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I. INTRODUCTION 

It is a rather sobering thought that advances in an 

increasing number of fields should depend for their stimulus 

on politieal and military need rather than purely academie 

interest. 

While this is by no means generally true, the 

conneetion in certain cases, partieularly the physical 

sciences, is very apparent. 

Oonsider, for example, the reactions involving 

nitrogen and oxygen atome. Researeh in this field dates 

back at least fifty years to Lord Rayleigh 1 s etudies of dis-

charged nitrogen and also to the considerable amount of 

qualitative data obtained two or three decades ago by workers 

such as Harteek and Kopsch, Geib, Rodebush, etc. 

Interest in this field was revived about 1950 and 

the increasingly rapid progress to the present day parallels, 

and can in part be traced to, the advent and development of 

the science of rocketry with its attendant concern with 

conditions in the upper atmosphere. 

It is in an attempt to analyse the reactions and 

processes responsible for various radiative emissions from 

the upper atmosphere that has led to the laboratory study of 

the kinetics of dissoeiated and ionized atmospheric gases. 

Since the major constituants of the atmosphere are 

nitrogen and oxygen, it might be assumed that such a system 

would be relatively uncomplicated. In fact the reverse is 
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true when cognizance is taken of the possible reactions of 

atoms, ions, and excited molecules not only with themselves 

but with species such as ozone and the oxides of nitrogen 

which are readily formed in primary reactions. (See for 

example 1 The Threshold of Spaoe 1 by M. Zelikoff, Pergamon 

Press, 1957.) This thesis then will be devoted to a very 

small section of this field, the apparently simple problem 

of the kinetics of oxygen atom recombination. 

Thé first consideration in such an investigation 

is the choioe of a suitable source of atom production. 
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II. PRODUCTION OF OXYGEN ATOMS 

In its simplest terme, the production of gaseous 

atoms reduces to the problem of supplying energy in 

sufficiently large quantities to an undissociated gas. 

In practice, the methode available can be divided 

into three main groupai 

(i) Photolytic dissociation 

(ii) Thermal dissociation 

(iii) Electrioal dissociation. 

(i) Photolytic dissociation 

the 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

(h) 

The following processes ce.n all be realized by 

action of sole.r radiation 

Process 

02 + hv- 0( 'P) + o('D) 

02 + hu- 2 O(,P) 

o, 
1 

+ hv- o
2 

+ 0( D) 

o, + hv- o2 + O(,P) 

NO+ hv- N + 0 

in the upper atmosphere(l), 

Spectral Region 

Schumann-Runge continuum 
0 

~ 1760 A 

Herzberg continuum 
0 

~ 2420 A 

Hartley continuum 
0 

~ 2550 A 

Chappius continuum 

6100 î 
0 

1900 A 

+ NO+ hv -NO + e; + e +NO - N + 0 Lyman <:A 

N02 + hv- NO + 

N
2

0 + hv- N
2 

+ 

0 

0 

0 
~ :>700 A 

.s: 2000 x 
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Of these processes (e), (f) and (g) can be 

eliminated as practical laboratory sources of oxygen atome 

because of the concomitant production of other reactive 

species( 2 ). 

The direct photo-dissociation of oxygen is 

difficult to achieve in practice since the regions of con-

tinuous absorption lie in the short ultra-violet where 

experimental difficulties abound. Kistiakowskt('), however, 

has been able to obtain about 1% dissociation of o2 using 
0 0 

1860 A and 1720 A radiation. 

The photolysis of ozone has been inveetigated by 

MCGrath and Norrish(4, 4a). Th ti t t f th e energe c s a e o e 

oxygen atoms so produced, however, will depend on the spectral 

distribution of the illumination used to effect the 

dissociation. As a laboratory source of oxygen atome, the 

system is further complicated by the production of 

substantial amounts of vibrationally excited 02 in the 

secondary reaction 

This vibrationally excited 02 may effect further decomposition 

of the ozone by an energy chain mechanism 

* 02 + o,- 0 + 02 + 02 

The direct photolysis of nitrous oxide has been 

examined by several workers(5, 6 ,7), but the production of 

quite large amounts of nitric oxide render the process 

unsuitable for kinetic etudies. However, the mercury-

sensitized photolysis of N20 studied by Ovetanovic( 8 ) appears 
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~o be considerably cleaner and has been successfully uaed by 

~his au~hor to examine the reactions of hydrocarbons with 

atomic oxygen. Unfortunately, for kinetic s~udies, the 

presence of variable amounts of mercurio oxides make the 

system somewhat unattractive. 

(ii) Thermal dissociation 

The objections raised agains~ most of the 

photolytic dissociations are equally valid for thermal 

decompositions. That is, an oxygen atom source is required 

which is uncontaminated with other reactive moleoular 

fragments. 

In practice this reduces the field to the 

dissociation of ozone and oxygen. 

(a) Thermal decomposition of ozonea 

This process does not appear to have been utilized 

to any great extent as a source of oxygen atome 

per se. However, the data obtained from etudies 

of this system have been both extensive and very 

important in understanding the kinetics of oxygen 

atom recombination(9,lO,ll,l 2 ). These resulte 

will be discussed subsequently. 

(b) Thermal dissociation of oxygenl 

In general, quite high temperatures are necessary to 

obtain appreciable dissociation of a gas into its 

constituent atome depending, of course, to a large 

ex~ent on the magnitude of the dissociation energy. 

This method is eminently satisfactory for the 
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dissociation of say sodium or chlorine but much 

less so for oxygen and nitrogen. In particular, 

thermal dissociation of oxygen, using a heated 

tungsten filament, is impossible because of the 

extremely rapid oxidation of the filament at the 

temperatures involved. The use of Nernst type 

1glo bars' has been attempted to overcome this 

difficulty, but no significant dissociation was 

observed(l3). 

However, the high temperatures necessary for 

dissociation of oxygen bave been successfully 

obtained by the use of shock waves. In this 

metbod a shock wave is produced by the sudden 

rupture of a diapbragm separating a high pressure 

'driver' gas from the low pressure gas which is to 

be dissociated. The resulting sbock wave propa-

gates through the low pressure gas with molecular 

velocity and resulta in a shock front across wbich 

temperature pressure and density change discon-

tinuously. In this way temperatures of the order 

0 of ;ooo K may be readily produced. This method 

is generally employed to determine the kinetics of 

the dissociation process by following the approach 

to equilibrium of the shocked gas. The method can 

therefore hardly be described as a source of atoms 

but, since the dissociation rate can be related to 

the recombination rate through the equilibrium 
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constant, it is capable o~ providing valuable 

kinetic data. A considerable amount o~ data in 

the dissociation o~ oxygen has been obtained in 

this way{14,15,16,17,18,19~20). 

(iii) Electrical dissociation 

Electrical discharges are probably the most 

use~ul sources o~ atomic species. 

The generally accepted mechanism o~ electrical 

dissociation( 2l) involves as a primary step the production of 

electrons by ionizing collisions in the discharge. 

Dissociation may then follow by direct electron impact or by 

indirect processes. For example, a metastable particle may 

be ~ormed in the initial electron-molecule encounter which 

dissociates on a secondary encounter with a neutra! molecule. 

Alternatively, dissociation may result by initial ion 

~ormation followed by dissociative recombination of the 

positive ion with an electron. 

The possibility that the dissociated gas may 

contain energetic species other than atoms can therefore not 

be ignored. 

Types o~ discha!Ee 

(a) Low frequency dischargea 

This type of discharge is exemplified by the Woods 

tube( 22 ). In essence it is simply a U-shaped tube 

approximately one metre in length containing two 

cylindrical electrodes between which a low 

frequeney {60 o.p.a.) high voltage (2 Xv) discharge 
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may be produced. The gas to be dissociated is led 

into the tube in the neighbourhood of the electrodes 

and withdrawn near the base of the U. For pro-

duction of atomie oxygen, it can be operated on 

D.O. or low frequency A.o.< 2 ')· It is of interest 

to note that, for the production of atomio nitrogen, 

it has been found neoessary to use an intermittent 

discharge in which strong eleotrical fields 

exist( 24 , 25). Although these low frequency 

discharges produce a high degree of dissociation, 

they suffer from the disadvantages inherent with an 

internal electrode system. The main disadvantage 

is that oxidation and sputtering of the electrodes 

can add unknown amounts of impurities such that 

kinetic etudies may be almost completely vitiated. 

(b) Radio frequency discharges: 

As the name implies, these discharges operate at much 

higher frequencies ( ~ ,o Mc) than the conventional 

A.C. discharges. This radio frequency energy oan 

be fed into the gas by means of an external 

electrode system. The elimination of internal 

electrodes represente the most important single 

advantage of the system. 

In practice the radio frequency energy is fed into 

the gas by either capacitative or inductive 

coupling. For efficient transfer of energy to the 

gas, it is necessary to reduce dielectric losses in 
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the discharge tube walls. Such losses not only 

represent waeted power but, in some cases (e.g. 

Pyrex), the dielectric heating may even melt the 

discharge tube which necessitates the use of air 

blast cooling. Alternatively, quartz discharge 

tubes may be used. Well-designed radio frequency 

discharges have been described in the 

literature( 26
t
27 >. 

(c) Microwave dischargesc 

The present widespread use of microwave discharges 

resulted from the development during World War II 

of a powerful source of microwave energy - the 

magnetron. 

Commercial magnetron oscillators are now available 

which can produce eontinuous wave energy in the 

thousands of megacycles range with output energies 

of up to 1000 watts. Initially the microwave 

generator was used to dissociate hydrogen( 28 • 29 >. 
Subsequently, Broida et al.(30) utilized the micro-

wave discharge for dissociating nitrogen and oxygen. 

In addition to the advantages of the radio frequency 

discharge, the much shorter wavelength of the 

microwave radiation resulte in a more sharply-

defined discharge region. Furthermore, the ease 

of coupling is such that a satisfactory discharge 

can be obtained by using a commercial diathermy 

unit with its director contiguous to a discharge 
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tube, although higher efficiency may be obtained 

by the use of correctly designed wave guides(;l). 

The energy fed into the discbarge can be controlled 

in the commercial unite by variation of the output 

power. Alternatively, a water attenuator may be 

lowered into the resonance cavity of the wave 

guide(;2 ). 
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III. MEASUREMENT OF OXYGEN ATOM CONCENTRATION 

There are numerous ways of determining oxygen atom 

concentrations depending upon the type of system employed. 

Methode of limited utility, as exemplified by indirect density 

measurements behind shock fronts(l;,lS), will not be presently 

discussed. However, there are five more widely applicable 

methode for determining oxygen atom concentrations which are 

particularly suited for use in fast flow systems. 

(i) Oatalytic probes 

The mode of action of all auch probes is basically 

similar. A catalytic surface, capable of recombining all or 

part of the atome, is introduced into the dissociated gas 

stream. The rate of liberation of beat to the probe is then 

a funetion of the atomie flow rate. 

Harteek and Kopsch(~~) deseribed auch a probe as 

long ago as 19~1. They used a fine coil of platinum wire 

whieh was heated to incandescence by atom recombination. 

The temperature of the probe (determined by an optical 

pyrometer) was then taken as a measure of the atom 

concentration. 

This method of temperature rise, due to atom 

recombination, bas also been utilized by Linnett and 

Marsden(~4 ) and by Greaves and Linnett(~5). These workers 

used copper-constantan thermocouple probes whose junctions 

were coated with silver peroxide(~6 ). The resulting E.M.P. 

wae taken as a measure of the oxygen atom concentration. 
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!his E.M.r. was later shown by Greaves and Linnett(,7) to be 

proportional to the atom concentration as determined by a 

Wrede-Harteck gauge(,B,,9). 

It will be appreciated that auch probes are capable 

of yielding relative measurements only, since the temperature 

rise is a function of 

(a) the efficiency of the probe for recombination, 

(b) the thermal capacity of the probe and gas stream, 

(c) the radiative effieiency of the probe. 

Instead of measuring the temperature rise of such a 

probe, Tollefson and Le Roy(40) eliminated factors (b) and (c) 

by using a filament through whieh a current was passed. In 

the presence of the atomie epecies (in their case hydrogen 

atome) this current was reduced sufficiently to retain the 

filament at its origirial temperature. When operated in this 

isothermal mode, the heat liberated by atom recombination can 

be directly equated to the reduction of electrical power 

supplied to the filament. 

This technique bas been modified and improved by 

Schiff and co-workers( 4l) for absolute oxygen atom concen-

tration measurements by ensuring that all the atome are 

recombined rather than an unknown fraction. 

The most important fault to be found in these 

probes lies in their lack of specificity. It is obvious 

that any exeited speeies capable of deaetivation on the probe 

surface will lead to a spuriously high atom concentration. 

For example, it has been shown that a microwave discharge in 
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oxygen produces, in addition to ground state atoms, a 

significant amount (10 - 20%) of electronically excited ( 16g) 

oxygen molecules< 42 , 43a). Furthermore, the presence of 

vibrationally excited molecules cannet be excluded. fhis 

lack of apecificity has been noted by Elias, Ogryzlo and 

Schiff(4l) who found oxygen atom concentrations determined by 

such a probe to be 10% greater than indicated by a Wrede

Barteck gauge and 25% greater than indicated by the N02 

titration(32 ). 

It is therefore evident that these probes must be 

used with caution unless it is known unequivoeally that only 

a single energetic species is present in the gas stream. 

(ii) Wrede-Harteck ~auges 

These gauges, developed by Wrede(39) and Harteck(3B) 

in 1928, utilize the difference in effusion rates of atome 

and their parent molecules through an aperture whose dimensions 

are small compared with the mean free paths of the particles. 

fhey are capable of absolute atom concentration measurements 

and, more important, are sensitive only to atomie species. 

A small chamber is put in contact with the 

dissociated gas by means of a s·mall aperture. Inside this 

chamber is placed a piece of catalytic material capable of 

recombining the atome so that atome and molecules diffuse 

into the chamber but only molecules diffuse out. The 

condition of no net mass transfer across the orifice thus 

leads to a pressure differentia!, 6P, which for diatomic 

molecules can easily be shown to be related tc ~, the 
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fractional concentration of atome in the gas stream, by 

ol.• 2 (~ T(O) + l _ T(O)_) 
2 - [2 P T(G) T(G)j 

where T(O) • temperature of gas inside the chamber. 

T(G) • temperature of the main gas stream. 

P • pressure of the main gas stream. 

Provided there is no temperature gradient across the orifice, 

this reduces to 

Û\. ~ __ 2 __ 

p 2 - f2 

The disadvantages associated with this gauge are mainly 

operational. Perhaps the most exacting condition to be met 

is the reduction of temperature gradients produced by 

recombination inside the chamber. 

The original design bas been modified by several 

workers in efforts to reduce the long equilibration times 

involved( 44 ,45,;7). A recent publication by Sharpless, 

~oung and Clark<46 ) illustrates very well the complexity and 

precision required in these gauges if accurate determinations 

are required. 

(iii) Nitrogen dioxide titration 

Spealman and Rodebush( 47) investigated the reaction 

between oxygen atoms and nitrogen dioxide in 19;5. 

The mechanism is now fairly well established as 

{a) 0 + N02 ---NO + 02 

(b) NO+ O-+N02 + hY 

( c ) NO + 0 + M --+NO 2 + M 
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This reaction sequence has been used by Kaufman(,2 ) as a 

titration technique to determine oxygen-atom concentrations in 

fast flow system. 

Provided reaction (a) is much faster than either 

(b) or (c), it can be seen that addition of N02 to an oxygen

atom stream will result in the rapid consumption of an 

equivalent amount of oxygen atome and the concomitant pro-

duction of an equal amount of nitric oxide. This nitric 

oxide then reacts comparatively slowly via reactions (b) and 

(c) to emit radiation. The intensity of this radiation has 

been shown to be proportional to both the oxygen atom 

concentration and the nitric oxide concentration(,2 ). Th us 

addition of nitrogen dioxide to an oxygen-atom stream will 

result in a ligbt intensity immediately below the mixing 

point given by 

I • C(NO )(o) 

where for convenience (NO) and (0) represent flow rates rather 

than concentrations. 

However (NO) a molar flow rate of N02 consumed 

(0) • residual oxygen-atom flow after 

partial consumption by N02 

• (o)o - (N02)o 

Thoroforo I • 0(1102 ) 0 ~ 0) 0 - ( 1102) ~ 
The emitted light intensity, I, will therefore be zero when 
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Differentiation of the last equation with respect to 

(N02)
0 

further shows that I will be a maximum when 

(N02)
0 

• !(0)
0 

Either of these two conditions can be, and have been, 

used to determine oxygen-atom flow rates, and bence concen-

trations, in dissociated oxygen flow streams. Kaufman 

favours the former, using the condition I • 0 as the end-point 

for the titration. 

A modification of the method, using the latter 

condition, bas been employed by Reeves, Manella and Harteck(
48 ). 

!hess workers add sufficient N02 to achieve the 

condition of maximum light intensity, i.e. (N02)
0 

• i(0)
0

• 

The nitrogen dioxide was then shut off and replaced by nitric 

oxide until the same intensity was obtained. 

seen from I • 0( N02) 
0 

(< 0) 
0 

- (1102) ~ t.hat 

and that 

2 
Imax(N02) • 0 i(0) 0 

I(NO) • C(N0)
0

(0)
0 

Equating these expressions gives 

It is eaaily 

The advantage claimed by these workers lies in the elimination 

of the need for determining the N02 flow. Since N02 is lesa 

easily monitored than NO because of its corrosive nature and 

partial dimerization to N204, this is certainly advantageous 

but it must also be weighed against the disadvantage of 

determining a much smaller flow rate. For very low atom flow 

rates this disadvantage can become very important. This 
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technique is also ·much more time-consuming than the direct 

titration. 

An alternative method successfully employed by 

Blia~(l') involves adding an excess of N02 such that the 

oxygen atome are quantitatively converted to NO. The nitric 

oxide thus formed is then trapped out downstream during a 

known time interval and subsequently determined by oxidation 

Although this method is time consuming, it does 

eliminate the difficulty of accurately determining flow rates 

of nitrogen dioxide. 

(iv) Electron spin resonance 

This eomparatively new technique for determining 

oxygen-atom eoncentrations( 49) bas the advantage that it is 

highly specifie and furthermore can distinguish between 

different electronic states of the atom. However, for 

kinetic measurements, is bas several disadvantagesa 

(i) High cost and complexity. 

(ii) It measures a space average concentration over the 

length of the flow tube within the resonance cavity 

and thus the spatial resolution is poor. 

(iii) Oalculations of absolute concentrations are difficult 

since the signal is a function of a large number 

of system and instrumental parameters. In 

practice the instrument has to be calibrated 

independently. 

(v) Mass spectrometrie methode 

While the mass spectrometer is capable of yielding 
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unequivocal evidence for the presence of atomic species, its 

use in kinetic etudies has several limitations. 

(i) High cost and complexity. 

(ii) Although it can sample from a well-defined position 

in the flow stream, i.e. good spatial resolution, 

this sampling point is fixed and it can be difficult 

to vary the reaction time. 

(iii) The sometimes large and variable amount of 

recombination taking place within the ion source 

renders imperative an independent calibration. 

Nevertheless the instrument has been used with some 

success in determining both atomic nitrogen and 

atomic oxygen concentrations in partially 

dissociated gas streams< 4,, 4,a). 
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IV KINE!IOS OF OXYGEN-ATOM REOOMBINATION 

Reaction Nech~!!! 

In any system containing both oxygen atoms and 

oxygen molecules, cognizance must be taken of at least the 

folloving reactions: 

. . . . . (4) ( -4) 

where M represente any molecule in the gas, i.e. o2 t o, or O. 

Under certain conditions there is also the 

possibility of heterogeneous recombination vhich can be 

represented by 

0 + wall---i02 •••••••••• •• • (5) 

This is the simplest possible set of reactions capable of 

describing the mechaniem of oxygen-atom recombination. 

Furthermore, because of the reversibility of reactions (1), 

(2) and (,), it should also be adequate to describe the 

mechanism of the thermal decomposition of ozone. 

Before any evidence for these reactions in 

introduced, consider tiret the thermodynamic features of this 

system. 

From the heats of reaction of the steps outlined 

above in conjunction with a knowledge of the heat capacities 
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and free energies of the various components, it is possible 

to calculate the equilibrium constants involved in the above 

mechanism. 

Campbell and Nudelman(50) have derived an 

expression for the equilibrium constant as a function of 

temperature for the ith reaction in the form 

· e 61 ~ 
K1 (T) • d1 T 1 exp(- T + ~bit 

l~l 
and have computed the values of d1 , e 1 , bit and ei for the 

reactions (1) through (4) (see Appendix A). 

Evaluations of these equilibrium constants at 

T • 300°K yield 

Kl • 2.30 x 1016 cm' mo1e-l 

lt2 = 4.96 x 1068 

x, • 2.55 x 1052 

K4 • 1.10 x 1085 cm3 mole-1 

Oonsider a system of equimolar concentrations of 

ozone and oxygen with a total pressure ot 4 cm Hg at 300°K. 

The concentration of ozone and oxygen is thus approximately 

therefore 

Rate of (3) 

Rate of (-3) 

The relative rates of (3) and (-3) are 

52 -12 58 
• 2-55 x 10 x 10 • 2.55 x 10 

lo-18 

The final equilibrium concentration of ozone is approximate1y 

lo-71 mole cm-3. 

Since ozone can be stored indefinite1y at these 
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temperatures provided no oxygen atome are present, it ie 

apparent that reaction (') must be extremely slow. Therefore 

both (') and (-') can be set equal to zero without undue 

error. 

Similar considerations show that reaction (1) ia 

10 
approximately 10 timea faster than (-1) for equimolar 

concentrations of oxygen atoms and ozone at 4 cm Hg pressure. 

Reactions (-2) and (-4) are also vanishingly small 

compared with their respective forward reactions under these 

conditions. 

Thus the kinetics of oxygen-atom reeombination at 

moderate temperatures and pressures can be simplified to the 

following reactionsa 

• • • • • • • • (1) 

0 + o,-2 02 ............. (2) 

0 + 0 + M--02 + M . . . . . . . . (4) 

0 + wall-i02 • • • • • • • • • • • • (5) 

Thermal Decomposition of Oz~ 

A considerable amount of information concerning 

the above reactions has been obtained by studying the 

kinetics of ozone decomposition at somewhat elevated 

temperatures. 

The many early investigations of the thermal 

decomposition of ozone conflicted drastically coneerning the 

relative importance of homogeneous and heterogeneous 
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decomposition and also upon the relative signifioance of 

various homogeneous reactions(5l-57). Prior to the work of 

Sehumacher et al.(5B,5Ba), these erratic resulte were probably 

due to heterogeneous eatalysis by stopeock grease(59 ) and 

other impurities. Benson and Axworthy(lO) have shown that 

the decomposition is extremely sensitive to homogeneous and 

heterogeneous catalysis by a wide variety of substances. 

The most eommonly accepted meehanism for ozone 

decomposition is the modification of the Jahn mechanism(55) 

due to Benson and Axworthy(lO). Jahn found that the rate of 

disappearance of ozone in dilute o3;o2 mixtures eould be 

represented by 

-~- k -Fof2. dt obs 0 
2 

and he proposed the following mechanism 

• o
3
--o2 + 0 . . . . . . . . . . . . ( -1 ) 

0 + o
2

--..o
3 

. . . . . . . . . . . . ( 1 1 ) 

0 + o
3

-.....2 02 . . . . . . . . . . (2) 

Assumption of a steady-state concentration for oxygen atome 

leads to the following expression 

To fit the experimental rate law requires the ozone to be 

sufficiently dilute sucb that k2 [o3] << k~ [o2]. 

Such a mechanism will always predict a deorease in 

rate on addition of oxygen. However, Glissman and 
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Schumacher(58) found that the rate was increased by adding 

oxygen, provided the ozone concentration was suffieiently 

high. This led them to propose the following energy chain 

mechanisma 

. . . . . . . . . . . . . . . . . . (a) 

0 + o, ---+2 02 • {b) . . . . . . . . . . . . . . . . . . . . . . . . . 
0 + 02 + M~o, + M . . . . . . . . . . . . . . . . . . . . (c) 

02 • + 0 ______. 2 02 + 0 Chain propagation {d) 

' 
02 • + o, ----+02 + o, Chain breaking {e) 

02 • + 02---+ 02 + 02 Chain breaking (f) 

2 o, _____. ' 02 • {g) . . . . . . . . . . . . . . . . . . . . . . . . . 
In the above mechanism, the asterisk represente an 

energetically excited species. This mechanism leads to the 

following rate expression based upon steady-state 

concentrations for both o2• and oJ5o) 

~ 
dt 

This rather c..umbersome expression is obviously di ffi cult to 

test experimentally. It should be noted, however, that for 

concentrated ozone, i.e. ~~ • 0, it successfully predicts 

the observed second arder decay of ozone 
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The importance o~ energy chains has been challenged 

by Beneon and Axworthy(lO) who have been able to correlate 

both their own data and those of Glissman and Schumacher, 

using the following simple mechanism: 

o, + M--.02 + 0 + M 

0 + 02 + M~o, + M 

o + o,__...,..2 o2 

........ 

........ 

........ 
A steady-state assumption for [o] then yields 

d ~~ 
dt 

2k2 k_l ~~ 2 Lam[M] 

• k2 ~~ + kl ~~ L am[ij 

(-1) 

( 1) 

(2) 

where [11] is the concentration of' any particular third body 

(02 , o, or 0) and am its efficiency relative to o,. 
As ~~ tends to zero, this expression also yields 

a second decay for ozone 

d IO .. l 
- ..:.:...J....2J • 2k ro l 2 

dt -1 L 'J @~ - 0 

but the observed second order rate constant is attributed to 

a different reaction than that of' Glissman and Schumacher. 

The various rate constants and efficiencies 

obtained by Benson and Axworthy from their own data and that 

of Glissman and Schumacher are as followsa 

k_1 (M• o,) • (4.61 ± 0.25) x 1015 exp(-24,000/R'f)cm' mole-1 sec-1 

k1 (M • o,) • 6.00 x 101 ' exp(600/RT) cm6 mole-2 sec-1 

k2 • 2.96 x 101 ' exp(-6,000/R'f) cm' mole-1 sec-1 

with ef'ficiencies of various third bodies of 
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a • 1 
0~ 

More recent data have also been interpreted on the basie o~ 

the Benson and Axworthy mechanism. 

Zas1owsky et a1.( 1l,lla, 1lb) working with 

concentrated ozone have reported the following valuest 

k
1

(M • 

k1 (M • 

k_l • 8 x 1015 exp(-24,~00/RT) cm~ mole-1 

0~) - 2.57 x 1o14 exp(-~00/RT} cm6 mole -2 

02) - 1.44 x 1014 exp(-~00/RT) cm6 mo1e- 2 

k 2 • 426 x 1012 exp(-~,200/RT) cm~ mo1e-1 

Jones and Davidson< 12 ) have studied the 

sec-1 

sec -1 

sec-l 

-1 sec 

decomposition of ozone in shock pyrolyzed ozone-nitrogen and 

ozone-argon mixtures. They also used the Benson and 

Axworthy mechanism with the simplifying assumption that 

reaction (1) is negligib1e in comparison with (-1) at the 

shock temperature (700 - 900°K). 

They report the following values: 

k_1 • (5.0 ± 0.5) x 1014 exp(-2~,000/RT) cm~ mo1e-1 sec-1 

k - (8.9 + 0.9) x 1012 exp (-11,800 t 400)/RT cm6 mole- 2 aec-1 -1 

k2 = (~.o ± o.~)xlo1 ~ exp (-6,000 t 700)/RT ~ -2 cm mole sec 

The possibility of the participation of energy 

chaine in the thermal decomposition of ozone has been the 

subject of some controversy. For example, it is of interest 

to note that Benson and Axworthy 1 s mechanism shows signe of 

breaking down at high decomposition rates (710-9 moles cm-~ 

These authors have eonsidered the possibility of 

-1 
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this being due to the participation of an energy chain but 

have rejected this explanation in favour of temperature 

gradients set up by the high decomposition rate. 

Evidence in favour of energy chaine has been put 

forward by Schumacher et a1.< 60 •61 ) from etudies of the 

photolytic decomposition of ozone. 

If the photolytie mechanism was simply 

o
3 

+ hv~o + o2 

o + o3~2 o2 

one would not expect a quantum yield greater than two. 

However, experimente with both red( 60) and ultra•violet 

light( 6l) indicate quantum yields greater than two. This 

can only be explained by an energy chain mechanism ot the 

type 

* o + o,~o2 + o chain initiation 

o2* + o,~o + o2 + o2 chain propagation 

where o2* has sufficient energy to partieipate in the chain 

propagation step. 

Evidence supporting this mechanism has been 

obtained by MoGrath and Norrish(4 ) who tound that photolysis 

of ozone with short wavelength radiation produeed substantial 

quantities of vibrationally excited 02 with an energy 

spectrum peaked at the thirteenth level. On purely 

energetic grounds, this energy chain could be initiated by 

However, these authors showed 

subsequently(4a) that, while o( 1n) atoms did indeed initiate 
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an energy chain, the ground state O(,P) did not. 

This finding of course caste doubt on the resulte 

of photolysis vith red light obtained by Schumacher, since 

at these wavelengths the primary photolytic step produces 

only O(,P). 

(12 6la 6lb) 
Other workers ' ' have subsequently 

confirmed the non-existence of energy chaine in the thermal 

decomposition of ozone. ln spite of these data, Schumacher 

bas remained unconvinced and has engaged in a lengthy 

controversy with Benson on this point(6 2 , 6 ')· 

Very recently, however, Schumacher(6 2a) has 

reinvestigated the photolytic decomposition of ozone at long 

wavelengths and now finds no evidence for a quantum yield 

greater than two, and has expressed his agreement with 

Benson on the non-existence of energy chaine in the thermal 

decomposition of ozone. 

Direct Measurement of Oxzgen-Atom Recombinat~ 

In general, oxygen atom recombination has been 

studied in rast flow syptems at quite low. pressures 

( < 5 mm Hg). In such systems the ozone concentration is 

very low (vide infra) and hence reaètion (4) could be 

expeeted to beeome competitive with (1) and (2) in the 

removal of oxygen atome. Furthermore, since flow systems 

employ relatively narrow flow tubes, the surface to volume 

ratio of the reaction tube may become large enough to render 

important the effects of heterogeneous recombination. 
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Heterogeneous Recombination of. Oxzsen Atome 

Linnett and Marsden(74) and Greaves and 

Linnett(35,37,64 , 65) have measured the rate of heterogeneous 

recombination for a wide variety of materials. Thsy have 

found in general that the process is first order in oxygen 

atome and can be represented by 

. . . . . . . . . . . . . . (5) 

The first order rate constant so obtained will be a function 

both of the efficiency of the walls for recombination and the 

geometry of the reaction vessel. A more meaningful number 

is the recombination coefficient defined as the fraction of 

the collisions which lead to recombination. 

Kinetie theory shows that the number of collisions 

per unit area of a surface per second is given by 

No. of collisions • [NJ * cm-2 sec-1 

where [NJ • concentration in partiales cm-3 

-c • average velocity of particles. 

-
Therefore the total number of collisions per second = [NJ * A 

where A • surface area of vessel. 

Therefore the number of partiales disappearing per second • 

-c li' A. 

E:xperimentall7 
dt 

---
Therefore the number of particles disappearing per second • 

- V d[N1 • k [N ]v 
dt 5 

where V • volume of reaction vessel. 
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'!'bus 
4k5 v '6 • • 

ë A 

Por a cylindrical veasel of radius r, V/A • r/2 

Therefore 0 • 2k5r 

ë 

The above workers determined ~ by measuring the 

concentration gradient produced by diffusive flow dovn a 

closed eide-arm under pressure conditions low enough that 

homogeneous decay by reactions (1), (2) and (4) could be 

neglected in comparison with heterogeneous decay by reaction 

(5). This method is essentially that due to Smith(66). 

Other investigators( 67, 68 ) using different 

techniques have also obtained values of ~for aome of the 

materials investigated by Linnett et al. 

In general, the laek of agreement is quite 

pronounced both in absolute magnitudes and in the temperature 

dependence( 68 >. This lack of agreement is demonstrated in 

the following table which lists published values of ~ for 

Pyrex glass. 

Table I 

Worker c; Ref. 

Kaufman 2 x 10-5 ,,2) 

Herron and Schi:f'f 1.1 x 10-4 (4,) 

Elias, Ogryzlo and Schiff 7.7 x lo-5 (41) 

Harteck, Reeves and Manel1a 10-6 - 1o-7 * (69) 

Kretschmer 5 x 10 -6• (70) 

Hacker, Marshall and Steinberg 4.0 x 10-5 (71) 

* Pyrex coated with phosphoric acid. 
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It is thus apparent that heterogeneous 

recombination is very dependent on the history of the surface. 

Homog!_!1~ous · Reco:!l!_na tio~f __ Oxy~en At~!.! 

It hae been found experimentally by a number of 

workers{72 , 41 ,;2 ,7l) that the recombination of oxygen atoms in 

the presence of a relatively large excess of 02 (80 - 90%) is 

first order in oxygen atome. This has led to the following 

assumptions. 

(a) The reaction 0 + 0 + M~o2 + M ie negligible compared 

with recombination via reactions (1), (2) and (5). 

(b) Reaction (2) is sufficiently fast compared with (1) 

that the ozone obeys the steady state condition 

-~ - o. 
dt 

These assumptions lead immediately to the following 

differential rate expression 

Provided [o] << ~~ the concentration of 0 2 will remain 

essentially constant and the first order kinetics follow 

immediately 

where 

d [o] ---dt 

k ... 
obs 

kobe [o] 

2k1 [o~ [M] 

A number of techniques have been employed to follow 

the oxygen-atom concentration in these experimente. Table II 

on P. ;1 liste the values obtained for k1 interpreted on the 

basie of the above mechanism with M • 02 • 
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Table II 

Worker 

Kauf'man<; 2 ) 

Elias, Ogryzlo & Schif'f'( 41 ) 

Harteck and Reeves(7;) 

Hacker, Marshall and ( ) 
Steinberg 71 

Kretschmer and Petersen(74) 

Method 

Air afterg1ow 

Oatalytic probe 

Air af'terglow 

E.P.R. and 
Oatalytic probe 

Air afterglow 
(Static system) 

kl x 1o-14 

cm6 mole- 2 

sec-1 at ;oo0 IC 

2.0 

1.0 

2.2 

For comparison, the thermal decomposition of ozone 

(vide supra) yields the following values of k1 evaluated at 

;oo°K. 

Worker 

Benson and Axworthy(lO) 

Jones and Davidson(l2) 

Zaslowsky et al.(ll) 

0.7; 

1.9 
0.86 

Kaufman( 6B) has since expreesed the opinion that k1 

must be lese than 2.0 x 1014 cm6 mole- 2 sec-1 and has 

presented data which favour a value of 0.7 x 1014 cm6 mole-2 

sec-1. 

The temperature dependance of k 1 appears to be 

quite small. Benson and Axworthy report a negative 

Arrhenius activation energy of 600 cals; Jones and Davidson 



a negative energy of 1800 ± 400, and Zaslowsky et al. a 

positive activation energy of ,oo cals. 

The simp1ifying assumptions invoked in the 

interpretation of oxygen-atom recombination deserve a closer 

scrutiny. 

Âssumption (b) above requires that the steady 

state concentration of ozone be 

Using k 1 • 1 x 1014 cm6 mo1e- 2 eec-1 and k2 • 1., x 109 cm' 

mole-1 sec-1 (lO) implies that 

~~ 8. 8 • 7. 7 x 10
4 [_0~ 2 

Thus for an 02 concentration of 1 x lo-7 mole cm_, at ~00°X 

(~1.9 mm Hg) the steady state ozone concentration should be 

0.77% of the 02 concentration. 

However, Schiff and Herron< 4 ') were unable to 

detect ozone maas spectrometrically in the concentrations 

required by the above expression. This implies that either 

k1 must be considerably smaller than 1 x 1014 cm6 mole- 2 sec-l 

or conversely that k 2 must be considerably larger than 

This latter alternative ie 

borne out by the value of 2 x 1010 cm' mole-1 eec-1 obtained 

for k2 by Zaslowsky et al.(lla,llb) and the value of 

10 ~ -1 -1 1.5 x 10 cm/ mole sec reported for k 2 by Schiff and 

Phillipe(75). 

Âssumption (a), however, eannot be so readily 

justified. The criterion of linear logarithmic plots of 
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oxygen-atom concentration as a function of time has been 

invoked by Kretschmer and Petersen(74 ) and by Elias, Ogryzlo 

and Schif~( 4l) to put upper limita on k
4 

of 2 x 1014 cm6 

mole-2 sec-1 and 4 x 1014 cm6 mole-2 sec-1 respectively. 

The insensitivity of logarithmic plots is auch that k4 could 

be much larger than these estimates without introducing 

noticeable curvature into the first order plot. 

It is therefore imperative that k4 be determined 

independently, not on1y for its own sake but because it could 

lead to a re-evaluation o~ k1 • 

Shock Tube Measurements of the Second 
Order Reeombination 

To date most of the information regarding the 

direct second order re~ombination o~ oxygen atoms has been 

obtained from shock tube data. 

Matthews(l7) and Byron(l8) have both examined the 

rate of dissociation of 02 by shock wave heating of oxygen 

and oxygen/argon mixtures in which they measured the rate of 

attainment of the equilibrium density behind the shock front. 

From these data it is possible to calculate the rate constant 

~or the process 

02 + 02~0 + 0 + 02 •••••••.•••••• (-4) 

The rate constant, k_4, can then be related to k4 via the 

equilibrium constant. 

For this method to yie1d meaningful values of k
4 

at temperatures outside the experimental range {;ooo- 5000°K) 

requires a very accurate determination of the temperature 
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dependence of k ... 4• 

Fowler and Guggenheim( 76 ) have derived the 

following expression for a bimolecular rate constant 

2 t * tt+ l 
k = 2 p cr l • 

2 
( 2 TT R'l' ) e ... 1 / RT 2::=_ 

, M y • 0 

where E* • minimum energy required for reaction, 

p = probability of collision between molecules with 

* energy E will lead to reaction, 

M • reduced mass of collision pair, 

ü
1

,
2 

• collision diameter. 

This expression assumes that the energy in t square terme 

(rotational and vibrational) plus three translational square 

terme can all contribute to the reaction. If the energy in 

s vibrational and r rotational nodes can contribute, then 

t • 2s + r, since each vibration contributes two square terme. 

If the energy E*>:> !tB!, the summation in the above 

expression may be replaced by the last term. 

if it is integral, the expression becomes 

In addition, 

k .. 2 {2rr.RT)-f 1 E* tt+ 1 E* 
2 p cr {Rf) exp(- RT) 

1,2 M (tt+ 1)! 

Alternatively, if one assumes that only one translationa1 

square term (along the line of centres) can contribute to * 
E ' 

then t must be replaoed by t - 2. The expression then 

becomes 
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Either of these two expressions can be used to express k_4 

in the form 

k_4 • pO ri (~T)n exp(- D/RT) 

where D • dissociation energy of o2 • 

Matthews(l7) favours n • it + 1 (three 

translational degrees of freedom) with t • 4 (one vibration 

and two rotations) i.e. n • ~. 

His experimental data between ,ooo - 5000°X can 

then be fitted by 

k_4 • p7·4' x 1011 Tt (59i80)' exp(- 59,80/T) 

with p .. 0.07,. 

However, he also mentions that the data are 

consistent with n .. 2 and p • 0.,5. 

Byron(lS) used a similar expression for k_4 except 

that he considered the possibility of reactions such as 

where M • O, Oz. and Ar. 

Hie overall rate constant k_4(obs) therefore has 

the form 

• t (Lpm ( D )nM) D . 
k-4(obe) • O T (~) RT exp (- RT) 

In addition, he favours the contribution of only one 

translational square term. The numerical values obtained 

by Byron for pM and nM aret 



M 
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2.00 

1.00 

1.00 

PM 

0.24 

0.10 

The pM's of course give the relative efficiencies of the 

various collision partners in reaction (-4). 

It is apparent from the magnitude of the activation 

energy of reaction (-4) that the pre-exponential temperature 

dependance of k_4 is completely overehadowed by the 

exponential temperature dependance, and n can be varied 

within wide limite and still be capable of interpreting the 

experimental data. 

Since the equilibrium constant for reaction (-4) 

bas the same exponential temperature dependance as k_4 

(reaction (4) has little or no activation energy) the 

temperature dependance of k4 derived from k_4 and the 

equilibrium constant will simply be that due to the combined 

pre-exponential terme. 

The resulting uncertainty in the temperature 

dependance of k4 is well illustrated by attempting to 

extrapo1ate the data of Matthews and Byron to 300°K. 

k cm6 mole- 2 sec-1 
4 

;oo 1400 lliQ 

Matthews 150 x 1015 5 x 1015 0.8 x 1015 

Byron 6 x 1015 1.; x 1015 0.5 x 1015 

While the results are in good agreement at the experimental 



temperature {;500°K) they differ by a factor of 25 at '00°X. 

It has become apparent that k4 at '00°K cannet be 

muoh 1arger than 1 x 1015 cm6 mo1e-2 sec-1 which imp11es that 

the temperature dependence chosen by Matthews, and to a 

lesser extent that of Byron, must be incorrect. 

Matthews has computed an upper 1imit for k4 from 

the theoretical treatment of Wigner(77) and bas obtained 

Thus k4 ~ 10.7 x 1015 cm6 mole-2 sec-1 at '00°X. 

If the Wigner temperature dependence is applied to 

Matthews 1 and Byron 1 s data, the following values are obtained& 

k
4 

('00°K) Matthews • 2.74 x 1015 cm6 mo1e- 2 sec-1 

both of which are not unreasonable. 

More recently Rink, Knight and Duff( 20) have 

performed shock tube experimente on mixtures of 02/Xe at 

temperatures from ,ooo - 6000°K. 

These authors state that the temperature dependence 

of k4 cannot be assigned an accuracy greater than ,-t to T-2• 

They arbitrarily chooee T-1 and report the following values 

M 

.2200°K 200°X 

02 4.57 x 1014 
5·'' x 1015 

0 1,.7 x 1014 16.0 x 1ol5 

Xe 1,.4 x 1014 
15·7 x 1o15 
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A choice of T-t would yield a value for k4 at 300°X (M • o 2) 

of 1.56 x 1ol5. 

Of a11 the shock tube data, only those of Oamac 

and Vaughan( 1 9) have an accuracy sufficient to prediet values 

of k4 outside the experimental temperature range. 

workers derive an expression for k~4 of the form 

The se 

+ 
k_

4 
(M • Ar) • 6 x 1013 (~T)l.O -

0
•
2 

exp(- D/RT) 

where D • 5.116 e.v. • 117,934 cals mole-1 • 

Using a simplified expression for the equilibrium 

constant of (5o) 

~4 • 3.907 x 10-2 exp(59~04) 

leads to an expression for k4 of 

17 
k4 (M • Ar) • 1·'9 ; 10 exp(!f!) 

Thus k4 (M = Ar) T • 3500°1 • 0.436 x 1014 cm6 mole~2 sec-1 

k
4 

(M = Ar) T • ,oo°K • 1.4 x 1o15 cm6 mo1e-2 seo-1 

It should be noted that the value of D used by 

Oamac and V,augban is lower than the present accepted value of 

119,120(
78

) and is also different from the value used in the 

expression for *
4

• 

term yields 

Complete cancel1ation of the exponential 

17 
k4 (M • Ar) = 1.39 ~ 10 

which at '00°K evaluates as 0.46 x 1015 cm6 mole-2 see-1 • 

!hus, even now, it would appear that k
4 

cannot be 
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predieted to better than a factor of three by extrapolation 

of the high temperature resulte. 

Measurement of the Second Order Recombination 
at Room Temper~! 

Attempts at measuring the rate of reaction (4) at 

room temperature have been rather eparse. 

Reeves, Manella and Harteck( 4S) have studiei this 

reaction by dissociating dilute 02/Ar mixtures (5 - 20% o2 ) 

in a flow ~ystem and following the deeay by a modified N02 

titration (see P.l4). With such a system it is possible to 

attain a high degree of dissociation of the oxygen with a 

consequent diminution of the indirect recombination via ozone 

formation. These authors showed that even under the most 

adverse conditions the ozone mechanism could only account for 

approximately 20% of the observed recombination rate. After 

correcting for this contribution, they obtained a value for 

k4 (M • Ar) of 0.97 x 1015 cm6 mole- 2 sec-1 • This result 

will be discussed subsequently. 

Golden and Myerson(79) have also estimated k4 by 

dissociating 02/Ar mixtures in a static system and following 

the rate of repopulation of the ground state 02 by absorption 

spectroscopy. They report a value for k
4 

of 1 x 1015 cm6 

. -2 -1 
mole sec ·• This result is uncorrected for wall decay and 

1 ~~ also for proeeeses euch as o
2

( L).g)-ground state. 

Finally, Krongelb and Strandberg(4 9) using a 

paramagnetie resonance spectrometer in conjunetion with a 

discharged oxygen flow system report k4 (M • o2 ) • 5 x 1015 



- 40 -

Their data, however, were taken under 

conditions where the ozone mechanism is likely to be more 

important. Kaufman( 6S) has reinterpreted these data to 

yield a value for k1 of 1 - 2 x 10
14 

em6 mole- 2 sec-1 • 
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V. THE PRESENT PROBLEM 

Production of an 02 Free System 

It is apparent from the foregoing that the high 

temperature shock tube etudies cannot predict with any 

accuracy the rate constant for the second order recombination 

of oxygen atoms at room temperature. 

Of the low temperature etudies designed to estimate 

this rate constant that of Krongelb and Strandberg(49) must 

be viewed with suspicion. The only other reported values 

are those of Harteck, Reeves and Manella(4B) and Golden and 

Myerson(79). This latter result also appears to be the 

subject of some criticism{ 68 ). 

In view of the difficulty in separating the direct 

second order meehanism from the first order ozone mechanism, 

it would appear that complete elimination of the ozone 

mechanism would be more likely tc lead to a successful 

evaluation of k4. Such a system was partially realized by 

Harteek et al. (above)b7 dissociation of small amounts of 

oxygen in the presence of large amou~ts of inert gas. 

The present investigation, iniated before the 

publication of Harteck et al., has the same aim but a 

different approach. 

The Reaction between N and NO 

It has been known for some time(BO) that addition 

of nitric oxide to discharged ('active') nitrogen causes the 

normal yellow Lewis-Rayleigh afterglow to undergo colour 
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changes ranging from orange through pink to blue as the 

amount of added nitric oxide is increased. Spectral etudies 

of this afterglow have shown strong emission of the f-> and 7S 

bands of excited nitrie oxide(Bl,B2 , 8'' 84 ). The meohanism 

responsible for this emission could be either excitation of 

the nitric oxide by the active nitrogen or it could arise 

from reeombination proeesses. To clarify this point, 

Kaufman and Kelso(B5) added Nl5o to discharged nitrogen. 

In every case the resulting ~ and ~ emission arose from N14o, 

demonstrating unequivocally that the emission could not be 

due to excitation of the added nitric oxide. 

It was also noted that addition of excess nitric 

oxide resulted in the appearance of the greenish-yellow air 

afterglow whieh, as has been noted previously, conelusively 

demonstrates the presence of atomie oxygen. The se 

observations are consistent with the following simple 

mechanism 

• • • • • • • • • • • • • • ( 6) 

f'ollowed by 

* N + 0 + M_,..NO + M --NO + M + hy 

In a later publieation< 86 ) these workers repeated 

these resulte and, in addition, estimated the rate constant 

for the primary step as being greater than 1011 - 1012 cm' 

mole-1 sec-1 • 

Kistiakowsky and Vo1pi{B7 ) in 1957 also examined 

this reaction mass spectrometrically. They used a flow 

system with quite long residence times (c. 0.35 secs) and 
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found no nitric oxide in the effluent gas until a critical 

flow rate of nitric oxide into the reaction vessel was 

reached. Above this value the effluent nitric oxide 

increased linearly with the influx nitric oxide flow rate. 

The only other product found in the effluent gas was oxygen. 

Significantly the oxygen flow rate was one-half the critical 

flow rate of nitric oxide. This behaviour is completely 

explieable on the basis of the above mechanism with the 

oxygen atoms produced in reaction (6) having recombined 

before reaching the sampling leak into the mass spectrometer. 

This recombination, of course, was accelerated by the excess 

nitric oxide 
0 + NO_,...N02 

N02 + 0 _,..02 + NO 

It is significant that when only a slight excess 

of nitric oxide was present the 02 flow rate was found to be 

lees than indicated by the stoichiometry of {6). However, 

under these conditions, a contribution to the ion current at 

maas 16 was noticed. Unfortunately the instrument was not 

calibrated for atomic oxygen, so that a quantitative mass 

balance of 0 and 02 could not be made. 

These authors were able to put a lower limit on 

the rate constant for reaction (6) of 4 x 1011 cm; mo1e-1 

see-1. Subsequently they have raised this lower limit to 

1~ x -1 -1 (88) 5 x 10 / cm/ mole sec • 

Other workers have since studied this reaction 

with a continuing refinement of the value for the rate 
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constant. 

Clyne and Thrush(eSl) find k6 • 2.5 t ·5 x 1013 cm3 

mole-1 sec-1 in the temperature range 476 - 755°K. 

Pbillips and Scbiff(90), using a mass spectrometer 

in eonjunction with a fast flow system, report a value of 

1.3 ! ·3 x 1013 em3 mole-1 sec-1 at 300°K. 

Herron(91) bas also made a mass spectrometrie study 

using N15o and reports the presence of N14Nl5 in the effluent 

gas. The absence of N15Nl5 would appear to rule out the 

participation of reactions such as 

N2* + N15o~N2 + Nl5 + 0 

invoked by Winkler et al.(92 ) since this would necessarily 

lead to N15Nl5 by the reaction 

N15 + N15o~Nl5N15 + 0 

+ 1; 3 -1 Herron reports a value for k6 of 1.0 - 0.5 x 10 cm mole 

sec-1 • 

The mechanism therefore seems to be fairly well 

established as 

:f'ollowed by 

N + NO--N2 + 0 • • • • • • • • • • • • • • • • • ( 6) 

N + 0 + M~NO + M + hv ......... (7) 

NO+ o-No2 + hv •••••••••••••• (8) 

NO+ 0 + M~No2 + M ••••••••••• (9) 

The rapidity of (6) compared with (7), (8) and (9), 

coupled with the radiative emissions associated with (7) and 

(8), should therefore allow this reaction to be conducted as 
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a gas phase titration with a visual end point. 

With a flow rate of nitric oxide lees than that of 

the nitrogen atoms, all the nitric oxide will be immediately 

consumed by reaction (6) to form oxygen atoms. These oxygen 

atoms can then react with the residual nitrogen atome to emit 

the blue~ and~ emission of nitric oxide by reaction (7). 

(This will be superimposed upon the yellow Lewis-Rayleigh 

afterglow resulting from the residual nitrogen atome to yield 

a purplish emission.) With excess nitric oxide, all of the 

nitrogen atome will be immediately coneumed with a concomitant 

production of an equivalent flow of oxygen atome. Theee 

oxygen atome can now react with the excess nitric oxide by 

reactions (8) and (9) accompanied by the characteristic 

greenish-yellow air afterglow. 

The equivalence or end point will therefore be 

defined by the absence of either of these afterglows, and the 

system will consist of oxygen atoms and nitrogen molecules 

only. 

Subsequent to the initiation of this work, Barth 

et al.( 9?) have demonstrated this behaviour quite convincingly. 

Such a system is therefore admirably suited to the 

study of oxygen atom recombination, since it effectively 

eliminates the participation of the ozone mechanism by 

eliminating molecular oxygen. 



- 46 -

VI. EXPERIMEN~ 

Mate rials 

Nitrogena 

Of the many different grades of nitrogen available, 

two seemed to be significantly superior. !beee were 

Matheson 1Prepurified 1 and Dinsmore 1Premium 1 grade. 

Primarily, because of availability, the Dinsmore product was 

used throughout this investigation. No further purification 

other than water vapour removal was attempted. 

Nitrie oxidea 

Oylinder nitric oxide of better than 98% purity 

(Matheson) was further purified by passage through a column 
1 1 

of 8- 20 mesh caroxite (Fisher Scientifie Co.) to remove most 

of the nitrogen dioxide. This was followed by trap to trap 

distillation through the 'caroxite' column. On the final 

0 distillation, the trap was warmed to -80 0 by immersion in a 

dry-ice-aeetone bath and the residue, consisting largely of 

water vapour, was discarded. 

The nitric oxide thus purified condensed at liquid 

air temperature initially to a greyish-blue liquid and 

finally to a blueish-white solid. 

The colour of the eondensed material affords a 

sensitive criterion of purity, sinoe very small amounts of 

nitrogen dioxide impart a dirty green colour to the solid. 

Furthermore, if the nitric oxide is evaporated 

slowly (M.P. -16~.6°0, B.P. -151.8°0), any N02 present will 

remain as N2o~, a bright blue solid (M.P. -102°0, B.P. ~.5°0). 
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It is possible in this way to deteet milligram 

quantities of N02 in the presence of several grams of nitric 

oxide and affords a very sensitive eriterion of purity. 

The purified nitric oxide was stored in a twelve 

litre bulb at about 60 - 70 ems Hg pressure. 

Nitrogen dioxide: 

Purified nitric oxide was converted to nitrogen 

dioxide by addition of good quality tank oxygen (Imperial 

Oxygen Co.). After allowing suffieient time for complete 

mixing, the nitrogen dioxide was condensed in a dry-ica

acetone trap and the excess oxygen pumped off. As before, 

the absence of any blue N2o, in the condensed N02 (white) 

was taken as a criterion of purity. To prevent partial 

decomposition, the nitrogen dioxide was stored in a twelve 

litre bulb with the addition of a small excess of oxygen. 

The presence of this oxygen did not affect the subsequent use 

of the nitrogen dioxide. 

Inert gases: 

Argon (Oanadian Liquid Oarbonic), helium (Air 

Reduction Canada), carbon-dioxide (Matheson Coleman grade), 

and sulphur hexafluoride (Matheson) were used directly from 

cylinders as required. 

~pparatus 

The apparatus used is shown schematioally in Fig. 1. 

Nitrogen, maintained at atmospherie pressure by the 

manostat M1 , was dried by passage through the liquid air 

trap T1 and its flow rate controlled and monitored by the 
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,!igure 1 

DIAGRAM OF APPARATUS 

M Manostat 

T Trap 

N Needle valve 

F Capillary flowmeter 

R Gas reservoir 

s Stopeock 

D Quartz diseharge tube 

w Waveguide 

Tr Pressure transducer 

J Rea etant inlet 

P.M. - Pbotomultiplier tube 

p Oil manometer 

T.M. - Tilting McLeod gauge 

c Caroxite column 



TO -=0=;" 
SECONOARY _ 1 

PUMP 56" 

t 

'" 1 

d~ 

SEE 
FIG.2 

lj 

M,t 
Ss TO 

MAl~ PUMP 

c:::_ l ( 

']~ s4 
1 s, 

T.M 1 : i SYSTEM 

P s2 , , ·T 
i 1 : 12 

TO ll:dJ' : 

1 ~ 
SEC. 

PUMP 

~ 
cc 
ID 



- 49 -

needle valve N1 and associated capillary flowmeter F1 • 

Before entering the discharge tube, the nitrogen was passed 

through a second liquid air trap T2 to remove any water 

vapour which might have escaped T1 • In addition, this trap 

served to eliminate possible contamination by mercury vapour 

from the flowmeter. Elimination of mercury vapour was aleo 

aided by covering the exposed mercury surfaces with a small 

amount of 1 octoil 1 • 

The diseharge tube D consisted of a length of 

1; mm I.D. vyeor tubing which was coated externally with 

1 aquadag 1 to reduee the intense light emitted from the 

dis charge. 

Atomic nitrogen was produced by a microwave 

discharge from a Raytheon diathermy unit capable of providing 

up to 125 watts of 2450 Mcjsec C.W. radiation. The miero

wave generator was coupled to the system by means of the wave 

guide W. It is necessary, of course, to ensure that the 

graphite coating on the discharge tube does not extend right 

through the discharge region, since it provides a very 

effective shield and the discharge will not operate. The 

whole wave-guide assembly was then enclosed by an asbestos 

paper box to reduce stray light still further. 

The pressure prevailing in the reaction tube could 

be measured either with the tilting McLeod gauge, T.M., or by 

the octoil manometer, P, by suitable manipulation of the 

stopcocks s2 and S;· 

The two-way stopcock, S;, enabled the closed limb 
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of the manometer to be continually evacuated by the secondary 

pump. In this position the McLeod gauge provided a check on 

the pressure in the closed limb. 

Variations in pressure in the reaction tube were 

produced by the throttling stopcock, sl, while stopcocks, s4 

and s5, allowed the main gas stream to be bypassed to allow 

removal of the products retained in the U-tube trap T;• 

Nitric oxide from the reservoir, R1, was controlled 

by the needle valve, N2 , and the octoil flowmeter, F2 , after 

which it was passed through a dry-ice-acetone trap T4. The 

dry nitric oxide then entered the atomic nitrogen stream 

through the jet J 1 • 

To obtain rapid mixing, it was found necessary to 

use a jet with six peripheral holes of 0.2 ! .01 mm diameter 

and a seventh axial hole of 0.1 mm diameter. Uniformity of 

these holes was found to be essential if good mixing was to 

be achieved. 

Introduction of the various inert gases was 

effected by a flow-line similar to the nitrogen line, con

sisting of the manostat M2 , needle valve N; and flowmeter ';· 

The gas in question entered the flow stream through the jet, 

J 2 , which was co-axial to J 1 and had six peripheral holes of 

0.2 + 0.01 mm diameter. 

Since it was necessary to add other gases downstream 

from J 1 (nitric oxide and nitrogen dioxide) a fourth flow-line 

was included as shown. This line was similar to the nitric 

oxide flow-line feeding J1 and consisted of the reservoir R2 , 
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needle valve, N4, and flowmeter, F4, and dry-ice trap, T~. 

This line was terminated by a movable jet assembly J 3 which 

enabled the reaetant in question to be introdueed into the 

flow stream at any desired point downstream from J 1 • 

This movable jet assembly is shown in more detail 

in Fig. 2, from which the mode of operation is apparent. 

The reaction tube was made of 26 mm I.D. pyrex 

tubing fitted with a cooling water jacket. The 1 zero point' 

of the reaction tube is defined by the position of admixture 

of the nitric oxide, i.e. at J 1 • The length of the tube 

over whieh measurements could be made was 3; ems. 

A 1P21 (ROA) photomultiplier tube (P.M.) was 

mounted in a light-proof enclosure that could be moved 

parallel to the reaction tube on a set of rails. This 

enclosure was fitted with a set of collimating slits sueh 

that a length of the reaction tube of 1 mm could be viewed. 

The output of the phototube was fed to an amplifier, and 

relative light intensities were read off on a meter (Eldorado 

Electronics). 

N20; analysis system: 

The nitric oxide formed by the reaction of oxygen 

atome with nitrogen dioxide (vide infra) was analysed in the 

apparatus shown in Fig. ;. It consisted essentially of two 

interconnected calibrated volumes, VA and VB, and an oxygen 

reservoir, R;· The method of analysis will be described in 

the next section. 
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Figure 2 
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Calibration of flowmeters F1 and F2 

These two flowmeters~ vhich vere designed to pass 

quite high flow rates (c. lOO )Jmoles/sec), vere calibrated 

in the following manner. 

The apparatus shown in Fig. 4 was conneoted to the 

inlet of the flow-line, and the rate of gas flow at atmos-

pheric pressure determined by introduoing a soap film into 

the burette tube by means of the rubber bulb. The time 

taken for the soap film to sweep out a known volume was then 

determined by a stopwatch. Sinee it is necessary to have a 

slight exeess of gas issuing from the jet, J, the pressure 

in the apparatus will be in exoess of atmospheric by the 

amount, b.P, indieated by the octoil manometer, p. Of course, 

this pressure must not be large enough to cause gas to issue 

from the manostat, M
1

, in Fig. 1. 

expression 

where 

The molar flow rate was then calculated from the 

F • .! (P + 6P) 
t RT 

V • volume swept out in time, t. 

(P + ~P) = pressure in apparatus. 

T • ambiant temperature. 

The pressure difference developed across the 

capillary flowmeter is related to the molar flow rate by the 

Poiseuille equation 

F • 
(P~ - P~)n r4 ---

16L 1 RT 
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APPARATUS FOR OALIBRATING FLOWMETERS 

J Outlet for excess gas 

S Soap solution 

R Rubber bulb 

P Octoil manometer 



55 a 

--------------~~~- ~----------------, 

-GAS FROM 
CVLINOER 

J 

p 

+ 

TO INLET OF 

FLOWLINE 



- 56 -

where r • radius of capillary. 

L • length of capillary. 

P1 • pressure on high side of capillary. 

P2 • pressure on low side of capillary. 

? • coefficient of viscosity of the gas. 

~his equation can be written as 

For the high flow-rate meters, F1 and F~, the 

capillary dimensions (r • 2 x 10-2 ems, L • 5 - 10 ems) 

such that 6 P was of the order of 20 ems Hg. Since P 2 , 

were 

which is approximately equal to the pressure in the reaction 

tube, was of the order of a 2 - 3 mm Hg, the second term in 

the above expression amounts to about 2% of ~P2 • 

Thus the flow rate will be approximately 

proportional to ~P2 and the calibration relatively 

unaffected by changes in the pressure in the reaction tube. 

Nevertheless the calibration was performed at the two extreme 

conditions of P2 likely to be eneountered (1 mm and 7 mm Hg) 

and, when necessary, a linear interpolation made to determine 

the flow rate at intermediate pressures. 

Nitrie oxide flowmeter F2 

Since the flow rate measured by this flowmeter was 

-1 of the order of 1 micromole sec , the pressure drop across 

a capillary of 0.2 mm radius was insufficiently large to 
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satisfy the requirement that the calibration be independent 

of the pressure in the reaction tube. Reduction of the 

capillary diameter to satisfy this criterion would result in 

inconveniently long response times. For this line therefore, 

a capillary essentially the same as those described above was 

employed and the much smaller pressure drop measured by an 

octoil rather than a mercury manometer. 

Purthermore, the presence of the jet, J 1 , resulted 

in a further pressure drop and thus P 2 was not known. The 

simplest solution to this was to determine the nitrio oxide 

flow independently at the completion of every experiment. 

This was readily accomplished in the following manner. 

During the experiment stopcocks, 56 and 57 , were 

normally open. To determine the flow rate, atopcock s7 
was closed and the rate of differentia! pressure drop between 

the reservoir, R1 , and the calibrated volume, v1 , was measured 

as a function of time by the pressure transdueer, Tr (5tatham 

Instruments). This transducer was sufficiently sensitive 

that a pressure drop of lese than 1 mm Hg could he determined 

with better than l% accuracy. This small pressure drop 

( < 0.2%) ensured that the determination did not perturb the 

flow rate. The molar flow rate could then be easily 

calculated from 

where ~P/t • rate of differentia! pressure drop. 

v1 • volume of calibrated bulb. 

T • ambient temperature. 
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This procedure was found to be very rapid and accurate for 

determining flow rates of l JU mole/sec or less. 

Flowmeter, F4 , was not calibrated since it was not 

necessary to know the flow rate of the reactant added through 

this line (vide infra). 

The use of flow systems has been very valuable in 

the study of the kinetics of fast reactions. In general, 

the premixed reactants are allowed to flow through a reaction 

vessel of known volume. From a knowledge of the volume flow 

rate at the existing pressure, the residence time within the 

reaction vessel can be easily calculated. 

There are two extreme cases which are amenable to 

simple mathematical analysis in the study of reaction 

kinetics: 

{a) Complete longitudinal mixing (stirred flow reactor). 

(b) No longitudinal mixing. 

Detailed analyses of these two cases have been published(94,95,~6). 

The second case is the one of interest in the 

present work. It is evident that for a tubular reaction 

vessel of constant cross-section, provided the volume flow 

rate of the gas does not alter, the reaction time will be 

directly proportional to distance measured in the flow 

direction. In fact, provided that the above criteria are 

satisfied, the concentration at any point, 1 , in the flow 

system is equal to the concentration in an equivalent closed 
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system which has reacted for a time t • !! 
u 

where A • cross-sectional area of flow tubet and 

u • volume flow rate. 

Obviously ~ is simply the linear velocity of the gas through 

the reaction vessel. 

However, a number of precautions must be taken to 

ensure the fulfilment of the above criteria. 

(1) If the reaction is accompanied by a change in the 

number of molecules, then obviously the volume flow rate will 

not be constant and the simple rate expression of the constant 

volume case will no longer be valid. 

The integrated rate expressions for a number of 

such cases have been derived by Hougen and Watson( 97). In 

the present work, although the recombination reaction is 

accompanied by a change in the number of molecules, the con-

centration of the reacting species (~1%) is sufficiently low 

that even complete recombination will produce a negligible 

change in the total volume flow rate. 

(2) Por high linear velocitiea an appreciable viscous 

pressure drop may be produced along the length of the 

reaction tube. As pointed out by Kaufman( 9B), this pressure 

change might inadvertently be ascribed to a change in con-

centration due to reaction. This error, of course, would be 

additional to that arising from the variation in linear flow 

rate due to the pressure variation. The magnitude of the 

pressure drop along the tube can be calculated from the 

Poiseuille equation. 
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where r • radius of tube 

1 = length of tube 

f • molar flow rate 

~=coefficient of viscosity. 

For small pressure gradients, this can be 

rearranged to give 

AP --p 

8 'Î !RTf 

p2 nr4 

For the following typieal operating conditions 

P • ~ mm Hg t • 10-4 moles sec-1 

r • 1.~ ems l• ~0 ems 

it is easily shown that the pressure drop is approximately 

Even at lower pressures, e.g. 1 mm Hg, it still 

amounts to only 0.68%. This source of error therefore is 

not important under the present operating conditions. 

(~) The essential criterion of no longitudinal mixing 

can only be satisfied if diffusion is slow compared with the 

linear velocity. The concentration gradient set up in the 

flow tube will obviously lead to a diffusive flow tending to 

remove the gradient. This effect is reduoed by working with 

high linear veloeities and, sinee the diffusion coefficient 

is inversely proportional to pressure, high pressures. This 

first condition, however, is limited by the viscous pressure 

drop noted above. The error arising from axial diffusion 

is dependent upon the first derivative of the concentration 

gradient and will therefore be a function both of the linear 
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velocity and the recombination rate. As shown in Appendix B, 

a necessary condition for diffusion effects to be negligible 

is that 
n - 1 

1 )) nDkc 
v2 

where V = linear velocity of the gas stream. 

D = diffusion coefficient of the reactive species. 

k = rate constant of the removal reaction. 

n = order of the removal reaction. 

At ' mm Hg in the present system 

c ~ 1.6 x 10-9 mole cm_, 

k~ 1015 x 1.6 x lo-7 cm' mole- 2 sec-1 

D < 150 

v~ 120 

n = 2 

2 -1 cm sec 

-1 cm sec 

Therefore nDkc~: ~ 2 x 150 x 1.6 x 108 x 1.6 x_!0-9 

v2 1.22 x 104 

The required inequality is therefore adequately 

satisf'ied. 

Production of' atomic oxygen: 

The proposed method of' atomic oxygen production has 

already been described. 

An 0 2 f'ree oxygen atom system was produced by the 

titration of nitrogen atome with nitrie oxide. This was 

achieved by adding nitric oxide through the jet, J1 , into a 
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discharged nitrogen stream with the end-point of the titration 

being defined by the absence of the afterglow associated with 

reaction (7) or (8). 

In practice this end-point was impossible to 

achieve accurately by simple adjustment of the nitric oxide 

flow rate, mainly because of the lack of sensitivity of the 

needle valve at these very low flow rates. However, an 

approximate end-point could be attained in this way and final 

adjustment made by altering the nitrogen flow rate and the 

power supplied to the discharge. 

This system is obviously rather unstable since 

there is only a single operating point. Any perturbation 

capable of changing the atom or nitric oxide flow rates at 

the titration jet will therefore cause the system to move off 

the end-point. Such factors include pressure fluctuations 

caused by introduction of even small amounts of reactants 

downstream, introduction of liquid air traps, etc. 

In practice, it was found necessary to allow the 

system to stabilize for about thirty minutes before any 

measurements were made. 

Measurement of oxygen-atom concentration& 

Various methode for determining oxygen-atom 

concentrations have been discussed previously. 

For simplicity and specificity, it was decided to 

use the nitrogen dioxide reaction. To recapitulate, this 

method takes advantage of the following mechanism: 
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N0
2 + 0 --""'NO + 02 . . . . . . . . . . . . . . (10) 

NO + 0 --""'NO 
2 + hv . . . . . . . . . . . . . . (8) 

NO + 0 + M----""' NO 2 + M . . . . . . . . . . . . . . (9) 

As noted previously, the primary reaction is much faster 

than the two subsequent reactions. Because of the light-

emitting step, this mechanism can be used as a gas phase 

titration, the extinction of the afterglow due to (8) marking 

the end-point. 

However, despite claims to the contrary, it was 

found that this end-point was insufficiently sharp to 

determine the atom concentration with sufficient accuracy. 

It was decided therefore to utilize the alternative 

method of adding an excess of nitrogen dioxide and 

determining the amount of nitric oxide produced. Provided 

this excess is sufficiently large, the flow rate of nitric 

oxide should be exactly equal to the original oxygen-atom 

flow rate. However, nitric oxide cannot be trapped 

quantitatively at liquid air temperatures. There are two 

alternatives available to overcome this limitation. 

(a) The use of pumped down liquid nitrogen as the 

refrigerant. 

(b) Addition of sufficient nitrogen dioxide to form N20~. 
This compound (M.P. -102°0) can be trapped 

quantitatively at liquid air temperatures. 

It was found in practice that a flow rate of 

nitrogen dioxide approximately equal to three times the 
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oxygen-atom flow rate vas sufficient to ensure quantitative 

formation and trapping of the nitric oxide. 

Analysis of N2o3a 

The above method for determining oxygen-atom flow 

rates involves the trapping of the N2o
3 

during a measured time 

interval. This N2o3 must then be ~ssayed quantitatively. 

The procedure was as follovs. 

The residual non-condensable gas (nitrogen) in the 

trap, T3, was first pumped off by means of the secondary pump. 

The N2o3 was then distilled into the evacuated bulb, VB 

(Fig. ,), which was immersed in liquid air to a fiducial mark 

just below the stopcock, S. Oxygen was then added from the 

reservoir, R3, and its pressure, P1 , measured on the levelling 

manometer, ~· Stopcock, S, vas then closed and the bulb, VB, 

allowed to warm to room temperature. {Oare muet be exercised 

to ensure that the amount of condensed material initially 

present in VB is small enough that the resulting pressure on 

evaporation is not greatly in excess of atmospheric.) 

In the gaseous atate, the N2o, is rapidly oxidized 

to nitrogen dioxide. 

Complete oxidation can be checked by the colour of the solid 

material present after reeondensation by liquid air. It vas 

found experimentally that less than 1% of N2o3 could be 

detected by its blue coloration. The N02 was then completely 

oondensed, care being taken to ensure that the liquid air 

level vas at the fidueial mark. Stopooek, S, vas then 
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re-opened, the manometer.relevelled toits original position 

and the final pressure, P2 , recorded. 

The amount of oxygen consumed was then calculated 

from the relation 

where TA • temperatuTe of VA • amblent temper~ture. 

TB = temperature of liquid air. 

Since a temperature gradient must exist between VA 

and VB, this expression is not completely accurate. However, 

by making the diameter of the connecting tube small compared 

with that of VB, the volume of gas at the unknown transition 

temperature is minimized. To reduoe the error further, the 

temperature, TB' was replaeed by an effective temperature 

obtained by measuring the pressure exerted by a known amount 

of gas under the same conditions. It is of interest to note 

that this effective temperature was always within 2°K of the 

actual liquid air temperature. 

It is apparent from the oxidation reaction that 

1 mole of oxygen is equivalent to two moles of N20~ (or NO) 

and hence to two moles of oxygen atome. The calculation of 

the molar flow rate of atomic oxygen follows immediately. 

Verification of the stoic~!~!!trz 
of the N - NO reaction 

Although the stoichiometry of this reaction has been 

fairly well established, the direct equivalent of the oxygen 

atome produeed and the nitric oxide consumed has not been 
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To do this the following experiment was 

With the system running at the end-point, an excess 

of nitrogen dioxide was added to the gas stream a few centi

metres below the titration jet, J 1 , by means of the movable 

The end-point was then readjusted if necessary 

and the system allowed to stabilize. After this was 

achieved a liquid air bath was placed around trap, T~, at 

time t • O. After a time, t, the gas stream was made to 

bypass the trap by manipulation of stopcocks S6 and S4. The 

N2o~ was then distilled out into bulb, VB. The procedure 

was then repeated but with the discharge turned off. 

In the first case it is apparent that the nitric 

oxide trapped out per unit time is equal to the molar flow 

rate of oxygen atome at the position of jet, J~. 

In the second case the nitric oxide issuing from 

J1 will not be consumed and, after mixing with the nitrogen 

dioxide from J~, will be trapped out. Provided that the 

stoichiometry of the N - NO reaction is correct, this molar 

flow rate will be equal to the oxygen atom·flow at J 1 in the 

first case. Thus, if there is negligible reeombination in 

the interval between J 1 and J~, the nitric oxide trapped out 

per unit time will be independant of whether the diseharge is 

on or off. 

This ean be summarized as follows. 

Case (1) - Discharge ONe 

At J 1 a flow of nitrio oxide (NO~ is converted to 
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an equivalent oxygen atom flow (0) 1 • 

oxygen atom flow (0); is converted to an 

equivalent flow of nitric oxide (NO);. Provided 

the stoichiometry of the N - NO reaction is 

If negligible recom-

bination occurs between J1 and J;, then 

(0); = (o)1 and (NO);= (0); = (0) 1 = (No)1. 

Case (2) - Discharge OFF: 

This is simply a determination of (N0)1 • 

The resulte of such as experiment are shown in 

Table I. 

Ex pt. 
No. 

8a 

8b 

9a 

9b 

lOa 

lOb 

N2 flow rate 
micro moles 

-1 sec 

240 

240 

108 

108 

74 

74 

Table I 

Pressure 
mm Hg 

;.o 

;.o 

1·55 

1.55 

1.25 

1.25 

Reaction time 
Jl - J; 

millisecs 

;6 
;6 

41 

41 

48 

48 

NO trapped 
in T; 

micro moles 
sec-1 

1.76 t o.o; 

1.75 + o.o; -
1.1' + o.o, 

1.1, + o.o; -
1.06 + o.o; -
1. 07 + o.o; -

Dis charge 

ON 

OFF 

ON 

OFF 

ON 

OFF 

It is apparent that for a variety of conditions the 

nitric oxide trapped out per unit time is independent of 

whether the discharge is on or off. As seen previously, the 
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rate constant for recombination is not expected to be much 

15 6 -2 -1 larger than 10 cm mole sec • Even including 

heterogeneous recombination, the recombination between J 1 

and J; will not be more than about 1% under the conditions of 

this experiment. Inspection of Table I shows that this is 

within experimental error of the determination. 

It can therefore be safely eoncluded that the 

stoichiometry of the N - NO reaction is indeed correct within 

approximately ;%. Alternatively, assumption of the 

stoichiometry of the N - NO reaction justifies the validity 

of the N02/0 reaction as a quantitative method of determining 

oxygen-atom concentrations. 

Additional confirmation of the stoichiometry of the 

N - NO reaction will be presented in Part II of this thesis. 

Alternative method for determinin~! 
oxlgen-atom conc~tration 

The method outlined above for determining the 

oxygen-atom concentration has a number of disadvantages when 

used in the present system. 

(a) It is apparent from the previous resulta that the 

0-atom concentration gradient along the reaction 

tube was quite small. The NO trapping technique 

was found to have an accuracy insufficient to 

determine this concentration gradient with the 

required precision. 

(b) This method was also found to be extremely time 

consuming, each individual determination taking 
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approximately twenty minutes. Thus, to obtain say, 

nine points on the concentration/distance eurve 

would require at least three hours. It was found 

that the system eould not be maintained at the end-

point for this length of time without adjustment. 

(e) The major disadvantage, however, arose from the 

neeessity of having the gas .stream bypass trap T~ 

to allow removal of the N20~ for analysis. Binee 

the pumping speed of the two paths was neeessarily 

different, the resulting pressure change disturbed 

the system from the end-point. Even when the gas 

was reverted to the original flow path, the system 

seldom returned exaetly to the original end-point. 

It was obvious therefore that this method was 

impraeticable for obtaining kinetic data. 

The following rapid methode were therefore 

examined. 

Kaufman(~2 ) has shown that nitrie oxide and oxygen 

atoms react relatively slowly by the light emitting step 

. . . . . . . . . . . . (8) 

followed by the much faster regeneration step 

. . . . . . . . . . . (10) 

The concentration of nitric oxide therefore remains constant, 

the net reaction being a recombination of oxygen atome. The 

intensity of the emitted afterglow at any point in the flow 

stream will thus be directly proportional to the oxygen-atom 

concentration. 
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In the present system the addition of a slight 

excess of nitric oxide was easily obtained by slightly 

reducing the discharge power so that the nitrio oxide issuing 

from J1 was not completely consumed. The ratio of the 

oxygen-atom concentration at any two points, x and y, in the 

reaction tube could then be obtained directly from the ratio 

of the emitted light intensity as measured by the photomultiplier 

tube (P.M. Fig. 1), i.e. 

I x ....... 

This measurement can then be repeated for diminishing amounts 

of excess nitric oxide by increasing the input power to the 

dis charge. 

A plot of Ix/Iy as (NO), and bence I is varied, 

should enable Ix/Iy to be extrapolated to (NO) • 0, i.e. 

I • O. This limiting ratio then gives the relative oxygen-

atom concentration at the points, x and y, in the absence of 

excess nitric oxide, i.e. the relative concentration change 

due to natural reeombination betwaen thesa points. By 

varying the position, y, and repeating the procedure, a 

complete curve of relative oxygen-atom concentration as a 

funetion of distance could thus be obtained. This eurve 

eould then be put on an absolute basie by determining the 

oxygen-atom flow rate at y = 0, i.e. by measuring the 

titration flow rate of nitric oxide at J1 • 

Unfortunately the monitoring reactions are 
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considerably faster than the natural recombination and the 

intercepte at I = 0 were consequently insufficiently aceurate 

to determine the concentration distance eurve with the 

required precision. 

The alternative method which was examined did not 

suffer from this defect. In this case a small amount of 

nitric oxide was introduced into the flow stream through the 

movable jet, J,. The intensity of the emitted light at J' 
will therefore be direetly proportional to the oxygen-atom 

concentration at this point. This eliminates the effeet of 

the accelerated reeombination, since no nitric oxide is 

present between J 1 and J,. Therefore, by moving ~, and the 

photomultiplier tube simultaneously along the reaction tube, 

a plot of relative oxygen-atom concentration is obtained 

directly. As before, 'this relative plot ean then easily be 

put on an absolute basie by a determination of the oxygen-atom 

flow rate at J 1 • 

Using this method, a complete scan of the 

concentration/distance curve could be made in a matter of 

minutes. 

Integrated rat! expressions for oxlgen-atom 
recombination in the absence of 02 

The kineticsof oxygen-atom recombination have been 

discussed previously. In the present system the elimination 

of oxygen molecules, however, eliminates the participation of 

reactions (1) and (2). The mechanism of recombination 

therefore can be deseribed by reactions 
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0 + 0 + M---02 + M •••••••••••••••••• (4) 

0 + wa11--to2 ······•••••••••••••••• (5) 

The rate of disappearance of oxygen atoms is therefore given 

by 

In this system the oxygen-atom concentration is 

only about 1% of the total molar concentration. Renee the 

concentration of M can be regarded as constant and equal to 

the concentration of nitrogen. 

The integrated rate expression then becomes 

• • • • • • • • • ( 11 ) 

Obviously auch an expression does not readily lend itself to 

a separate determination of k4 and k5. However, it will be 

seen that as ~~----0, i.e. 

1 equation 11 approaehes t ln 

as the 
[o]o 
[ 0 Jt . 

pressure approaehes zero, 

This immediately suggests a means of determining 

1 
An experimental first order rate constant, k 5, can be 

defined by 

k
1 

• l ln 5 t 

1 
The rate constant k5, defined as above, will obviously be a 

funetion both of pressure and of the degree of reeombination 

because of the negleet of the last term in equation (11). 



- 7~ -

However, a plot of k5 against ~~ or PN , while obviously 
2 

not linear, should enable an approximate extrapolation to 

zero pressure to be made. This intercept can then be 

identified with k
5

• 

Equation (11) can be rearranged to yield 

k ([o] t k5t 
N2 5 TOT"; e 

k - ~ 4 21!~ [oJt(l 
• • • • • • • • • • • • • • ( 12) 

Inspection of the differeptial rate equation shows that the 

rate of recombination increases as ~~ increases. 

a given degree of recombination t~o as ~~~ao. 

Thus for 

As t becomes very small, equation (12) reduces to 

Thus, as before, an experimental third order rate constant, 

k~N2 can be defined by 

A plot 

N2 
k4 at very high pressures. 
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VII RESULTS 

(i) ~g ostensibly 1 bone 1 dry nitrogen 
without further wa~~-y~our removal 

Determination of k
5

a 

With the system running at the end-point, a 

relative oxygen-atom concentration versus distance curve was 

obtained using the technique described on P.71 

The resulta of such an experiment are shown in 

Table II and Fig. 5 (pp. 75 and 76 respectively). 

As can be seen, under the conditions of this 

experiment, the oxygen-atom decay can be described by a 

pseudo first order rate constant of 1.~2 sec-1 
This, of 

course, does not imply that the decay is actually first 

order, since the recombination is small enough that both 

first and second order plots are linear within the 

experimental error. 

The resulta of a number of auch experimente 

performed under varying pressure conditions are shown in 

Table III and Fig. 6 (pp. 77 and 78 respectively). The 

preceding analysis has shown that there is no simple 

1 
functional relationship between k

5 
and pressure. However, 

it is apparent from Fig. 6 that a simple linear extrapolation 

to zero pressure fixes the value of k
5 

between about 0.~5 

and 0.45 sec-1 • 
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Table II --

Pressure = 4.25 mm Hg 

Temperature • 20°0 

Nitrogen Flow • 178 micromo1es sec-1 

Linear velocity • 145 -1 ems sec 

d t 
ems msecs I ln I 

1 48.; 57·5 + 0.5 4.052 -
10 69.0 55·6 + 0.5 4.018 

15 10;.5 5;.1 + 0.5 ;.972 

19 1;1. 0 51.5 + 0.5 ;.942 

2; 159.0 49.4 ± 0.5 ;.900 

27 186.0 48.0 ± 0.5 ;.871 

;o 207.0 46.5 + 0.5 ;.839 
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Figure.~ 

PLOT OF RELATIVE OXYGEN-ATOM CONCENTRATION 

(Data from Table II) 

e- Light intensity, I, as a 

function of time 

o - ln I as a function of time 
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Table III 

VARIATI-ON OF k; \fi TH TOTAL PRESSURE 

Temperature • 200a 

k' • ! ln [o] o 
Expt. p [oJo t 

5 t [_o] t 
No. mm Hg LOTt -1 msecs sec 

;9a 1.; 1.1;5 192 0.65 

;9b 1.65 1.150 201 o. 70 

4oa 1.65 1.1;o 181 0.68 

;9c 2.10 1.195 197 0.91 

40b 2.;5 1.175 196 0.82 

39d 2.95 1.260 225 1.o; 

4oc ;.6 1.270 210 1.14 

;9e ;.7 1.285 217 1.15 

40d 4.25 1.;20 207 1.;2 

;9t 5·0 1.465 272 1.40 

4oe 6.2 1.700 ;1; 1.70 
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VARIATION OF k; WITH TOTAL PRESSURE 

(Data from Table III) 
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The procedure in this case was similar to that used 

in determining k
5

. Recombination curves of oxygen-atom 

concentration against time were obtained for pressures in the 

range of 2- 7 mm Hg. These resulta were then calculated to 

yield a pressure dependent third order rate constant k~N2. 

The variation of k~N2 with pressure is clearly shown in 

Table IV and Fig. 7 (pp. 80 and 81). 

The required extrapolation (to infinite pressure) 

to yield k:2 is rather more difficult in this case. However, 

it is apparent that the curve is rapidly levelling off in the 

neighbourhood of 1.5 x 1015 cm6 mole-2 see-1 , although the 

final value cannot be obtained too precisely. More accurate 

N2 
estimates of k4 and k

5 
were made in the following manner. 

-1 
Values of k5 in the range o.; - 0.5 sec were 

inserted into equation (12) and the constancy of k:2 with 

pressure vas examined. Table V (p. 82) shows the evaluation 

Of k N2 f 1 k f 
4 

or va ues 
5 

o o.,, 0.4, and 0.5 sec-1 • 

-1 N2 With k
5 

= 0.5 sec , k
4 

increases with pressure, 

N2 
k4 

-1 while a choice of k
5 

• o.; sec leads to values of 

decrease with pressure. However, for k
5 

• 0.40 -1 sec , 

remains approximately constant over the whole pressure range. 

This procedure leads to the following values of the 

two rate constants. 

k - o.4o 
5 

-1 sec 

kN~. 4 + 15 6 -2 -1 1. 7 - 0.05 x 10 cm mole sec 
"'t 
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Table IV ---
- - --

•N 
x 10-15 

!:!'~ x 1.07 [o] 0 x 1o9[o]t x 109 
k4 2 

6 -2 
Expt. p T moles moles moles t cm mole 

No. mm Hg oc cm·3 cm-; cm-; secs sec·1 

----------------------
18 2.; 5 

l. '' 
1.o; o. 926 0.145 2.8; 

20 2.5 6 1.4;5 1.5 1. ;l 0.1;8 2.45 

21 2.75 6 1.58 1. ;7 1.205 0.1;5 2.;5 

22 ;.10 6 1. 78 1.40 1.182 0.162 2.29 

2; ;.45 6 1.98 1.56 1.25 0.177 2.20 

17 ;.45 5 1.985 1.8; 1.41 0.196 2.10 

19 4.60 5 2.65 1.84 1.21 0.267 2.00 

26 5.28 6.5 ;.o; 2.06 1.08 o.;59 1.95 

28 5·78 8 ;.;o 2.51 1.18 o.;66 1.87 

27 7.06 7·5 4.05 ;.07 1.09; 0.408 1. 78 

------.. -.... -.. ~ .... ..__, ... .-~ ._ .. --

•N k 2 calculated f'rom 
4 

'N'2 [o]o .. [o]t 6 -2 -1 
k4 • cm mole sec 

2[o] 0 [o]t ~~ t 
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VARIATION OF k4~2 WITH TOTAL PRESSURE 

(Data from Table IV) 
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Table V 

(N2] x 107 [o]t x 109 N 
p t 

k 2 x lo-15 
Expt. 4 ' 

moles cm-3 moles cm""3 ~O]t/~O]o 6 -2 -1 No. mm Hg secs cm mole sec 

k6 k6 k6 

= o.; sec-1 0.4 sec-1 0.5 sec-1 

18 2.30 1.;; 0.926 0.893 0.145 1.84: 1.46 1.08 

20 2.50 1.435 1.31 0.873 0.138 1.70 1.45 1.2:0 
• 

21 2.75 1.58 1.205 0.880 0.135 1.60 1.35 1.10 ()) 
1\) 

22 ;.10 1.78 1.182 0.844 0.162 1.64 1.42 1.20 

23 3·45 1.98 1.25 0.804 0.177 1.69 1.51 1.33 

17 3-45 1.985 1.41 0.770 0.196 1.62 1.47 1.31 

19 4.60 2.65 1.21 0.658 0.267 1.61 1.48 1.35 

26 5.28 3.03 1.08 0.524 0.359 1.68 1.56 1.43 

28 5.78 ;.;o 1.18 0.470 0.;66 1.58 1.48 1.39 

27 7.06 4.05 1.093 0.356 0.408 1.55 1.48 1.41 
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(ii) Effect of water va~ur on the 
homogeneous re~mbination rate 

The previous results were obtained using nitrogen 

direetly from the cylinder. Although this nitrogen was 

ostensibly 1 bone dry', it was felt that the determination of 

k:2 should be repeated using nitrogen which had been dried by 

passage through two liquid air traps Lf1 and T2 (Fig. 117. 
The immediate effeot of this treatment was to 

reduee signifioantly the degree of dissociation of the 

ni trogen. This decrease in atom concentration led inevitably 

to a mueh reduoed rate of recombination. Consequently the 

pressure range over whieh measurements could be made extended 

only from about '·5 - 7 mm Hg. 

However, it is apparent from Table VI that the rate 

N2 constant, k4 , has been markedly reduced. The average value 

of k:2 for this system is 1.0)! 0.05 cm6 mole-2 sec-
1

• 

(iii) Efficiencies of various third bodies 
in the homo&!neous-recombination reactio~ 

If a second gas, M, other than nitrogen, is added 

to the gas stream, the inclusion of the reaction 

leads to the following integrated rate expression. 



Expt. 
No. 

226 

225 

224 

227 

22; 

222 

221 

p 

mm Hg 

;.45 

4.12 

4.5; 

5.;o 

5·50 

6.77 

7.10 

21 

21 

20 

21 

20 

20 

20 

- 84 -

Table VI 

~~ x 10
7 

moles cm_, 

1.89 

2.25 

2.48 

2.90 

;.o1 

;.71 

;.88 

1.48 

1.47 

1.425 

1.;9 

1.;o 

1.22 

1.19 

o. 860 

0.821 

0.820 

0.769 

0.765 

0.682 

0.660 

t 
secs 

0.150 

0.165 

0.166 

0.195 

0.202 

0.250 

0.271 

k:2 x 1o-15 

cm6mo1e- 2sec-1 

1.01 

1.09 

1.02 

1.01 

1.04 

1.04 

0.98 
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( [oJt k 5t ~ 
N2 [MJ M k5 [o]o e - 1 

• • • • • • • • • • • ( 1 ~) i.e. k4 + k4 -
~~ k t 

2 ~2] {1 - e 5 ) 

where ~~ and [M] are the concentrations of N2 and M 

respecti ve1y. 

Thus a plot of the right-hand side of equation {1;) 

against [Ml/~~ should yield a straight line of s1ope k: and 
N 

intercept k
4

2 • 

The particular gas being studied was added to the 

dissociated nitrogen stream through the jet, J 2• Obviously 

the ad di ti'on of an inert gas will increase the pres sure in 

the flow tube. Binee there is a pressure limit above which 

the discharge will not operate satisfaetorily (~8 mm Hg), 

large values of [ M]/ ~~ cannot be obtained unless ~~ is 

decreased. Deereasing ~~ , however, leads to a concomitant 

decrease in [o] with an associated decrease in reeombination 

rate. In practice, the useful upper limit of [M]/ ~~ was 

found to be about 0.5. 

The .resulta obtained with M • N20, 002 , He, Ar and 

SF6 are shown in Table VII and Fig. 8 (pp. 86-88 inclusive). 

The slopes of the plots of 
N2 

k4 + k: [M]/ [!i~ 
obtained from Fig. 8 yield the following values: 

N2 M M N2 M k4 k4 = k4/k4 

N20 1.0 x 1015 1. ;7 x 1015 1. ;7 
002 1.0 x 1015 ;.; x 1015 ;.; 
He 1.0 x 1015 o.;; x 1015 o.;; 
Ar 1.0 x 1015 o.; x 1015 o.; 
SF6 1.0 x 1015 ;.; x 1015 ;.; 
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It will be noted that all of these plots extrapolate 

at [u] = N2 15 6 -2 -1 
0 to a value of k

4 
of 1.0 x 10 cm mole sec , 

in agreement with the earlier determination. 

It is also apparent from Fig. 8 that the experimental 

errer associated with these data is auch that efficiencies of 

less than about o.;- 0.4 relative to nitrogen cannet be 

determined with any precision. Both helium and argon fall into 

this category. 

Expt. P 
No. mm Hg 

[M]x107 
moles 
cm-; 

208 6.30 0.988 

209 5·50 0.762 

210 5·56 0.596 

211 5·25 0.285 

235 6.44 1.25 

236 6. 20 1. 02 

237 6.;4 0.787 

238 6.76 0.75 

2;9 5.47 0.31 

2.45 

2.25 

2.44 

2.59 

2.27 

2.36 

2. 78 

2.96 

2.68 

Table VII 

t 

-----------------:--· 
0.404 1.172 

o. 339 1. 205 

0.244 1.11 

0.110 1.205 

0.55 0.92 

0.4;2 0.99 

0.283 1.08 

0.253 1.11 

0.116 1.;o 

0.776 0.178 

0.806 0.170 

0.766 0.218 

0.788 0.197 

1.57 

1.44 

1.;; 

1.15 
-----·--

o. 730 0.186 

0.717 0.197 

0.671 0.223 

0.665 0.2;8 

0.7;2 0.208 

2.64 

2.34 

1.91 

1.64 

1.;5 
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Table VII (Contd.) 

o. M • He 
-- --

[M] x 107 [N~x 107 [M] [o] tx 109 

Ex pt. p moles moles _ moles 

No. mm Hg cm-; cm-; [N~ cm-; 

~40 6.;o 1.185 2.245 0.528 1.105 

241 6.08 0.995 2.;o o.4;; 1.11 

242 6.48 0.745 2.77 0.269 1.18 

24; 6.85 0.6; ;.09 0.204 1.20 

D. M • Ar 

2;0 7.45 1.185 2.87 0.414 1.12 

2;1 7.06 o.865 ;.oo 0.288 1.17 

2;; 6.19 0.442 2.91 0.152 1.12 

E. M • SF6 

-------
245 8.71 1.;2 ;.;a o.;92 0.75 

246 7.05 0.965 2.85 o.;;8 0.84 

247 6.55 0.554 2.98 0.186 1.068 

248 6.11 o.;21 2.97 0.108 1.25 

N2 M 

[oJt 

k4 +k4 [M]/~~ 
6 -2 

No t cm mole 

secs sec-1 

0.8;2 0.178 1.18 

0.822 0.192 1.10 

0.760 0.221 1.10 

0.7;0 0.2;6 1.07 

----------------------
0.75 0.252 1.00 

0.74 0.245 1.07 

0.758 0.2;6 1.0; 

·--------
0.582 0.291 2.21 

0.6;6 0.286 1.98 

0.668 0.252 1.55 

0.698 0.2;4 1.28 
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P'UNOTION OF M 

(Data from Table VII) 

.c::::.- M - N o· 
2 

·- M - 002 

·- M • Be 

o- M "" Ar 

o- M - SF6 
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VIII DISCUSSION 

Hetero~!!,!!:?.US r_!~OmÈ__!nation 

The value of 1.65 x 10-5 for the recomb~nation 

coefficient of atomic oxygen on pyrex obtained in this work 

can be compared with the previously published values which 

appear on P.29 

For untreated pyrex, the following values have 

be en reported. 

2 x 10-5 (;2) Kaufman 

1.1 x 10-4 (4;) Herron and Schiff 

7.7 x 10-5 (41) Elias, Ogryzlo and Schiff 

It ie obvious that,except for the value of 2 x 10-5 obtained 

by Kaufman, the present result is coneiderably lower than 

thoee obtained by other workers. The reason for this is not 

clear, unless the presence of 0 2 in the above systems leads 

to an accelerated surface recombination due to a more rapid 

replenishment of the chemisorbed oxygen on the recombining 

surface. 

On the other hand, the rate of heterogeneous 

recombination in different pieees of apparatus is so 

sensitive to the history of the surface that quantitative 

comparison in any case is rather difficult. The value 

obtained here may be simply a refleetion of this surface 

variation. 
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Homoge~eous recombination 

The experimental resulte obtained in this 

investigation for the rate constant of the proeess 

0 + 0 + N2--+-02 + N2 ••.•••••••••••• (4) 

yielded two significantly different values depending upon 

the treatment accorded to the nitrogen. 

Using nitrogen directly from the eylinder 

resulted in a value for k4N2 (undried) of 1.5 x 1015 cm6 

mole- 2 sec-1 • This value, however, dropped to 1.0 x 1015 

cm6 mole-2 sec-1 consequent to removal of condensable 

impurity in the nitrogen by passage through two liquid air 

traps. This impurity was found to be mainly water vapour. 

There are two possible ways in which this water 

vapour could affect the measured rate constant: 

(a) by acting as a very efficient third body, or 

(b) by effeeting a catalyzed recombination of the 

atomic oxygen. 

Although not measured quantitatively, the 

concentration of water vapour present in the nitrogen was 

estimated at less than 0.5 mole per cent. For this small 

amount of water vapour to produce a significant charge in 
N2 

K4 by alternative (a) would require a very high effioieney 

for H20 in eomparison with N2 • A lower limit for this 

efficieney can be estimated. It is apparent from 

equation (13') that 
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If the value of k:2 is taken as 1.0 x to15 cm6 

2 1 H2° 1 L 2 mole- aec- , k
4 

can be eva1uated as 1 x 10 7 cm0 mole-

Thus, for water vapour in these low concentrations 

to have the observed effect requires it to be at least one 

hundred times as efficient as N2 as a third body in 

reaction (4). This would appear to be rather unlikely, 

particularly since the other molecular species examined in 

this work have efficiencies of th• same order of magnitude as 

nitrogen. 

Sinoe the water vapour in the nitrogen has passed 

through the discharge, this effect could be the result of a 

catalyzed recombination by the dissociated fragments of H20. 

Such a mechanism has indeed been postulated by Kaufman<~2 ) 

consisting of the following reactions: 

H + o2 + M~Ho2 + M 

0 + H02~oH + 0 2 

0 + OH~02 + H 

There is, however, one further important 

possibility which cannot be ignored. It was found that 

elimination of water vapour from the nitrogen led to the 

production of a substantial quantity of vibrationally excited 

N2 • This species has been more fully examined in Part II of 

this thesis. It could well be argued that the reduction in 

recombination rate might be due to the inefficieney of 

vibrationally excited N
2 

as a third body. However, it will 

be shown later that nitrous oxide is very efficient in 
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deactivating this species. Experimente in which N20 was 

added downstream from the discharge resulted in rapid and 

complete removal of vibrationally excited N2 • The rate 

constants obtained in the presence of varying amounts of N20 

extrapolated smoothly to a value of 1.0 x 1015 cm6 mole-2 

Binee sec-l at zero concentration of N20 (Fig. 8). 

vibrationally excited nitrogen is not present in these 

experimente, it can reasonably be concluded that the presence 

of vibrationally excited N
2 

does not materially affect the 

recombination rate. Thus the value of 1.0 x 1015 cm6 mole-2 

1 N2 
sec- can be confidently ascribed to k4 . 

Efficiencies of third bodies 

Except for argon, there are no published values for 

the recombination rate in the presence of the third bodies 

investigated in this work. It would appear that the molecules 

used in this study, ranging from monatomic inert gases to 

bulky polyatomic molecules like BF
6

, yield rate constants 

which do not differ by more than a factor of ten. Neglecting 

the inert gases reduces this to a.factor of about three. 

The difference in efficiency of quite different 

types of polyatomic molecules does not therefore appear to be 

very large. 

Binee the high temperature shock tube etudies have 
M 

yielded values for k4 of the same order of magnitude, it 

would appear that the temperature dependence of the 

recombination rate is quite small. 

The only comparison which can be made with 



Ar 
previously published resulte is with the value for k4 

(48) 
obtained by Harteck et al. • These workers estimate the 

rate constant for the process 

0 + 0 + Ar~o2 + Ar 

to be 0.97 x 101 5 cm6 mole- 2 sec~1 which can be compared with 

the value obtained in the present work of <0·~ x 1015 cm6 

mole-2 sec-1 • However, Harteck et al. assumed that 

heterogeneous recombination was negligible (~ < l0-6 ). 

Un1ess the walls of their reaction vessel were poisoned, 

which is not explicitli stated in their publication, this 

estimate of the heterogeneous recombination coefficient would 

appear to be too low.. Examination of their data shows that 

Ar 
their value for k4 is not eompletely pressure independant. 

This can be ascribed to an appreciable contribution from wall 

recombination which becomes increasingly important at the 

lower pressures, and this is precisely where the lack of 

constancy in their rate constant appears. 

A recalculation of their data, assuming a value for 

~pyrex o~ 1.65 x 10-5 does indeed largely remove this 

Ar pressure dependence and leads to a value of k4 quite close 

to the one found in this investigation. Whether this 

recalculation can be justified in view o~ the variation of 

from surface to surface is difficult to assess. It would 

appear, however, that the two sets of data are not necessarily 

inconsistant. 
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Conclusion 

It is readily apparent from the resulta obtained 

in this thesis that the second order recombination of atomic 

oxygen is probab1y faster than was previously assumed by some 

workers. As was noted earlier, both Elias, Ogryzlo and 

Schiff(4l) and Kretschmer and Petersen(74) put upper limite 

on k~2 of 4 x 1014 cm6 mole-2 sec-1 and 2 x 1014 cm6 mole- 2 

sec-1 respectively based on the linearity of logarithmic 

plots of oxygen-atom concentration as a function of time. 

Unfortunately, since kZ2 has not been determined in this 

investigation, these values cannot be completely ruled out. 

However, the criteria used to obtain them can be eriticized. 

The insensitivity of this procedure is adequately 

demonstrated in Fig. 9. The points on this graph represent 

the calculated variation of oxygen-atom concentration as a 

function of time under two typiea1 operating conditions 

employed by Elias, Ogryzlo and Schiff. 

The fi11ed circles vere calculated solely on the 

02 
basis of the ozone mechanism, i.e. with k4 = O. 

The open circles were calculated with the inclusion 

of the second order mechanism, using kz2 • 1 x 1015 cm~ mo1e·2 

sec-1 and a eorresponding deerease in k 1 from 1 x 1014 cm6 

mole- 2 sec-1 to approximately 0.6 x 1014 cm6 mole- 2 sec-1 • 

It is apparent that both sets of calculated points can be 

fitted by the same pair of straight lines. The departure 

from linearity of the mixed order mechanism is negligible. 
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The upper limit of 4 x 1014 cm6 mole- 2 sec-1 , quoted by 

Elias, Ogryzlo and Schiff, cannet therefore be justified. 

It would appear tbat the publisbed values for the rate 

constants in the ozone mechanism probably need revision. 
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OALOULATED PLOTS OF OXYGEN-ATOM DEOAY 

EXOLUDING AND INOLUDING REACTION (4) 

e- Oa1cu1ated using the data of Ref. (41) 

k
5 

= 1. 87 sec-1 

k
1 

= 1 x 1014 cm6 mo1es- 2 sec-l 

o- Ca1cu1ated from equation (12) using: 

k = 1.87 sec-1 
5 

6 14 6 -2 -1 k
1 

= O. x 10 cm moles sec 

k4 = 1 x 1015 cm6 mo1es- 2 sec-1 

Curve A 1 ~2] = 1. 0 x 10-7 mol es cm_, 

5% [o
2
J = 0.5 x 10-8 moles cm_, 

Ourve B a [M] = [o~ = 1.7;2 x lo-7 moles cm_, 

[o]
0 

= 5% [o~ = 0.866 x 10-8 moles cm_, 
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PART II 

A STUDY OF VIBRATIONALLY EXCITED NITROGEN 

PRODUCED BY A MICROWAVE DISCHARGE AND 

BY CHEMICAL REACTION 
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I. INTRODUCTION 

Vibrational excitation of diatomic molecules --- --
The classieal treatment of energy distribution 

among the various degrees of freedom of a molecule ascribes 

a contribution of ikT to each square term. 

For a gaseous diatomic molecule with three 

translational degrees of freedom (three square terms) two 

rotational degrees of freedom (two square terme) and one 

vibrational degree of freedom (two square terme) the total 

energy, excluding electronic contributions, would be expected 

to be ;/2 kT+ kT+ kT • 7/2 kT per molecule or 7/2 RT per 

mole. This would correspond to a heat capaeity at constant 

volume of 

o., • (:~)v • 7/2 R per degree per mole. 

The observed fact that most diatomic gases at room 

temperature have a molar beat capacity of approximately 5/2 R 

would indicate that either the rotational or vibrational 

degrees of freedom are inoperative. 

The quantum mechanieal explanation of this is 

simple. All of these terme of energy are quantized, but the 

translational and to a lesser extent the rotational energy 

levels are sufficiently closely spaced to allow a virtually 

eontinuous inerease of energy with temperature. They ean 

therefore be treated classieally and ean be expected to 

contribute iRT per square term per mole to the total energy. 
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On the other hand, the vibrational levels are 

sufficiently widely spaeed that excitation even to the first 

level is negligible, in most cases, at room temperature, and 

the vibrational energy reaches the classical value only at 

very high temperatures. 

!his is shown clearly by the following brief 

description of the statistieal treatment of the vibrational 

energy of a harmonie oscillator(l). 

The Maxwell-Boltzman law governing the statistioal 

distribution of a number of molecules among a range of 

available energy levels has the form 

where N
1 

• number of molecules in the ith level. 

N
0 

= number of molecules in the oth level. 

~i = energy of the ith level with respect to 

the oth level. 

g 1 and g
0 

are the degeneracies of the ith and oth levels 

respectively and are introduced to allow for the possibility 

that there may be more than one level with an energy equal 

(or close to) ~ 1 • 

The total number of molecules, N, is then given by 

• • • • • • • • • • • • • • • • ( 2) 
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This equation defines the 'partition function 1 , q. 

The total energy in excess of the zero point energy 

is therefore 
oO 

E ... iL n. E 1 - 0 J. 
.wi th G. 

0 
= O. 

Replacing 
No 

in ( 1) N from (2) yields by -
go q 

oO 

E = N L - E. 1 /kT 
Q i= 0 E:. i gi 8 

Now dQ - ... 
dT 

Therefore 
2 

E • NkT dQ .. RT2 d ln Q l 
Q dT dT per mo e •••• (;) 

For a harmonie oscillator, it oan be shown that the 

energy of the vth level is given by 

E. = (v + t) hcw 
v 

where v is integral and how is the energy spacing between 

adjacent levels. 

Since it is only necessary to consider the energy 

of a particular level with respect to the zeroth level, it 

can be seen that the energy term to be used in evaluating Q 

is given by 

Furthermore, these levels are non-degenerate, i.e. the g
1

1 s 

are all equal to 

Therefore 

unity. oa 

L -ix 
Q • • le 

J.= 
where x -

~ 
kT 
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Differentiation with respect to T and substitution in (;) 

then yields 

Evi b ,.. RT ---x...;..... __ _ 
(e - 1) 

For a nitrogen molecule UJ = 2;52 em- 1 ( 2 ) 

Therefore at T = ;oo 

x = 11.28 

Thus the vibrational energy of a nitrogen molecule is 

effectively zero at room temperature. 

Alternatively, Equation (1) shows that 

Ni -x -5 
= e ~ 1.3 x 10 

N 
0 

It is therefore apparent that any appreciable 

population of the levels above the zeroth in a gaseous system 

kinetically at room temperature will correspond to an extreme 

non-equilibrium system. 

However, such systems have been produced both as 

the result of chemical reaction and also of electrical 

dis charge. Vibrational energies in some cases of more than 

;o kcals mole-1 have been observed. This corresponds to 

vibrational temperatures in exoess of 15,000°K. In such 

systems both the distribution of the energy among the 

vibrational levels and the rate of relaxation are of 

considerable interest. 

The first authentioated reaction shown to produce 

vibrational excitation of the products involved the reaction 
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of hydrogen atoms with ozone. Garvin et al.(3,4 ) found that 

the reaction 

H + o3~oH + o2 

which is exothermie to the extent of 77 kcals mole-l produced 

vibrationally excited hydroxyl radicale. The highest 

1 
vibrational level observed was that with v = 9, 

corresponding to an energy of 75 kcals mole-1 • This reaction 

has been the subjeet of later study, and Garvin, Broida and 

Kostkowski(5) observed significant concentrations in all the 

levels up to and including the ninth. 

The problem of whether the initial distribution is 

• a delta function at v = 9 followed by rapid relaxation, as 

contrasted with simultaneous production in all levels with 

• v ~ 9, has not yet been resolved, although the above authors 

favour the latter on the basis of the kinetics of the 

relaxation. 

Lipseombe, Norrish and Thrush( 6 ) have observed 

vibrationally excited oxygen with energies up to 34 keals 

mole-l (v• = 8) formed in the reactions: 

~H • -46 kcals mole-1 

~H • -61 kcals mole-1 

The excited 02 wae observed spectroscopieally, and these 

authors found that the rate of deoay from the sixth level 

was faster than that from either adjacent level. This has 

been argued in favour of an initial non-equilibrium 

distribution, but a lack of knowledge of the detailed 
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kineties of the relaxation makes this argument somewhat 

less than oompelling. 

However, Oashion and Polanyi( 7 ) have shown that 

vibrationally exeited HOl produced in the reaction 

H + Ol 2~HC1 + Cl 

behaves qualitatively like a system relaxing from an 

initially sharp energy distribution. 

Vibrationally exeited 0 2 , 010 and BrO have also 

been observed by MeGrath and Norrish(B) in the following 

reactions 

* o + o,---JI"-o2 + 02 

Cl * 02 + o,~olo + 

Br + o,-+-BrO * + 02 

where the asterisk both here and subsequently is used to 

denote an excited state. 

A series of reactions of the type 

0 + HR~oH* + R + H keals mole-1 

have been investigated by Basco and Norrish( 9 ,lO) where HR 

was H2 , HCl, H20, NH' and OH4. 

In all cases vibrationally excited OH was found in 

the first and second vibrational levels. It was also found 

necessary to use 1D oxygen atome, since ground state ('P) 

atoms led to endothermic reactions. These reactions are 

significant in tbat they demonstrate a direct conversion of 

electronic to vibrational energy. 

Numerous other examplea of the formation of 
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vibrationally excited products have been investigated by 

Cashion and Polanyi(ll,l 2 ). 

Two facts are very evident from the foregoing 

examplest 

{1) All of these reactions are considerably exothermic. 

(ii) The vibrational excitation appears to be located 

exclusively in the newly-formed bond. 

(10) 
Basco and Norrish have formulated, as a general 

principle, that a reaction of the type 

A + BCD~AB + CD + H kcals mole-l 

leads to the accumulation of most of the exothermicity, H, 

in the newly-formed bond, AB, as vibrational energy. The 

fact that no reaction has yet been found in which all of the 

exothermicity enters the newly-formed bond has been regarded 

by these authors as a failure of experimental technique. 

Simons(l;) bas postulated the following model for 

the reaction 

A + BCD~AB + CD 

(i) A approaches BCD with sufficient velocity that A is 

brought to rest very close to B with an inter-

nuclear separation much less than the equilibrium 

separation in the isolated molecule. 

(ii) The bond, AB, must be strong relative to BO so that 

the complex dissociates readily and little of the 

impact of A is transferred to CD. 

(iii) There must be an attractive force between A and B 

strong enough to overcome the mutual repulsion of 

non-interacting particles. 
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The value of this model is somewhat doubtfu1, sinee the 

postulated requirements are to a large extent implicit in 

the required exothermicity of the reaction. 

Po1anyi(l4 ) has also examined this problem and has 

set up a valence bond model for the simp1er three-body case 

A + BO~B + 0 + H kcals mole-1 

He arrived at the conclusion that the maximum energy that can 

be located in the bond, AB, is equal to H + (Eact - E) 

where Eact • activation energy of the transition state 

complex. 

E • small amount of energy which must be lost to 

stabilize the complex. 

The most successful theoretical approach to 

estimating the maximum energy which can be located in the 

bond, AB, is that due to Smith(l5). For the reaction 

A + BO~AB + C + H kcals mole- 1 

Smith has calculated a kinematic factor which limite the 

energy in the bond, AB, to H Sin2 (!> where f is the angle of 

rotation required to take a co-ordinate system suitable for 

expressing the reaotants into one suitable for expressing the 

products. 

For the three-body case above, he finds 

2 MB MB MB2 
Tan f .. - + + 

MA Mc MAMO 

Por the four-body case 

A + BCD-+AB + CD + H kce.ls mole -1 

The energy loee.ted in the bond, AB, lies between H Sin
2f> and 
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H Sin2 (3 1 
where j3 i s as def'ined ab ove and (3' is given by 

Tan2 j3 1 
• 

Ma MB M 2 
+ + B ---

MA MC + MD MA(MA + Mc) 

According to Smith, this model predicts quite accurately the 

published experimental resulte. 

However, Basco and Norrish{lO) have reported 

subsequent experimental results which do not agree with this 

treatment. 

Vibrational excitation~roduced~ 
electrical discha~! 

The production of' vibrationally excited nitrogen 

molecules by electrical discharges bas received comparatively 

little attention. 

How·ever, evidence bas been reported in the 

literature for the presence in discharged nitrogen of' an 

energetic species other than ground state atoms. 

For example, Kauf'man and Kelso(l 6 ) have shown that 

introduction of' nitrous oxide into a stream of' discharged 

nitrogen resulted in a marked temperature rise in the 

neighbourhood of' the inlet jet. They were also able to show 

that this energy release was not due to an accelerated 

recombination of' nitrogen atoms and ascribed it to deacti-

vation of' vibrationally exoited nitrogen molecules by the 

nitrous oxide. While the experiment was essentially 

qualitative in nature, they estimated the energy release as 

being of' the order of' 2 kcals per mole of total nitrogen. 

By introducing the nitrous oxide at a second point downstream 
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they estimated, from the difference in temperature rise, a 

half-1ife for the excited species of approximately 50 msecs. 

Subsequently Dress1er(l7) examined discharged 

nitrogen spectroscopically and confirmed the presence of 

vibrationally excited nitrogen but observed no excitation 

beyond the first vibrationa1 level. Fram the space average 

concentration over the observed length of the reaction tube, 

he was able to establish a lower limit for the half-life of 

10 msecs. 

The present ~oblem 

The use of calorimetrie probes to measure atom 

concentrations has been widespread. 

Such probes measure either the temperature 

rise(lS,l9) or the energy release( 20, 2l) resulting from 

atomic recombination on the probe surface. As was noted in 

Part I of this thesis, the possibility of a concomitant 

deactivation of other energetic species can lead to a lack 

of speeificity which considerably reduces the utility of 

these probes in determining absolute atom concentrations. 

If an independent method of determining the atom 

concentration is available, the energy release due to atom 

recombination can be calculated and compared with the 

experimentally observed value. Any discrepancy between 

these two values can thus be attributed to the simultaneous 

deactivation of species other than atome on the probe surface. 

This has been utilized in the present investigation to study 

both the vibrationa1ly excited nitrogen originating in the 
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discharge and a1so that originating from the reaction 

which is exothermic to the extent of 75 kcals. 
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II. EXPERIMENTAL -----

The apparatus and materials were as described in 

Part I with the exception that the movable jet assembly, J,, 

(Fig. 1, Part I, p. 48) was replaced by a'movable isothermal 

catalytic detector (referred to subsequently as the 

1 detector 1 ). 

Detector Assembly: 

The detector used in this work was similar to that 

described by Elias, Ogryzlo and Schiff( 2l). Details of the 

detector and associated circuitry are shown in Figs. 1 and 2. 

Essentially it consiste of a filàment, F, made from 

approximately lOO ems of 27 B & S gauge platinum wire with a 

resistance at room temperature of about ln. This filament 

could be located at any deeired position in the reaction tube 

by means of the rack and pinion gear. Flexible leads from 

the filament were taken out through tungsten-nonex seals and 

allowed the filament to be connected into one arm of the 

Wheatstone bridge shown in Fig. 2 • 

.2E.!!atio~f_detect~ 

The method of operation of the detector was as 

:f'ollows. 

Ourrent from the six-volt storage battery, B, was 

fed to the filament through the variable resistance network 

R1 , R2 , R' and R4. The values chosen for these resistors were 

such that the filament current could be controlled between 
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Figure 1 

MOVABLE DETEOTOR ASSEMBLY 
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Figure 2 

BRIDGE CIRCUIT FOR DETEOTOR 

R8 Standard l.OOn resistor 

F Leads to detector 

P Potentiometer 

G Galvanometer 

S Double-pole double-throw switch 

R1 0 - lK~ variable resistor 

R2 0 - 201L variable resistor 

R' 0 - 50 n. variable resistor 

R4 0 - 250~ variable resistor 

R5 0 - lOK~ decade resistance 

R6 lK..n. 

a7 5n 

a
8 

50 .n.. 

R
9 

250n... 

A Ammeter 

B 6 volt storage battery 
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0-1 amp with an accuracy of better than one milliamp. The 

double pole double throw switch, S, allowed either a 

potentiometer, P, to be connected across the standard lSL 

resistor, R. , or a galvonometer, G, across the points O,D. 
8 

The decade resistor, R5, was then set to 

predetermined value and the current through R
8 

and 

until the bridge was balanced as indieated by the 

galvonometer. 

This balanced condition implies that the 

some 

F adjusted 

temperature of F was such that its resistance was equal to 

The potentiometer was then connceeted into the 

circuit by means of the switch, S, and the potential drop, 

E0 , determined across R8 • In this way the resistance of the 

filament, RF, and the current flow can be accurately measured. 

The power dissipated by the filament was then 

ealculated as follows: 

where 
Eo 

I • 0 

RF = (~ - lead resistance of detecter) 
1000 

If energy is now liberated on the filament by, for 

example, atomic recombination, the temperature, and hence the 

resistance, of the filament will increase causing an 

unbalance in the bridge. The bridge can be rebalanced, 
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however, by decreasing the current flowing througb the 

filament to some valve, If, such that the original 

temperature and resistance are restored. The electrical 

power supplied to the filament is now 

The charge in electrical power, (P
0 

- Pf)' can then be 

equated to the rate of energy release to the filament due to 

atomic recombination, i.e. 

heat released on the probe by atom recombination 

where f = atom flow rate. 

D = dissociation energy of the parent 

diatomie molecule. 

The atom flow rate ean then be caleulated from 

f • 
2{I 2 - I 2)R 

0 f 

4.186 D 

This equality is only valid provided: 

• • • • • • • • • • • • • • • • • ( 1 ) 

{i) All the atoms reaching the probe surface are 

recombined. 

(ii) The energy released in the probe is due only to 

atom recombination. 

This first condition can be met by using an 

efficient surface of sufficient area sueh that the atom flow 

rate downstream from the probe is zero. 
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The second condition forms the basis of this 

investigation. Since in the system described in Part I 

f is known independent1y, any inequality in expression (1) 

can be attributed to deactivation on the probe of a species 

other than ground state atoms. 

PreEaration of the catalytic surface 

(a) For use in the oxygen-atom systemJ 

Elias, Ogryzlo and Schiff( 2l) have found silver 

peroxide to be a very effective catalyst for oxygen-atom 

recombination. 

In this work a silver coating was app1ied to the 

filament by electroplating from a dilute solution of 

carefully purified potassium silver cyanide. The adherent 

silver coating thus formed was then thoroughly washed with 

distilled water and dried in vacuo. 

Exposure of the clean silver coating to a stream of 

atomic oxygen then rapidly converted the silver to black 

silver peroxide. It was found advisable not to use too 

thick a layer of silver otherwise, on conversion to oxide, it 

tended to flake off. Furthermore, care had to be taken to 

ensure that the silver was completely oxidized before the 

detector was used for quantitative etudies, otherwise heat is 

released to the probe from continuing oxidation. 

(b) For use in a nitrogen-atom system& 

The catalytie surface prepared above was found to be 

unsatisfactory for recombining nitrogen atome. However, an 
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eleetroplated layer of copper was found to be very efficient 

and terminated the discharged nitrogen afterglow very 

abruptly at the surface of the filament. 

Unfortunately a eopper surface appeared to liberate 

some volatile material under these conditions which resulted 

This in contamination of the walls of the reaction tube. 

contamination, if sufficiently great, was capable of 

terminating the afterglow even after the filament was 

withdrawn downstream. Less severe contamination resulted 

in a marked decrease in intensity of the afterglow and was 

accompanied by a greenish fluorescence on the walls of the 

reaction tube. 

After examining several other surfaces, it was 

found that cobalt was quite effective and did not produce the 

wall contamination experienced with copper. 

The cobalt was electroplated on to the clean 

platinum filament from a solution made up as follows. 

To approximately lOO mls of a 1% solution of cobalt 

sulphate (hexahydrate) was added concentrated ammonia until 

the initial preoipitate of cobalt hydroxide was just 

redissolved. It was found that a elear solution was not 

obtained immediately even in the presence of exeess ammonia. 

However, the solution slowly eleared on standing to form a 

very dark reddish-brown liquid whieh was filtered before use. 

Alternatively, a elear solution could be obtained by the 

addition of about 1% ammonium chloride. 
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This solution was prepared freshly for $ach 

pla ting. 

The greyish cobalt layer obtained by electrolysis 

from such a solution was then washed and dried as before. 
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III. RESULTS 

An oxygen-atom system of known flow rate was 

produced as described in Part I. 

With the detecter at its lowest position in the 

reaction tube, the current through the filament, F, was 

adjusted to about 0.8 amps, as indicated by the ammeter, A, 

(Fig. 2). The resistance of R5 was set to give an 

approximate balance of the Wheatstone bridge. Without 

further adjustment of R
5 

the bridge was then accurately 

balanced by adjusting the current through the filament. The 

potential drop across Re (= If) was then determined and 

recorded. The detecter was then moved upstream a few 

centimetres, the bridge rebalanced and the new value of If 

recorded. These measurements were repeated for decreasing 

values of d. The discharge was then turned off and the 

corresponding values of I 0 obtained. The resulta of such an 

experiment are shown in Table I and Fig. ~· 

The ~iret point on curve A in Fig. ' represente the 

calculated heat release to the filament based on the known 

flow rate of oxygen atoms, i.e. Hcalc(t = o) = f(O)o ~ where 

-1 -1 D = 119 kcals mole • With f(o) in units of micromoles sec 

and n02 in units of kcals mole-1 , Hcalc is given directly by 

this relation in units of millicals sec-1 • 

The variation of Hcalc with t was then calculated 

from the rate constants for oxygen-atom recombination 

obtained in Part I. 



Table I ---

p = ;.80 mm Hg N2 flow = 164 micromoles -1 sec 

T • 21°0 NO flow = 1.;6 micromoles -1 sec = 

R • 1. 500Sl. Hcalc(t= o) • 1. ;6 x 59·5 • 79.5 mcals 

Lead resistance • 0.216n 

------------------

t 

msecs amps amps 

202 0.841 0.6;4 

181.5 0.842 0.610 

161 o. 842 0.590 

141 0.842 0.565 

121 0.841 0.5;1 

101 0.840 0.492 

80.5 0.840 o.44o 

60.5 0.8;5 o.;62 

40.2 0.8,5 0.249 

--------

Hexp 
-1 mcals sec 

9; 
102 

110 

118 

1;0 

142 

157 

176 

195 

,6H •· 
H -H exp cale 
mcals sec-l 

;1.o 

;8.o 

44.0 

51.; 

61.0 

72.; 

85.4 

102.; 

120.0 

0 flow 

sec-1 

ln (6H) 

;.4;4 

;.6;8 

;. 784 

;.9;8 

4.111 

4.281 

4.447 

4.627 

4.788 
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DETECTOR MEASUREMENTS IN AN OXYGEN-ATOM -------· 
SYSTEM PRODUCED BY TITRATION OF N-ATOMS WITH NO 
------·-~--------------

Curve A 

Curve B 

Curve C 

(Data from Table I) 

Calculated heat release 
to detector (H ) cale 

Measured heat releaae 
to deteotor (H ) 

exp 

• ln(..6.H) 
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Curve B, denoted by Hexp' was obtained from the 

measured heat release to the filament. 

The diserepaney between these two curves is very 

apparent. However, it can be seen that Hexp approaehes 

H as t becomes very large. cale This is shown clearly by 

curve 0 whieh is a plot of ln ~H against t, where 

The linearity of this plot shows that 

~H is decaying exponentially to zero. Furthermore, the 

energetic species responsible for ~H must therefore be 

deeaying by a first order reaction. If this species is 

denoted by N2*, the first order decay can be most simply 

explained by a collisional deactivation process such as 

The identity and origin of the species denoted by N2 *, 

however, is open to speculation. 

From the preceding introductory remarks, it is 

possible that it could be vibrationally excited nitrogen 

molecules produced in the titration reaction 

This reaction is exothermic to the extent of about 75 kcals 

mole-1 and therefore fulfils the postulated conditions for 

the production of vibrationally excited nitrogen. 

The molar flow rate of N2* produced in this 

reaction, however, must obviously be equal to or less than 
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the oxygen-atom flow ratet i.e. f(N2*)t a 0 ~ 1.~6 ;umole 

sec-1 in this partieular experiment. From Fig. 3 it ean be 

seen that the èorresponding value of (~H)t • 0 is 170 mcals 

sec-1 • Therefore the energy content of N2* must be equal to 

-1 
or greater than 125 kcals mole • Since the maximum 

excitation which can be produced by the titration reaction 

-1 corresponds to an energy of 75 kca1s mole , it obviously 

cannot be the sole source of the excess energy measured by the 

detector. 

One obvious alternative is that the energetic 

speciee is already present in the discharged nitrogen stream. 

To examine this possibility the following experiment was 

performed. 

A discharged nitrogen stream was first titrated to 

the end-point with nitric oxide. The nitric acid flow rate 

was then measured and the nitrie oxide flow discontinued. 

This resulted in a nitrogen-atom stream of known nitrogen-atom 

flow rate. Detector measurements were then made in this 

nitrogen-atom system, using a cobalt plated filament. The 

resulte of such an experiment are shown in Table II and 

Fig. 4. 

As before, the first point on curve A represente 

the calculated beat release to the filament based on the 

known nitrogen-atom flow rate, i.e. Healc(t • o) • f(N) 0~N2 
where DN

2 
= dissociation energy of N

2 

• 225 keals mole-1. 
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Table II 

p - 1.65 mm Hg N2 flow • 72 micromoles -1 sec 

T .,. 22.5°0 NO flow • 0.5 micromoles sec-1 .. N flow 

R = 1. 570Sl. Hcalc(t • o) = 0.5 x 112.5 • 56.; meals sec-1 

Lead resistance = 0.217SL 

t Io If Hexp Hcalc AH ln(L\H) 

meals sec -1 mcals sec-l mc ale -1 msecs amps amps sec 
----------------------
166 o.8o; 0.6550 69.9 50.6 19.; 2.960 

15; o.8o; 0.6500 72.0 51.0 21.0 ;.045 

1;9 o.8o; 0.6417 75·5 51·5 24.0 ;.178 

126 o.8o; o.6;4o 78.7 52.0 26.7 ;.285 

11; o.8o; 0.6270 82.5 52.4 ;o.1 ;.405 

99.5 o.8o; 0.6190 85.6 52.9 ;2.7 ;.487 

86 o.8o; 0.6070 89.5 5;.; ;6.2 ;.589 

7; o.8o; 0.5940 94.6 5;.6 41.0 ;.714 

59.6 o.ao; o. 5810 99·5 54.; 45.2 ;.811 

46.4 o.8o; 0.5640 106.0 54-7 51.; ;.9;8 

;;.2 o.so; 0.5440 11;.o 55·1 57-9 4.059 

---
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DETEOTOR MEASUREMENTS IN A 

Ourve A 

Ourve B 

Ourve 0 

NITROGEN-ATOM SYSTEM 

(Data from Table II) 

Oalculated heat release 
to detector (H ) cale 

Measured heat release 
to detector (H ) exp 

Plot of ln(Hexp - Hcalc) 

• ln(L H) 
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The deorease of f(N) and henoe Hoale with t wae 

obtained from meaeurements of the nitrogen afterglow intensity 

with the photomultiplier tube. It has been shown( 22 ).that 

this intensity is proportional to the square of the nitrogen-

atom concentration, and thus curve A can be readily 

ealeulated. 

Ourves B and 0 are plots of He:x:p and D. H 

respeetively, where ~R • He:x:p - Reale" 

Sinee the diserepaney between He:x:p and Reale ie 

still present, it is obvious tbat a major portion of the 

energetic species found in the o:x:ygen-atom system must be 

attributed to an energetic species present in discharged 

nitrogen. 

It was found, however, in subsequent experimente 

using a different tank of nitrogen that this discrepancy 

between Re:x:p and Reale bad disappeared. Although rather 

puzzling at first sight, this must be attributed to the 

presence of an impurity in one tank of nitrogen but not in 

the other. 

The most likely impurity in the nitrogen is water 

vapour. It was found that removal of water vapour in the 

second case, by passage through two liquid air traps, resulted 

in the reappearance of the discrepaney between Hexp and Reale" 

This treatment also resulted in the appearance of a localized 

bright pink glow about 10 ems downstream from the discharge. 

The normal yellow Lewis-Rayleigh afterglow was present both 

upstream and downstream from this region. 
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This phenomenon has been observed previously by 

Beale and Broida( 2 3) who showed that it resulted from a 

transition between two states of N2+. The upper state of 

this transition (B
2 t=:> has an energy of nearly 19 e.v. 

Although the mechanism of the production of this species has 

not yet been deduced, it is apparent that a large amount of 

energy must be available in discharged nitrogen. Since the 

energy of a ground state of nitrogen atom is 4.88 e.v., it 

is unlikely that nitrogen atoms are the immediate precursor 

of N2+ (B
2 L_!)· 

+ * The disappearance of both N2 and N2 on 

introduction of water vapour would suggest that these two 

species are intimately related. * Whether N2 is the 

precursor of N
2

+ or vice versa cannot yet be answered. 

In view of the sensitivity of N
2
* to traces of 

condensable impurity, all the subsequent experimenta were 

performed using dried nitrogen. 

* Relaxation rate of N2 

The previously suggested collisional deactivation 

mechanism for N2* 

leads to the following differentia! rate expression for the 

disappearance of N * 2 

-~= 
dt 
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Provided [M] is constant, integration yields 

Thus for a particular value of [M] the slope of a plot of 

ln ~~ , Ltherefore ln(~17, against t should yield a rate 

constant 

k • k + kM [Ml. obs W ~ 

A plot of kobs against [M] should then yield kw 

and kM from the intercept and slope respectively. 

The resulta of such a series of experimente are 

shown in Table III. 

Table III 

-------
[M] 107 

k b • 
l ~H) o 

tt x - ln 0 s t 
~H)t 

E:xpt. P 
No. 

mm Hg moles cm_., -1 sec msecs 

250 2., 1. 24 8. 7; + 0.2 79.5 -
251 2.95· 1.60 8.70 + 0.2 79.5 -
252 4.10 2.22 8.7; + 0.2 79.5 -
25; 5· 84 ;.14 9.10 + 0.2 76.1 -

-- ---



DATA FOR TABLE III 

----
Expt. No. 250 

p - 2.; mm Hg N2 flow • 1;2 ?moles sec -1 

'l - 24°0 NO flow • 1.08 j-Amo1es sec -1 

H (t = o) • 121.5 -1 mcals sec cale 

t 1 I:f' R 
0 He:xp Hcals DH ln(.6.H) 

meal a mcals mcals 

e.mps ohms -1 -1 -1 msecs amps sec sec sec 

150 0.9995 0.6285 1.410 204 90 114 4. 7.?6 

1.?5 0.9965 0.5785 1.410 222 91.5 1.?0 4. 868 

120 0.9940 0.5220 1.410 241 9;.o 148 4.997 

105 0.99.?0 o.46;o 1.410 260 95.0 165 5.106 

90 0.9915 o.;82o 1.410 28; 91.; 186 5.226 

75 0.9900 0.1980 1. 410 .?17 99.6 217 5·.?80 

60 1.1000 0.50.?0 1.520 ;48 102.0 246 5·505 

45 1.0950 o.;710 1.520 ;87 105.; 282 5.642 

;o 1.1090 0.1800 1.5;0 4;8 109.5 .?28 5·79; 

--



DATA FOR TABLE III 

Ex pt. No. 251 

p = 2.95 mm Hg N2 flow • 140 JA mol es sec -l 

T • 24°0 NO flow • 1. 085 )"moles -1 sec 

H (t = o) -1 • 122 mca1s sec 
cale 

---------
t Io Ir R Hexp Reale 6H 1n(LJH) 

mca1s mca1s mca1s 
msees amps amps ohms see-1 sec-1 sec-1 

-------------------

182 0.9470 0.6190 1. ~60 168 89 79 4.;69 

16;5 0.9450 0.5680 1. ~60 185 90.5 94 4.54;5 

145 0.94;50 0.5;560 1. ;560 202 9;.o 109 4.691 

127 0.9415 0.4590 1. ;560 222 95.4 127 4.844 

109 0.9405 o.;485 1. ;6o 248 98.; 150 5.011 

91 0.9;580 0.1995 1.;560 27;5 101.0 172 5.142 

72-5 1.0880 0.5650 1.500 ;509 104.0 205 5.;52;5 

54·5 l. 0860 o.462o 1.500 }50 108.0 242 5-489 

;6.4 1.0850 0.;220 1.500 ;85 112.0 27; 5.609 

------------------------------------
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DATA FOR TABLE III 

Expt. No. 252 

p .. 4.10 mm Hg N2 f'1ow • 148 )-A mol es -1 sec 

T ,. 24°0 NO f'1ow = 1.130 jAmoles -1 sec 

H 
cale 

(t • o) • 127 mcals sec-1 

t I If' R Hexp Reale b,H ln(6H) 
0 

mcals mcals mcals 
msecs amps amps ohms sec-1 sec -1 sec -1 

239 0.8910 0.6550 1. 310 117 81.5 35·5 3-569 

215 0.8880 0.6190 1. 310 127 83·5 43·5 3·773 

191 0.8865 0.5760 1. 310 143 86.6 56.4 4.033 

167 0.8870 0.5325 1. ;10 157 89.8 67.2 4.208 

14; 0.8840 0.4750 1. ;10 175 93·5 81.0 4.;94 

119 0.88;5 0.3820 1. 310 199 97.5 101.5 4.620 

95·5 0.8810 0.2310 1. 310 227 102.0 125.0 4.828 

71.5 1. 06;5 0.6200 1.470 26; 107·5 155·5 5.047 

48 1. 0620 0.5190 1.470 ;o; 114.0 189.0 5.242 

24 1. 0610 o.;630 1.470 351 120.0 231.0 5.442 
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DATA FOR TABLE III -
.,,_,.., __ 

Expt. No. 25) 

p - 5.84 mm Hg N2 flow • 18; ~moles sec-1 

T • 2500 NO flow = 1.27 ;umoles sec -1 

H 
cale 

(t ... o) 4 -1 = 1 ; meals sec 

--···----
t Io Ir R H Hcalc LlH 1n(L:IH) exp 

mcals mcals mcals 
msecs amps amps ohms sec-1 sec-1 sec-1 

274 0.8540 0.65;0 1.270 95.0 70.0 25.0 ;.218 

246 0.852) 0.6150 1.270 105.8 74.0 ;1. 8 ;.460 

219 0.8510 0.5740 1. 270 120.0 78.0 42.0 ;.7;8 

192 0.8500 0.52)0 1.270 1;6.; 82.5 54.0 ;.990 

164 0.8485 0.4560 1. 270 156.0 86.7 69.0 4.2;4 

1)7 0.8460 0.)510 1. 270 180.0 9;.o 87.0 4.477 

llO 0.8440 0.1400 1. 270 .210. 0 99.0 111.0 4.709 

82 1. 06)0 o.6;oo 1.450 254.0 106.8 147.0 4.990 

55 1. 0620 0.5080 1.450 ;o;;.o 115.0 188.0 5·2)6 

27.4 1.0615 o. )125 1.450 )58.0 125.0 2;;.o 5.451 

~-...·------- ___ ... _.. -.. -.. ~--·--·-----
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Over the pressure range employed, kobs ean be seen 

to be independant of pressure within the experimental error. 

Therefore, when M • N2 , it appears that there is negligible 

gas phase deactivation, and kobs can be identified with kw. 

This rate constant can be expressed in terms of the 

efficiency of collisional deactivation. As seen previously, 

a first order wall decay rate constant can be related to the 

eollisional efficiency, \Ç , by pyrex 

· 2k r 
'(pyrex • ~ 

c 

where r = radius of cylindrical reaction tubet 

-c = average velocity of colliding particle. 

In the present work r = 1.3 oms and k • 8.8 ± o.; sec-1 

ë = 1.455 x 104 J T/M cm sec-1 

M • 28 

T • 298 

+ ) -4 There:f'ore '/) • (4.8 0.2 x 10 
pyrex 

* Magnitude of the energy of N2 

The average energy of the discharged nitrogen in 

excess o:f' that due to atomic nitrogen is obviously equal to 

~H/f(N2 ), where f(N
2

) is the total molar :flow o:f' nitrogen. 

Since ~H is a :f'unction of time, this expression is only 

meaningful if the time allowed for deactivation is also 

stated. 

Of more signi:f'icance is the value of 6.H/f(N
2

) 

immediately after the disoharge. 
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In all of the preceding experimenta the zero point 

of the time scale is completely arbitrary, since it 

corresponds to the position of the titration jet. Even 

comparisons at this point are meaningless since the time 

interval between the discharge and the titration jet is 

dependent on the linear gas velocity. 

Although a direct extrapolation eould be made to 

the true time zero, this is diffieult for two reasonsl 

(a) The geometry of the apparatus is sueh that the time 

interval between the diseharge and the titration 

jet is difficult to estimate with any accuracy. 

(b) The non-uniformity of this part of the apparatus will 

certainly lead to a varying deactivation rate 

constant. 

A valid extrapolation can, however, be made in the following 

manner. 

Since, as seen previously, the rate of deactivation 

of N2 * is independant of pressure,plots of log (~H/f(N2 )) 

against t have the same slope. However, if log (~H/f(N2 )) 

is plotted againet distance along the reaction tube, a change 

in time ecale will produce a change in slope. Since the 

diseharge is located at a constant distance from the reaction 

tube, these plots should intersect at the effective diseharge 

position. It will be appreciated that this will not be a 

true geometrical position but rather a position defined in 

reaction tube co-ordinates. It will therefore take into 

aceount both geometrical variations and variations in the 
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deactivation rate constant due to non-uniformity. The 

resulta of auch plots are ehown in Table IV and Fig. 5· 

It is apparent from Fig. 5 that this procedure 

accurately locates the discharge at an effective value of 

d = -15 ems. 

0.78. Thus the excess energy carried by the nitrogen is 

6.0; kcals mole-1. 

The quantitative validity of this value for the 

excess energy will depend on the efficiency of the detector 

in deactivating this species. 

A separate experiment in which a coil of cobalt-

plated platinum wire was inserted into the gas stre~m above 

the detector was performed to examine this point. It was 

found that, provided the first probe recombined all the 

nitrogen atoms, the detector picked up almost no heat down-

stream from this probe. The efficiency of the first probe 

was estimated from these resulta as being greater than 99%. 

Since the physical dimensions of both the first probe and the 

detecter filament were similar (though not absolutely 

identical) it is probable that the detecter was capable of 

making quantitative measurements of the energy associated 

• with N2 • 

Efficiency of molecules in deactivating N
2
* 

If the speeies denoted by N2* is indeed 

vibrationally excited nitrogen, it is perhaps not too 

surprising that gas phase collisional deactivation by ground 



TABLEIY 

f . -1 :(N
2

) m1cromoles seo 

132 140 148 183 

d Ml· Ml/f(N ) log ~~/f(N2 )] +2 .. 2 

oms moals seo -1 kcals mole-l 

30 lllt 79 36; 25 0.865 0.565 0.240 0.137, 1.937 1.752 1.380 1.135 
....... 

27 130 94 44 32 0.985 0.671 0.294 0.174 1.994 1.827 1.468 1.241 "' \() 

24 148 109 56 42 1.120 0.780 0.382 0.230 2.049 1.892 1.582 1.361 

21 165 127 67 54 1.250 0.908 0.454 0.295 2.097 1.958 1.657 1.470 

18 186 150 81 69 1.410 1.070 0.548 0.377 2.149 2.029 1.739 1.576. 

15 217 172 102 87 1.645 1.230 0.686 0.476 2.216 2.090 1.831 1.678 

12 246 205 125 111 1.865 1.465 0.845 0.602 2.271 2.166 1.927 1.779 

9 282 242 156 147 2.140 1. 7'30 1.050 0.804 2.330 2.238 2.021 1.905 

6 328 273 189 188 2.490 1.950 1.277 1.028 2.396 2.290 2.106. 2.012 
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PLOTS OF log( H/fN
2

) AS A FUNCTION 

OF d FOR VARIOUS PRESSURES 

(Data from Tables III and IV) 

0- P • 2., mm Hg 

() - P = 2. 95 mm Hg 

• - P • 4. 1 0 mm Hg 

Q - P = 5. 84 mm Hg 
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state nitrogen molecules is very ineffieient (vide infra). 

However, this restriction should not apply to other collision 

partners. As mentioned previously, Kaufman et al. have 

found N2 0 to be very effective in deactivating this species. 

To verity this, nitrous oxide was added in quite small 

amounts to a disebarged nitrogen stream whicb was then 

examined, using a cobalt-plated detector. 

The resulte of sucb an experiment are shown in 

Table V and Fig. 6. The remarkably good agreement between 

H and H under these conditions 
cale exp 

indeed very efficient in deactivating 

indieates tbat N2o is 

* N
2 

• This experiment 

also leads to two further important conclusions. 

(i) It confirme the validity of the NO titration as a 

means of estimating nitrogen-atom flow rates. 

(ii) It shows that the atomic nitrogen is almost 

exclusively in the ground ( 4s) state since the 

probe measurements were calculated using 

DN • 225 kcals mole-1• 
2 

To make a quantitative estimate of the homogeneous 

* deactivation rate of N
2 

by N2o, it was obviously necessary 

to use mueh lower concentrations of nitrous oxide. 

A typical experiment using approximately 2.5% N2o 

is shown in Table VI and Fig. 7. The rapid approaeb of 

H to H is evident. exp cale Si nee bas no affect on the 

decay rate of N2*, the slope of the ln(~H) plot ean be 

equated to kobs where 

kobs • kw + kN20 [N2o] 



p = 4.17 mm Hg 

T ... 19°0 

R • 1.490...0. 

Lead resistance 

= 0.185n 

t 

msecs amps 

206 0.9000 

185 0.9000 

165 0.8970 

144 0.8960 

12~ 0.8960 

103 0.8960 

82 0.8960 

62 0.8960 

41 0.8960 

21 0.8950 
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TABLE V 

N2 

N
2

0 

NO 

H (t 
cale 

flow • 162 ?moles sec -1 

flow = 16 j-" mol es see-1 

flow = 1.5~ rmoles see- 1 

... o) • 172 mcals sec-1 

H 
exp 

H 
cale 

amps mca1s sec-1 -1 meals sec 

0.6~75 126.5 127 .o 

0.6280 129.5 129.0 

0.6170 1~2.0 1~2.0 

0.6060 1~6.0 1~6. 0 

0.59~5 140.8 140.0 

0.5835 144.5 14~.~ 

0.5705 149.0 148.0 

0.5575 15~-5 153.0 

0.5410 159.; 158.0 

0.5250 164.0 164.0 

---------
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Figure 6 

* DEACTIVATION OF N2 BY N20 

(Data from Table V) 

e - Calculated heat release to detector 

0 - Measured heat release to detector 
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TABLE VI 

p - 3·8.0 mm Hg N2 flow = 170 fA moles 
-1 sec 

T • 29°0 N20 flow • 4.4 ?moles see-1 

R .. 1. 520 .D. NO flow • 1. 425 jl' mol es sec-1 

H {t = o) = 160 mcals sec-1 
Lead Resistance cale 

.. 0.180..0. 

t I If' Be:xp Hea1c 1n{.6H) 
0 

mca1s sec -l mcals sec -1 msecs amps amps 

136 0.9000 0.6210 136.0 :t 1 136.5 

122 0.8990 0.6150 
. + 

138.0 - 1 1;8.0 

109 0.8990 0.6090 140.2 + 1 140.0 -
94 0.8980 0.6025 142.2 t 1 142.0 

81 0.8975 0.5985 14;.2 t 1 143.0 

67.7 0.8960 0.5895 146.0 + 1 145.0 -
54 0.8960 0.5820 148.5 + 1 147.0 0.406 + 0.5 - -
40.5 0.8955 0.5715 152-5 ± 1 149.5 1. 098 ± 0.4 

27 0.8955 0.5545 158·5 + l 152.0 + 0.2 - 1.872 -

1 3· 5 0.8950 0.5130 172.5 + 1 156.0 2.803 t 0.1 -
9 0.8960 0.4920 180.0 ± 1 157.0 3·136 ± 0.05 

4.5 0.9010 0.4680 190.3 + 1 158·5 3.466 + 0.02 

-------------
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AOOELERATED DEAOTIVATION OF N2* BY 

(Data from Table VI) 

o- Oalculated beat release to detector (Hcalc) 

e- Measured beat release to detector (Hexp) 

0- Plot of ln(H - H 1 ) • ln(.6. H) exp ca c 
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Thus a plot of kobs against ~2 o] should yield a straight 

1 ine of sl ope kN 0 and interc ept kw • 
2 

The resulta of auch experimenta are shown in 

Table VII and Fig. 8. In addition to N20, both 002 and Ar 

were also studied. From the slopes of these curves the 

following rate constants were obtained. 

kN 0 = 1.6,? x 1010 cm-' mole-1 sec-1 

2 

k Ill 4.56 x 109 cm.? mole-1 sec-1 

002 

k .. 1.62 x 108 cm-' mole-1 sec-1 
Ar 

It is more convenient for purposes of discussion 

to express these rate constants in terms of a collisional 

deactivation efficiency, 'lS M" 

From kinetic theory, the number of collisions per 

second between M and N2 * is given by 

where ~N2 * and ~Mare collision diameters and~ is the reduced 

molecular weight. 

The rate of disappearance of N2* will therefore be 

equal to the collision frequency multiplied by the collisional 

deactivation efficiency. 

Therefore 



-------

p 

mm Hg 

2.74 

2.71 

2.70 

2.81 

2.81 

2.81 

~~J x 10
9 

moles 
cm-:? 

;.74 

2.;o 

0.81 

12.1 

5.26 

;.7; 

17.0 

7.9 

~~ x 107 

moles 
cm-:? 

1.44 

1.44 

1.45 

1.40 

1.47 

1.49 

-------------------

kN 0 ... 1.6; x 
2 

koo = 4.56 x 
2 

k = 1.62 x 
Ar 
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TABLE VII 

M ... N20 

-- --
kobs • 

t2- tl 
( 6H)t1 1 ln 

( 6H)tl 
ln 

( 6H)t t2- tl ( 6.H)t 
2 1 

secs sec-1 

0.0497 ;.46 69.6 

0.0675 ;.20 47.5 

0.112 ;.oo 26.8 

---------
M - 002 

0.0:)12 2.00 64.0 

o. 0610 2.00 :)2.8 

0.0740 2.00 27.0 

--------------
M = Ar 

o. 0870 

0.100 

SLOPES 

1.00 

1.00 

1010 cm-; mole-1 sec-1 

109 -:? -1 -1 om mole sec 

108 cm-; mole -1 -1 sec 

11.5 

10.0 
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(Data from Table VII) 

·-
0-. -

M • N 0 2 

M • Ar 
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The collisional efficiency can then be calculated 

0 ... 
M 

In this expression kM must be expressed in units of 

cm; molecules-! sec-1 .) 

The values of 0 M so obtained are shawn below: 

M û M(Ref. 24) OM OM/ ?SAr 
---------

N 0 ;.2 x 10-a ems 1.4x lo-4 90 
2 

002 ;.2 x lo-8 ems 4.0 x lo-5 25 

Ar 2.8 x 10-8 
ems 1.6 x 10-6 1 

It should be pointed out that the values of t M in 

the above table cannat be accepted unreservedly sinee the 

parameter measured in these experimenta (rate of energy losa) 

may wall be a function of both the energy distribution and 

the microscopie kinetics of the relaxation. They should be 

regarded therefore more as a convenient way of expressing the 

observed relaxation rate in this particular system only. 

The relative efficiencies, o M/ o Ar' however, may be more 

widely applicable. 

Examination of vibrationally excited N2 
produced by reaction of N and NO ----

Most of the preceding study has been devoted to the 

energetic species produced in the discharge. This still 

1eaves the possibility of the production of vibrationa11y 
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excited N
2 

by the reaction 

N + NO~N2; + 0 

As seen previously, this could conceivably result in 

vibrationally excited nitrbgen with up to perhaps 75 kcals 

mole-1 • 

fhere remains, however, the difficulty of 

separating this species from the energetic species 

originating in the discharge itself. Consideration of the 

previous resulte, howevèr, shows that N2* produced in the 

discharge deaetivates on pyrex with an efficiency of about 

4 x lo-4. 

The corresponding figure for the recombination of 

nitrogen atoms on pyrex is about 2 x 10-5 (25, 26, 27). It 

• should therafore be possible to remove preferentially the N2 

arising in the discharge by increasing the surface area of 

the reaction vassel with only a relatively small deerease in 

the nitrogen-atom concentration. This was aceomplished by 

inserting a pyrex glass wool plug in the reaction tube just 

downstream from the discharge. It was immediately apparent 

in a qualitative fashion that a large amount of energy was 

being released at this point. The walls of the reaction 

tube became extremely hot in the vicinity of the plug, 

although the nitrogen-atom concentration was not markedly 

reduced. 

A quantitative study of discharged nitrogen 

subjected to this treatment is shown in Table VIII and Fig. 9. 
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TABLE VIII 

p .. 2.00 mm Hg N2 flow = 95 fA moles -1 seo 

T = 5°0 NO flow = 1.42 /"moles seo -l 
R "" 1.4oo.n. 

H (t = o) = 159 mca1s sec-1 
Lead Resistance cale 

Ill 0.185 .0.. 

t Io Ir Hexp He ale 

msecs amps amps mcals sec -1 . -1 moals sec 

174 0.7880 0.4220 129 

168 1;1 

155 0.7875 0.4040 1;; 

148 1;4 

1;6 0.7875 o.;9;o 1;6 

129 1;7 

116 0.7875 o.;770 1;9 

110 140 

97 o. 7860 o.;6oo 142 

90 14; 

78 o. 7860 o.;;9o 146 

71 147 

58 0.7850 o.;190 150 

51.5 150 

;9 0.7850 0.2940 154 

;2 15; 

19 0.7850 0.2700 157 
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Figure 9 

DETEOTOR MEASUREMENTS IN A 'FILTERED' 
----------------------------------

N-ATOM SYSTEM 

(Data from Table VIII) 

0- Oalculated heat release to detector 

e - Measured heat release to detector 
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* These resulta show that Na from the discharge oan be 

effectively 1 filtered 1 out by means of glass wool to yield a 

system containing ground state nitrogen atome as virtually 

the sole energetic species. 

Obviously, if such a system is now titrated with 

nitric oxide, any energetie species, other than ground 

state oxygen atoms, ean be attributed to N: produeed in the 

reaction 

The resulta of such an experiment, using a silver 

peroxide coated probe, are shown in Table IX and Fig. 10. 

The discrepancy between H and H 1 has reappeared, and exp ca c 

this excess energy can now be assumed to be carried by Na~ 
in the titration reaction. Since the flow rate of produced 

N
2
:f must be equal to the oxygen-atom flow, such an experiment 

affords a quantitative estimate of the average energy carried 

by the N2t. From Fig. 10, ln 6H at t = o is equal to ;>.1, 

-1 
i.e. D..H(t=o) • 22.2 mcals sec • 

-1 sec • 

The corresponding flow ra te of N2i was 1. 22;> }Jmol es 

For this particular experiment, the energy of N
2
+, 

EN t , can be evalua ted from 
2 

Unfortunately, in these experimente, the magnitude 

of 6. H was qui te small and was the difference between two 

relatively large quantities. 



P • 1.; mm Hg 

T = 8.5°0 

R = l.j20.f"L 

Lead Resistance 

... 0.185!1-

t Io 

msecs amps 

108 0.7090 

96 o. 7090 

84 o. 7090 

72 0.7090 

60 o. 7090 

48 0.7090 

:;6 0.7085 

24 0.7090 

I:f' 

amps 

0.4665 

0.4615 

0.4540 

0.4470 

0.4400 

o.4;;o 

0.4240 

0.41:;0 
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TABLE IX 

-1 
N2 flow = 98.5 ;umoles sec 

-1 NO flow = 1.223 ~moles sec 

H (t = o) = 72 mcala sec-1 
cale "' 

Hexp ~H ln( Ll H) 

mcals 
-1 mcals sec -1 sec 

77.5 ... 1.0 2.197 + 0.1 9.0 - -
79.0 ... 10.0 - 1.0 2.;o; ... 0.1 

81.0 + 11.0 - 1.0 2.;98 ± 0.1 

82.4 12.4 ± 1.0 ... 2.518 - 0.08 

84.5 14.0 t 1.0 2.6;9 t 0.07 

86.0 ... 1.0 2.708 ... 0.07 15.0 - -
87.8 16.0 t 1.0 2.77:; + o. 06 

90.; 18.0 t 1.0 2. 890 t 0.05 
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fuure 10 

DITECTOR MEASUREMINTS IN AN OXYGIN 

ATOM SYSTEM PRODUOED BY TITRATION OF 

A 1FILTIRED 1 NITROGEN ATOM STREAM WITH NO 
-----------------------

(Data from Table IX) 

A - Oalculated heat release to detector (Healc) 

B - Measured heat release to detector (Hexp) 

c- Plot of ln(Hexp - Hcalc) = ln(~ H) 
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It ean be seen from Fig. 10 that the resu1ting 

uncertainty in 1n(~H) was quite large. Despite this, the 

slopes of several plots of ln(~H) against t yielded an 

average value of the rate constant for deactivation of N2+ 
+ 4 -1 of 8.5 - O. sec • This oan be regarded as evidence in 

favour of the similarity between H2* produced in the 

discharge and N: produoed by the N - NO reaction. 

The resulta of these experimente are shown in 

Table X. The average energy of N
2
4 can be estimated as 

20! 4 kcals mole-1 • 

TABLE X 

----
Expt. p NO flow b..H(t=o) k 6.H( t • o) jt:Nt 

No. (= Nt- flow) 2 
mm Hg micromoles sec -1 mcals sec 

,;.1 -1 kcals -1 sec mole 
--- --

86 1.3 1.223 22.2 8.2 18.2 

86 2.6 0.985 23.0 8.06 23.4 

87 3·35 1.02 21.8 9.10 21.4 

88 2.10 o. 970 17.9 8.77 18.5 

Average energy = 20 ! 4 kcals mole-1 
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IV. DISCUSSION 

The nature of the energetic species present in 

diseharged nitrogen is open to some speculation. The 

evidence obtained by Dressler(l7) indicates without doubt 

that active nitrogen contains vibrationally excited N2 in 

addition to ground state nitrogen atoms. That the species 

denoted in the present work by N2 * is also probably 

vibrationally excited N2 can be deduced from its relaxational 

behaviour. 

The probability of vibrational excitation or 

deexcitation between two eolliding molecules depends upon the 

duration of the collision. The more nearly adiabatic is the 

collision, the lower will be the probability of energy 

transfer between the two systems. Thus, if the duration of 

the collision is long compared with the period of the 

vibration, the probability of energy transfer will be low. 

This implies that the probability will be low provided( 2 B) 

i.e. 

where a is of the order of gas kinetic radii and v the 

relative velocity of the colliding systems when widely 

separated. Thus a/v, the duration of the collision, must 

be very much longer than 1/v , the period of the vibration. 

For a harmonie oscillator, the amplitude, d, can be shown to 

be 
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where )A is the reduced mass of the molecule. Furthermore, 

at a temperature T, the relative velocity of the colliding 

systems is given approximately by 

where m is the maas of the lighter system. 

Substitution of these values shows that the 

probability of vibrational energy transfer will be low 

provided 

a{hymJt 1 
d \ TtkT JA) // 

For the low lyin~ levels of any diatomic molecule a)) d. 

Thus the probability of deactivation by collision becomes 

dependent upon the magnitude of hV/kT. For a molecule auch 

0 
hv/kT at ~00 K is about 11 for transitions from the 

first to the zeroth level. Qualitatively it would be 

reasonable to expect the probability of vibrational energy 

transfer to be low in auch a system. 

Vibrational relaxation times ----------------------------
The concept of a relaxation time, 1:, for 

vibrational energy tra~fer has been defined by Landau and 

Teller( 29) in the following expression: 

dE (t) 1vib(T) - Evib(t) 
ib (ftV • Î:::: • • •• • • • • • (a) 

where Evib(t) = total vibrational energy at time, t, 

Evib(T) = equilibrium vibrational energy at the gas 

kinetic temperature, T. 
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For a constant relaxation time, this expression implies an 

exponential decay of the excess vibrational energy. 

For the simplest case involving transitions between 

the first and zeroth levels, l:can be related to a 

deactivational rate constant in the following manner. 

Oonsider the reactions 

k * M +M---M + M 

k' 
M + M* ~ M + M 

where M* representa a molecule in the first vibrational level. 

Th us 

~i- k[M] 2 - k1 [Mj ~j dt 

Now 
k ~j eq 
;r = [M]eq 

d~5 k' [M~ 
[M~ Therefore = eq [Mj 2 - k1 [M] 

dt [M]eq 

Provided both ~~ and ~~ eq z< [M], [M] will not change 

appreoiably during the relaxation 

Theref'ore ~~ 
dt 

Substituting = and 

leads to 

d~ Evib(t) = k'[M] ~vib(T) - Evib(t~ 
Comparison with equation (a) shows that 
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The relaxation time defined by Landeau and Teller, however, 

does not stipulate that the excitation be restricted to a 

single level. Thus for a system in which appreciable 

populations of the levels other than the zeroth and first 

exist, 1t, as defined by equation (a), can no longer be 

identified with the rate constant for deexcitation of a 

particular level. In fact, in such a system, L may no longer 

be strictly constant. The mathematical treatment of 

relaxation of multistate systems has received a large amount 

of theoretical atudy. Shuler et al.(;o,;l,;2 ,;;,;4) have 

published a series of papers dealing with the relaxation of 

such systems. In particular, they have examined the effect 

of relaxation from both Boltzman distributions in which the 

relaxation occurs through a series of consecutive Boltzman 

distributions of decreasing vibrational temperature and also 

of extrema non-Boltzman distributions such as a delta function 

distribution centred on a particular level. In the latter 

case the initial delta function broadens as it progresses to 

lower vibrational levels. These analyses have been 

performed both for a system of harmonie oscillators and also 

for anharmonic oscillators. The effect of anharmonicity, 

however, is small. 

In all these cases, the vibrational energy 

decreases exponentially with a single over-all relaxation 

time although, as pointed out previously, this macroscopic 

relaxation time cannot be identified with the microscopie 

kinetics of individual levels. 
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The temperature dependance of the relaxation time 

has been examined theoretioally by Landau and Teller( 29). 

These workers expressed ~ as a funotion of temperature by 

an expression of the form 

log "'t: • A + BT-l /; 

More recently, Parker(;5), in an analysis of 

vibrational and rotational relaxation, has set up a model 

from which lé can be calculated from molecular parameters. 

This led to a temperature dependance in which logL varies 

approximately as T-t. However, the experimental data (vide 

infra) over a wide temperature range are fitted much more 

-1; 
closely by the T ; dependance. 

For the purposes of the present discussion, it is 

more convenient to replace the relaxation time, L , by the 

collision efficiency, o , or by the number of collisions, N
0

, 

necessary to deaotivate a single molecule. 

qualities are related by 

1 
0 

... LZ 

These three 

where Z = number of collisions made by an excited molecule 

per second. 

* It was seen earlier that the excited species, N2 , 

produced in the discharge, appeared to decay exponentially, 
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i.e. with a single relaxation time. However, the rate 

constant of this decay was pressure independant and must 

therefore be attributed to a heterogeneous relaxation process 

y 4 -4 with an efficiency of u • .8 x 10 • 
pyrex 

Thus about 2000 

collisions with the wall are required for heterogeneous 

deactivation. 

The inability to detect any homogeneous 

deactivation in pure nitrogen is consistent with the work of 

previous investigators of the vibrational relaxation of 

nitrogen(;6 ,;7,;B,;9, 40). The resulta of these investigations 

are shown in Fig. 11 in which log N
0 

is plotted as a function 

-1; of T ;. It is apparent that the data from 5500- 1000°K, 

covering a range of N0 from 5 x 10; to 5 x 106, are 

accurately expressed by the Landau-Taller temperature 

dependance. The resulta of Huber and Kantrowitz(;6) are 

rather low, but correction(;7) for the presence of water 

vapour also brings these resulta into line. The calculated 

value of Schwartz, Slawsky and Herzfeld( 4l) is also in good 

agreement with the extrapolated experimental data. 

Extrapolation of these data to ;oo°K would predict a value 

for N of about 1010 collisions. c 
Thus the failure in the 

present work to detect any significant homogeneous deaoti

vation of N2* is consistent with the identification of this 

speoies as vibrationally excited nitrogen. 

Effect of~urit~n relaxation rate 

The marked increase in relaxation rate brought 

about by the presence of foreign molecules has been examined 
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Figure 11 

PLOT OF NUMBER OF COLLISIONS, N
0

, 

AS A FUNCTION OF TEMPERATURE REQUIRED 

TO DEACTIVATE VIBRATIONALLY EXCITED NITROGEN 

0-. -
0-

·-
)( -

Strenlow and Cohen (shock tube) Ref. (:59) 

Blackman (shock tube) Ref. (40) 

Lukasik and Young (acoustica1) Ref. (:57) 

Huber and Kantrowitz (impact tube) Ref. (;6) 

Huber and Kantrowitz(:56 ) as corrected in 
Ref'. (:57) 

Schwartz, Slawsky and Herzfeld (calculated) 
Ref'. ( 41) 
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by Schwartz et al.( 4l). They have shown that the relaxation 

rate is influenced both by the maas of the colliding system 

and also by resonance affects if the colliding system has 

severa! degrees of freedom among which the energy can be 

partitioned. 

These affects are illustrated in the following 

table. 

Ga ses Temp. N (1---PO) N { 1------...0) 
c 0

(A,B) A B OK (A, A) 

N2 A 600 1.4 x 108 
~-~ x 107 

N2 H2 600 1.4 x 108 1.1 x 10; 

02 N2 288 1.2x 107 ;.; x 106 

co N2 600 1.7 x 107 6.7 x 102 

02 co 288 1.2 x 107 5 x 105 

( 1---0) In this table N
0 

is the number of collisions 
(A, A) 

required between like molecules, A, to effect deactivation 

from the first level. N (l~O) is the number of collisions 
0 (A,B) 

required between molecules, A and B, to affect deactivation 

of A. 

As might be expected, argon, with its fairly large 

mass and its lack of any vibrational degrees of freedom, is 

very inefficient in deactivating vibrationally excited 
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nitrogen. This is of course consistent with the resulta of 

the present investigation. 

On the otber band, hydrogen, with its low mass 

coupled with fairly close matching of energy levels, is very 

efficient. 

The importance of energy level matching is 

dramatically illustrated by the last three entries in the 

foregoing table. Both N
2 

and 00, with their widely spaeed 

energy levels, relax extremely slowly when pure. However, 

the relaxation rate of 00 when N2 is added as an impurity is 

very markedly increased, but it will be noticed that neither 

N2 nor CO is very efficient in deactivating 0 2 where the 

energy level matching is much lese close. 

In the present work a similar effect can be noted 

with N2o and 002 • 

It has bee~ suggested by Callear< 42 ) that the 

deactivation of vibrationally excited nitrogen by N2 0 

proceeds in the following manner: 

Such a process should be very rapid sinee N2o has a 

fundamental frequency at about 222; cm-1 which is only 

108 cm-1 below that of N2 • Oallear has estimated that such 

an exohange should take place in about 10; collisions. The 

rate determining step for degradation of the vibrational 

energy to translational energy is therefore determined by the 

rate of deaotivation of the N2o which is governed by its 
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lowest vibrational frequency at 588 cm-1 • Oallear bas 

4 
calculated that about 10 collisions are necessary to achieve 

deactivation of N20. 

For 002 the matching is even eloser sinee 002 bas 

a fundamental frequency at 2349 cm-1 eompared with 2;;1 cm-1 

The observed fact that 002 is actually less 

efficient than N2o is undoubtedly due to the rather larger 

minimum vibrational frequency of 002 (667 cm-1 ). In fact, 

Lambert and Salter(
4;) have concluded from a study of many 

experimental resulte that log N
0 

is proportional to the 

minimum vibrational frequency. 

would expect their efficiencies to be in the ratio 1 1 ;.; 

eompared with that found here of 1 : ;.6. 
The agreement between the predicted value and that 

observed experimentally is very good. 

Energz distribution between the 
vibrational levels of nitrogen 

The total vibrational energy carried by the 

discharged nitrogen was shown earlier to be about 6 kcals 

-1 mole • It is perhaps eoineidental that this value is quite 

close to the first vibrational level of N2 • However, it is 

not inconceivable that initially all the nitrogen waa excited 

to levels above the zeroth and which then deoayed rapidly down 

to the first level. 

Since the experimental measurements were made after 

a considerable time lapse, the extrapolation of these 
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measurements to zero time would not include very rapid 

relaxation processes which would be essentially complete 

before the gas reached the measurement zone. 

Since the anharmonicity of the levels in N2 is 

small, cascade processes auch as 

could coneeivably be quite rapid. 

It is obvious that the method employed in the 

present investigation is entirely incapable of detecting 

such a process. It can, in fact, only measure vibrational 

energy loss by a process such as 

It is therefore possible that this present 

technique is only sensitive to changes from the first to the 

zeroth leval and is obviously incapable of yielding 

information concerning the vibrational energy distribution. 

Excitation produced by the N/NO reaction 

The energetie epecies produced as a product of the 

reaction between nitrogen atome and nitric oxide ean be 

fairly confidently identified as vibrationally excited 

nitrogen. 

The average energy of the nitrogen produced in this 

way was seen to be about 20 kcals mole-1 which corresponds to 

excitation to at least the third •ibrational level. However, 

within the limit of the (rather large) experimental error, 

the relaxation rate appeared to be the same as for the excited 
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nitrogen produced in the discharge. Again, there is no way 

of deciding from these experimenta whether the relaxation 

process involves a slow relaxation from high levels directly 

to kinetic energy or whether there is a rapid vibration-

vibration interchange followed by a slow relaxation from the 

first to the zeroth level. Fortunately this species has 

been studied in this laboratory by a different technique. 

It has been shown by Phillips and Schiff(44 ) that this 

vibrationally excited nitrogen is capable of partially 

decomposing ozone. This requires the nitrogen molecule to 

have at least 24 kcals mole-1 of excess energy. Phillips 

found that about 75% of the vibrationally excited nitrogen 

initially produced in the N/NO reaction was capable of decom-

posing ozone. To reconcile this with the fact that the 

average energy is only 20 ± 4 kcals mole-1 strongly indicates 

an extreme non-Boltzman distribution with a maximum in the 

region of the fourth level. Furthermore, the relaxation 

rate of this vibrationally excited N2, as measured by its 

ability to decompose ozone, was considerably faster than its 

rate of loss of vibrational energy as determined in this 

present work. This, of course, is completely explicable 

when one realizes that the chemical method measures the rate 

at which the molecules decay to levels below the fourth. 

As suggested earlier, this process can probably oecur with 

greater rapidity than processes involving vibrational-

translational transfer. This problem has been discussed at 

greater length elsewhere( 45). 
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APPENDIX A .......-_._...;,;__._ 

PARAMETERS FOR USE IN THE EQUATION FOR 

THE EQUILIBRIUM CONSTANT (Part I, p. 20) 

di ei ei 

1.595 x 104 - 2.42~ - 1.217 x 104 

1.698 x 10-2 1.04; - 4.715 x 104 

1. 064 x 10-6 ;.466 - ;.498 x 104 

2.710 x 102 - 1. ~80 - 5·932 x 104 

bil bi2 bi; 

4.499 x 10-; - 1.;70 x 10-6 2.091 x 10-10 

- ;.277 x 10_, 1.222 x 10-6 - 2.091 x 10-10 

- 7.776 x 10-; 2.592 x 10-6 - 4.182 x 10-10 

1. 222 x 10-; - 1.48 x 10-7 
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APPENDIX B 

DIFFUSION IN FLOW SYSTEMS 

1. Effect of axial diffusion on the 
--mëasured rate constant of a 

first order reaction 

A reacting gas flowing through a tube will set up a 

concentration gradient along the length of the tube which 

will cause a diffusive flow tending to remove the gradient. 

Provided there is no mechanical mixing, the concentration at 

any particular point in the tube, however, will quickly reach 

an equilibrium value which will remain uncbanged with time. 

If the concentration of the reactive species is suffioiently 

low that removal does not affect the linear gas velocity, the 

condition that the concentration 0, at any point, x, in the 

tube remains constant leads tc the following differentia! 

equation 

where D • diffusion coefficient. 

k = rate constant of the removal reaction. 

n • order of the removal reaction. 

v = linear gas velooity. 

For a first order reaction, i.e. n • 1, this equation can be 

solved under the boundary conditions: 

0 = 0 0 at x = 0 

0 = 0 at x • m 
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(
v - J v2 + 4kD 

1
) x C = 0 0 exp 

2D . 
• • • • • . • • . { 1 ) 

The observed rate constant, k
1

, obtained from auch a system 

is defined bya 
1 

C = C exp (- k X) 
0 v 

Thus the true rate constant can be obtained from the relation 

1 

k = k 1 (1 + k 0 ) 
y2 . • . . . . . . . . . . . . . . . . . . . . . { 2) 

Obviously the condition required for diffusion to be 

negligible is therefore 

1...< 1 

The solutions of the original differentia! equation for r\==/= 1 

do not lead to simple solutions. However, the condition for 

diffusion to be negligible can be obtained quite simp1y. 

d2c The essential criterion is that the diffusive term, D ---
dx2 

be negligible compared with the convective flow term, 

_ v dO 
dx· 

Now dO dO dt = ~ en 
dx = dt• dx v 

d 2c d (dO) k2 
= dx dx = nO 

dx 2 v2 

Therefore for d 2 C t...< dO D- - v dx dx2 

nDkOn- 1 
leads to 

'V2 << 1 

2n - 1 
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2. Perturbation produced by a 
catalytic probe 

The use of a oatalytic probe to measure atom 

concentrations in a flow system h~s been criticized by Wise 

* and Ablow . This criticism, if valid, will also apply to 

present use of a probe to follow the decay of vibrationally 

excited nitrogen. That negligible error is introduced by 

such probe when used to follow a first order reaction is 

shown by the following analysis. 

The differential equation expressing C as a 

function of x remains unchanged. However, the presence of a 

probe, capable of completely removing the reactant, situated 

at x = L leads to the following boundary conditions. 

c' - c at x = 0 
0 

0
1 = 0 at x = L 

where 0 1 is now the perturbed concentration. 

* 

The solution is now 

where R = 

e 
(..!.. - R)x 

2D 

1 -2RL 
- e 

~ _ 0 -2R(L - x)) ........ (~) 

H. Wise and C.M. Ablow, J. Chem. Phys., 22, 10 (1961) 
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Comparison with equation (1) shows that the ~ractional 

change in concentration, due to the presence o~ the probe, is 

given by: 

c' 
ë • 

-2R(L - x) 
1 - e 

-2RL 
1 - e 

• • • • • • • • • • • • • • • ( 4) 

The parameters in R for typica1 operating conditions have the 

fo1lowing approximate values: 

k 

100 cm sec-1 

• -1 
g sec 

D rV ,o cm2 sec-1 (calculated from simple kinetic 

theory) 

Thus R e:::. l. 7 

Since L in practice is never less than 10 ems, the denominator 

in equation (4) is almost identically equal to unity. 

The relative concentration! cm upstream from the 

probe, i.e. L-x • 1, is therefore equal to 

1 
Thus the perturbed concentration, 0 , due to the presence of 

the probe, is 96.7% of the unperturbed value. 

1 
For L - x = 2, C becomes 99.9% of the unperturbed 

value. It is therefore apparent that the perturbation 

introduced by the probe extends only a very short distance 

upstream. 

However, it is important to rea1ize that such a 
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probe does not in fact measure concentrations directly (one 

of the boundary conditions was that 0
1 = 0 at x = L). 

Rather it measures a particle flux from which a concentration, 

Cexp, for use in the kinetic equations, is ealculated from 

the relation 
N =-av 

where N = particle flux, 

a = cross-sectional area of reaction tube. 

Thus one must compare Cexp rather than 0
1 

with the 

unperturbed concentration, C. 

The number of particles, Nx, crossing a plane per 

second, will be the sum of the particles crossing by 

convective flow plus those erossing by diffusive flow. 

This ean be ealculated as followsa 

Diffusive flow = - aDd0
1 

-dx 

Convective flow • av0 1 

aDd0 1 

i.e. Nx = + av0 1 
•••••••••••••• (5) 

dx 

Differentiation and substitution of equation (;) in 

equation (5) then yields 

(...!.. - R)x 
0 e 2D 

0 

1 -2RL 
- e 
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Th us 

Now 

Therefore 
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N • 2aDA R 
L 

-

c • 
exp 

2DR -- = v 

cexp = 

L 

(..!_ - R)L 
2aDR Co 

2D 
e 

1 -2RL 
- e 

NL 2DR Co 

(To - R)L 
e ---av v 

1 - e 

~ + ~~~) i 

~ 4kD) t 
1 ·v2 

1 -

-2RL 

-2RL e 

(rn - R)L 
e • • • • ( 6) 

This can be compared with the unperturbed concentration, C, 

given by equation (1) to yield 

cexp -
c 

0 + ~~D) i _l_-_l_e ___ 2_RL_ 

-2RL As noted previously, the term 1 - e can be set equal to 

unity without appreciable error. 

Using the previously tabulated values of k, D, 

and v, the term 

(, 4kD) i 
\: + v2 ~ 1.05 
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Thus an error of about 5% is introduced into the 

concentration determination. 

However, since the system obeys first order 

kinetics, it is not necessary, for rate determinations, to 

estimate concentrations absolutely. The presence of the 

4kD t constant term (1 + ---) introduces no error, and the use of 
v2 

a probe in such a system can be completely justified. Of 

course the rate constants so determined must be corrected, 

if necessary, for the normal diffusion affects as shown by 

equation (2). In the present system this correction is 

also negligible. 
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SUMMARY AND CONTRIBUTIONS TO KNOWLEDGE 

1 • The reaction N + NO~N2 + 0 has been suecessfully 

employed to produce a system essentially free from molecular 

oxygen and containing a known concentration of oxygen atoms. 

2. This system has been used to confirm the validity 

of the N02/0 reaction as a quantitative method for 

determining oxygen-atom concentrations. 

A rapid method for following the concentration of 

atomic oxygen as a function of time in a fast flow system bas 

been devised and used to study the kineties of the atom 

recombina ti on. 

The resulta are consistent with the mechanism 

0 + 0 + N2~o2 + N2 

0 + wall~io2 
The rate constant for the homogeneous recombination was found 

to be sensitive to .small amounts of condensàble impurity 

(mainly water vapour) present in undried tank nitrogen. 

For undried nitrogen, the homogeneous recombination 

rate constant was found to be 1.5 x 1015 cm6 mole- 2 sec-1 • 

Removal of the condensable material from the 

nitrogen by passage through two liquid air traps reduced this 

rate constant to 1.0 x 1015 cm6 mole-2 sec-1. 

Effieiencies of third bodies other than N2 in the 

homogeneous recombination reaction were also examined. 
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Rate constants for the reaction 

0 + 0 + M~o2 + M 

were eva1uated as ;.; x 1015 cm6 mole-2 sec-1 (M = SF
6

), 

;.; x 1015 cm6 mole- 2 sec-l (M = ~o2 ), 1.;7 x 1015 cm6 

mole-2 sec-1 (M • N
2
0), ; x 1014 cm6 mo1e-2 eee-1 (M • He), 

14 6 -2 -1 ( ) ~; x 10 cm mole sec M • Ar • 

Removal of vibrationally excited nitrogen, 

normally present in active nitrogen, did not affect the 

reoombination rate. 

4. The rate constant for the heterogeneous 

reoombination was found to be 0.4 sec-1 yielding a 

reeombination coefficient for oxygen atome on pyrex of 

6 -5 1. 5 x 10 • 

5· The presence of vibrationally excited nitrogen in 

active nitrogen bas been demonstrated by the discrepancy 

between the beat content meaeured experimenta1ly by an 

isothermal calorimetrie probe and that calculated from the 

known nitrogen-atom concentration. 

6. The vibrational energy content of active nitrogen 

leaving a microwave discharge was estimated as 6.0; kcals 

The relaxation of this species was found to be due 

almost entirely to heterogeneous deactivation on the wa11e of 

the reaction vessel with an effieiency of 4.8 x 10-4 . 

A marked increase in the homogeneous relaxation 

rate was produced by the addition of other inert gases 
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(Ar, 002 , N2o). The eollisional effieiencies of these gasea 

were estimated asl 1.6 x 10-6 (Ar), 4.0 x 10-5 (oo2 ), and 

1.4 x lo-4 (N2o). 

The preferential elimination of vibrationally 

exeited nitrogen by passage of active nitrogen through a 

glass-wool plug was employed to produce a system containing 

atomic nitrogen as virtually the sole energetic speeies. 

This system was used to eonfirm the stoiehiometry of the 

reaction N + NO~N2 + O. 

Probe measurements in such a system showed that 

virtually all of the atomic nitrogen was in the ground ( 4s) 

state. 

8. The reaction between atomic nitrogen and nitric 

oxide was found to produee vibrationally excited nitrogen 

with an average energy of 20 t 4 keals mole-1 • 

The perturbation produced by a eatalytic probe 

placed in a reacting flow system has been calculated, using 

a simple mathematical model. 

It has been shown that the concentration calculated 

from probe measurements in a system in whieh the reaetant 

disappears by a first order reaction oan be made to 

approximate closely the unperturbed value by a suitable 

choice of experimental conditions. 


