow through S2o, 

leaving only quencher gas (non-absorbing) in the light beam. 

Three or four consecutive measurements were ta.ken. The total 

pressure was measured with M3, and the gas temperature at the 

absorption cell was measured with the thermocouple probe. 
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(iv) Measurement of nitric oxide flow: 

NO was then introduced through S7. After its 

flow had become stable, as indicated by the flowmeter cl, the 

flowrate was determined as described on p. 76. 

(v) Keasurement of ozone concentration as 
a function of time: 

These data would yield a value for the rate 

constant of the 03-NO reaction. I 0 and It values were found 

for different reaction distances (i.e., different NO inlet 

positions). Three or four determinations were taken with 

the inlet at each position. 

(vi) Measurement of emission intensity as a 
function of time: 

The emission intensity was next measured as a 

function of reaction distance in a similar mannar. Two read-

ings were taken at each position and they agreed within t 5%. 
(vii) Measurement of reaction temperature: 

The temperature profile in the reaction tube 

was next determined. In room temperature experimenta, the 
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thermocouple was placed at the absorption cell, and the 

temperature was taken as a function of reaction distance. In 

experimenta using the furnace, the NO inlet was placed at the 

beginning of the nplateauu temperature region, and readings 

were taken downstream therefrom. 

(viii) "Check" measurements after cessation of 
reaction: 

The NO flow was stopped and initial ozone 

concentration redeter.mined. It was always within t 3% of 

the starting value. 



The 1P21 dark current (no reaction) was determined 

as a function of NO jet position. This was necessary because 

(i} part of the NO entry tubing was outside and light-tight 

enclosure and transmitted light longitudinally; (ii) since 
0 

the emission lay beyond 6000 A where 1P21 was rather insensit-
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ive, maximum applied voltage was used, making it very sensitive 

to s tray ligh t. 

(ix) Preparation for next run: 

The ozone supply was used for as many as four 

consecutive runs. During this time, the silice gel column 

at the carrier entrance end became bleached of its dark-blue 

colour, the remainder staying as it was. 

mixture in T4 was desorbed in vacuo at 100°0, the ozonizer 

started and the gel column was re-saturated overnight. 



-· CALCULATIONS AND RESULTS 

(A) The Experimental Data: 

symbol. 

The description of the quantity is followed by its 

(1) Before Reaction: 

(a) Initial ozone concentration, (93~ 00 

{b) Gas temperature of this measurement, T00 

(c) Flowrate of carrier gas by the soap film 
method, f' 0 

(d) Flowrate of quencher gas from calibrated 
f'lowmeter, f'q 

(e) Room temperature, TA 

(f') Total pressure (03, carrier, quencher), PT 

(ii) During Reaction: 

{a) Ozone concentrations at various reaction 
distances, [ü3] t 

(b} Emission intensities (with photometer 
range number) at various reaction 
distances, Ipa 

(c) For initial nitric oxide f'lowrate, f'N0 : 
ÂP and Ât 

(d) Total pressure {o3, NO, products, quencher, 
carrier), PT 

(e) Temperature of gas at ozone measurement, T
0 

(f') Reaction temperature at various reaction 
distances 

NOTE: In room temperature experimenta, items (e) and (f') were 
identical. 

{iii} After Reaction: 

{a) Dark current of 1P21 photomultiplier at the 
NO jet positions used, Ide 

(b) Check on initial ozone concentration, lo ~ L 3J oo 
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.e 
(B) Calculation of concentrations from flowrates: 

Example, Experiment 45: 

In this run, argon was both carrier and quencher. 

TA = 22°C = 295°K 

fe = 155 micromoles/sec. (1 micromole = 
1 x lo-6 mole) 

:rq = 1390 micromoles/sec. 

Too = 23°C = 296°K 

PT = 12.52-2.73 = 9.79 inches silicone oil 

PT = 12.54-2.72 = 9.82 inches silicone oil 

For :rN0: flp = 10.71-3.7
2 

= 6.99 cm. Octoil 

~ t = 60 seconds 

NO flowrate: fNo = 

= 2.22 x (62.4) (295) 

= 10.2 micromoles/sec. 

Initial ozone concentration: 

= 

log10 (I0 /It) x 10.75 x 1015 

log (94.7/4.6.9) x 10.75 x 1015 

0.305l~ x 10.75 x 1015 = 

= 3.29 x lo15 molecules/cc. 

Con:firmatory determinations of [o3]oo yielded, in 

molecules/cc. x lo-15: 3.18, 3.26, 3.15, 3.17, 3.17; average, 

3.20 x 1015 molecules/cc. 

Total pressure expressed in molecular units: 

= f(9.79)(0.92)(25.4)} 
13.5 

6.o2 x 1o23 
(62,400)(296) 

= 559 x 1015 molecules/cc. 
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Initial flowrate of ozone, fo , may be calculated 
3 

from the time-differentiated form of Dalton1 s law, viz:-

= 
[o3 + carrier + quencherJ 
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In this experiment, argon is both carrier and quencher, so that 

= 

= 

= 

[0 3 + argon] - [.0 3] 00 

().20 x lo15)(13~0~l$$) 
(559 - 3) x 10 

8.90 mioromoles/sec. 

In all experiments, the heat of reaction was such as 

to raise the reaction temperature above ambient. This differ-

ence amounted to as much as 20°C. For experiment t~5 the da ta 

were: 

TABLE 7 

Variation of Reacting Gas Temperature 
with Reaction Distance 

Reaction Thermoc'ple Temperature 
Position Distance E.M.F. To,oc 

cm. mv. 

xl 2 1.94 48 

~ 13 1.88 47 
32 1.40 35 8 

The reaction was 60-70% finished at 13 cm., and so 

the average temperature over this interva1 was taken as the 

"true" reaction temperature, TR, which was 321°K in this case. 



The ozone concentrations measured directly during 

reaction correspond of course to TR· Initial ozone and 

nitric oxide, as well as inert gas concentrations were 

evaluated also according to TR. 

Now the mole flowrate is determined solely by flow-

meters and is independant of reaction temperature. The total 

molecular concentration at TR may be calculated from :p~ as 

before: 

G11 specie!J = {9.82}f0.92)~25.t)(6.02 x 1023) 
13.5) 62, •00) (321) 

= 519 x 1015 molecules/cc. 

The total flowrate, fT, in reaction is 

= 
fo + 

3 
8.90 + 

fNO + 

10.2 + 

fargon 

1545 

= 1564 micromoles/sec. 

This relation holds exactly because in the reaction 

+ + 

the number of moles in invariant. Side reactions, changing 

the total number of moles, are relatively insignificant in 

conditions realized in this work. 

The concentrations at TR follow as before: 

[03Jo = fo3 
• ~11 specie~ 

fT 

= ~5t4 (519 x Io15) 

= 2.96 x 1015 molecules/cc. 
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Similarly 

= 

= 

3.38 x 1015 molecules/cc. 

513 x 1015 molecules/cc. 

(C) Calculation of Reaction Time: 

The gas flow in reaction is assumed to be laminar, 

i.e., there is no longitudinal mixing. The ideal gas law 

for flowing gas in reaction is 

dV 
dt = = A dx 

dt 

where A is the internal cross-sectional area of the reaction 

tube and dx/dt is the linear gas ve1ocity. The internal 

diameter was 22 mm., so that the area was (3.1416) (2.2) 2/4 

or 3.8 cm. 2 

Hence 

dx 
dt = (1564 x(~~;~~!~:~~OO) (321) 

= 480 cm./sec. 

l where PT is 17.2 torr. The reciproca1 of this number is the 

time equivalent of distance, i.e., 2.08 milliseconds/cm. 

(D) Integrated Rate Expressions: 

(i) Non-stoichiometric conditions: 

The rate of ozone disappearance is given by 

tot where k4 is the overa11 rate constant, referring to the 

production of both excited and unexcited N0 2 • The rate of 
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disappearance of ozone by 

is negligible under experimental conditions. 

Let 

z = concentration of ozone which has reacted 

Ao = @3]o and 

B 0 = QwJo and 

Th en 

-dA = _ d~A - z) = dz = dt dt dt 

which when rearranged and integrated is 

or 

ln (B/A) 

log(B/A) 

= 

= 

(Bo-Ao)k~ot t + 

0.434(B0 -A0 )k~ot t 

A = @3] 

B = [No] 

ktot 
4 ( A0 - z) ( B0 - z) 

ln(B0/A0 ) 

+ log (B0 / A0 ) 

(VI) 

page 189. 

The requisite data for Experiment 45 are given on 

Since the reaction stoichiometry is 1:1 

B = 

Fig. 18 shows a plot of log(B/A) vs. t, and the 

slope S is given by 

s = 3.48 sec.-1 = 0.434(B0 -A0 )k~ot 
ktot = s = f.48 4 0.434(Bo-Ao) (0.434 (0.42 x lo15) 

= 1.9 x 1014 cc./molecule/sec. 

88 



FIGURE 18 

A TYPICAL SECONù-ORDER RATE PLOT 

( Non-s toiohiome tric conditions) 
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(ii) Near-Stoichiometric conditions: 

When A0 is very close to B0 , the quantity B/A 

hardly changes with time, and the % uncertainty in (B0 - A0 ) 

becomes very large. Renee it is better to proceed as follows 

(from reference 29): 

Put Ll. = (Bo-Ao) 

• . B = Bo - (Ao-A) = A+ (Bo-Ao) = A + lJ. 

The rate expression (VI) then becomes, upon 

substitution 

_dA 
dt = (VII) 

If we substitute in (VII) the relation A1 = A + ~/2, we 

ob tain 

- dA' 
dt = k4ot {A' + A/2} [A' - Ll/2} 

91 

= k~ot f(A')2 - A2/4} = ktot(A' )2 { 1- (4/2A' )2} 

(VIII) 

In Experiment 35, Llwas 0.60 x lol5 molecules/cc. 

The term in brackets in equation (VIII) was initially 0.99 and 

0.95 at two-thirds reaction; it may be replaced by its ttconstant" 

average value 

and the equation may be integrated tc give 

1/A' 1/A' 
0 = 



Fig. 19 shows a plot of l/A1 vs. t. The slope is 

s 

k
tot _ 
4 -

= 

= 

s 

1.06 x lo-14 cc./molecule/sec. 

1.06 x lo-14 

1 -

1.06 x 1014 
0.97 

= 
1 -

= 1.1 x 1014 cc/molecule/sec. 
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The expression (1 - d/IJA~A} )-1 
ls here called " il-correction". 

(E) Confirmation of Reaction ürder: 

The best methods of determining reaction arder 

require that the initial reactant concentrations be varied 

widely. In the present work the speed of self-heatin6 of 

the reaction, and measured concentration uncertainties made 

this impractical. 

If, however, the reactants are present in stoichio-

metric concentrations, the over-all order may be found as 

follows (after Van't Hoff). 

reduces to 

and so 

log( -dA/dt) 

dA 
dt 

-dA 
dt 

= 

The rate law 

= 

= 

log k4ot + (x + y)log A 

Fig. 20 shows the ozone concentration profile for 

Experirnent 51 in which A0 /B0 uas 1.01; tangents to the curve 

were drawn and Table 8 shows the pertinent variables, which 
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FIGTJR3 19 

A TYPICAL S~COND-ORDER RATE PLOT 

(Near-stoichiometric conditions) 
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FIGUR~ 20 

A TYPICAL CZO:NE-DISAPPEARANCE CURVE 
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are plotted in Fig. 21. The slope is 1.8. --
TABLE 8 

THE OVERALL REACTIC'N c_rm=R 3Y THE H.::.;T::t-IOD 02 YA~'J' T HOFF 

Reaction time
3 

0 10 30 60 
t, sec. x 10+ 

Ozone concentre. tl on 3.52 2.10 1.25 0.70 
A ,5 

mo1ecules/cc.x 10-~ 

-dA/dt 19 6.6 3.1 1.0 
molecu1~~gc./sec. 

x u 

lor; ( -dA/dt) 17.28 16.82 16 • .50 16.01 

(F) Mechanism for cherli1urninescence: 

The proposed mechanism for the chemilu..minescence 

is given on page 6 and is as follows: 

03 + NO > N0 2 + 02 UtJ 

03 + NO '> N02 + 02 ( 4!~) 
NO~ >- N0 2 + hv (2) 

NO~ + M > N02 ... M (3) 

The resulting kinetic expression, fo11owing the examp1e on 

page 3 is 

I = = 

where Isp is the "specifie intensi ty''. 



A: 

FIGURE 21 

THE OVERALL REACTION ORDER DZTERHINED 
BY THE r1ETHOD OF V Mf' T HOFF 

Gzone concentration, molecules/cc. 

slope = dA/dt: Rate of reaction, molecules/cc./sec. 
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Upon rearrangement, this is 

= (IX) 

so that, in a single experiment, the quantity on the L.H.S. 

should be invariant with reaction time (the nature and con-

centra ti on of H do not change) . 
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In practice, the intensity as measured, Ipa' contained 

a dark current Ide' so that the corrected intensity was 

= .,. 
7'a 

The 10 values were norrr1alized to photometer range !f 2 (Fig. 8) 

ta give values of Ir. Table 9 shov-1s the derivation of Ir for 

experiment 35. 

TABLE 9 

CALCULATION OF Ir VALU:i3:S FROH EXPERIJ:·Œ~TAL 'DATA 

FOR EXJ'~RH:ENT 35 

Reaction time, t ~8 (range) Ide 1 0 Ir 
sec. x 103 Arbitrary units, I.U. 

4.44 101 (2) 6 95 95 
8.88 70 (2) !~ 66 66 

13.3 142 {3) 7 135 45 
20.0 96 (3) 7 89 30 
28.8 66 {3) 6 60 20 
37.7 142 (4) 21 121 12 
53.3 95 {4) 20 75 7.5 
71.0 68 ( ~-) 18 50 5.0 

For convenience, the quanti ty @ 3] [~cD /Ir will be 

designated hereafter by p . In Fig. 22 the ~ -values for 



FIGURE 22 

VARIATION OF f WITH REACTION TillE 
IN EXPERINENT 35 

}: (mo1ecu1es/cc.) 2/I.U. x 10-28 
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Experiment 35 are plotted versus reaction time. This increase 

of! with reaction time is not totally accounted for by experi­

mental uncertainty, and this behaviour appeared in almost all 

runs, irrespective of the nature and concentration of H. 

This indicated that, in the R.H.S. of Equation (IX), 

any combination of the following changes may be taking place 

as reaction proceeds: k3 increasing, ~J increasing, k2 

decreasing, k4 decreasing. 

changes were: 

In the present work, the pertinent 

(a) temperature of reaction decreased somewha.t 
during reaction 

(b) 03 and NO disappeared with simultaneous 
appearance of N0 2 and 02 

Since reaction (2) is a radiative step, and reaction 

{3) an energy transfer, their activation energies would be 

sraall; that for 0~:-), the formation of an energy-rich molecule, 

would be relatively large. The activation energy for the 

overall 03-~iJ'Ci reaction is circa 2.5 kcal./mole; since the 

activated complex may be the same in this process as in 

reaction (~~), they may be expected to be of the same order 

of magnitude. The decrease of k4 as reaction proceeds might 

account for sorne of the~ -increase. 

T'ne R.H.S. of equation (IX) can be written, for 

Experiment 35, as 

k~~~t•l 1 @!] + t<@~ + ~ @o2] + ~~tD + d @3]} (X) 

Now tl\ , a and d would not be expected to be very different 

among themselves, and since helium was in large excess, the o2 , 
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o3 and NO terms would not substantially change the value of 

the expression. However, since NO~ is being quenched, ~ 
might very wall be relatively large, 80 that increase in [No2] 

during reaction would significantly affect the expression. 

Another way of checking this explanation would be 

to investigate the dependance of ~ upon concentration of inert 

gas !1. If the last four terms in the expression for ~ in (X) 

were small relative to the first term in brackets, then one 

would expect a linear plot between ~ and (!:TJ. However, linear 

plots were not obtained and in fact, depended upon the reaction 

time "t". This is to be expec ted if the ~ (Im 2J term made a 

significant contribution. It is possible, however, to compare 

experimenta Hi th different values of (]-1] at reaction times 

which correspond to the saMe amount of N02 in each experiment. 

This can be done as follows: 

Si nee ~o2] = @J]o [o3], its value must be 

large enough so that the uncerta.inties in [c3]o and [o3] do 

not introduce prohibitive error. Por example, let us con-

sider the runs wi th heliu.."ll as quencher (Experiments 35 - 39). 

For E:xperiment 35, the value 1.50 x 1015 molecules/cc. for 

@vZJ would appear at 

(3.26- 1.77) x 1015 = 
13.3 mi1liseconds, i.e., (93]o - [o3] = 

l.t:-9 x lol5 molecules/cc. The 

corresponding ~ -value at 13.3 milliseconds may be read off 

from a plot such as Fig. 22. Its value is 8.8 x 1028 (mole-

cules/cc.)2/I.U. and is entered in Table 10. 

In this way, the ~ -values for a series of runs 1.vi th 

the same inert gas were a11 eveluated at the same ~o~. Table 10 

shows the'! -data and the rele.tive quenching eff:tciencies for 
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TABLE 10 

,l DATA FOR VARIOUS JASES AT ROOH TEHPERATURE 

P 1 • 
T" Total pressure, torr 

~nert gai): molecules/cc. x lo-15 

J: (molecules/oc.)2jr.u. x 10-28 

"slope 11 from Figure 23, molecules/cc./I.U. x 10-ll 

Rel. eff: Relative quenching efficiency (N2 = 1) 
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NI TROUS OXID2 AS Ql!E11JCRER 

Expt. No. "P' - T é2g .! 

56 19.2 534 39.4 
57 2.77 27.8 2.2 
58 8.80 216 8.6 
59 13.8 37L~ 2L~. o 

S1ope: 7. L~S Rel. eff. 1.4 
Reference NO;:> concentra ti on: 1.70 x lQ.l.;> mol~ cules/ cc. 

::Lxrt. No. pt 
T @FJ i 

78 2.43 25.4 2.1 
79 7.2'( 177 19.0 
80 12.7 31~.5 39.2 
81 17.3 l.t.86 71.0 

Slope: 14.7 Rel. eff. 2.7 
Reference l'JO? concentration:_j._._79. ]C_),...Q~.?- !l'\Olecules/cc. 

HELIUN A. S QU .S:'JCHE..'t 

Expt. No. pt 
T Er~ ! 

-· - --
35 11.4 350 8.8 
36 18.8 583 11.8 
37 14.7 453 10.6 
38 5.36 160 3.6 
39 8.88 271 7.8 

S1ooe· 1. 81J. Ra1. eff. 0. 3lt. 
Referencd NO? Q oncent;r~üi on: ltSo x lO..L-' moleculesLcc 
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ARû-ON AS QUEHCH2R 

Expt. No. pt ~rJ ~ rn 
J. 

L!5 17.2 513 12.6 
46 3.27 90.2 c.e 
47 12.1 358 5.8 
l+G 7.84 230 7.1 

Slope: 2.51 Rel. eff. O.Lj.b 
Reference Nü;:> concentration: 2.00 x 10~? molecules/cc. 

NI TROGE.t\f AS QTJZNCHER 

.2:xp t. No . pt 
T Ü'~"2] I 

40 16.6 507 20.6 
41 8.28 250 8.2 
l.tJ 4.13 122 2.4 

Slope: 5.41 Rel. eff. 1.0 
Reference N02 concentration: 1.50 x 10~.? molecules/cc. 

GARBCN DICXID~ AS QUENCHER 

Expt. No. pt 
T @o2J ! 

50 2.70 28.0 2.C 
51 19.9 523 1.~0. 0 
52 3.63 207 13.9 
53 llj.. 4 386 27.0 

S1ope: 7 .5.1 Rel. eff. 1. 1.1~ 
Reference NC2 concentrstion: 1.70 x lQ.L.? molecules/cc. 
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different gases at room temperature. Fig. 23 the data are 

plotted. 

(G) Calculations for the Rate Constant for Overall 
Reaction at Elevated Temperatures 

The site of ozone concentration measurement was 

beyond the furnace, and always near room temperature; bence 

observed ozone concentrations were referred to reaction temp-

erature with the use of Charles' Law. 

For calculating reaction times, the temperature 

profile in Fig. 24 was used, where TEXT is the "external" 

temperature, which is here taken as the "average" temperature 

The 11near ve1ocities in the TEXT and TR 

regions were found as before. 

On pages 205-217 are given the data for e1evated 

temperature runs. The reaction distances used in Experiment 

64 were used for al1 subsequent experimenta, except where 

indicated. 

The rate constant was found from near-stolchiometric 

candi ti ons on1y. This was done because, for lower ozone con-

centrations, the percent. error in measured (93]would have 

been prohibitive; for higher ozone concentration, the beat of 

reaction would have introduced too great a temperature drop 

during reaction. The ~-correction was always between 1.0 

and 1.1, indicating the va1idity of this method for al1 twe1ve 

experimenta. Resu1ts for a11 temperatures are given in Tables 

11 and 12, and these data are plotted ln Fig. 25. 
It bas been shown (12) that the disappearance of 

ozone in this reaction takes place by two patbs simultaneous1y, 
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FIGURE 23 

PLOT OP DATA FROfi TABLE 10 

J: (mo1ecu1es/cc.)2/I.U. x 10-28 
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FIGURE 24 

T.El'1PERATIJRE PROFILE USED FOR CALCULATING THE LINEAR 
VE'LOCITY FOR ELEVATED T.8MPERATURE REACTIONS 

TEXT.: Tempera ture beyond furnace, (To + TR)/2 

Too= Temperature of ozone measurement without 
reaction 

To: Temperature of ozone measurement du ring 
reaction 

116 



e 

~~ MEASUREMENT, To AND Too 

// 

// 

// 
/ 

FURNACE 

, 0 
"PLATEAUu TEMPERATURE, TR 

....... TEXT. 
1 k 30 CM. 

k:-18 CM. ~ 

e 

......, 

......, 
-.J 



118 

TABLE 11 

RATE CONSTANTS FOR 03 + NO NEAR ROON TE:r-1PERATURE 

k: cc./molecu1e/sec. x lol4 

T: 317 t 8°K 

1/T: 3.15 ~ 0.07 x 1o-3 °K-1 
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EXPT. 
LOG k + 14 NO. k 

34 2.6 0.42 

35 1.1 0.04 

36 1.4 0.15 

37 1.4 0.15 

38 1.3 0.11 

39 1.0 0.00 

40 1.6 0.20 

41 1.5 0.18 

43 1.8 0.26 

45 1.7 0.23 

46 2.4 0.38 

47 1.9 0.28 

48 2.0 0.30 

50 1.9 0.28 

51 1.7 0.23 

52 1.7 0.23 

53 1.9 0.28 

56 1.9 0.28 

57 2.2 0.34 

58 3.0 0.48 

59 1.9 0.28 

78 2.8 0.45 

79 1.9 0.28 

80 1.6 0.20 

81 1.5 0.18 
Average 1.8 : 0.5 0.25 
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TABLE 12 

RATE CONSTANTS FOR 03 + NO AT ELEVATED TE~PERATURES 
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EXPT. T, •K 1 orel 103 k x 1014 
~o. T' .. x cc./molecule/ LOG k + 14 

sec. 

64 380 "t 10 2. 6~. 't o. 06 3.2 0.51 

65 4.3 0.63 

66 3.4 0.53 

67 2.8 0.45 

Average 3.4 t 0.5 0.53 

68 495 '±. 10 2. 00 t o. 04 2.8 0.45 

69 4.0 0.60 

72 7.4 0.87 

73 5.9 0.77 

Average 5.0 't 1.7 0.67 

74 574 "t 10 1.74± 0.03 8.8 0.94 

75 9.2 0.96 

76 12 1.1 

77 7-4 0.87 

Averari:e 9.'1- 't: 1. 7 0.97 



FIJURE 25 

ARRHENIUS PLUT FOR THE 03-Nü RATE CONSTANT 

mean value of log10k (with its standard 

deviation) at a single temperature 
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viz., (4) producing unexcited N02 and <4~) producing excited 

N02: 

NO -___;)"::.- NO 2 + 

NO -~>~NO~ + 

so that the rate equation is, more precisely, 

= = 

If ktot 
4 be written as 

ktot = A tot exp ( - E~0 t /RT) (Xl) 
4 1+ LI-

tot log Atot E~ot . • loglOk4 = 10 4 
2.)RT 

From a least squares calculation, the slope of the 

lina of the Arrhenius plot is 

= .., tot 

~~3R 
= 2.1 kcal.mole 

Similarly the intercept is - 12.3, and 

= 5.0 x lo-l3 cc./molecule/sec. 
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The uncertainty in E~ot may be estimated from experi-

mental data as follows (29). Let the rate constants at two 

temperatures T1 and T2 be k4(T1) and k4(T2) respectively. The 

Arrhenius equation (XI) can be written as 

= 



Assuming errors .6T1, .t:1T2, Llk4(T1) and LlkJ+(T2) are inde­

pendent and random, 

+ 

we obtain 

+ 

If we substitute the values 

Tl = 317 t 8°K 

T2 = 575 t 10°K 

k4(Tl) = 1.8 ± 0.5 -14 x 10 cc./molecule/sec. 

k4(T2) = 9.4 t 1.7 x lo-14cc./molecule/sec. 

= 32 x 10-4 + 4.6 x 10-4. + 

4.4 x lo-2 

= 0.21 

_? 
4.1 x 10 t:. 

so that we may write 

= 5. 0 x lo-13 exp ( -2100 ! l.Jl+.O/RT) cc/molecule/ sec. 

(H) Determination of the Absolute Value of I 8 P: 

(1) USE OF A STANDARD CHEl•ULUI>1INESC:d::I'TT REACTION: 

Relative values for the specifie intensity Isp 
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have already been obtained (pp.97-108). Absolute values may 

be found if the 1P21 photol1'lultiplier is 11 calibratedn with a 

chemiluminescent reaction of known specifie intensity. 

Let the phototube current for the 03-NO emission at 

wavelengtb À 

where 

in the apparatus be i {).); th en 

i (") = Isp @~j~o] 
(!1] G s" 

G is the geometrical factor (fraction) for 
this apparatus 

is the sensitivity of the 1P21 at 
wavelength À 

For a selected wavelength interval /t.. 1 to À 2' 

~~2 
i = Isp @3J w<D G SÀ d]\. [HJ 

"' Similarly, if in the sane apparatus the 1P21 

(XII) 

views 
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ligh t from the standard reaction 0 + N02 --?Jo- NO + hy through 

a filter of transmission fÀ , the phototube current will be, 

for wavelength 

= (XIII) 

For simplification, we shall use the relations 

isp = i (!r] 
[ 03]Ctm'J 

(XIV) 

isps = Îg (XV) 
[üJ[NüJ 

where i 3 p and isps are corresponding "specificn phototube 

currents. Hence from equations (XII) to (rv), 
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À2 

~ Isp 1~7- dÀ 
= Âl (XVI) 

isps j:"s 
Isos s~ f?\ dÀ 

~ 

?\2 

where the required quantity I 8 p is the on1y unknown. 

(ii) CALIBRATION' EXPERDŒNT: 

(a) Specifie Phototube Currents: 

The experimental arrangement is shown in Fig. 5. 

The NO jet was placed 10.0 cm. upstream from the photomultip1ier 

col1imator. 

Nitrogen atoms were produced by a microwave discharge 

through ni trogen (Raytheon Diathermy Unit, 1"Iodel CND-13, 2h50 

megacycles) just before the entrance to the furnace. The N-

atoms were titrated with NO so that an equivalent concentration 

of 0-atoms were produced by the fast reaction 

+ + 0 

and intensity readings were taken for different NO flowrates 

beyond the endpoint. welch pumps 1402 and 1397 were used in 

paral1el to obtain a high linear velocity, for minimum 0-atom 

decay in the 10-cm. distance. 

The data are (the symbols have their usual denotation): 

TA = 28°c 

fN2 = 127 micromoles/sec. 

PT = o. 68 torr 

Ide = 4 (4) 

A Wratten filter # 70 (Eastman Kodak Company) was placed before 

the collimating slit to reduce the emission intensity to 



measurab1e values. 

!! At vi.sua1 endpoint: 

Ipa = 15 (4); Ic = 11 {4); Ir= 1.1 

fNO = 2.42 micromo1es/sec. 

b First NO increase: 

Ip.a = 1L~5 {4); Ic = 141 (4); Ir = 14.1 

fNo = 2.58 micromo1es/sec. 

~ Second NO increase: 

Ipa = 140 (3); Ic = 139 (3); Ir = LJ6.2 

fNo = 2.75 micromoles/sec. 

d Third NO increase: 
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Ipa = 195 (2); Ic = 195 {2); Ir = 195; rNo = 3.44 
micromo1es/sec. 

e Fourth NO increase: 

Ipa = 155 (1}; I 0 = 155 {1); Ir= 515 

fNO = 5.13 micromoles/sec. 

In Fig. 26 is p1otted Ir vs. fNO ; the x-axis intercept is 

2.45 micromo1es/sec. which was the initial 0-atom flowrate. 

Allowance must be made for the fact that the 0-atoms 

decayed somewhat in the 10 ctn. distance, by the reactions 

c + NO + !·1 ';>=N02 + M (1) 

0 + N02 '> NO + 02 (19) 

0 + 0 + !Iii > 02 + N (20) 

Under experimental conditions, kl9 ~ k1{!-r] so that the rate 

of 0-atom removal by reactions (1) and (19) \-laS 

R1w = 2kl @] @o] Gr] 



FIGURE 26 

INTENSITY OJ:i1 THE 0-NO EHISSiûN AS A :FUNC·:riON 
ü~ NITRIO OXID~ FLO\VRATE 
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and ~o] is constant since NO is regenerated in reaction (19). 

The rate of removal of 0-atoms by reaction (20) is 

• 
• • 

RREC. 

RRF('I 
CJ\Jo 

Rno 

= 

= k2oi2J 
2kl(:l'fOJ 

Hhere, at room temperature, k1 = 3.9 x 1o-31 cc~/mo1ecu1e2/sec. 

k20 = 2.8 x 10-33 cc?/mo1ecu1e2/sec. 

and @] / ~reJ was at most 19. Hence 

~ 0.07 

and we can v.rrite, in an approximation, 

- d ~]/dt = 

whlch upon integration is 

@] = [ë]o exp(-Kt) 

For· exa:rnp1e, in ::-tep ~' [Ï~~= 1~.61 x 1014 r1Glocu1es/cc. 

t = 10.6 millcsecnnds 

= 8.1 

. 
• • [o] 

-1 sec. 

= 0.39 x lû15 molecules/cc. 

The data for steps b to ~ are su.mmarized in Table 13, where 

Ir is equated with i 8 • The value of isps for our purposes 



Run 

{b) 
(c) 
( d) 
(e) 

TABLE 13 

DETEPJUiMTIOH 01~, THE SPECIFIC INTENSITY OF THE 
0-NO ENISSION I:\f THE APPARATUS 

[iw] E::J [o] [No] 
m.olecules/ molecules/ (molecules/ 

10-111 · 1r-14 \:;; lo-28 cc.x ~ c~.x u cc~-x 

0.20 
0.48 
1.57 
4 .• 27 

0.85 
1.97 
6.40 

16.5 

Ir 
Arbit'y 
uni ts, 
I. ü. 

14.1 
46.2 

195 
51.5 

isps 
I.1J.cc.2 

molecule2 
x 1027 

1.7 
2.3 
3.1 
3.1 

For the 03-NO reacticn, from Table 10 for t•I = N2, 

isp = Ir [Ï'Tz] 
= C'l2J = 1 

[03][NO] ! 5.41 x 1011 

= 1.85 x 10-12I.U.cc./molecule 

(b) Sensitivity Integrale: 

The relative sensitivity curve for the 1P21 is 
0 

given in Fig.27; since the o3-No emission begins at 6000 A, 
0 

this radiation was detecteà in the re.nge 6000 - 7000 A. 
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In the 0-NO experiment, the 1vra tt en fil ter, who se 

transmission is given in Table 14, limited the range detected 
0 

to 6500 - 7000 A. 

TABLE 1q. 

TRANSJYIISSIGN OF '01RATTEN FILTER 70 

0 
A 
f 

6~00 / 

o.oo6 
6600 
0.105 

6700 
o. 3.5 

6800 
0.55 

6900 
0.70 

7000 
0.79 

The sensitivity of the detecting system was then SÀ fÀ , whose 
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FIGURE 27 

0 
RELATIVE SENSITIVITY OF 1P21 PHOTOMULTIPLIER, 6000-7000A 
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curve is shown in Fig. 26. 

(7000 

) s:>. d À 

6000 

He nee 

= 3.8 

(c) Values for Isps and I 8 p: 

The spectral distribution of the 0-NO and 03-NO 

emissions are shown in Figs. 29 and 30 respectively (23, 12). 
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The specifie intensity for any wavelength interval is proportional 

to the area under the curve in that interval. nee by direct 

rneasurement, 

Isps = 0.11 I 8 p8 (tota1) = 0.11 x 6.4 x 1o-17 

= 0.70 x 1o-17 cc/molecule/sec. 

If it is assumed that the intensity of the 03-NO 
0 

emission increases linearly from 7000 tc 11,000 A, and that 

one-half the total intenaity resides at wavel3ngths less than 
0 

11,000 A, tht:m 

= 0,03 Isp (total) 

Substituting these values in (XVI), we have 

1.8fr x lo-12 = 0.03 I 812 (total) 
1o-27 2.5 x 0.70 x 1o-11 

• • I 8 P(total) = 4.5 x 10-2 sec.-1 

x 3.8 



FIGURE 28 

RELATIVE SENSITIVITY OF THE SYSTEM 
(1P21 + Wratten filter 70) 
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FIGURE 29 

SPECTRAL INTE.~SITY" DISTRIBUTION OF THE 0-NO EMISSION 
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FIGURE 30 

SPECTRAL INT.2:NSITY DISTRIBUTION OF 03-NO EI>USSION 
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DISCUSSION 

The rate constant for the 03-NO reaction was obtained 

in this work on the basis of ozone disappearance rates, in 

common with most previous measurements. Renee these values may 

be compared direetly, and the eorresponding composite Arrhenius 

plot is given in Fig. 31. 

The results of the present work are campared with 

extrapolated values from the work of C1yne, Thrush and Wayne 

(12) in Fig. 32. These were taken from their data in the form 

= = 

where k4 and k4 are the rate constants for the formation of 

ground-state and excited N02 : 

NO ------=!'>~ NO 2 + 

-~)-.,.. NO~ + NO 

(4} 

(4*) 

and A4 = 8 x lo-13 cc./mo1eeule/sec. E4 = 2.4 kca1./mole 

A4 = 4.5 x lo-13 cc./molecu1e/sec. E4 = 4.2 ! 0.3 kcal./mole 

The dotted 1ine shows a s1igot upward curvature, indicating 

that the disappearance of ozone tnrough the patn of higher 

activation energy, (~~), is becoming appreciable. The 

fraction, ~ , of k~ot contributed by k4 may be calculated 

straigntforwardly from their data: 

1 
• " o( = 1 + 



FIGURE 31 

STJlviNARY OF 03 + NO RATE CONSTANTS 

X this work 

o Clyne, Thrush and Wayne, ref. (12) 

• Borok, refs. (3) and {4) 

• Marte, Tschuikow-Roux and Ford, 
ref. (11) 

0 Johnston and Crosby, ref. (1) 

A Phillips and Schiff, ref. (18) 

Â Ford, Doyle and Endow, ref. (2) 
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FIGURE 32 

Cû!-:i:PARISON OF PRESENT 1110RK WITH RESULTS OF 
CLYNE, THRUSH AND "v'lAYNE 

l , this work 

--~-- , from Clyne, Thrush and Wayne 
(extrapolated) 

1~3 



-: q CJ) (X) t'- W 10 V rt') N ---cio oodd coco 

v 1 + .,.c!;)f 9 01 

144 

0 

!tl 
·0 

x 
1 
~ 

0 .. 



1 = 1 + ~-~ A4 
= 1 + E4)/RT j 

• ti( = 1 
• . 1 + 1.8 exp (1800/RTJ 

For the temperatures used in the present work, Table 15 shows 

values of ~ expected herefrom: 

TABLE 15 

FRACTION OF k4ot CONTRIBDTED BY k4 

T OK , 

318 0.03 

380 0.0.5 

495 0.08 

575 0.1 

These figures are approximate only, since (E4 - E4) has an 

uncertainty o~ at least ~ 300 cal./mole and A4 is known to 

within a factor of 4. 
In the present work, the temperature dependance of 

k4 was not found, and the precision of measurement does not 
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justify assignment of curvature to the Arrhenius plot. However, 

it may be shown that these resulta are compatible w:lth the 

following most reliable conclusions of the work of Clyne, Thrush 

and Wayne (assuming that their value for E4 is not reliable). 



(i) 

(ii) 

4. 2 kcal./mole 

4i-
If we assume A4 = A4 = A, then we may say, approximately 

k4ot = A { exp(-El/RT) + exp(-4200/RT)} 

or 
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log { k4ot -A exp ( -4200/RT)} = log A - EW2. 3RT 

The quantity on the L.H.S. may be plotted versus 

1/T, using several likely values for A (in the L.H.S. expression). 

The desired value for A is that one to which the intercept of 

the curve corresponds. The slope of the curve yields the 

desired value of E4. 

The data for the four experimental temperatures are 

given in Table 17, where two trial values for A were used. 

The data are plotted in Fig. 33. The desired value for A is 

evidently between 1 x lo-l3 and 9 x lo-13 cc./molecule/sec. 

The intercept is -12.3 and the slope is -4.70°K-1 , so that 

A = antilog (13.7) 

5 x 10-l3 cc./molecule/sec. 

and 

E~ = (470)(2.3}(1.99) = 2.1 kcal./mole 

which values agree, within experimental error, to those of 

Clyne, Thrush and Wayne. 

The value of I 8 p of this work, for N2 at 318 ! 8°K 

was found to be 0.045 sec.-1 • This in in fair agreement with 

the value of Clyne, Thrush and lt/ayne 
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= 120exp(-4180/RT) sec.·l 

= + -1 0.19 - 0.11 sec. 

The relative quenching efficiencies of the inert 

gases in reaction (3), found in the present work, are compared 

with ether authors' results below: 

TABLE 16 

RELATIVE QUENCHING EFFICIENCIES OF INERT GASES FOR NO~ 

SF6 02 N2 Ar He H 2 N20 002 N02 NO CH4 CF 4 H20 Reference 

2.7 - 1.0 0.46 0.34 - 1.4 1.4 - - - - - This work 
- 1.1 1.0 0.6 - 1.3 2.9 - 16 - - - - 12 
- o.B 1.0 - - 0.5 - 3.0 3.5 - - - - 102 

3.5 1.1 1.0 0.68 0.68 1.4 2.1 2.4 2.3 1.9 1.9 3.6 6.4 10.5 
- - 1.0 - - - - - 1.9 - - - - 106 

The resulta i11ustrate the general rule that the 

probabllity of energy transfer by a molecule increases witb the 

number of constituent atoms, i.e., with the number of degrees 

of freedom offered by the molecule. However, in the extrema 

case of SF6 (or n2o), this eff'iciency is only about an order of 

magnitude greater than that for the simplest monatomic gas, He. 

The quenching efficiency of N0 2 might be expected to 

be considerably larger than those of other molecules, since in 

this case the frequencies of emission correspond to frequencies 

of absorption. The values of Baxter {102), Kaufman (105) and 

Neuberger and Duncan (106) are considerably different; these 
0 

are for quenchlng N02 fluorescence excited by Hg 4358 and 4047 A. 



A 

{ ktot 
4 

TABLE 17 

DATA FOR DETERJv1INING APPROXDIATE VALUES OF "A" 
AND E4 FRON THE PRESENT itlORK 

tot 
cc./mo1ecule/sec. x 1014 k4 

1/T : °K-1 x 103 

exp ( -4200/RT) : cc./mo1ecu1e/sec. x 1014 

- A exp ( -4200/RT)J: cc./molecu1e/sec. x 1014 

A : cc./molecu1e/sec. 
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e e 

A exp ( -4200/RT) 
klot 

14 + exp -A ex) ktot 1/T -4200/RT ( -42001RT) A=1 x 10-13 A=9 x 10-13 (-4200/RT 1og { k;ot- A exp ( -4200/RT)} 4 (a) (b) 
{a) (b) (a) (b) 

1 .. 8 3.15 -6.67 0.0013 0.013 0.11 1.79 1.69 0.25 0.23 

3.4 2.64 -5.55 0.0039 0.039 0.35 3.36 3.05 0.53 0.48 

5.0 2.00 -4.26 0.0141 0.141 1.27 4.86 3-73 0.69 0.57 

9.4 1.74 -3.68 0.0252 0.252 2.27 9.15 7.13 0.96 0.85 

1--1 

:!;; 



FIGURE 33 

PLOT OF DATA FROM TABLE 17 

o for A = 9 x 10-13 cc./mo1ecu1e/sec. 

X for A = 1 x 10-13 cc./mo1ecule/sec. 

150 



1 
1 

1 
1 

1 
1 

1 
1 

1 

1 
1 

1 

1 

1 
1 

1 

0 ,; 

0 
• 

N 

. -

--~--~~--~~--~~--~--~~ 0 
o œ ~ ~ N o œ ~ • N 
t\i ..:. · ..:. ...: ..:. 0 o d d 

rt"i 
0 -
x 
-1 
~ 

0 

151 



152 

0 
The short "-"Javelength eut-off for the o 3-Nc emission is 6000 A; 

hence the values derived from studies on fluorescence represent 

efficiencies for N02 molecules in higher energy states. 

In the derivation of these quenching efficiencies, 

it v!as assumed that the intensi ty distribution of the o3-No 

chemiluminescence was inde pendent of @3], rr~oJ and (!J, as 

found by Clyne, Thrllsh El nd ~-Jayne (12). Only the shortest 
0 

wavelengths (6000 - 7000 A) were ~etected for intensity meas-

ure:rr..ents. 

The increase in the quanti ty ~ in a single run may 

be accounted for as mentioned before (pp. 103 ff.). 
the da ta for Experiment 36 are as follOTI']S: 

T.ABL.iî; 18 

DNT'A P'OR EXP::LRIHENT 36 

Reaction 
time 

milli­
seconds 

lt-.24 

Temperature 
of gases 

OC OK 

31 

311: 

304 

The expression for ~ 

~ = 

1.00 

2.76 

in this case may be Hritten 

k~, He 
kJ~k') 

T t:.. 
{ffrëJ + a-@o2]} 

For example, 

1.16 

1.85 

as 

(XVII) 

Hhere cr is the quenching efficiency of NC') reJ a tive to helium, 
(_ 

which from Table 16 is )_!-.5. The predicted ratlo of the i 's 

at the two temperatures is 
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1~ = (k4) ~0/± {ITr~ + L!-5 (Ë"o2J} (XVIII) 
! 304 (kit)314 {IJifj + 45 ~0~} 

= exp(-0.23) { 0.89} = 0.71 

usin3 the activation ~nergy for k4 as given by Glyne, Thrush 

and Wayne. .Œxperirr.entnlly, this ratio ~Jas 0.63, inrilcating 

that, wi thin experirnental uncertainty, the data ere consls te nt 

with this interpretation. 

In runs wlth D more efficient inert t.i,BS (C02, N20, 

SF6), ! changes very little or, wlthin experimental uncertainty, 

is constant. In such cases, ~in equation (XVII} is much 

smaller and the concentration re.tio in equation (X'viii) is more 

ne arly uP..i ty. 

~nere remains the possibility that product N02 in 

reac ti on Oi.) 

+ + 

will compete with NO for 03, through the reaction 

+ + (8) 

so that the rete constant, based upon ozone disappearance would 

contain a contribution from reaction (8). The only measure-

ment of the activation enerby for this reaction v-ras reported by 

Johnston and Yost (lt-4) for the temperature range 286 to 302°I<. 

In this temperature ranJ'Se, k5 wa.s 

5.8 x lo-l3 (T)~ exp(-7000 t 600/R~) cc./molecule/sec. 

and Table 19 contains data for compa.rison: 



~ 
ks 

ks 
kt~ tot 

TABLE 19 

Extrapolated ve.lues for ks compared wi th k~ot 

in cc./molecule/sec. 

Temperature, OK 

318 380 495 575 

1.6 x 1o-16 1.1 x lo-15 1.1 x 1o-14 3.1 x 1o-14 

9 x lo-3 4 x 1o-2 0.2 0.3 

If the ks values are correct, k~ot at the higher temperatures 

are significantly in error. 

It is imperative, therefore, to determine whether 
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the actual ozone-disappearance rates indicate this competition. 

To this end the follo'll>ring curve-matching technique may be used 

(104). Using the symbols 

a = [Yo] 
b = @3] 

t 
9 = Ibdt 

0 

x = Qktot 
4 

y = ks/k~ot 

we may write 

(b0 -b)/a0 = -x -xy / ) (2 - e + e ) (y-1 (XIX) 

if c0 = O, where a0 , b0 and c0 are initial concentrations. 

A curve relating (b0 -b)/a0 to log10e is first drawn 



from experimental data. The ozone profile for Experiment 75 

is given in Fig. 34, and the necessary data for this curve, 

given in Fig. 35, are below: 

TABLE 20 

Experimental data for curve-matching technique 

a0 = 1.90 x lol5 molecules/cc. 

b 0 = 1.63 x 1015 molecules/cc. 

Time interval, 8 log 9 
milliseconds molecule-sec./cc. x 10-11 

0 - 2.5 36 12.56 

0 - 5 66 12.82 

0 - 7.5 92 12.96 

0 - 15 146 13.164 

0 - 22.5 182 13.260 

0 - 30 205 13.312 

0 - 37.5 221 13. 3l-t4-

0 - 45 235 13.372 

b0 -b --ao 

0.17 

0.28 

0.37 

0.56 

0.66 

0.71 

0.76 

0.80 

Next, data for curves of (b0 -b)/a0 vs. log x are calculated 

according to equation (XIX). Since 9 lies between 30 x 1oll 

and 240 x 1011 molecule-sec./cc. and k~ot between 7 x lo-14 

and 11 x lo-14 cc./mo1ecule/sec., the range of x will be 

0.2 to 2.5. 
Curves for y = 0.1, 0.01 and 0.5 are found in 

Fig. 36. It will be noted that, as y decrasses, the shape 
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FIGURE 34 

OZONE GONCENTRATION PROFILE FOR EXPERH1ENT 75 
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FIGURL!: 35 

OURVE-MATCHING TECHNIQ,UE TO DETERNINE ke/k4ot 

--•--•-- Experimental data 

--X--X-- Calculated, y = o 
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FIGURE 36 

CURVE-NATCHING TECHNIQUE TO D2TERHINE ks/k~ot 

6. y = 0.5 

• y = 0.1 

x y == o. 01 
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TABLE 21 

Ca1culated data for curve-matching technique 

y = 0.1 

~ 
x 

0.2 0.5 1.0 1.5 2.0 2.5 

log x -0.70 -0.30 o.oo 0.18 0.30 0.40 

xy 0.02 0.05 0.10 0.15 0.20 0.25 

e-x 0.82 0.61 0.37 0.22 0.14 0.08 

e-xy 0.98 0.95 0.91 0.86 0.82 0.78 

(b0 -b}/a0 -2.39 -2.61 -2.88 -2.93 -2.98 -3.00 

of the curve more near1y resembles the experimental curve in 

Fig. 35. Renee ks~k~ot, contrary to the predicted result 

using the values for activation energ~ and pre-exponential 

factor of Johnston and Yost Ul-4) • Their values must therefore 

be held in doubt. In Fig. 35 the li.mi ting case (y = 0} is 

represented as the dashed curve, displaced so that it coincides 

with the experimental curve. Furthermore, as a check, 

• • log x loO" ktot + log g = 
0 4 

• • log k~ot = -13.2 = m.s 
• ktot ::!: 6 x 1o-14 cc./molecule/sec. . . 4 

which is of the right order of magnitude and confirms the 

essential re1iability of the method. 

The results of this work are seen to be in general 

agreement v.ri th tho se of Clyne, Thrush and ~vayne, a 1 though the 

methods used are somewhat different, and, it is believed, 



those used in the present work are superior in same respects. 

These authors established the mechanism for the 

chemiluminescence in systems where the maximum removal of NO 

and 03 was 5% of their initial values, e.g. where 

0 
PNO < 5 x lo-3 torr 

0 
Po3 < 5 x lo-4 torr 

PAr = 1.3 torr 

Thus, tor eons tant (NQ) , they found I J:. [o 3] and for cons tant 

@3],r~ ~o]. By varying~J, they also concluded 

I = I~p 
CJ 

where I
8
P is a constant. Now they do not state in their 

publication how (93] was derived, or even how ozone was made. 

If [o3Jwas deter.mined by the iodometric method, auch concen­

trations are unreliable to the extent that this ehemical 

determination is so. In contrast to this, the present work 

utilized the optical absorption method, believed to be the 

most dependable. 

Having established the relation [03] oC I/ [No], 

these authors proceeded to find k~ot, under conditions approx­

~ately as above, through the following kinetic analysis: 

d@3]/dt = -k~ot [_03] ~o] 
• d ln@j]/dt = -k~ot [No] • • 

• ln@3J ln(?3]o k~ot@~t • • = 
• ln ( I/ (lfo] ) ln (Ii/ ŒoJ) - k4ot @~ t (XX) • • = 
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where Ii is the intensity at t = C. Hence the intensity of 

emission is used here as ozone monitor. 

In the present work, however, the quant1ties (93] 
and I were measured independently of each other, during a 

single run. Renee the data for the determination of k~ot 

are independant of wha te ver value "I" may have. Aga in, 

equation (XX) is true only if ~]/Isp is constant in a single 

run, i.e., if k3,Ivi[M] »k),No
2

l}ro2J where Mis an inert gas. 

16!~ 



SUN1-1ARY AND CONTRIBUTIONS TO KNOWLEDGE 

(1) A flow system was used to determine the rate 

constant k~ot of the gas-phase 03 + NO reaction. This rate 

constant was based upon the rate of disappearance of ozone, 

and ozone concentration in reaction was dete~nined by optical 
0 

absorption at 2537A. 

(2} The data fitted second-order integrated rate 

expressions, and when the reactants were in stoichiometric 

concentrations, the total reaction arder was found to be 1.8. 

(3) Rate constants at room temperature (318 t 8°K) 

did not show significant dependance upon total pressure in 

the range 3 to 20 torr, for the inert gases N2, Ar, He, C02, 

~20 and SF6· 
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(4) An Arrhenius activation energy was obtained for 

keot by carrying out the reaction in a tube within an aluminura 

furnace of large capacity. Side reactions were shown to be 

negligible with respect to the one under scrutiny; the expression 

for the rate constant may be written as 

= 5.0 x lo-13 exp(-2100 ± 440/RT) cc./molecule/sec. 

in the temperature range 318-575°K. 

(5) The intensity of chemiluminescence from the 

reaction was measured independently of ozone concentration, 

and the data were shawn to be consistent with the following 

mechanism: 



NO~ > N02 + hv 

NO~ + M >- N02 + M 

(2) 

(3) 

* where N02 is an excited molecule and M an inert atam or 

molecule. 

(6) The kinetic analysis yielded relative values of 

k3 (or quenching efficiencies) for the inert gases mentioned 

above. For N2 as unity, these were: He, 0.34; Ar, 0.46; 

C02, 1.4; N20, 1.4 and SF6, 2.7. 

(7) Indirect evidence was obtained whicn suggested 
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that N02 is a very efficient quenoher for the chemiluminescenoe, 

in agreement with the relative quenching efficiency of Clyne, 

Thrush and Wayne. 

(8) The emission detection system was "calibrated" 

with the standard 0 + NO ohemiluminescent reaction, and the 

value for I 8 p in the expression 

I = 

was found to be 0.045 seo.-1 at 318°K. The value of k4 
derived from this was 2 x 10-1 7 cc./molecule/seo., in fair 

agreement with Clyne, Thrush and Wayne. 

(9) The values for k~ot were shown to be consistent 

with the equation 

k'ot = k4 + k4 

= A4exp(-g*4fRT) + A4exp(-E4/RT) 

where k4 refera to the reaction yielding ground-state N02 

(4) 

as suggested by Clyne, Thrush and Wayne. 



APPENDICES 

(A) Ultraviolet Absorption of Gases other then Ozone: 
0 

By direct observation, no absorption at 2537A could 

be detected in the apparatus, at the pressures used, for 02, 

Extinction coefficients 

for N02 and N204 1r1ere obtained elsewhere ( 97). They were, 

at 25oc; N02, 3.1 x lo-20 cc./molecule/cm.; N204, 3.7 x lo-19 

cc./:m.olecule/cm. The ratio 

was therefore 0.075. 

The "absorbances", A, of each gas is given by the 

Beer-Lambert law 

A03 = ln(I0 /It)o
3 

= €o3
1 @3] {XYJ) 

AN204 = ln(Io/It) N 04 = ~ N 0 liN 0 J 
2 2 4 L:2 4 {XXII) 

Dividing (XXII) by (XXI), we have 

= EN204 • @2o4] = 

Eo3 [o3] 
(XXIII) 

167 

For a 1% err or in ~ 3] due to absorbance by N2ol.!-' we must have, 

from (XXIII) 

0.01 = 0 0'"'5 {ft2011J • ( ~3] 

or [N20J+J = 0.13 
[ü3] 



It will be shmvn that, at all times in this work, the ratio 

f2ctJf ~3] was ab·rays much less than this value. 

168 

In the most unfavourable case (at the lowest temper­

ature 350C) the equilibriu.m constant Kp for 

was 0.3183 atmosphere (98). From this value the degree of 

dissociation may be deduced as> 99.9%. 

Thus, for a 1% error i··1 [oiJ, the fraction of ozone, 

x, which must have reacted, will be 

;:; ;:; 

• x> 0.99 • • • 

i.e., at more than 99% reaction; in prectice, x was never more 

than 0.90, and interference from N204 was nesligible under all 

conditions. Similarly i t may be se en tha t the seme 'tv as tru.e 

i ':-:r N"' ~. v2. 

(B) Variation of 1P28 Photomultiplier Supply Voltage: 

The affect of this variation upon the ozone concon-

tration as measured may be analyzed into two parts, viz., 

(i) ei'fect of phototube voltage on the output, and (ii) affect 

of output varie.tion {uncertainty in I 0 a:?:J.d It) ln the Beer­

Lambert law. 

( i) VOLTAGE--OUTPUT RS:LATION: 

The gain of the 1P28 is an approximate logar-

ithmic function of the applied voltage, i.a., 



where 

G = (kV)n 

G is the gain 
k is a proportionality constant 
V is the applied voltage 
n is the number of multiplying stages 

Taking di.fferentials, we have 

dG 

and dividing by J, 

dG 
G 

= 

= 

or for small changes, 

AG 
G 

= 

dV n-;:;;...;;.-

v 

AV n-
V 

For a 1P28, n = 9 and He can write 

169 

(% uncertainty in gain or output} = 9(% uncertainty in voltage) 

and so the uncertainty in 1 0 and It is almost an order of mag­

nitude greater than that in applied voltage. 

(ii) co::'JCENTRATION-INTE~~SITY RELATION: 

From the above, the ratio I 0 /It will have an 

uncertainty, for t x{g uncertainty in both 1 0 and lt, 

. . 

1 0 + x% 
It t x% 

Io 
It + 2x? - ,o 

The Beer-Lrunbert law may be stated as 

= = kcl = E (XXIV) 
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Taldng differentials, we have 

dE = kldc = -d(lnit) = -dit (X.XV) 

--rt 
for constant 1. 

Dividing ( X-:'01) by (XXIV), Ne ha.ve 

d~'' de -dit -dit L!, = = = E c Elt El . -1.!. 
ot~ 

(XXVI) 

so that the relative uncerta.inty in concentration is a minin1un1 
'"!'"·; 

vJhen Ee-.i1. is a ma.xL"l:um, for a. given value of dit/I 0 • 

DifferentiAting Ee-E with respect to E and equating 

to zero, we obtain 

-E(l ""') e -J:J. = 0 

v-rhich id setisfied when E = 1, i.e., when 

e 

which corresponds to 36.8% transmission. At this transmission, 

ive have frcm (XXVI), 

(% uncertainty in concentration) = 2.7{% uncertainty ln I 0 /It) 

or• in symbols 

= 

i'lo'tr for any transmission other than 36.8%, F will be 

larger than 2.7; hovJever, within certain limits it does not 

var·y greatly. The actual beht.~.viour is s::i.Own in Fig. 37 (from 

refc:rence 95). 

In the present work, the transmission ley between 

0. ~- and 0. 9 . The value of u1t, arising chief'ly from amplifier 



FIGURE 37 

T}:IE UNC.t;,"'RTAINTY J?ACTOR "Ftt IN THE APPLIGATIOlJ 
0 Jïl THE BEER-LAHBZR T LAVf 
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noise, wa.s 0.01 or less. 

(C) Decomposition of Ozone in the Ultraviolet Bearn: 

It mlght be supposed that the analytical beam of 
() 

2537A radiation would decompose sorne ozone in its path. An 

einstein at this wavelength corresponds to about 112 kcal./ 

mole; the energy of activation for ozone decomposition ls 

24 kcal./mole. 
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By direct observation, however, there was no detect-

able decomposition. Ststic mixtures representative of actual 

conditions were introduced into the absorption cell, and the 

transmission showed no significant change over a one-minute 

period. 

(D) Justification for Assumption of Laminar Flow: 

This is necessary for calculating reaction times 

(p.87). For the flow of a fluid through a tube, the degree 

of turbulence may be estimated by calculation of the Reynolds 

number, Re, accordinb to 

't-vhere 

Re = (unitless) 

v is the linear velocity of the fluid 
d is the diameter of the tube 
p is the density of the fluid 
"} is the viscosi ty of the fluid 

,li1or Experiment !.1$, 

v = 480 cm./sec. 
d = 2.2 cm. 
f = 3.5 x Io-5 g./cc. {17.2 torr at 320°K) 

"Y\ = 2.21 x l0-4 dyne-sec./cm.2 (argon) 



Re = (480)(2.2)(3.5 x 10-5) 
2.21 x lo-4 

:!: 170 

Turbulence is said to be 11 presentn when Re reaches 

values in the range 500- 3000 (103). The experimental 

Reynolds number is below the ttthresholdn value, indicating 

that turbulence will not seriously invalidate assumption of 

laminarity in this work. 

(E) Justification of' the Assumption that Change in 
Reactant Concentration Dov-m the Reaction Tube 
arises only from Reaction: 

{i) N".8GLIGIBLE VISCOUS PRESSURE DROP DOvlN 
THE TUBE: 

Since the flow is laminar, we may apply the 

Poiseuille law 

f = 

= 

where Ll p ~ P2 

71 r 4(p2-pl) {p2 + Pl} 
161"'} RT 

7T r4 A pP 
B"l'JlRT 

= p. 

Hence the fractional viscous pressure drop is 

E ~p) = 
8"1 lRTf 
7( p2r4 

where, as typical values (Experiment 45), 

1 = 

R = 

30 cm. 

2.21 x lo-4 dyne-sec./cm.2 

6.24 x 104 cc.-torr/°K-mole 
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T = 3200K 
r = 1.1 am. 3 f = 1.56 x 10- mole/sec. 

P = 17.2 torr (1 torr= 1333 dynes/cm. 2) 

.. (T-) = 
(8)(30}(2.21 x 10-4)(6 .. 24 x 104)(320)(1.56 x lo-3) 

(17.2) 2(3.14)(1.1)4(1333) 
• • 

= 1 x 10-3 or 0.1% 

(ii) NEGLIGIBLE LONGITUDINAL MIXING: 

In a steady laminar flow of reacting gases through 

a tube, there will be set up a concentration gradient along 

the length, which will not alter with (laboratory) ttme. The re 

will be diffusion tram regions of higher concentration to those 

of lower (back diffusion at the jet and forward diffusion down 

the tube). 

We canwrite, for the mass balance of species at a 

given position along the tube, 

wb.ere 

dC _ kCn 
V (iX" = 

D is the diffusion coefficient 

0 

a is the concentration of the species 
x is the distance along the tube 
k is the rate constant for removal of 

this species by reaction 
n is the order of this reaction 
v is the linear velocity 

Now tor diffusion to be negligible in comparison 

with linear velocity, we must have 



d2f'l 
~ v dG D "' 

dx2 dx 

Now 

dG = dG .,9;! = kCn 
d."'\: dt dx v 

d 2c 2 (dG) = 
knCn-J. dG = 

k2nc2n-l 
dx2 = • -=--dx dx v Cl. X v2 

Our conditions must satisfy, 

1 

1ifuw in Experim.ent ~$ n = 2 

D 
. 5 

'") 1 cm. c 1 sec. 

k = 2 x 10-ll+ cc./molecule/sec. 

('1 :: 3 x 1015 molecules/cc. ..., 

v = 1~80 cm./sec. 

= • • 

{F) Decomposition of Ozone at High Temperatures: 

Rates of pyrolysis of ozone, e·ven at the highest 

temperature used in this vTOrk, v-rere negligible compared with 

the o3-No rate being measured. 

The pertinent ozone reactions are 

0 + !·1 ::::... 02 + o+N (18, 11) 3 "' 
03 + NO > Nü2 + ()2 (!.~} 

03 + 0 > 202 

1 -··r._, .f -
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The maxircurn. rB. t.e cf de c oPl.po si tic :1 tv ill be 

= = 

The ra te of reaction -vli th Nù is 

= = 

• • • 

The expression for k1s, for N = He, is 2.6 x 10-9 

expf-24,000/RT) cc./rnolec1.A.le/sec. (35). At 575°K, the highest 

tempere ture use à in the present v-rurk, t~is i s 1. 8 x 10-18 cc./ 

molecule/sec. 

In the most unfavourable case, Experiment 77, we have 

= 

(G) Justification of the Steady-State Treatment: 

In part, this requires 

or Qm] 
For a first approximation, we can write (pp.2, 97), 

= (XXVII) 

In a typical room temperature case, 

= 9 x 1cl6 molecules/cc. 



::: 7.8 x 10-16 cc./molecu1es/sec. 

To estimate k3, Clyne, Thrush and t.<J"ayne (12) derive 

a value of 5 x lo-16 cc./molecu1e for the ratio k3/k2 (H ::: 

If the radiative half-life of 
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Nû2 , 'T~ , is of the order of 10-7 second, then k2 is ln2/'f ~ 

or about 7 x 106 sec.-1 

Hence k3 is ll x lo-9 cc./molecule/sec., and 

substituting in (XXVII), we haYe 

rNo*J L! 2 ss 

~~ 
= 

= 

(7,8 x 1o-16~fl.5 x Io15) (4 x Io-9 9 x 1oi6) 

3 x 10-9 

The steady-sta.te treatment also assumes that 

From (~JII) we have 

. . 

d~o~J88/dt 

d l!o~ls/dt 
d @3]/dt 

= 

= 

= 

= 



t: 

A, A': 

B: 

1/A': 

AB: 

P 1. 

T" 

DATA FOR RUNS AT ROOH TEHPERATURE 

Reaction time, seconds x 103 

Ozone concentration, molecules/cc. x lo-15 

Nitric oxide concentration, molecules/cc. 
x 1o-15 

cc./molecule x 1016 

(molecules/cc.)2 x lo-3° 

Intensity of chemiluminescence, arbitary 
units, I.U. 

(molecules/cc.)2jr.u. x 10-28 

Initial flowrate of nitric oxide, 

Flowrate of inert carrier and quencher gases 

Total pressure during reaction 
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EXPERIMENT 34 

r~o: 10.3 mioromoles/seo. 
~e] : 74 • .5 x 101.5 molecules/co. 

fHe: 206 micramo1es/seo. 
~0] 0 : 3.73 x 101.5 molecules/co. 

PT : 2.61 torr 
Linear velooity: 440 om./sec. 

t A A' 

0 3.42 3 • .58 

4-.54. 1.7.5 1.91 

9.10 1.41 1 • .57 

13.7 1.21 1.37 

20 • .5 0.91 1.07 

29.6 0.70 0.86 

38.7 0 • .57 0.73 

.54..6 0.40 0.,56 

72.7 0.27 0.43 

l 
A' 

2.80 

,5.24 

6.37 

7.30 

9.40 

12 

14 

18 

23 

e 

....... 
CD 
0 



e e 

r~o= 10.9 micromo1es/sec. 
EXPERIMENT 35 

fH
8

: 989 micromoles/sec. [H~: 350 x 1015 molecules/cc. 

P~ : 11.4 torr Linear velocity: 451 cm./sec. 

t A B AB B B A' 1 I LoSA Ir A A' -
0 3.26 3.86 1.19 0.074 3.56 2.81 

4-44 2.38 2.98 7.09 1.25 0.097 2.68 3.73 95 7.5 

8.88 1.98 2.58 5.11 1.30 0.115 2.28 4.39 66 7.7 

13.3 1.77 2.37 4.20 1.34 0.127 2.07 4.83 45 9.3 

20.0 1.51 2.11 3.18 1.40 0.146 1.81 5.53 30 10.6 

28.8 1.23 1.83 2.25 1.49 0.173 1.53 6.54 20 11.3 

37.7 1.06 1.66 1.76 1.57 0.195 1.36 7.35 12 14.7 

53.3 0.85 1.4.5 1.2 1.71 0.232 1.15 8.68 7.5 16.4 

71.0 0.66 1.26 0.83 1.91 0.281 0.96 10.4 5.0 16.6 

~ .... 



e 

t~0 : 11.7 mioromoles/sec. 
EXPERIMENT 36 

tHe: 1719 micromoles/sec. Œ~ = 
583 x 1015 molecules/cc. 

P~ : 18.8 torr Linear Ve1ooity: 472 cm./seo. 

t A B AB 
B Losi A' A 

0 3.26 3.96 1.22 0.085 3.61 

4.24 2.26 2.96 6.68 1.31 0.117 2.61 

8.47 1.87 2.57 4.80 1.37 0.138 2.22 

12.7 1.57 2.27 3.56 1.45 0.160 1.92 

19.1 1.27 1.97 2.50 1.55 0.190 1.62 

27.6 1.10 1.80 1.98 1.64 0.214 1.45 

36.0 0.85 1.55 1.3 1.8 0.26 1.20 

50.8 0.64 1.34- 0 .. 86 2.1 0.32 0.99 

67.8 0.49 1.19 0.59 2.4 0.38 0.84 

1 
Ir A' 

2.77 

3.84 58 

4.51 41 
5.21 30 

6.18 20 

6.90 12 

8.33 8.2 

10 5.0 

12 3.2 

! 

11.6 

11.9 

11.8 

12.4 

16.8 

16.1 

17.2 

18.5 

e 

1-' 
Q) 
1\) 



• 
f~0 : 11.3 micromoles/seo. 

fHe : 1300 mioromoles/seo. 
pl : 14.7 torr 

T 

t A B 

0 3.12 3.94 

4.38 2.25 3.07 

8.76 1.85 2.67 

13.1 1.56 2.38 

19.7 1.28 2.10 

28.4 1.03 1.85 

37.2 0.87 1.69 

52.5 0.60 1.42 

70.0 0.48 1.30 

EXPERIMENT 37 

[!1~: 453 x 1015 molecules/oc. 

Linear velooity: 457 cm./seo. 

AB 
B B 

A' A LoSA 

1.26 0.101 3.53 

6.90 1.37 0.135 2.66 

4.94 1.44 0.159 2.26 

3.71 1.53 0.184 1.97 

2.69 1.64 0.215 1.69 

1.91 1.85 0.268 1.44 

1.5 1.9 0.29 1.28 

0.85 2.4 0.37 l.Ol 

0.62 2.7 0.43 0.89 

l Ir l'• 

2.84 

3.76 70 

4-42 48 

5.07 35 

5.92 23 

6.94 13 

7.82 9.1 

9.90 5.6 

ll 3.6 

! 

9.9 

10.4 

10.6 

11.6 

14·2 
16.2 

15.2 

17.1 

-

1-' 
CD 

""' 
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f~0 : 9.29 micromoles/sec. 

fHe : 426 micromoles/sec. 
1 

PT : 5 • .36 torr 

t A B 

0 3.04 3.49 

4.74 2.07 2.52 

9.48 1.71 2.16 

14.2 1.46 1.91 

21.3 1.26 1.71 

.30.8 1.04 1.49 

40.3 0.87 1.32 

56.9 0.71 1.16 

75.8 0.56 1.01 

EX.PERIMENT .38 

Œ!J = 160 x lol5 molecules/cc. 

Linear velocity: 422 cm./sec. 

AB B Log!! A' A A 

1.15 0.060 3.27 

5.22 1.22 0.086 2.30 

3.70 1.26 0.101 1.94 

2.79 1.31 0.117 1.69 

2.15 1 • .36 0.132 1.49 

1.55 1.43 0.156 1.27 

1.2 1.5 0.18 1.1 

0.82 1.6 0.21 0.94 

0.57 1.8 0.26 0.79 

1 
Ir A' -

3.06 

4-35 160 

5.16 llO 

5.92 79 

6.72 49 

7.87 33 

9.1 23 

11 13 

13 8.5 

I 

3.26 

3.36 

3.53 

4.38 

4·76 

5.02 

6.35 

6.70 

e 

...... 
CD 
+=-
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f~0 : 11.1 mieromoles/sec. 

fHe : 743 m1eromoles/see. 

pl 
T 

: 8.88 torr 

t A B 

0 3.25 4.04 

4-57 2.28 3.07 

9.14 1.93 2.72 

13.7 1.68 2.47 

20.6 1.45 2.24 

29.7 1.19 1.98 

38.8 1.03 1.82 

54.8 0.84 1.63 

73.1 0.71 1.50 

EXPERIMENT 39 

Œil= 271 x 1015 molecules/cc. 

L1near velooity: 438 cm./sec. 

B B 
AB X Logi' A' 

1.24 0.094 3.65 

7.01 1.35 0.130 2.68 

5.25 1.41 0.149 2.33 

4.15 1.47 0.167 2.08 

3.25 1.55 0.189 1.85 

2.36 1.66 0.221 1.59 

1.87 1.77 0.247 1.43 

1.4 1.9 0.29 1.2 

1.1 2.1 0.33 1.1 

1 Ir l'• 

2.74 

3.73 107 

4.30 75 

4.81 51 

5.41 35 
6.30 22 

7.00 14 

8.1 8.8 

9.1 5.6 

! 

6.55 

7.00 

8.10 

9.40 
10.6 

13.1 

15.6 

18.8 

e 

~ 
():) 
V1. 



• 
f~0 : 10.2 micromo1e/sec. 

tN2 : 1507 micramo1e/sec. 

P~ : 16.6 torr 

t A 

0 2.63 

4-24 2.14 

8.47 1.85 

12.7 1.55 

19.0 1.24 

27.5 0.94 

36.0 0.79 

50.8 0.58 

67.7 0.44 

--

B 

3.43 

2.94 

2.65 

2.3.5 

2.04 

1.74 

1.59 

1.38 

1.24 

------·-·-

EXPERIMENI' 40 

~2J : 507 x 1015 molecules/cc. 

Linear ve1ocity: 473 cm./sec. 

AB B B A• x Logi 

1.30 0.115 3.03 

6.30 1.37 0.138 2.54 

4.90 1.43 0.156 2.25 

3.64 1.52 0.181 1.95 

2.53 1.65 0.216 1.64 

1.63 1.85 0.267 1.34 

1.24 2.02 0.305 1.19 

0.81 2.4 0.38 0.98 

0.54 2.8 0.45 0.84 

-~-··-··-··-·--··············-··-··--·-·-

1 
A' 

3.30 

3.94 

4-45 

5.13 

6.10 

7-47 

8.44 

10 

12 

Ir 

31 

23 

18 

13 

8.1 

5.6 

3.2 

1.9 

! 

20.4 

21.4 

20.2 

20.1 

20.1 

22.1 

25.2 

28.3 

-

..... 
().) 
0' 
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fo • 
NO" 

8.13 micromoles/sec. 

tN2: 713 micro.moles/sec. 

pl • 
T • 8.28 torr 

t A 

0 2.94 

4.41 2.27 

8.82 1.86 

13.2 1.66 

19.8 1.42 

28.7 1.22 

37.5 1.07 

52.8 0.88 

70.6 0.79 

EXPERIMENT 4J. 

{!2]: 250 x 1015 molecules/cc. 

Linear velocity: 454 cm./sec. 

B AB A' 1 
A' 

2.85 2.89 3.46 

2.18 4.94 2.22 4.51 

1.77 3.29 1.81 5.53 

1.57 2.61 1.61 6.21 

1.33 1.89 1.37 7.30 

1.13 1.38 1.17 8.55 
0.98 1.05 1.02 9.8 

0.79 0.70 0.83 12 

0.70 0.55 0.76 13 

Ir 

65 

48 
35 
24 

14 

9.2 

5.4 

3.1 

l 

7.60 

6.92 

7·4o 

8.01 

10.1 

11.4 

13. 0 
17.6 

e 

...., 
()) 
-.J 



e 

t~0 : 8.07 micramoles/seo. 

tN : 338 micromoles/seo. 
2 

pJ : 4.13 torr 
T 

t A B 

0 3 .. 19 2.91 

4-52 1.98 1.70 

9.03 1.74 1.46 

13.5 1.56 1.28 

20.3 1.36 1.08 

29.4 1.16 0.88 

38.4 1.02 0.74 

54.2 0.92 0.64 

72.3 0.83 0.55 

EXP ERIMENT 43 

~2_]: 122 x 1o1S molecules/cc. 

Linear velocity: 443 cm./sec. 

AB A Lo~ A' B' 

1.10 0.039 3.05 

3.36 1.17 0.066 1.84 

2.54 1.19 0.076 1.60 

2.00 1.22 0.086 1.42 

1.47 1.26 0.100 1.22 

1.02 1.32 0.120 1.02 

0.76 1.38 0.14 0.88 

0.59 1.44 0.16 0.78 

0.46 1.5l 0.18 0.69 

1 
A' 

3.29 

5.44 

6.25 

7.04 

8.20 

9.80 

11. 

13. 

15. 

Ir 
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121 

84 

48 

29 

18 

11 

8.0 

t 

1.96 

2.10 

2.38 

3.10 

3.51 

4.17 

5.26 

5.73 

e 

...... 
(X) 
(X) 
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f~0 : 10.2 micromo1es/sec. 

fAr: 1545 micromo1es/sec. 

P~ : 17.2 torr 

t A B 

0 2.96 3.39 

4.17 2.10 2.53 

8.33 1.92 2.3.5 

12.5 1.64 2.07 

18.8 1.37 1.80 

27.1 1.09 1.52 

35-4 0.90 1.33 

50.0 0.65 1.08 

67.7 0.51 0.94 

EXPERIMENT 45 

Œ~: 513 x 1015 molecules/cc. 

Linear ve1ocity: 480 cm./sec. 

AB B B A' - Log-A A 

1.15 0.059 3.18 

5.32 1.21 0.081 2.32 

4-52 1.22 0.088 2.14 

3.40 1.26 0.101 1.86 

2.47 1.31 0.119 1.59 

1.66 1.40 0.145 1.31 

1.2 1.5 0.17 1.12 

0.70 1.7 0.22 0.87 

0.48 1.8 0.27 0.73 

1 
i! 

3.15 

4.31 

4.68 

5.38 

6.30 

7.64 

8.93 

12 

l4 

Ir 

48 

36 

29 

21 

14 

8.6 

5.1 

3.2 

I 

11.2 

12.5 

11.7 

11.8 

12.2 

14. 0 

13.6 

14.9 

• 

1-' 
co 
-.c 
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f~0 : 9.22 mioromoles/seo. 

fAr: 237 mioramoles/seo. 

P~ : 3.21 torr 

t A 

0 3.36 

4.78 1.87 

9.56 1.42 

14.4 1.22 

21.5 1.03 

31.1 0.89 

40.6 0.15 

57-4 0.63 

76.5 0.49 

EXP ERIMENI' 46 

~~: 90.2 x 1015 molecules/co. 

Linear velooity: 418 om./seo. 

B AB A' 1 
i' 

3.51 3.44 2.91 

2.02 3.77 1.95 5.13 

1.57 2.23 1.50 6.67 

1.37 1.67 1.30 7.70 

1.18 1.21 1.11 9.01 

1.04 0.94 0.97 11 

0.90 0.68 0.83 12 

0.78 0.48 0.71 14 

0.64 0.31 0.51 18 

Ir 

598 

358 

178 

83 

38 

24 

12 

7.3 

I 

0.63 

0.62 

0.94 

1.46 

2.~ 

2.85 

3.94 

4-25 

e 

,..., 
...0 
0 
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r~o= 9.90 micromoles/sec. 

fAr: 1059 micromoles/sec. 

P~ : 12.1 torr 

t A B 

0 2.94 3.34 

4.25 1.86 2.26 

8.50 1.55 1.95 

12.8 1.33 1.73 

19.1 1.05 1.45 

27.6 0.86 1.26 

36.1 0.74 1.14 

51.0 0.54. 0.94 

68.0 0.45 0.85 

EXPERIMENT 47 

Œ~= 358 x lol5 molecules/cc. 

Linear velocity: 471 cm./sec. 

AB B Losi A' X 

1.14 0.055 3.14 

4.20 1.22 0.086 2.06 

3.02 1.26 0.100 1.75 

2.30 1.30 0.114 1.53 

1.52 1.38 0.140 1.25 

1.2 1.46 0.17 1.06 

0.84 1.54 0.19 0.94 

0.51 1.7 0.24 o. 74 

0.38 1.9 0.28 0.65 

1 
I• 

3.19 

4.86 

5.72 

6.54 

8.00 

9.44 

11 

14 

15 

Ir 

77 

57 

44 

29 

16 

11 

5.9 

3.3 

e 

I 

5.46 

5.31 

5.30 

5.26 

7.23 

7.97 

8.66 

11.5 

t-1 
..0 
t-1 



e 

f~0 : 8.38 micromo1es/sec. 

fAr: 662 micromo1es/sec. 

P; : 7.84 torr 

t A 

0 2.78 

4.37 1.99 

8.74 1.68 

13.1 1.41 

19.7 1.24. 

28.4 1.02 

37.2 0.87 

52.4 0.70 

69.8 0.61 

EXPERIMENT 48 

ŒrJ= 230 x 1015 mo1ecu1es/cc. 

Linear ve1ocity: 458 cm./sec. 

B AB A' 1 
i! 
-

2.91 2.85 3.51 

2.12 4.22 2.06 4.86 

1.81 3.04 1.75 5.72 

1.54 2.17 1.48 6.76 

1.37 1.70 1.31 7.64 

1.15 1.17 1.09 9.17 

1.00 0.86 0.94 11 

0.83 0.58 0.77 13 

0.74 0.45 0.68 15 

Ir l 

106 3.98 

82 3.71 

60 3.61 

37 4.73 

22 5.27 

13 6.62 

7.2 8.06 

4.4 10.2 

e 

...... 

"' 1\) 
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~~0 : 8.92 m1oromoles/sec. 

fHe: 126 mioromoles/seo. 

fco2: 75.1 m1cramoles/seo. 

P~ : 2. 70 torr 

t A 

0 3.23 

4.70 1.77 

9.40 1.54 

14.1 1.36 

21.2 1.13 

30.5 0.90 

39.9 0.76 

56.4 0.59 

75.1 0.43 

EXPERIMENT 50 

~og]: 28.0 x 1015 molecules/oc, 

{}!~: 47.1 x 1015 molecules/oc. 

L1near veloc1ty: 426 cm./sec. 

B AB A' 1 
At 

3.33 3.28 3.05 

1.87 3.31 1.82 5.50 

1.64 2.53 1.59 6.28 

1.46 1.99 1.41 7.09 

1.23 1.39 1.18 8.48 

1.00 0.90 0.95 11.5 

0.86 0.65 0.81 12 

0.69 0.40 0.64 16 

0.53 0.22 0.48 21 

Ir 

236 

129 

83 

48 

29 

20 

11 

6.6 

! 

1.40 

1.96 

2.40 
2.90 

3.12 

3.27 

3.79 

3.38 

e 

..... 
...0 
v., 
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t~0 : 10.4 micromoles/sec. 
EXPERIMENT 51 

tHe: 229 micromoles/sec. @og]: 523 x 1015 molecules/cc. 

t 0o
2

: 1585 micromoles/sec. ~!]: 75.5 x lol5 molecules/cc. 

P~ : 19.9 torr Linear ve1ocity: 482 cm./sec. 

t A B AB A' 1 Ir ! A' 

0 3.52 3.49 3.50 2.86 

4.15 2.40 2.37 5.69 2.38 4.20 16 35. 0 
8.30 2.30 2.27 5.23 2.28 4.39 12 42·8 

12.5 1.98 1.95 3.86 1.96 5.11 9.6 40.2 

18.7 1.66 1.63 2.71 1.64 6.10 6.8 39.9 

27.0 1.35 1.32 1.78 1.33 7.52 4.5 39-6 

35.3 1.10 1.07 1.18 1.08 9.26 3.0 39.4 

49.8 0.87 0.84 0.73 0.85 12 1.6 44-7 

66.4 0.74. 0.71 0.52 0.12 14 0.90 51·5 

1-' 

'i-
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fo • 9.47 micromoles/sec. 
EXPERIMENT 52 

No· 
fHe : 134 micramoles/seo. @o~: 201 x lol5 molecules/co. 

f 0o2: 600 mioromoles/seo. ~~: 46.1 x 1015 molecules/co. 
pl 

T : 8.63 torr Linear velooity: 462 om./seo. 

t A B AB A' 1 Ir I A' -
0 3.11 3.26 3.19 3.14 

4.34 2.25 2.40 5.40 2.33 4.30 43 12.5 

8.67 1.87 2.02 3.78 1.95 5.12 32 11.7 

13.0 1.62 1.77 2.87 1.70 5.88 24 12.0 

19.5 1.37 1.52 2.08 1.45 6.90 15 14.3 

28.2 1.13 1.28 1.45 1.21 8.27 8.8 16.5 

36.8 0.94 1.09 1.03 1.02 9.80 5.1 18.1 

52.0 0.80 0.95 ·o.75 0.88 11 3.2 23.6 

69.3 0.71 0.86 0.61 0.79 13 1.9 32.8 

t-' 

~ 
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;tO • No· 10.2 mioromoles/seo. 

:tHe: 134 mioramoles/seo. 

:fco2: 1160 mioramoles/seo. 

pl • 
T • 14.4 torr 

t A B 

0 3.05 3.40 

4.19 2.19 2.54 

8.)8 1.90 2.25 

12.6 1.62 1.97 

18.8 1.33 1.68 

27.2 1.04 1.39 

3$.6 0.86 1.21 

50.3 0.70 1.0.$ 

67.0 0.54 0.89 

EXPERIMENT 53 

@o~: 386 x 1015 molecules/co. 

~~: 44.6 x 1ol5 molecules/oc. 

Linear ve1ooity: 478 om./seo. 

AB B LogB A' l' A 

1.11 0.047 3.33 

5.56 1.16 0.065 2.37 

4.28 1.18 0.073 2.08 

3.20 1.21 o.o85 1.80 

2.24 1.26 0.101 1.51 

1.45 1.34 0.127 1.22 

1.05 1.41 0.148 1.04 

0.74 1.5 0.18 0.88 

0.49 1.6 0.22 0.72 

1 
A' 

3.00 

4.22 

4.81 

5.55 
6.63 

8.20 

9.60 

11 

14 

Ir 

20 

15 

12 

8.3 

5.5 

3.7 

2.1 

1.1 

I 

27.4 

28.0 

26.4 

27. 0 

26.4 

28.2 

34.7 

42.9 

e 

1-' 

"" 0' 
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fO • 
NO • 10.7 micramoles/sec. 

fHe : 145 micromoles/sec. 

fN2o: 1625 micromoles/sec. 

pl • 19.2 torr 
T 

. 
t A 

0 3.25 

4.14 2.34 

8.28 2.14 

12.4 1.86 

18.6 1.53 

26.9 1.21 

35.2 0.91 

49.7 0.15 

66.3 0.57 

EXPERIMENT 56 

Œ'2?J: 534 x lol5 molecules/cc. 

~i]: 47.6 x lol5 molecules/cc. 

Linear velocity: 483 cm./sec. 

B AB A' 1 
A' 
-

3.50 3.38 2.96 

2.59 6.06 2.47 4.05 

2.39 5.12 2.27 4-4J. 

2.11 3.92 1.99 5.03 

1.78 2.72 1.69 5.92 

1.46 1.77 1.34 7.47 

1.16 1.06 1.04 9.58 

1.00 0.74 0.88 11 

0.82 0.47 0.60 17 

Ir 

16 

12 

9.5 

6.9 

4-7 

3.1 

1.7 

1'.0 

t. 

38.8 

43-8 

51.8 

39.4 

37.7 

34.3 

42.9 

47.4 

e 

...... 
...0 
-3 
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to • 
No· 9.12 micromoles/seo. 

.t'He: 136 micromoles/sec • 

tN
2

o: 74.9 mioromoles/seo. 

pl • 
T • 2.77 torr 

t A B 

0 3.18 3.38 

4.66 1.88 2.08 

9.33 1.51 1.71 

14.0 1.25 1.45 

21.0 1.04 1.24 

30.3 0.83 1.03 

39.6 0.69 0.89 

56.0 0.51 0.71 

74.5 0.40 0.60 

EXPERIMENT 57 

@2~: 27.8 x lol5 molecules/oc. 

~!]: 50.5 x 1015 molecules/oc. 

Linear velocity: 429 cm./seo. 

AB A• l 
Ir A' 

-
3.28 3.05 

3.91 1.98 5.05 198 

2.58 1.61 6.21 117 

1.81 1.35 7-41 79 

1.29 1.14 8.78 48 

0.86 0.93 ll 29 

0.61 0.79 13 18 

0.36 0.61 17 ll 

0.24 0.50 20 6.5 

! 

1.97 

2.21 

2.29 

2.71 

2.99 

3.38 

3-43 

3.61 

e 

..... 
-..o 
CX> 
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ro • No· 8.18 micramoles/sec. 

fHe: 130 micromoles/sec. 

fN o: 645 micromoles/sec. 
2 

pl • T . 8.80 torr 

t A B 

0 3.07 2.74 

4.22 2.16 1.83 

8.44 1.86 1.53 

12.6 1.49 1.16 

19.0 1.24 0.91 

27.4 1.03 0.70 

35.9 0.79 0.46 

50.7 0.71 0.38 

67.5 0.59 0.26 

EXPERIMENT 58 

@2~: 216 x 1015 molecules/cc. 

[!i!J: 43.6 x 1015 molecules/cc. 

Linear velocity: 474 cm./sec. 

AB A A A' 
B LoSB 

1.12 0.049 2.90 

3.95 1.18 0.072 1.99 

2.84 1.22 0.085 1.69 

1.73 1.29 0.109 1.32 

1.13 1.4 0.14 1.07 

0.72 1.5 0.17 0.86 

0.36 1.7 0.24 0.62 

0.27 1.9 0.27 0.54 

0.16 2.3 0.35 0.42 

1 
A' 
-

3.45 

5.03 

5.92 

7.58 

9.35 

12 

16 

18 

24 

Ir 

35 

27 

21 

13 

8.0 

5.5 

3.0 

1.7 

! 

11.2 

10.2 

8.3 

8.8 

9.0 

6.6 

9.1 

9.1 

e 

1-' 
...0 
...0 
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fo • 
NO" 10.2 micromoles/sec. 

fHe: 131 micromoles/sec. 

fN20 : 1140 micramoles/sec. 

pl • T • 13.8 torr 

t A B 

0 2.99 3.34 

4.12 2.19 2.54 

8.24 1.90 2.25 

12.3 1.61 1.96 

18.5 1.26 1.61 

26._7 1.01 1.36 

35.0 0.87 1.22 

49.4 0.66 1.01 

65.8 o. 53 0.88 

EXPERIMENT 59 

@2~: 374 x 1015 molecules/cc. 

@!}: 43.0 x 1015 molecules/cc. 

Linear velocity: 486 cm./sec. 

AB 
B 

Losi A' A 

1.12 o.o4B 3.17 

5.56 1.16 o.o65 2.37 

4.28 1.18 0.073 2.08 

3.16 1.22 o.o86 1.79 

2.03 1.28 0.107 1.44 

1.37 1.35 0.130 1.19 

1.07 1.4 0.15 1.05 

0.67 1.5 0.19 o.84 

0.46 1.7 0.22 0.-71 

1 Ir A' -
3.16 

4.22 21 

4.81 16 

5.60 12 

6.95 8.5 

8.41 5.6 

9.50 3.7 

10 21 

11 1.3 

! 

27. 0 

27.3 

25.9 

23.9 

26.6 

29.2 

31.4 

35.4 

e 

1\) 
0 
0 
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fo • 
NO • 9.73 micramo1es/see. 

EXPERIMENT 78 

tHe : 108 micromo1es/sec. ~F~: 25.4 x 1015 mo1eou1es/oo. 

fsF6: 66 mioro.mo1es/sec. \li!}: 41.6 x 1015 mo1eou1es/oo. 

pl • 2.43 torr Linear ve1ocity: 418 cm./seo. T • 

t A B AB 
B 

Los! A' 1 Ir ! A A' 

0 3-31 3.15 1.13 0.054 3.53 2.84 

4.77 1.84 2.28 4.19 1.24 0.093 2.06 4.86 206 2.03 

9.54- 1.4-0 1.84- 2.58 1.31 0.119 1.62 6.17 125 2.07 

14.3 1.13 1.57 1.77 1.39 0.143 1.35 7.41 85 2.08 

21.5 0.91 1.35 1.22 1.5 0.17 1.13 8.88 48 2.55 
31.0 0.76 1.20 0.91 1.6 0.20 0.98 10 26 3.~ 

40.6 0.56 1.00 0.56 1.8 0.25 0.78 13 18 3.16 

57.3 0.37 0.81 0.29 2.2 0.34 0.59 17 10 2.94 

76.4 0.23 0.67 0.15 2.9 0.46 0.45 22 6 2.55 

1\) 
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ro • 
NO" 10.3 micramole/seo. 

fHe: 109 mioramole/seo. 

fgp6: 482 mioramole/sec. 

pl • T • 7.27 torr 

t A 

0 2.73 

4.62 1.87 

13.9 1.21 

30.0 0.97 

55.4 0.32 

EXPERIMENT 79 

@FiJ: 177 x 1015 molecules/oc. 

@~: 40.1 x 1015 molecules/co. 

Linear velooity: 433 om./seo. 

B AB B Logi X 
-

3.79 1.39 0.143 

2.93 5.48 1.57 0.195 

2.27 2.75 1.88 0.273 

2.03 1.0 2.1 0.32 

1.38 0.44 4 . .3 0.64 

Ir 

27 

13 

5.3 
1.0 

! 

20.2 

20.7 

18.8 

44 

e 

N 
0 
N 
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:to • 
NO • 10.4 mioromoles/sec. 

:tHe : llO micromoles/sec. 

fsF6: 940 mioromoles/seo. 

pl • 12.7 torr T . 
t A 

0 2.99 

4.61 2.13 

13.8 1.58 

30.0 0.97 

55.3 0.51 

EXPERIMENT 80 

@F6_]: 345 x 1015 molecules/cc. 

@!J: 40.4 x 1015 molecules/co. 

Linear velocity: 435 om./sec. 

B AB B Logi A 

3.80 1.27 0.105 

2.94 6.26 1.38 0.140 

2.39 3.78 1.51 0.179 

1.78 1.73 1.8 0.26 

1.32 0.67 2.6 0.41 

Ir 

16 

9.1 

4.7 

2.3 

! 

40.1 

41·6 

36.8 

29.1 

• 

N 
0 
\1..) 
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EXPERIMENT 81 
fo • 

NO" 11.1 micromoles/sec. 

fHe: llO micromoles/sec. @F~: 486 x 101.5 molecules/cc. 

fs~: \32.0 micr-omoles/sec. ~!]: 40.4 x 101.5 molecules/cc. 

Prl • 
T • 17.3 torr Linear velocity: 431 om./sec. 

t A B AB B Log! Ir t A 

0 3.06 4.08 1.33 0.125 

4.64 2.24 3.26 7~30 1.45 0.163 11 6,5.7 

13.9 1.44 2.46 3.55 1.71 0.232 5.2 68.3 

30.2 0.89 1~91 1.69 2.2 0.33 1.9 89. 0 

.5.5.7 0.48 1.50 0.72 3.1 o.so 0.54 132 

1\) 
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RATE CONSTANT DATA FOR RUNS AT ELEVATED TEMPERATURES 

t: 

A, A': 

1/A': 

:r~o : 

t'He 

P' 
T 

TR . . 
TEXT.: 

Reaction t~e, seconds x 103 

Ozone concentrations, molecules/cc. x lo-l5 

Reciprocal concentrations, cc./molecule x 1016 

Initial f'lowrate of nitric oxide 

Flowrate of helium as carrier-quencher 

Total pressure during reaction 

Reaction temperature 

Temperature beyond furnace 

Temperature of ozone measurement 

205 



fo • 
NO" 

fHe: 

pl • T • 

EXPERIMENT 64 

10.8 micromoles/sec. TR: 377°K 

1935 micromoles/sec. To: 302°K 

21.1 torr TEXT: 340°K 

Linear velocities: at TR: 575 cm./sec. 

at TEXT: 519 cm./sec. 

2.97 x 1015 molecules/cc. 

Tempera ture To TR 

Distance t A A A' 1 
cm. A' 

0 0 3.52 2.81 2.89 3.46 

2 3.86 2.35 1.88 1.96 5.10 

7 13.5 1.50 1.20 1.26 7.94 

15 29.0 0.92 0.73 0.81 12.3 

25 46.4 0.64 0.51 0.59 17.0 

48 86.4 0.35 0.28 0.36 28.0 

206 
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EXPERIMENT 65 

ro • No· 9.19 micromoles/sec. TR: 379°K 

t'He: 429 micromoles/sec. To: 298°K 

pl 
T 5.16 torr TEXT: 339°K 

126 x 1015 molecules/cc. 

Linear velocities: at TR: 541 cm./sec. 

at TExT: 485 cm./sec. 

2.72 x 1015 molecules/cc. 

Temperature To TR 

t A A A' 
1 
A' 

0 3.36 2.65 2.69 3.72 

4.18 2.08 1.64 1.68 5.96 

14.6 1.45 1.14 1.18 8.48 

31.3 0.92 0.73 0.77 13.1 

49.8 0.57 0.45 0.49 20.5 

92.4 0.30 0.23 0.27 36.8 



:fO • NO• 

fHe: 
pl 

T 

EXPERIMENT 66 

9.05 micro.moles/sec. TR: 382°K 

906 mioromo1es/sec. To: 295°K 

10.4 torr TEXT: 339°K 

258 x 1015 molecules/cc. 

Linear ve1ocities: at TR: 558 cm./sec. 

at TEXT: 496 cm./sec. 

2.58 x 1015 molecules/cc. 

Temperature To TR 

t A A A' ! 
A' 

0 3.69 2.84 2.71 3.69 

4.02 2.44 1.87 1.74 5.15 
14.1 1.73 1.33 1.20 8.33 

30.2 1.19 0.92 0.79 12.7 

48.1 0.82 0.63 0.50 19.8 

89.2 0.64 0.49 0.36 27.6 

208 
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EX.PERIMENT 67 

fo . 
NO" 10.6 micromolea/sec. TR: 382°K 

fHe: 1408 micramolea/aec. To: 296°K 

pl 
T 15.8 torr TEXT: 340°K 

@!) at TR: .394 x lo15 molecules/cc. 

Linear velocitiea: at TR: 568 cm./aec. 

at TEXT: 506 cm./aec. 

2.96 x 1015 molecules/cc. 

Temperature To TR 

t A A A' 
1 
A' 

0 .3.45 2.67 2.82 3.55 

3.96 2.21 1.71 1.86 5.38 

13.9 1.53 1.18 1.33 1.52 

29.7 0.92 0.71 0.86 11.6 

47.3 0.61 0.48 0.63 16.0 

87.7 0.27 0.21 0.36 27.9 
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EXPERIMENT 68 

0 
rNo: 9.53 micromoles/sec. TR: 49.$°K 

fHe: 406 micramoles/sec. To: 297°K 
pl . 5.27 torr TEXT: 396°K 

T 
. 

98.5 x 1015 molecules/cc. 

Linear velocities: at TR: 658 cm./sec. 

at TEXT: 527 cm./sec. 

2.25 x 1015 molecules/cc. 

Tempera ture To TR 

t A A A' 1 -A' 

0 3.36 2.06 2.16 4.63 

3.88 2.41 1.48 1.58 6.33 

13.6 1.68 1.03 1.13 8.85 

29.1 1.12 0.69 0.79 12.7 

44·3 0.68 0.42 0.52 19.3 

79.3 0.50 0.30 0.40 24.8 



EXPERIMENT 69 

r~o= 8.98 m1cromo1es/sec. 

rHe: 826 m1cromo1es/sec. 

P ~ : 10. 3 torr 

496°K 

298°K 

397°K 

(li!] at TR: 197 x 101.5 molecules/cc. 

Linear velocities: at TR: 663 cm./sec. 

at TEXT: .530 cm./sec. 

2.15 x 1015 molecules/cc. 

Temperature To TR 

t A A A' 
1 
A' 

0 3.44 2.08 2.12 4.72 

3.77 2.35 1.42 1.46 6.85 

13.2 1.75 1.05 1.09 9.17 

28.3 1.04 0.63 0.67 15.0 

43.2 0.72 0.44 0.48 21.1 

77-5 0.58 0.35 0.39 25.9 

211 



tO • No· 
tHe: 
pl 

T 

EXPERIMENT 72 

10.0 micro.moles/sec. TR: 495°K 

1337 micramoles/sec. To: 298°K 

15.1 torr TEXT: 397°K 

[!r!J at TR: 289 x 1015 molecules/cc. 

Linear velocities: at TR: 935 cm./sec. 

at TEXT: 750 cm./sec. 

~~ 0 at TR: 2.17 x 1015 molecules/cc. 

Temperature To TR 

t A A A' 1 -A' 

0 3.40 2.04 2.11 4.74 

2.72 2.19 1.31 1.38 7.25 

9.52 1.50 0.90 0.97 10.3 

20.4 0.94 0.51 0.64 15.7 

.31.1 0.59 0.36 0.43 23.6 

55.8 0.40 0.24 0.31 32.6 

212 
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EXPERIMENT 73 

to • NO• 11.5 m1cromo1es/seo. TR: 575°K 

fHe: 1904 m1cromo1es/seo. To: 301°K 

pl 
T 20.7 torr TEXT: 438°K 

Linear ve1oo1ties: at TR: 758 cm./sec. 

at TEXT: 578 om./sec. 

2.41 x 1015 molecules/cc. 

Temperature To TR 

t A A A' 
1 -A' 

0 3.15 1.91 2.16 4.63 

3.31 2.01 1.22 1.47 6.80 

11.6 1.27 0.77 1.02 9.80 

24.8 0.63 0.38 0.63 15.8 

38.0 0.30 0.18 0.43 23.2 

68.4 0.15 0.092 0.34 29.2 
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EXPERIMENT 74 

fO • 
NO" 8.89 micromoles/sec. TR: 575°K 

fHe: 426 micromoles/sec. To: 298°K 

pl 
T 5.20 torr TExT: 437°K 

83.7 x 1015 molecules/cc. 

Linear velocities: at TR: 806 cm./sec. 

at TExT: 613 cm./sec. 

1.73 x lo15 molecules/cc. 

Temperature To TR 

Distance t A A A' 
1 

cm. A' 

0 0 3.43 1.80 1.76 5.69 

7 11.5 1.71 0.90 0.86 11.6 

~.5 24.6 0.9.3 0.49 0.4.5 22 • .3 

31 44.4 0.54 0.29 0.25 40.8 

48 65.5 0.47 0.24 0.20 49.0 
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EXPERIMENT 75 

ro • 
NO" 9.52 micromoles/sec. TR: 575°K 

tHe: 802 micromoles/sec. To: 298°K 

pl 
T 

9.79 torr TEXT: 437°K 

161 x lol5 molecules/cc. 

Linear velocities: at TR: 792 cm./sec. 

TEXT: 602 cm./sec. 

1.91 x lol5 molecules/cc. 

Temperature To TR 

Distance t A A A' 1 
cm. A' 

0 0 3.17 1.63 1.77 5.65 

7 11.7 1.87 0.68 0.82 12.2 

15 25.2 1.19 0.3.3 0.48 21.0 

31 45.4 0.74 0.11 0.25 40.8 



fo • 
NO" 

fHe: 
pl 

T 

EXPERIMENT 76 

6.77 mieromoles/see. TR: 57q.OK 

1299 mieromoles/see. To: 299°K 

14.7 torr TEXT: 437°K 

244 x lol5 molecules/cc. 

Linear velocities: at TR: 846 cm./see. 

at TEXT: 645 cm./sec. 

1.27 x lol5 molecules/cc. 

Temperature To TR 

Distance 
cm. t A A A' 

0 0 2.68 1.40 1.33 

1 
I• 

7.52 

7 11.0 1.77 0.93 0.86 11.7 

15 2).6 1.09 0.57 0.50 20.0 

3l 42-5 0.43 0.22 0.15 65.8 
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:fO • No· 
:fHe: 
pl . 

T . 

EXPERIMENT 77 

10.8 micramoles/sec. TR: 575°K 

1918 micra.moles/sec. To: 299°K 

21.1 torr TEXT: 437°K 

350 x 1015 molecules/cc. 

Linear velocities: at TR: 870 cm./sec. 

at TEXT: 662 cm./sec. 

1.95 x 1015 molecules/cc. 

Temperature To TR 

Distance t A A A' om. 

0 0 3.50 1.83 1.89 

1 
A' 

5.30 

7 10.7 1.16 0.61 0.67 15.0 

15 22.9 0.66 0.34 0.40 24.8 

31 41-3 0.40 0.21 0.27 37-4 
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