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1 PTTROPTIC^IOU

Some forty years ago, Polanyi showed that it was possible to

study the rates of fast gaseous reactions by methods that were

applicable to reactions with collision yields ranging from unity to

one in 100,000, Essentially his techniques involved the interdiffusional

mixing at low pressures of the two reactants. In one much publicised

version of his principle he fed one rcactant, usually sodium vapour,

through a jet into a chamber containing an excess of an ' a.tmosphere'

reagent, often a halide. The partial pressures of the roactants were

of the order of 0 x 10 Torr for sodium, 0,02 to 0.5 Torr for the

bslide. Both reagents were carried in a stream of carrier gas,

usually nitrogen, and the total pressure of the system was about 10

Torr or less. The 'nozzle' reagent reacted as it moved outwards in

a spherical diffusion zone, the size of which was determined by the

rate constant of the reaction and the adjustable pressure parameters

at that temperature. In principle this device of setting up a steady

state diffusion zone could of course be applied to processes involving

other reactive entities, but in the intervening decades such extensions

have been limited by various factors. Polanyi's reaction s3'"stems

enabled him to use extremely simple methods to follow the extent of

the outward diffusion of the sodium vapour nozzle reagent into the

atmosphere of the reaction partner. This was done by illumination

cf the reaction zone by a sodium, resonance lamp, thereby showing the

unreacted sodium atoms by their fluorescence. Unfortunately, this

technique is not easily modified, for general use with free atom and

radical reactions because they cannot all be made to show their
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presence optically in this way. It should be noted also that

Polanyi only attempted to measure the extent of diffusion and,

except in certain sophisticated modifications of the diffusion

flame method, he did not measure the concentration of the nozzle

reagent at various points through the reaction zone.

(2)
In 1952 Kistiakowsky extended the applicability of

this method in a study of the association reactions of boron

trifluoride and amines by introducing a method of following the

extent of reaction by measuring the temperature at various

points within the reaction zone by means of a sensitive thermo¬

couple probe. While this technique has potentially wider

applicability than that used by Polanyi, it produces measurements

which are not specific for any entity and from which the extent

of reaction can only be deduced by assumptions concerning the

processes involved; it also has limitations due to the

possibility of surface reactions occurring on the thermocouple

which could be very troublesome if one of the reagents was a free

radical or atom. An extension of Kistiakowsky's technique does not

appear to have been made and there is a considerable need for a

method which can provide analysis for specific entities in this

type of interdiffusing flow system.

Within the last five years at St. Andrews, an attempt has

been made to apply a mass spectrometer to the detection and

estimation of the concentration of the reacting species at

various points in a Polanyi type diffusion flame reaction zone.
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Nitrogen atoms were chosen as the nozzle reagent because of their

comparative ease of production, and their relatively long life at

low pressures in tubes of glass and metal. Mass spectrometry

was chosen as an analytical method because of its considerable

powers of analytical discrimination and because it requires only

minute amounts of materials, which can be withdrawn through probes

with orifices of a few microns in diameter without disturbing

the reaction zone. This offers the possibility of making point

by point analyses throughout a reaction zone for the various

reactants and products, including atomic species. Prior to the

research described in this thesis, the technique had been
(d)

developed to the poin+ where the following claims could be

made:

(i) Nitrogen atoms could be produced by a radio-frequency

discharge which could be coupled to a mass spectrometer

without mutual electrical interference.

(ii) The mass spectrometer had been modified, so that small

nitrogen atom concentrations could be detected by sampling

from the reaction zone.

(iii) A reactor system had been constructed containing a fixed

sampling orifice and moveable reaction zone.

(iv) It had been shown that reasonably spherical diffusion

conditions could be achieved for nitrogen atoms emerging

from a nozzle into a low pressure of nitrogen gas, and

that the diffusion zone could be reproducibly analysed for
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the free atoms to orovide plots of concentration changes.

(v) The reaction between nitrogen atoms and nitric oxide had

been studied and it had been verified that the reaction

occurred at every collision. From the observations, a

bimolecular rate constant of 9.60 - 1,0 x 10"*" litre

mole sec."'" was derived.

(vi) Two experiments on the reaction between nitrogen atoms and

ethylene had been performed, but the work did not nroceed

beyond showing that the reaction was about one hundred times

slower than that of the reaction with nitric oxide.

It was the aim of the research described in this thesis to

develop the technique of anplying mass spectrometry to the analysis

of diffusion flame reaction zonesf using the reaction of nitrogen
atoms with ethylene as a specimen reaction. It was also the aim

to use the technique, after a suitable degree of further development,

to investigate the reactions of nitrogen atoms with olefins in

general, as they play an important role in the understanding of

nitrogen atom chemistry.
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2 THE DEVELOPMENT 0? THE POLANYI DIFFUSION FLAME METHOD

(a) Outline Survey

A brief outline of the essential features of Polanyi's

original technique has been given in the previous section and it

is the aim of the following pages to supplement that material in

selected directions which are relevant to the work to be described

in this thesis.

The typical Polanyi diffusion flame equipment is shown in

diagram form in Eigure 1. Conditions were adjusted so that the

diffusion flame substantially filled the cross section but did not

touch the walls of the tube, which meant that reaction took place

entirely in the ga,s phase without the interference of surface

effects to which fast reactions, especially those involving free

atom or radicals are often particularly sensitive. In the early

work the jet flow rate was empirically adjusted to minimise back

diffusion of the atmosphere reagent into the jet and to obtain a

spherical diffusion zone rather than a candle shaped flame, as

seen with the aid of the resonance lamp. These requirements were

satisfied by a reaction zone of about 3 cm diameter, a jet of
.i ii i '

about 2.5 mm diameter and a carrier gas flow rate of 5 x 10

mole/sec. In order to have a kinetically simple reaction system,

Polanyi chose to have his atmosphere reagent in excess and tried

to arrange for negligible depletion of its concentration.
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(b) Calculation of the Rat? Constant of the Reaction -

The Treatment of Hartel and Polanyi

The alkali metal, usually sodium was' introduced through a

nozzle into the reaction zone by the carrier gas, such as nitrogen

or hydrogen. From the nozzle mouth the sodium (Reactant l)

spread through the reaction zone, encountering the vapour'of the

halide (Reactant 2) as it diffused. The rate of the reaction is

given by the expression

dc, dc0
= kc c [i]

dt dt

in which c^ and cp -are the concentrations of the reactants and k
is the rate constant, assuming that the reaction between Reactant 1

and Reactant 2 is second order. T,rhen a steady state is reached

the values of c^ and Cp at any noint in the reaction zone are
determined, by the rates of the diffusion of the two reactants,

the rate of chemical reaction, and the mass velocity of the

carrier gas.

It is generally accepted that, in the steady state, the over¬

all process can be described by an equation of the form

+ v grad c^ - kc^Cp = 0 [2]
in which is the diffusion coefficient of sodium vapour and v

is the mass streaming velocity of the carrier gas. In order to

solve Equation [2], Hartel and Polanyi introduced the following

simplifying assumptions:

(l) The streaming velocity v (and hence the term v grad c^) can
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be neglected, which is equivalent to assuming no mass flow of

the two reactants.

(2) There is spherical symmetry in the distribution of sodium

vapour in the reaction zone.

(3) The halide concentration, c?, is constant throughout the
reaction zone.

Under these conditions Equation [2 ] reduces to

/ d c-, 2 dcA
D J —+ -• —i;- kc c„ = 0 [3]

\ dr~ r dr /

Provided c^ is constant end c^ vanishes when r = co, the solution
of Equation [3 3 is

The boundary conditions adopted by Polanyi were

c^ = c^ when r = r'
and c-j = c" when r = r"

Where the quantity r' represents the radius of a small sphere

around the origin, the surface of which is a surface of constant

initial sodium concentration, c^; it was assumed to be equal to
the radius of the nozzle r . The concentration c^ was identified
with the concentration corresponding to the vapour pressure of

sodium in the saturator through which the carrier gas passed before

reaching the nozzle. The quantity r" was the radius of the

'flame' made visible when the reaction zone was illuminated with



sodium resonance radiation; c," .. ... ..1 was the sodium concentration at r ,

corresponding to the visibility limit. The rate constant k

could therefore he expressed in terms of the observable quantities

/ ci' r" V 2
f In — - In — j D

c " r* 'h—LL [5 ]

! .

V
k =

?
(r" - r') .C2

The quantitative validity of rate constants derived with this

equation must clear^ depend on the degree to which the simplified

model of Hartel and. Polanyi could be realised experimentally.
(?)

Hartel, I-Ieer and Polanyi in a careful investigation noted

that there were systematic deviations from, the relationship between

Cp and r" given by [5 ] and this caused Heller to make a thorough
empirical study of the method.

It is easy to see that there is a degree of incompatibility

in the desired conditions to satisfy Hartel and Polanyi's assumptions.

In order to establish a steady state reaction zone . the sodium

vapour flow in one direction has to be balanced by a

stoichiometrically equivalent flow of halide inwards to the nozzle.

If this flow is by diffusion then a perfectly uniform concentration

of halide is imnossible. Furthermore, this finite uniform

concentration was then supposed to drop sharply to zero at the

mouth of the nozzle. This inability of the halide to penetrate

the nozzle can only be achieved by a sufficiently high nozzle

velocity of carrier gas. In its turn this tonic to produce a
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candle shaped flame and to distort the desired spherical diffusion

pattern.

The developments in the method have followed two lines.

The first is empirical and experimental, and the second is more

concerned with applying theoretical calcula.tions to the diffusion

problems involved. Both lines of attack have aimed at defining

operating conditions to minimise the difficulties cited. This

division will be reflected in the following discussion, where the

empirical and experimental developments of the method will be

described first.

(c) Empirical and Experimental Investigations of the Diffusion

Flame Method

(3)
Heller sought to establish how far the condition of

constant halide pressure c^ in the reaction zone, with zero

partial pressure inside the nozzle, could actually be fulfilled.

His method was to analyse point by point for halide by removal of

very small samples through fine canillaries so as not to disturb

the concentration distribution in the reaction zone, using a system

where streams of sodium-free carrier gas and halide were

introduced in concentrations corresponding generally to that used

in rate constant determinations. He also investigated the

influence of the halogen compound on the diffusion coefficient,

the effects of back diffusion of the halogen compound into the

nozzle against the carrier gas stream on the partial pressure of

sodium at the nozzle, and the concentration distribution of sodium



11

vapour. Heller showed that the halide pressure at the nozzle is

appreciably reduced by the inward flow of the carrier gas, a

process which was neglected in the transport equation of Hartel and

Polanyi, and he also established the experimental conditions

required to produce reaction rates which would not differ from the

absolute values by more than a factor of about two. These

eonditions are given below:

(i) "Tor near uniform distribution of the atmospheric reagent

in the flame, the value of — must be less than 12 cm
D1

(ii) The atmospheric reagent pressure must be as low as possible

to eliminate back diffusion into the nozzle. This is

2 -1
fulfilled for values of greater than 5 cm

(iii) Flames must be greater than 5 cm and less than 5.5 cm

diameter for near uniform pressure of the atmospheric

reagent and negligible back diffusion into the nozzle.
v

Smaller flames f ail even though lies within the correct

range.

(iv) The concentration of the atmospheric reagent must be low

enough to have little effect on the diffusion coefficient

of the nozzle reagent.

It therefore appeared that the diffusion method was applicable to

quantitative work so long as the conditions given above were

observed, and if they were not observed then the results could only
be used in the comparative study of the effects on the rates of
reaction of changes in molecular constitution. Using the

original method Hartel and Po1anyi(^^ and Hartel, Meer and



(2)
Polanyi systematically examined the reactivity of a wide range

of organic halides with atomic sodium. 'The laws they found to

hold for these reactions were simple but precise, and yielded much

of the early information and data in the study of chemical

reactivity, so much so that the view has been expressed that this

work provides one of the most complete chapters in reaction

kinetics.

The only experimental advance in the direct application of
(9)the diffusion flame method was made by Reed and Sabinovitch

in 1957, when they made an experimental modification in order to

try and improve the spherical diffusion outwards from the nozzle.

This was the use of a spherical source, whereby an exact

description of the nozzle reagent distribution at the nozzle became

possible. Streaming could be made negligible if the source was

large enough,and further, the halide concentration became more

uniform than was the case with nozzle flames.

Several investigators have used a slight modification of the

diffusion flame technique to study the reactions of active

nitrogen with some olefins. Winkler and Greenblat and

Milton and Dunford studied the reaction rate of active nitrogen

mth ethylene by allowing the olefin to escape through a small jet

into an atmosphere of active nitrogen, using the emission of the
p p 1 p , p ,

CM red (A TT~> X 2 ; and violet (B 2 -» X"Z ) band systems which

are common to all reactions of active nitrogen with hydrocarbons,

to follow the extent of the rea.ction and to give an indication of
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(l2)the flame size. More recently, Madhavan and Jones have

studied the reaction of active nitrogen with ethylene, propylene

and perfluorobutene -2, using a similar technique. This method

should be compared with Polanyi's work using alkali metals as the

nozzle reagent where this reagent was followed by resonance

i lu6j?oS50xice to give the size of the flstao and the rate constant

in both cases can b-o expressed identically/".

In the calculation of the rate constant however, the diffusion

flame method utilised only an assumed initial pressure of sodium

at a hypothetical small inner spherical surface of radius equal to

the nozzle size and a limiting visibility sphere at the outer edge

of the flame. It did not have data on conditions within the

flame. As a result, a modified method, for determining the rate

constant was developed in 1934 by Frommer and Polanyi called

the Life Period Method, which contained the main experimental

features of the sodium diffusion flame method, but was based on a

different set of meastxrements for the determination of k, the

rate constant of the reaction. This modification involved the

measurement of the number of sodium atoms introduced in unit

time and the number present in the steady state flame. The

former was determined from the flow rato data and the temperature

of the sodium oven, and the latter by measurement of the absorption

of the IT a resonance radiation when passed through the system.

In the initial investigation this absorption was determined by

photographic measurements, but these were soon replaced by using



s. sensitive photometer to measure the light intensity directly '

The Life Period technique had certain advantages over the diffusion

flame method in that it was applicable to a wider range of

reaction velocities and reactants, and could be used for all

pairs of reacting gases in which one of the partners absorbs

light sufficiently to allow an evaluation of the quantity of the

nozzle reagent contained in the flame in the steady state, based

on this absorption. This method of monitoring the nozzle

reagent throughout the reaction zone in principle gives a more

precise knowledge of the reaction conditions in the flame, but

it still is, like the diffusion flame method, a highly specialised

and limited technique.

(d) Theoretical Investigations of the Diffusion Flame Method

As mentioned previously, the original treatment of Hartel

and Polanyi was based on a series of assumptions, which Heller

tested experimentally and placed some restrictions on the allowed

range of variations of some of the experimental parameters.

A number of aspects of the above treatments warranted further

examination and it also appeared desirable to attempt a solution

of a more accurate representation of the equation of continuity

applied to the transport of sodium and halide. The first attempt
(l5)

at this problem was made in 1951 by Cvetanovic and Le Roy, who

extended the tbeoretical treatment of Hartel and Polanyi to take

into account the fact that the atmospheric reagent has to

diffuse towards the jet in order to balance its consumption in the
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reaction zone. They neglected the mass flow of reactants and

showed that, for the slower reactions, the effect of depletion

of the atmospheric reactant, by virtue of its consumption in the

reaction, was not large, but more appreciable effects could be

expected for very fast reactions. However, they could not solve

analytically the non-linear differential equation they obtained
(■to describe the reaction flame. In a later paper, Cvetanovic

obtained solutions of the second order non-linear differential

equation of the spherical diffusion flame process for a range of

conditions 0f experimental interest and gave the magnitude of

expected deviation from the simplified exponential theory.

It is of crucial importance for the accurate determination

of the rate constant k in equation [4]

C1 = (rW
\ /

that one should obtain the true values of A and r', where r'

represents the radius of a small sphere around the origin, the

surface of which is a surface of constant initial sodium

concentration c|, assuming the boundary condition

C1 = C1 w^Gn r = r'
Two distinct ways of obtaining the values of these quantities

have been suggested. Hartel -and Polanyi assumed that r' = r ,

where r is the radius of the nozzle, and c' = c,n = cnS, where
n 111

n s
and c1 are the respective concentrations of the nozzle

reactant in the saturator and at the nozzle mouth. More recently,
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(13)
Garvin and Kistiakowsky proposed to assess the value of A

by setting the consumption of the nozzle reactant in the reaction

zone equal to the strength of the assumed point source of this

reactant (expressed as the quantity introduced in unit time).
Garvin - Kistiakowsky's boundary condition has been used further

(17) (is) (19)
by Reed and Rsbinovitch " and by Smith ' who succeeded

in solving in terms of a tabulated function by successive

approximations,the second order non-linear differential equation
("I 5)of spherical diffusion derived by Cvetanovic and. Lc- Roy

talcing into account depletion of the atmospheric reagent by

reaction. The respective values of r', c£ and A derived by
these authors differ somewhat between themselves. The

introduction of Garvin-Kistiakovsky's boundary condition and the

subsequent work by Reed and Rabinovitch, and by Smith represents

a highly interesting new approach. However, the important

factor of the distorting effect of the stream of the carrier gas

(3)
leaving the nozzle, as shown experimentally by Heller , and

confirmed in the later sections of this thesis, tends to deplete

cp markedly in regions near the nozzle, but it has not yet been
incorporated in any mathematical model.
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(e) Analytical Methods and the Problems of Diffusion Flames

Since Polanyi's pioneering work in the 19^0's little work

was done to extend the applicability of this method due to the

lack of suitable chemically specific analytical methods which

would permit an exploration of the concentration of reactants,

products and possible intermediates, in this type of inter-

diffusing flow system. Such knowledge of the spatial distribution

of reactants and products would eliminate tho necessity of having

to derive approximate solutions of the differential transport

equation of spherical diffusion and reaction, based on assumptions

whose validity is questionable, and would improve the accuracy,

applicability and general handling of the diffusion flame system.

For an analytical method to be applicable to the analysis

of diffusion flame reaction zones, it should, ideally, have all of

the following characteristics:

It should be applicable to atomic and free radical species as well

as stable species, as most of the fast reactions which can be

studied by diffusion flame methods involve transient species.

It should not perturb the system being studied, and therefore,

if it is a sampling technique, it should be extremely sensitive,

as only very small amounts of material will be available for

analysis since the working pressures of entities in the flame
_3

may be 10 torr to 1 torr.

It should be capable of providing instantaneous analyses from small

regions of the system, ideally a point source, as large
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concentration changes occur within relatively small volumes in

diffusion flame reaction zones. No method, as yet, satisfies

all the above mentioned conditions and only a few satisfy enough

of them to be considered as useful.

(e)(i) The Temperature Pattern Method

In 1952 Garvin and. Kistiakowsky made a more general

approach to the study of diffusion flames by measuring the extent

of the exothermic reaction between borontrifiuoride and amines,

by means of a minute exploring thermocouple which indicated the

point by noint variation of temperature in the flowing gases.

Since their reaction only involved molecules, and since it was

likely that the thermocouple junction came into thermal

equilibrium with the gases, their method gave reliable results

in these particular cases. For flow systems involving atoms or

radicals however, considerable complications arise. Atoms and

radicals can raise the temperature of the thermocouple by

recombination reactions on the surface of the probe, apart

altogether from the general rise in the temperature of the system

as a whole. Moreover, this method, was without any chemical

snec.ificitj'' for reactants, intermediates or products within the

flame.

(e)(ii) Emission Sogctroscop:/"

All spectroscopic methods, in theory, are applicable to

stable and free radical suedes, do not disturb the system, but

usually yield values over an extended zone rather than at a point.



The major drawback to the use of emission spectra as a means of

analysis is that information is obtained only about species which

are readily excited, and that a direct quantitative measure of

concentration is not given, because the appearance of an emission

srectrum necessitates not only the presence of the species, but

also their excitation. Generally this method is more useful for

the detection of atomic and free radical entities and many atoms

and radicals have been detected by it, for example, H, 0, IT, Cp,
CTJ, CH, TSTH, PH, ITCH, MgCl, SiO, CS, but little quantitative work

has been done. Hartel and Pol any is 'Life Period' technique

described previously, made use of a resonance emission spectroscopic

method where the concentration of ground-state sodium atoms was

measured by illuminating the reaction zone with radiation from a

sodium resonance lamp and measuring the intensity of the resonance

radiation emitted. This resonance method requires the species to

be in their ground-state rather than in an excited state.

Recent work by Thrush may be cited as an example of the use

cf emission spectra for identifying species and following reactions.

Si a study of the behaviour of the C1T radical with active nitrogen,
2 +

the intensity of the CN violet emission from the B 2 state which

identified this radical, was used to estimate its concentration

in the flame. Examnles of the use of CH emission spectra in

diffusion flame studies are given on P age TZ in the section on

experimental developments of the diffusion flame method.
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(e)(iii) Absorption Spectroscopy

This technique has the advantage that it is chemically

specific, would not perturb the system, is applicable to stable

molecules and radicals in their ground-state, though the ground-

state atoms of most non-metallic elements do not absorb in easily

accessible regions of the spectrum. But these advantages are

completely nullified in the application of absorption spectroscopy

to diffusion flame studies due to its inherent lack of sensitivity.

A calculation on a typical reaction zone shows that the required

molar extinction coefficient to give an experimentally useful

absorption would have to be about 10', which is too high to be

reasonable for gaseous low molecular weight reactants.

(e)(iv) Electron Spin Resonance Spectroscopy

This branch of spectroscopy deals almost exclusively with

molecules containing one or more electrons with unpaired spin,

which makes it ideally suited to atom and radical studies,

detecting and studying them by their most basic property, but it

cannot be used to detect most stable molecules. In this technique

a powerful magnetic field is used to alter the normally inaccessible

electron spin transitions to the microwave region. The absorption

in this microwave region is specific to the atom or radical and

the intensity of the absorption is dependent upon the concentration

of atoms or radicals, and can be made absolute with the aid of

suitable reference materials. Although the method is extremely

sensitive, for example, partial atom pressures of 10 ' torr and
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less can be readily detected, very few radicals have as iret

been studied in the gas phase by E.S.R. techniques, and those which
(2l)have been detected are all diatomic , In part, this is

probably due to the difficulties involved. For example, the life

times of radicals other than atoms are very short and detection

may be difficult or impossible unless they can be produced

virtually in situ in the E.S.R. cavity, which obviously negates

the application of Electron Spin Resonance Spectroscopy as a

method for carrying out a non-perturbing point by point analysis

of a diffusion flame reaction zone.

(e)(v) Mass Spectrometry

Since it affords a means of identifying stable molecules,

atoms and radicals,in each others presence,by their molecular

weight, and is thus chemically specific, this method has been

used increasingly in gas phase kinetic studies during the last

two decades. The Mass Spectrometer is intrinsically a device

with a very high sensitivity. When used with an electron-

multiplier detector a molecular species having a partial
-15

pressure of 10 torr within the ion source should be detected,

_5
and as source pressures of about 10 torr are normally used,

components present in concentrations as low as one part in 10"^
should be detectable. For free radicals and atoms the effective

sensitivity is lowered by as much as several orders of magnitude

due to rapid destruction of the species within the system and

interference from the background, and other reactions, but it is
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still much higher than that obtainable by any other method.

Although absolute atom or radical concentrations can not be

measured because of possible recombination in the mass spectrometer,

reliable concentrations can be obtained by pre-calibration.

Free radical mass spectrometers are designed to bring the source

of radicals as close as possible to the ion source, to eliminate

as much as possible the loss of radicals through collisions both

in the gas phase if the path is too long, or on surfaces. As

the species must be sampled from a relatively high pressure

reaction system (0.5 - 5 torr) and transferred to the low-

pressure ion source, this makes the problem of a non-perturbing

mass spectrometer sampling system more difficulty as this 'leak'

should be of minimum surface area 30 as not to disturb the free

radical concentration in the flame, be of minimum volume so as to

interfere with the diffusion conditions as little as possible,

and be capable of exploring the reaction zone at different points.

As mentioned previously in the introduction, the aim of the

research to be described in this thesis was to develop the

technique of applying mass spectrometry to the analysis of

diffusion flame reaction zones, and to study the reactions of

nitrogen atoms with olefins using this technique. Before dealing

with the experimental work, a selective survey of relevant

literature will be discussed. A survey of the production,

detection and estimation of nitrogen atoms will be given, and

finally some nitrogen atom chemistry of immediate relevance will
be discussed, particularly the reactions of nitrogen atoms with
olefins.
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3 so?TE METHODS OF PRODUCING. DETECTING AND estimating

NITROSEN ATOMS

The reactions of nitrogen atoms in the gas phase have been

comprehensively reviewed 'within the last few years by Mannella

who reviewed the subject up to the end of 1961, and by
( 2)Brocklehurst and Jennings who surveyed the literature up to

1966. In the following sections we consider only certain aspects

of nitrogen atom chemistry which are of direct relevance to the

work to be described later in this thesis.

(a) Production of Nitrogen Atoms

(a)(i) Survey of Methods

It would be desirable for a thorough study of the reactions

of nitrogen atoms to have a method of producing them at a

controlled reproducible rate, over a wide range of temperature

and pressure, and with a total absence of any other reactive

species as impurities. Unfortunately if we judge by these

criteria there is no satisfactory source of nitrogen atoms.

"Because of the very high bond energy of the nitrogen molecule

(9.76ev), thermal dissociation on a hot filament is impracticable.

There is no convenient photochemical source of nitrogen atoms as

molecular nitrogen is nearly transparent in the accessible regions
o

of the spectrum (A A 1100A), but the use of the krypton resonance
o

line at to induce the kryuton-photosensitiscd decomposition
(3)

01 nitrogen appears to be possible

Electrical discharges have been used for many years as an
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effective and convenient means for the production of atoms by the

dissociation of molecular gases and virtually all studies of the

reactions of nitrogen atoms have been made at pressures within the

range 0.1 - 10 torr, usually in fast flow systems using 'active
/ (4)

nitrogen' , (.the name given by Strutt in 1911 to the persistent

characteristic golden yellow after-glow seen downstream from

discharged molecular nitrogen), as a source of atoms. The

limitations of flow systems for studying atomic reactions have

(5)been discussed by Kaufman . There are three main types of

discharge which are useful to the chemist in the study of atomic

reactions (a) the low-frequency B.C. electrode discharge or

Wood's tube, (b) the radio-frequency or electrodeless discharge

operating on a frequency of a few Mc/sec, and (c) the microwave

discharge, which operates on a frequency of 2500 - 5000 Mc/sec.
A review of electrical discharge techniques has recently been

given by Shaw

The low-frequency or condensed discharge was first
(7)described by Wood and was later used extensively by

{s)
Bonhoeffer for the production of hydrogen atoms . It consists

of a U-tube, 1-2 metres long with an internal diameter of 2 -

5 cm, normally of Pyrex glass. The gas is admitted close to the

aluminium electrodes at the end of each arm and is withdrawn from

the middle of the tube. A main frequency voltage of about 2

kilovolts is applied to the electrodes; a steady discharge is

used with most gases, although a pulsed discharge appears to give
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(9)better results with nitrogen , but a satisfactory explanation

of this difference in behaviour does not appear to have been given.

The main disadvantages; of the low frequency discharge are, the risk

of contamination with electrode materials and that the electrodes

may cause undesirable recombination, often rapid, of the active

species as the catalytic activity of metals is usually considerable.

The radio-frequency discharge has the advantage that no

special discharge tube is necessary and that no electrodes come

into contact with the flowing gas. The power is supplied by a

radio-frequency oscillator with an output of a few hundred watts

in the region 1-20 Mc/sec. The transmitter power can be

coupled to the discharge tube by either an electrostatic or

electromagnetic method. In either case the system consists of a

resonance circuit tuned for the transmitter frequency and load.

All leads and electrical instruments must be carefully screened

from stray radio-frequency fields, particularly the sensitive

equipment associated with a mass spectrometer, and painful radio-

frequency burns result from touching parts of the tuning circuit

and constitute a hazard of this type of equipment.

In recent years, the use of microwave discharges has become

increasingly widespread for the production of hydrogen, oxygen

and nitrogen atoms. The usual source of power is a magnetron

operating in the frequency range 2500 - 5000 Mc/sec, with an output

of 100 - 200 watts. The output is fed through a waveguide or

suitable coaxial cable which is in turn coupled to a tunable
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resonant cavity through which the quartz discharge tube passes.

It is usually necessary to trigger the discharge with a Tesla

c oil.

The microwave discharge has the same advantages as the

radio-frequency electrodeless discharge, with the added feature

that the efficient coupling of microwave power to a discharge

can be achieved more easily. At microwave frequencies, accurate

measurements of the power dissipated by the discharge are

facilitated because conventional microwave coupling systems

ensure that essentially all of the incident microwave energy is

confined to the discharge, and radiation and reflection losses

are usually small and readily determined. This intense localised

discharge has no tendency to spread downstream from the discharge

zone, unlike the radio-frequency method where the problem can be

troublesome. It is also possible to maintain a microwave

discharge at pressures of several torr.

The coefficient for atom-atom recombination on clean

*■"5
pyrex or quartz surfaces is a quantity of the order of 10 .

Despite the smallness of this value compared with a value of the

order of unity for common metals, the loss of atoms due to wall

collisions probably constitutes the most significant loss

mechanism which affects the yield of atoms obtainable in a low

pressure discharge. To reduce this type of loss various

procedures for reducing the catalytic activity of the walls have

been devised. While the favoured procedures have resulted in an
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increased yield from the discharge tube, it is not clear whether

such increases have been caused solely by a reduction in wall

activity or whether there has been an effect on the production

processes in the discharge.

(a)(ii) Specific Methods for Witrogen Atoms

As a result of much experimental xirork it appears that

electrical discharge methods are the only practicable sources of

nitrogen atoms but the optimum conditions do not appear to have

been determined. In the Woods tube type of apparatus, with

5 0 cycle AC of up to 5000 volts, dry nitrogen did not give more

than about l°/o of atoms and some difficulty was even

encountered in maintaining a discharge under these conditions'""^.
However, Winkler obtained up to 50°/o atoms from moist Ng
when using a pulsed condensed discharge of 4-5 pulses per second,

(l5) (14)
and later he and his colleagues considered that they

dissociated the gas virtually completely when using the same

(l5)
apparatus with a pulse rate of 50-50 per second. Fontana

using a 2450 Mc/sec microwave discharge, calculated that at a

condensing surface which was 50 cm from the plasma, there was a

concentration of nitrogen atoms of 4°/o, which probably indicated

a much higher figure in the discharge region. Fontana also

found that the nitrogen atom concentration was increased by the

presence of traces of water vapour and reduced by thorough drying.

This raises a basic question as to the manner in which water is

involved in the discharge processes. Various lines of evidence
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seem to indicate that water has an effect on the electrical

fields required for dissociation- At the same time, water vapour

may act as a poison for wall recombination. Satisfactory

experimental evidence which distinguishes theso two functions

does not appear to have been obtained. Young et al, using

E.S.R, measurements on a microwave discharge, found that the atom

concentration from very pure nitrogen was increased from
"| -T I r

2.0 x 10 ' to 1.2 x 10 atoms/cc by the addition of a low per¬

centage of SFg to the nitrogen before the discharge. Both NO
and oxygen gave similar increases when added in larger quantities.

It now appears to be established that the pulsed type of

discharge is capable of giving higher concentrations of nitrogen

atoms from pure nitrogen than any other system , including radio-

frequency and microwave, but..,, it probably also produces a much

higher percentage of excited species in undesirable secondary

r eactions.

Concerning other species in active nitrogen, it is probably

sufficient to note that the presence of excited atoms as well as

4
ground state S atoms in discharge products was clearly shown

(l7)
spectroscopically by Tanaka et al, and that Jackson and

Schiff found ^rS atoms by mass spectrometric analysis.
(19)

Kaufman and Kelso " presented strong evidence for the presence

of vibrationally excited nitrogen molecules in the products of a

microwave discharge. These had a calculated life time of about

50 milliseconds at 1 torr pressure and were presumed to have
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resulted from metastable electronically excited states in collision.

Dressier also demonstrated this by vaccuum ultraviolet

absorption spectroscopy. Several authors have pointed out that,

although ^S atoms are the predominant species formed in all

discharges through nitrogen, there are interesting differences

in the proportion of these to excited molecules from different

types of discharges. Thus, microwave systems appear to produce

large concentrations of vibrationally excited ground state
, . (19) (20) (21) . , . (22)molecules , whereas the condensed and radio-

(P3)
frequency discharges do not produce these to an appreciable

extent. However, the condensed discharge does seem to produce

considerable amounts of electronically excited

molecules (25)(26).
(9) ( 2P) f 28)

Winkler v v ' ' inferred from chemical studies that

vibrationally excited nitrogen molecules took part in certain

reactions and may be responsible for example, for the

decomposition of ITH_ . It has been shown that No0 and C0o3 2 2

remove these molecules with the generation of considerable heat,

without affecting the nitrogen atom concentration. These

excited molecules could also be removed by inserting a glass wool

plug between the discharge and the reactor, which strongly suggests

that the bulk of the vibrationally excited nitrogen molecules are

formed in the discharge rather than in the afterglow.

It can therefore be said with some certainty that active

nitrogen contains (a) ground state atoms, (b) excited atoms
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(c) vibrationally excited molecules, and (d) electronically-

excited molecules, and that all excited species formed in the

discharge will be deactivated by passing active nitrogen through

a glass wool plug and allowing about 50 millisec to elapse before

adding reactants. The bulk of evidence suggests that the steady

state concentration of electronically excited molecules formed

by atom recombination is extremely small. For many purposes,

therefore, active nitrogen, produced by a radio-frequency or micro¬

wave discharge in order to eliminate the problem of excited species
4

as much as possible, is a reasonably satisfactory source of S

nitrogen atoms in low percentage yields from molecular nitrogen.

In this context it is relevant to mention the experience

gained in St. Andrews, where there was developed between 1961 and

1964, a radio-frequency discharge system for the production of

nitrogen atoms, which could be coupled to a mass spectrometer

without interference. A 300 watt power generator operating at

8.5 Mc/sec was electrostatically coupled to a water cooled

pyrex discharge tube using copper electrodes. About 0.5°/o
dissociation of commercial nitrogen containing 0.15°/o oxygen at

1.2 torr was obtained; the small percentage of oxygen impurity

was found to be essential if detectable yields of nitrogen atoms

were to be obtained. The discharge tube ended in a 2.5 cm length

of 4 mm internal diameter pyrex tubing which served as the nozzle

for diffusion flame experiments and mass spectrometric analysis

showed that the predominant reactive species emerging from the



nozzle at about room temperature were ground state nitrogen

atoms.

The discharge tube was unpoisoned and it appeared that the

yield of nitrogen atoms was strongly affected by the conditions

of the walls of the discharge tube and impurities on these walls.

When the system was carefulljr freed from impurities and the

nitrogen well purified, the yield of nitrogen atoms decreased with

time of discharge. When a small amount of water or oxygen was

continuously introduced to the nitrogen stream, the nitrogen

atom output almost doubled, but it was still unstable over a

period of thirty minutes and showed a steady decrease with time.

Similar characteristics have been reported by Lichtin^_ using

a condensed discharge system to produce nitrogen atoms.

(b) Detection and Measurement of Nitrogen Atoms in the las Phase

By Mass Spectrometry

(h)(i) Introduction

In the experimental section of this thesis the interest

lies intrinsically in the application of mass spectrometry as a

method of analysing for nitrogen atoms and possibly transient

intermediates in diffusion flame reaction zones. The advantages

of mass spectrometry as an analytical technique in this type of

kinetic study have been given previously. Since the problems of

analysing for nitrogen atoms by mass spectrometry are the same as

for most free radicals, the major part of this account will he

concerned with the study of free radicals in general and recent
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applications to nitrogen atoms placed in a separate section.

The application of mass spectrometry to the study of free
(3l)radicals has been reviewed comprehensively by Cuthbert in

1959, Lossing^^ and Harrison XS63, and by Tal'roze^
in 1966, and it is the purpose of this discussion to cover only

briefly the principles and difficulties involved for subsequent

correlation with the experimental section of this thesis.

(b)(ii) General Principles

The mass spectrometer has been widely used for the

identification and qualitative estimation of the stable products

of chemical reactions. Two methods can be employed when a

analysis of the stable products is required. A sample can be

withdrawn from the reaction system and admitted to the mass

spectrometer in the usual fashion or, alternatively,the reaction

system can be coupled to the mass spectrometer and a sample

continuously admitted to the ionization chamber through a suitable

inlet. The identification of the components is made by the

cracking patterns obtained upon ionization, and the quantitative

estimation by measurement of suitable sensitivity coefficients

on the pure compounds.

For identification of free radical intermediates in chemical

reactions the proced.ures must be somewhat modified. Due to the

reactivity of free radicals a continuous sampling system must be

use<i and the sample must be introduced into the ion source along

a practically collision-free path to prevent secondary reactions



Fig. 2 ESSENTIAL FEATURES OF A FREE RADICAL

MASS SPECTROMETER I0NI5ATI0N SOURCE

Filament
Leads

Filament ^

Molecular RX

r Reactor

Pin Hole
Leak

^l\s:Ion Box / | \RX + R

Electron Beam

—Trnp

i1Ion J.Beam

To Analyser Tube and Collector

Fig. 3 I0NI5ATI0N EFFICIENCY CURVES NEAR THRESHOLD

Ion
Current

RX + e —* R + X + 2e

Electron Energy (eV)



34

of the radical species. The radicals are frequently present in

the reaction stream in low concentrations and their detection

among the multitude of stable products is often a matter of some

difficulty, especially since their cracking patterns are not known.

The methods of detection will be discussed below.

(b)(iii) Detection using Low-Energy Electrons

If the products of a chemical reaction, containing the unreacted

molecule RX and the radical r, are introduced into the ion source

of a mass spectrometer, as in Pig. 2, the ionic species R+ will

be formed by the following two electron-impact processes.

rx + e -> r+ + x + 2e A,> i(r) + d(R-x) [l ]

R+e -» R+ + 2e A2>i(r) [2]
The minimum electron energy, A-^, necessary for production of r+
by process [l] will be equal to or greater than the sum of the

bond dissociation energy, d(r-x), plus the ionization potential

of r, l(r). This energy will be greater than that required for

production of r+ by nrocess [2] by an amount approaching the bond

dissociation energy. Thus with an electron energy less than A_^
but greater than A2 the ion r+ will be produced only by ionization
of the free radical (process [2]). Under these conditions the

detection of ions with the mass to charge (m/e) ratio

corresponding to r+ will be an indication of the presence of the

radical in the reaction products.
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The best choice of electron energy for radical detection

can be illustrated by reference to Fig. 3 which shows the

ionisation efficiency curves for processes [l ] and [2] near their

respective appearance potentials. It is obvious that any electron

beam with energy below but greater than A^.will give an ion
current arising only from the free radical R. Since the

ionisation cross section increases rapidly with electron energy

above the appearance potential it is equally obvious that the

sensitivity of radical detection increases rapidly with electron

energy above the appearance potential Ap. The sensitivity is
effectively controlled by the difference A, - A^ and by the
curvature at the foot of the ionisation efficiency curves, (m),
which is in turn dependent on the electron energy distribution.

With reference to Fig. 3

i' (A - Ap) m
where i' is the maximum ion current obtainable without process

[l ] occurring. Robertson talcing into account the factors

which govern the shape of ionisation efficiency curves and the

energy distribution of electrons, has derived a theoretical

expression for the sensitivity of radical detection. Now

Ai - Ap = D(R-x), the bond dissociation energy, which is usually
around 2 to 3eV for most compounds but can be as high as 9eV

for strongly bonded molecules such as nitrogen. (Bond dissociation

energy of = 225.96 k cal mole at 298°k)
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(b) ( i■v) Experimental Difficulties Encountered T.Tsin? The

Low Energy Electron Method

As was shown above, the sensitivity of the radical detection

is strongly dependent upon the energy difference A^ - . In
practice however, a number of factors are encountered which

effectively reduce this energy difference and lower the

sensitivity of radical detection. In addition the sensitivity of

radical detection in any system will be reduced if an appreciable

fraction of the ra.dieals disappear by secondary reactions, either

on the inside and outside surfaces of the thin-edged orifice

joining the reaction system to the moss spectrometer, or in the

ion source prior to detection by ionisntion in the electron beam.

(a) Reactions on the spectrometer filament The source

of ionising electrons is usually a heated filament, and pyrolysis

of RX, or one of the reaction products, on this filament may

lead to the formation of radicals which subsequently diffuse into

the ionisation chamber where they are ionised. This may lower

the apparent appearance potential A^, thus decreasing the
sensitivity of detection. Experimentally this can be largely

overcome by efficient differential pumping of the filament

(36)
region

(b) Formation of products givinv rise to R~*" If in the

reaction a stable molecule is formed which can then produce,

under electron impact, the ion R+, or an ion of the same mass, at

an appearance potential lower than A^, the sensitivity of radical
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detection may be seriously affected. For example, in the

research to be described, F atom detection in the presence of
-f

nitrogen and ethylene was complicated by the CH^ ion formed from
ethylene. Hie value of A^ for the appearance of F+ from Fg
is 24.3eV, and Ag for the appearance of N from F is 14.53eV
and therefore for maximum sensitivity the electron beam was operated

between 23-24eV but the value of Ag for the appearance of CHgt-
from is 19.3eV, thus lowering the sensitivity of detection

due to a background ion current at m/e = 14 from ethylene.

(c) Excited Molecules An electronically or vibrationally
4-

excited molecule or atom will produce the ion R at an

appearance potential lower than that found for the ground state

molecule or atom by an amount equal to the energy of excitation.

Discontinuities found in the ionisation efficiency curves for

nitrogen atoms in active nitrogen by Jackson and Schiff ^7 (l8
have been attributed to the ionisation of excited Fg or F_
molecules which have been often suggested as possible constituents

of active nitrogen.

Fall reactions at the orifice At relatively low

pressures, under 5 torr, homogeneous recombination of radicals and

atoms is very slow compared to heterogeneoxis recombination,

therefore the surface effects of the sampling orifice become of

prime importance in the detection of free radicals. The value

Y, the fraction of wall-collisions resulting in combination

will be used to compare the characteristics of different surfaces.



To keep surface effects to a minimum at the sampling point, the

orifice is usually made through a cone shaped surface, with the

'tip' of this cone as near the dimensions of the orifice as is

possible. Pyrex or quartz is used rather than metals such as

copper due to metals having much higher y values for radicals and
-2 -5

atoms, i.e. y Pt is about 10 compared to 10 for y pyrex for

nitrogen atoms. However, even for pyrex y values vary from

species to species and from development work carried out in St.

Andrews during the last five years it appeared that nitrogen

atoms are not nearly so susceptible to loss by wall recombination

on pyrex surfaces as are hydrogen atoms.

(38Calculations have been made by Dodonov and his colleagues

on the possible effect of the walls of the sampling cone on the

concentration of radicals in the reaction zone, and they showed

that, for a 45° ideally sharp cone, with y £^10 ^ and a v/D=10cai
where v is the effective velocity of the stream of radicals

impinging on the cone and D is their diffusion coefficient,

processes occurring on the surface of the cone cannot appreciably

perturb the concentration of radicals in the reaction zone.

However, these reactions could decrease the concentration measured

by the mass snectrcmeter,
/•2r'

(e) Secondary reactions in the ion source As Robertson

has pointed out, the probability of ionisation of a particle

during a single traverse of the electron beam is only about

2 x 10~^ in the normal ion source. Host radicals will therefore
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make many collisions with the walls of the ion source before they

(35)(39)
are ionised and it has been suggested that the detection

of some radicals may be hindered by secondary reactions occurring

on the walls of the ionisation chamber.

A considerable amount of work has been done on the

susceptibilitjr of alkyl radicals with regard to wall collisions.

LeGoff and Letort ^o) foun(j that the collision efficiency for

methyl radical disappearance on the walls of the ion chamber
—4

was less than 6 x 10 f when methyl iodide was decomposed on a

heated tungsten filament, while in the decomposition of

tetramethyl lead by the same technique the collision efficiency

rbed !

(41)

_2
was about 2 x 10 . Obviously the nature of the adsorbed layer

is important in such reactions. Fabian and Robertson

produced propyl radicals by the pyrolvsis of propane on a

platinum filament and studied their sensitivity to surface

collisions. If the total arep of the ion source was considered

the probability of reaction at a single collision was only

4 x 10~5.
Although the evidence indicates that alkyl radicals are

quite insensitive to wall reactions in the conventional ion

source, there is evidence that many other species, particularly

atoms and oxygenated radicals, are much more susceptible to wall

reactions and are therefore much more difficult to detect with

the conventional techniques described previously. It is obvious

that, if wall reactions are to be avoided an ion source must be



FIGURE 4
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used in which the radicals enter the ionising region as a molecular
(42)

beam, and are then quickly pumped away. Foner and Hudson

have described an alternative method for decreasing the inter¬

ference due to reactions in the ion chamber. The essential

details of the apparatus are shown in Fig. 4. A series of

small coaxial apertures between the source of radicals from the

burner section and the ion-source selected a narrow beam of the

reaction products which had passed directly through all three

apertures. The enclosures between the apertures were pumped

separately so that any molecules which did not pass directly

through the aperture were removed. The collimated beam then

entered the ion source along the same axis as the electron beam.

This gave a much improved chance of ionisation. The molecular

beam was chopped by a vibrating reed at about 200 cycles/sec,

simplifying the amplification of the output signal, since more

sensitive and stable A.C. amplifiers could be used. By using

phase detection of the ion beam in the collector amplifier, the

basic sensitivity of the instrument could be increased. They
4

achieved a discrimination factor of about 10 in favour of the

sample beam over the source background. This technique of using

molecular beam inlet systems has boon used extensively in recent

years for the detection of radicals and atoms.



(f) Ion-molecule interactions in the mass spectrometer tube

Ions on their path from source to collector may lose kinetic

energy as a result of spontaneous dissociation or collisions with

gas molecules. These ions can cause long 'tails' to the

recorded peaks and a high background level between peaks when

sampling from relatively high pressure reaction systems

(l - 10 torr), thus decreasing the sensitivity which is especially

important for free radical detection. These ion-molecule

interactions are generally accepted and more refined collecting

(43)
systems have to be used to overcome this problem . Ions

which have lost kinetic energy in this manner are usually

rejected by applying a potential barrier near the collector,

maintained near the ion source potential. All ions which have

lost a certain fraction of their kinetic energy cannot pass such

a barrier and in this way a differential collecting system can

be operated.

(h)(v) Detection TTslng High-Energy Electrons

An alternative method, essentially identical to that used

in the analysis of mixtures of stable compounds has been used for

gas mixtures containing a large concentration of radicals (about

5^> or higher) . In this method developed by Lossing and
(44)

Tickner the reaction products are bombarded with electrons

of 50 - 70 eV energy. Under these conditions the ion R+ will be

formed not only by ionisation of the free radical R, but also by

dissociative ionisation of many of the stable molecules in the
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reaction mixture. The contribution of the stable components

to the ion current for R+ can be determined by separate

experiments on the pure compounds and subtracted from the

observed ion current as is customary in gas analysis. The ion

current remaining after all such corrections have been made can

be attributed to ionisation of the radical R. Although this

method is less sensitive, and less rapid, than the low-energy

method for the detection of radicals, it is much more suited

for quantitative measurements of radical concentrations in gas

mixtures containing large concentrations of radicals.

(c) The Determination of Absolute Fitrogeu Atom

Concentrations

(c)(i) Chemical Methods

The most simple and convenient methods of determining the

absolute concentration of nitrogen atoms are probably those

depending on chemical reactions. A suitable reaction partner

for quantitative determinations must react more quickly with

the nitrogen atoms than the latter recombine. The mechanism

of the reaction process must be clearly understood and the method

of following it must be simple. The reactants which have been

most widely used are ethylene and nitric oxide.

(o V ( 55)
Tfinkler and his co-workers have studied the

reactions of active nitrogen with a range of hydrocarbons and

have found that for many of them, virtually the only nitrogen-

containing compound which can be detected and recovered is HCiT,
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The limiting HON yield found at high hydrocarbon floxv-rates is

constant over a wide range of experimental conditions and with

few exceptions, it is independent of the hydrocarbon used as

reactant. Since olefins react particularly rapidly, ethylene

has been used as a titrant, and the limiting rate of formation

of HCF, (collected in a trap at 77°K and estimated by AgNO^
titration), has been equated to the nitrogen atom flow-rate, at

the point where reaction occurred. The reactions leading to

the formation of HON were assumed to be:

N + 0oH. -> HCH + CH_ [3 ]2 4 3

N + CSj -> HCH + 2H [4 ]
The method of using nitric oxide as a titrant is more

convenient in that simple visual observation can be used to
(5 6)

detect the end-point . Oxygen atoms are produced in the

reaction

IT + HO -» 1T2 + 0 [5 ]
and in the presence of excess nitrogen atoms, the reaction

IT + 0 + M -* 110" + M NO + M + hv [6 ]

occurs, and a blixe afterglow consisting of the HO-bands is

observed. In the presence of excess nitric oxide the green

'air afterglow' is observed due to occurrence of the reaction

0 + NO -* HO* -> H02 + hv [7 ]
At the end point however, neither nitrogen atoms nor nitric

oxide are present to react with the oxygen atoms formed in the

initial reaction and virtually no emission is seen. This method
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(57)
was first used in a kinetic study by Harteck , and has been

widely used since. Mass spectrometry in conjunction with this

method has been used to determine nitrogen atom concentrations

either by detecting the end point by monitoring the amount of

nitric oxide consumed at various nitric oxide flow-rates ^47) (58)^
15 14 15

or by using NO and measuring the II II product

+ (48)(49)(59)concentration v

The two methods described above, unfortunately, do not give

identical results f the nitric oxide titration

consistently giving higher results than the ethylene titration.

The ratio (NO consumed)/(HCN produced) was found to rise from
(55)1.4 to 2.4 over the pressure range 1-16 torr, and was

approximately independent of the nitrogen atom concentration.

This discrepancy has given rise to considerable controversy;

it has been suggested that catalytic recombination of nitrogen

atoms ^o)^6l) j_n -the presence of a hydrocarbon could lead to

low HCh yield, or that nitric oxide might be destroyed by other

reactive species in the active nitrogen which do not produce

HON with ethylene (22)(55),
(c)(ii) Physical Methods

Several physical methods^62^6^64^48^49^ave been used

to follow the nitric oxide titration and they all confirm that

the visual end-point corresponds to the complete consumption

of ground—stat« nitrogen atoms. Westenberg and de Haas

and Kaplan (^2^ and his co-workers have found that the nitrogen
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atom concentration determined by Electron Spin Resonance

spectrometry agrees very closely with that derived from nitric
(65'

oxide titration. In a similar study, Weyssenhoff and Patapoff

fomd agreement between the two methods to within - 10°/o
excent at very high flow-rates, when they suggested there may

well be a high proportion of excited species in the active

nitrogen stream.

Recently Eli as ^ has succeeded in measuring the pressure

decrease, P, arising from the recombination of nitrogen atoms

in a volume of active nitrogen which has been quickly isolated

from a flow system. If isothermal conditions prevail

r _ ;i£
a RT

where C is the atom concentration before shut-off. The
a

calculated atom concentration agrees with the nitric oxide

titration to within a few percent. As mentioned previously

Back and Mui (5i>) atoms with ~^N0 and measured

14 15 15 15the IT N yield; no significant concentration of N N

could be detected thus eliminating the possibility of any process

15
leading to the dissociation of NO.

It seems probable that the nitric oxide titration method

leads to the correct determination of nitrogen atom

concentrations, in view of the agreement found between this

technique and various physical methods. As will be described

in later sections of this thesis, recently reported work and
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results found from the research described in this thesis on

studies of the reaction of nitrogen atoms with olefins have shown

that the reactions are complex, probably occur by a catalytic

chain involving hydrogen atoms, and that catalytic recombination

of nitrogen atoms is quite likely to occur under certain

conditions; therefore it is not surprising that a 1:1 ratio

between (NO consumed) and (ECU produced) in titration studies has

not been found.

It appears from the published results that the olefin

titration technique for the determination of nitrogen atoms is

not completely satisfactory, which leaves the nitric oxide

titration method as the only convenient and reliable chemical

method for the determination of absolute nitrogen atom

c oncentrations.

(d) Eitrogen Atom Mass Spectrometry

Although the mass spectrometric detection of free hydrogen

and oxygen atoms is relatively difficult, nitrogen atoms have

been detected by relatively simple free radical mass spectrometers.

In the experiments of Jackson and Schiff(l8)(37) 1953( a

stream of active nitrogen from a condensed discharge was sampled

by a modified mass spectrometer through an orifice in a quartz

cone. This orifice was 30 microns in diameter situated about

1.5 cm from the ion source and nitrogen pressures up to 3 torr

were acceptable above the leak without undue saturation of the

mass spectrometer. The discharge system used an intermittent



FIGURE 5
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D. C. supply, the interference from which was reduced to an

acceptable level by inserting an auxiliary electrode maintained

at 2000 volts between the discharge tube and the reactor. The
4 4

peak heights at 14 and 28 were examined at 50eV. Whenever the
4 4

discharge was activated the 28 peak decreased and the 14 peak
-f

increased. The relative increase in 14 was apparently

independent of the pulse rate, but very dependent on the

conditions of the wall surfaces. A blank run with argon in the

discharge tube showed that the 40' peak did not change when the

discharge was activated, indicating that the sensitivity remained

constant during these tests.

In order to identify the species at m/e = 14, appearanc.e

potential measurements were recorded and are shown in Fig,

The 23*" curves with and without the discharge were identical

but the curve for 14+ showed a new species (A.P. 14.7 - 0.3eV)
in active nitrogen. This appearance potential agreed closely

with the accepted value of 14.54eV for the spectroscopic appearance

potential of ground state n(4s) atoms and clearly demonstrated

the presence of nitrogen atoms in active nitrogen. The

discontinuity in the 14+ curve indicated a second species of

A.P. 16,1 - 0.3eV which % as finally attributed to the ionisation

of Hh or N_ molecules,
2 b

Active nitrogen has also been investigated mass-

spectrometrically by Berkowitz, Chupka and Kistiakowsky

and the nitrogen atom concentration related to the afterglow
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intensity monitored by a photomultiplier. Nitrogen was

dissociated in a Woods tube powered by a 3000 volt transformer

and pumped at high speed (about lcc N.T.P./sec, giving about

5 metres/sec linear velocity) past the photomultiplier, then

passed over the leak of the mass spectrometer positioned as near

to the photomultiplier as possible. The mass spectrometer

sampled the afterglow through an orifice in a mica sheet about 120

cm downstream from the discharge. The ion source in the mass

spectrometer had no repeller or trap and the reactive species

entered through a slit in the source top. The filament and

analysing tube were differentially pumped in the usual way.

Nitrogen atoms were monitored using low energy electrons

(22.5ev). The 14+ peak barely showed above the background, but

on activating the discharge, rose some 1000 times. An ionisation

efficiency plot showed a smooth curve with an appearance potential ,

(18) ( 3 7)
of 14.8eV which confirmed Jackson and Schiff's observations .

There appeared to be no evidence of any metastable nitrogen atoms

and a similar investigation of the 28 ionisation efficiency

curve showed no trace of any metastable nitrogen molecules.
"f"

From simultaneous investigations of the 14 peak height and the

afterglow intensity Kistiakowsky and his co-workers clearly

demonstrated that the afterglow intensity varied with the square

of the n(4s) atom concentration. This clearly associated the

afterglow with an atom-atom collision. Kistiakowsky was later

able to conclude that the afterglow was a spectral emission of
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the excess energy of the recombination of the atoms; the

recombination being a third body requirement and involving a

short lived metastable nitrogen molecule.
(45) (46)

In an extension of the work, Kistiakowsky and Volpi

introduced a reactor near the mass spectrometer input and were

able to investigate the kinetics of the reactions of nitrogen

atoms with oxygen and various nitrogen oxides. The investigations

were based on the principle of the stirred reactor and the

nitrogen atoms x^ere monitored with the mass spectrometer. The

Wood's type discharge tube was replaced by a 2400 Mc/see
electrodeless discharge (125 watts) for these latter experiments.

This was found to yield an equivalent flow of nitrogen atoms but

with much improved stability.

Since active nitrogen had been shown to consist predominantly

of ground state nitrogen atoms xfhich could be detected using a

simple free radical mass spectrometer, mass spectrometric studies

of the reactions of nitrogen atoms were undertaken at several
(47)

laboratories. Philips and Schiff studied the reactions of

active nitrogen with nitric oxide and with ozone using a

similar form of apparatus. Nitrogen was partly dissociated in

a fast-flow system by passing it through a microwave resonance

cavity coupled to a microwave generator operated at 2450 Mc/sec.
It then passed into a cylindrical reaction vessel of 18 mm

internal diameter where an axial moveable reactant inlet x^ras

located. To ensure efficient mixing, the inlet tube was
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perforated with six holes at its outlet. Downstream from the

inlet was located the mass spectrometer leak which consisted of

a 20 micron orifice pierced in a quartz cone positioned directly

over the differentially pumped ion source. The reaction time

could he varied from about 1 to 100 milliseconds by moving the

inlet tube axially in the active nitrogen stream. Using

slightly modified versions of this apparatus, Herron studied the

reactions of nitrogen atoms with nitric oxide (48) (49)^
ethylene (5l)^ a rangQ 0f olefins using a

60° sector mass spectrometer and a ten micron orifice in a thin
(53)

glass diaphragm. Foster, Kebarle and Dunford have studied

the reactions of nitrogen atoms with ethylene and some

deuterated ethylenes using an A.H.I. MS 10 instrument, with a

modified source to permit differential pumping, and coupled to

the reactor by a 5 cm long pyrex leak with an orifice diameter

of 35 micron.

(54)
Recently Safrany and Jaster studied the reactions of

hydrocarbons with mixtures of active nitrogen and hydrogen atoms

formed in a very fast, low pressure (50 m/sec linear velocity

and 0.2 torr pressure) Wood - Bonhoeffer discharge apparatus.

Reactants and products were sampled through a gold foil leak and

analysed with a time of flight mass spectrometer which enabled

mass spectrometric sampling of the reaction zone to be made

in very short time intervals.
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4 SOME RELEVANT NITROGEN-ATOM CHEMISTRY

Before reviewing the recent developments in the study of

the reactions of nitrogen atoms with olefins which is essentially

the main subject of this thesis, certain other topics in the

chemistry of nitrogen atoms, which are relevant to any study

of the reactions of nitrogen atoms in the gas phase will be

discussed.

(a) Heterogeneous Reactions

It has been shown, in studies of the recombination of

nitrogen atoms at surfaces,that wall processes begin to compete

with homogeneous recombination at pressures below 2-3 torr in a

2 cm i.d. pyrex tube . Due to the sensitivity of

recombination rates to the presence of trace impurities in the

nitrogen stream and to the condition of the surfaces, mentioned

in the section on nitrogen atom production, it is difficult

to compare results from different workers. It has been found

generally that a newly-prepared surface requires some form of

•conditioning' by exposure to nitrogen atoms, and in certain cases

the change in surface activity has been monitored by observing

the progressive rise in the intensity of the afterglow in the flow
(4)

tube downstream from the discharge . The recombination of

nitrogen atoms on surfaces has been assumed to be first order in

atom concentration, although conclusive evidence for this has not

been provided, as in the case of hydrogen and oxygen atoms^^ .
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Table (l) below gives results on the efficiency of various surfaces

for recombination, obtained by various workers using this

assumption. These results are expressed as a recombination

coefficient y> where y is the fraction of collisions in which

recombination occurs.

Table 1

Surface Recombination Coefficient y Reference

Pyrex 7.5
+

0.-6 X 10" 5 (5)
Pjrrex 1.5

+
0.5 X 10~5 (1) (2)

Pyrex 5.0 X 10-5 (7)
Pyrex 1.7 X 10~5 (3)
Quartz 5.5 X 10" 4 (14)
K e taphosphoric
Acid 1-4 X 10"6 (8)

Teflon 2.9 X f—1 O
I VJ1 (s)

Pt 2.2 X 10 2 (9)
Cu 1.2 — 3.9 X 10-2 (10)

It is clear that the catalytic efficiency of metals is about
310" times greater than that of pyrex, in agreement with the

observation that copper generally has been found to extinguish

the afterglow of active nitrogen very efficiently (l2.)^
Recently the mechanism of nitrogen atom recombination in

a nitrogen carrier gas and in acid washed pyrex or quartz

reaction tubes of about 25 mm i.d. ha„s been carefully
(l4)(l5)

investigated . These studies showed that there were

involved not only first-order heterogeneous [l ] and third-order
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homogeneous [3] reactions, "but also a second-order [2] reaction.

IT + wall -* t 1I2 [l ]
BT + H - N2 [2]
TT + IT + N2 -> M2 + Ng- [3 ]

The more recent work of Clyne and Steadman confirmed these

findings and identified reaction [2] as a wholly heterogeneous

process in the total pressure range of 1 - 13 torr. It is not

known yet, however, if the observation of second-order kinetics

for part of the surface removal of nitrogen atoms is of general

applicability.

(b) Reactions with Atoms

(b) (i) The Reaction N + N + Ng -► Ng + ITg

It is now generally accepted that the gas phase re¬

combination of nitrogen atoms is second-order with respect _to
(iy)

nitrogen atom concentration and requires a third body

Only recombination when nitrogen is the third body will be

discussed.

N + N + N2 -> Ng + W2 [3 ]
Some of the values of the rate constant (defined by

£
dLN2]/dt = k ["IT 3 En2 ] ) which now appear in the literature are

shown in Table 2



57

Table 2

Type of
Discharge

1

Temp-
'erature
(°K)

Pressure

Range
(torr)

10"9kP _2 -i
litre mole sec

Ref¬
erence

Radio-frequency approx. 300 0.1 - 1 6 .0 (7)
(static)
Condensed,flow approx. 300 0.5-1.3 6.2± 0.6 (18)

Microwave, flow approx. 300 0.5-4 • 5 .2- 0.9 (3)
Condensed, flow approx. 300 2.4-11.2 4.4 (19)
Microwave, flow 300 2 - 3.5 0.77 (20)
Mi crowave, s tail c 350 0.7-2.2 0.84 (20)
Microwave, flow 300 5 2.5 (21)
Microwave, flow 196-327 2-10 l.-38± 0.11 (22)
Microwave, flow 195-453 1-10 2.9 - 0.4 (l)(2)
Radio-frequency, 298 2.76^ 0.22 (15)
flow

Microwave, flow 298 2.2 ± 1.1 (14)
Microwave, flow 298 1 - 13 2.7 - 0.2 (16)

Most of the values were determined using discharge flow systems

and MO-titration except the value obtained by Bvenson and Bureh^
in which the absolute nitrogen atom concentration was found

using E. S. R. techniques. The agreement found between

different determinations is quite good and confirms the E. S. R.

and NO-titration methods as methods of measuring absolute

nitrogen atom concentration.

Kretschmer and Petersen added water (before the

discharge) and oxygen (downstream) in their flow experiments,

and found a greatly increased rate of recombination which they
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ascribed to the chain reaction

H + 02 + N2 H02 + W2 C5]

[6]

[7]

n + ho2 -> m + o2
N + I'TH -+ N? + H

They suggested that the discrepancies between the values of k

measured by different workers were due to the presence of water

in the nitrogen.

At pressures up to a few torr a significant amount of

recombination occurs on the walls. Most workers have assumed

that it was first-order with respect to nitrogen atoms,

reaction [l], but recent work has provided evidence that second-

order heterogeneous recombination is important, reaction [2],
It would seem that the results obtained by Campbell and

Thrush t Evenson and Durch and Clyne and Stedman

are the most ®liable, as the effects of reaction [l ] and [2]

have been considered and H- and 0- containing impurities had

been excluded from the nitrogen stream, 'The mean value of
o 2 -2-1

their results give the Aalue of k as 2.55 x 10"' litre mole sec

The details of the recombination process are not yet fully

understood despite the many studies of the subsequent light

emission. These studies have been reviewed by Brocklehurst
(13)

and Jennings and it appears that the process may be

represented by:
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N + N + F, -» N2 (b^TT g) + N2

n2(b5ri"g) n2(a3z+) + hv [9]
N2(B5TTg) + N2 -+ 1T2(? ) + N2 [10]

(b)(ii) Reaction with Oxygen Atoms

When small quantities of nitric oxide are added to active

nitrogen, a mixture of nitrogen and oxygen atoms and nitrogen

molecules results; the atoms are then lost by recombination on

the walls or with a third body in the gas phase. By use of

further FO titration or E. S. R. measurements, the rate constant

of the reaction

F + O+ M -> FO + M [11]

can be determined. For M = F?, three values which show good

agreement have been reported 1.83 ± 0.2 , 5.8 ,

3.88 ± 0.3 ^ (all x 109 litre2 mole"2 sec"1 )

(c) Reaction with Oxygen and with Nitric Oxide

The mechanisms of these reactions are now reasonably well

understood and their measured rate constants are fairly reliable,

The reaction with oxygen

F + °2 NO + 0 [12]
has a considerable energy of activation as was shown by the

(23)
early work of Kistiakowsky and Volpi v ' who reported a second-

order k = 2 x 109 exp (-6200/rt) litre mole"1 sec 1 in a mass

spectrometric determination of the rate of the reaction in a

stirred reactor over the temperature range 390° - 520° K.
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(24)Kaufman and Docker interpreted their measurements on the

thermal decomposition of nitric oxide to give the rate constant

for reaction [l2] = 1.7 x lO1^* exp (-7500/rt) litre mole 1
sec 1 and Clyne and Thrush from electrodeless discharge -

flow experiments over the temperature range 412° - 755°K
obtained k = 8.3 t 1.0 x 10"* exp (-7100 i 400/rt) litre

mole 1 sec Recently Winkler and Vlastaras reported

k = 3.8 x 109 exp (-7000/rt) litre mole"1 sec .

The mechanism of the reaction of nitrogen atoms with

nitric oxide has been discussed previously with respect to the

use of the initial and secondary reactions, for the sb3olute

determination of nitrogen atom concentrations. The reaction

is extremely fast and is close to the bimolecular collision

rate which moans that it is not easy to measure because of the

difficulty of mixing the gases quickly enough. This high rate

constant is probably due to the fact that the reaction obeys
( 27)

Wigner's spin conservation rule , which shows that reactions,

in which the total spin of the product molecules is the same

as that of the reactant molecules, are more likely to occur

than those in which this condition is not fulfilled. Direct

measurements at low concentrations ^ave given values

of the rate constant as 1.0 ± 0.5 x 101(1 and 1.3 + 0.36 x lO1^
litre mole 1 sec 1. Clyne and Thrush used the air

afterglow in a flow system to measxire the equilibrium

concentration of NO controlled by reactions
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N + NO -> N2 + 0 [131
and N + Og _ NO + 0 [12]
and derived a value of 3.0 + 0.6 x 101*"1 exp (-200 + 700/rt)
litre mole-1 sec-1, i.e. 2.1 x 1010 at room temperature, which

is in good agreement with other values.
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5 ADDITION OF NITROGEN ATOMS TO OLEFINS IH THE

OAS PHASE

(a) Introduction

There is, as yet, very little systematic information on

the gas phase reactions of atoms and radicals with a

representative series of olefins. These reactions possess

special features and their comparative study may be of

c onsiderable value.

As a result of the exothermicity of addition processes to

multiple bonds, due to the relatively higher value of the heat

of formation of the formed <5 -bond compared to the ruptured

IT-bond, the primary addition products possess excess energy

when formed. This will in general make them susceptible to

further chemical change if deactivation by collision does not

intervene. Thus the primary adducts may undergo rapid internal

rearrangements or fragmentation before deactivation can be

achieved and such processes would then be independent of

pressure.

In addition to the purely energetic effects, various other

features of addition processes of this kind are of interest.

They include the effects of multiplicity and of electron

demanding properties of the addition reagents, the position of

attack 'orientation', the factors determining rates of attack,

and the dependence of rates on the molecular structure of the

olefins. As a long term objective it would therefore be
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desirable to have the following information for each atom or

radical in its reaction with a series of olefins:

(1) the type of products formed and their relative abundance,

(2) the role played by the vibrationally excited 'hot' products

and their life times,

(3) the type of fragmentation or rearrangement of the 'hot'

products,

(4) the effect of pressure on the reactions in (3),
(5) accurate relative rates for a representative series of

olefins, and their temperature dependence,

(6) reasonably accurate absolute values of the rate constants.

This information will not be easily obtained since the study of

reactions of this type are generally experimentally difficult,

and the determination of the reaction mechanisms of importance

involves long and tedious development work on an adequate

t echnique.

Because cf the complexity of reactions of this type,

variations of rates of formation of products trapped downstream

from the reaction zone do not provide sufficient information for

the overall mechanism to be established. Rate constants

derived from the rate of disappearance or formation of a

substance refer only to the overall reaction, and since the

substance may participate in several elementary reactions, there

is little chance of obtaining rate constants for these reactions

by these mothods, even if a mechanism is assumed.



66

However, systematic studies of reactions of atoms and

radicals with olefins should in the long run contribute

significantly to a better understanding of the factors which

affect chemical reactions.

Our understanding of the reactions of nitrogen atoms

with olefins is still very limited despite the considerable

number of studies which have been made of such reactions. The

necessity of working at low pressures, due to the fact that

active nitrogen formed by discharge methods is the only

practical source of nitrogen atoms, leads to considerable

fragmentation and often results in a free radical chain reaction.

Emission spectra of the reaction zones indicate the presence of

electronically/" excited species such as CN and NH, but these

probably arise from relatively minor processes.

Since the NH radical has a rather low bond dissociation

energy of about 87 k cal mole"^ compared with the C-H bond

dissociation energy of about 104 k cal mole"''' in ethylene, the

reaction

n + c2h4 -*■ nh + c2h3 [l]
is 17 k cal endothermic and is therefore slow at room temperature.

However, it is well known that the abstraction of H atoms

from the methyl group in propylene is a much easier process

with D(CH2 : CH.CIL, — h) = 82 k cal. This would make the
formation of nh a slightly exothermic process with propylene,

or with other olefins with allylic H atoms.
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It can be suggested that free N atoms have the possibility of

forming a -C*tT system, where the triple bond has a dissociation

energy of the order of 180 k cal. But to achieve this requires

a complicated reorganisation of the olefins framework. It is

conceivable that the -C--N system may only be realised after a

series of simple steps, rather than in one process. If it

does occur, the reaction IT + C„H, -» HON + CEL is 62 k cal
2 4 o

exothermic and is clearly eligible for consideration on thermal

grounds.

(b) Rates ofRoacti on -and Wechnnietic Studios

The earlier work up to 1956 on the reactions of nitrogen

atoms with olefins has been summarised by Evans, Freeman and

Winkler . Products recovered from a trap at 77°K downstream

from the reaction vessel were very largely HON with smaller

quantities of other hydrocarbons and traces of cyanogen and

ammonia. In some reactions, polymeric deposits were formed on

the walls of the reaction vessel. The rate of formation of

HCtT was found to increase as the olefin flow rate was increased,

and usually reached a limiting value. This limiting rate of

formation of HCW appeared to be independent of the type of

reaction vessel and type of discharge at temperatures of about

675°F and wan very similar for reactants such as G^H^, CJIg,
C4H8 - 2. This appeared to suggest that the rate of formation
of HCN under these conditions was a measure of the nitrogen atom

flow rate, but the findings of later workers have shown that this
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is almost certainly incorrect.

The reactions of active nitrogen with olefins are quite

rapid at room temperature and numerous investigations have been

made of the reaction with ethylene. Although the addition of

ammonia between the discharge and the ethylene inlet reduces

somewhat the intensity of the emission of the CN red and violet

band systems, which are common to most reactions of active

nitrogen with hydrocarbons, it does not affect the yield of

((*5 ^HOT ' . This suggests that the reaction of electronically

excited nitrogen molecules which have been shown to be removed

by reaction with ammonia , do not play an important part in

HON formation. In most investigations carried out before

I960, the limiting rate of HOT production was equated to the

nitrogen atom flow rate, thus this flow rate was probably

underestimated by 30-40^ in the light of more recent results.

The HCIT has assumed to be formed in the reactions

N(4s) + C2H4 HOT + CH5 (slow) [2 J
ll(4s) + CH^ -> HOT + 2H (fast) [3]

both of which are exothermic. In the second reaction, two

hydrogen atoms are probably formed, rather than a hydrogen
(5)

molecule, on spin conservation grounds , An intermediate

(l-I.CpH^) 'complex' was postulated but there was no experimental
information on whether in this reaction a 'hot' adduct was formed

which then rapidly decomposed into CEj and HOT. Reaction [2]
is very similar to the corresponding reaction of oxygen atoms
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with ethjrlene at low pressures in which the main primary 'pressure
(l2N

dependent' fragmentation products are CH~ and HCO '. Since

the nitrogen atoms were generated by discharge techniques, it was

not feasible to investigate the effect which high concentrations

of added gases would have on the reaction products. At 373°K,
7 -1-1

'fright and Winkler found kg = 1.8 x 10 litre mole sec

based on HOT production as a measure of nitrogen atom flow rate,

and 6.2 x 10^ litre mole " sec based on the nitric oxide

titration technique In 1962 Levy and Winkler

investigated five different methods of torra.inating the reaction

of active nitrogen with ethylene in the temperature range

295 - 673°K. The five methods were;

(1) low-temperature trapping,

(2) addition of 1T0,

(3) withdrawal of an aliquot through a moveable probe,

(4) introduction of en oxidised copper gauze,

(5) introduction of a platinum gauze with a black spongy layer

of cobalt deposited on it.

The nitric oxide and cobalt catalyst technique proved reliable.

As a result it was possible to varjr the reaction time and apply

a second-order rate expression to determine k^ various
temperatures. These two techniques gave at 298°K,

7 -1 -1 —1
kg - 1.1 x 10 litre mole sec and = 0.4 + 0.2 k cal mole ,

-5
This gives a P factor of the order of 10 . Such a~ low ralue

has been ascribed to the fact that reaction [2] is spin-disallowed.
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These results are in reasonably good agreement with some

earlier estimates obtained by diffusion-flame techniques of

2.1 x 107 litre mole ^ sec at 295 °K ^7 and 9.6 x 107 litre

mole ^ sec 7 at 310°K and with a very recent estimate
7 -1 —1obtained by the same technique of 1.5 x 10 litre mole sec

at 313°K ^ . A mass spectrometric study by Herron

based on the nitric oxide titration technique for the

determination of the absolute nitrogen atom concentration, and

the monitoring of the rate of nitrogen atom disappearance at
7

different flow rates of ethylene, led to a value of 5.8 x 10

litre mole ^ sec ^ over the range 473 - 603°K.
In the section on the estimation of nitrogen atom

concentrations, the results obtained in a more recent mass

spectrometric investigation by Herron were mentioned ^ .

g _]_ — 2.
Herron derived a value of = 7 x 10 litre mole sec

as an upper limit at 320°K. The marked rise in the rate of

HCN production observed when hydrogen atoms were added to the

reaction, which effectively removed the discrepancy between the

nitric oxide and ethylene titration techniques for the

measurement of nitrogen atom concentration, emphasises the

complexity of the reaction. It is interesting that Armstrong
(13)

and Winkler found that the rate of HON production from

ethylene was greater when 'active nitrogen' was obtained by

passing ammonia through a discharge tube than when nitrogen

was used; the hydrogen atoms present in the effluent gas may
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have promoted the formation of HON in a similar manner, although

since the relative nitrogen atom concentrations were not

determined, a quantitative comparison was not possible. Also,

Gartaganis and Winkler have added hydrogen atoms produced

by a second discharge tc the reactions of CF^ and CgHg with
active nitrogen at temperatures greater than 52'3°K. Again

no estimate of the nitrogen atom concentrations was made hut

their data clearly showed greatly increased HCW formation over

that produced in the absence of hydrogen atoms.

Using a similar mass spectroscopic method, as he used for

the study of the reaction with ethylene, Herron has studied the
(l5)

reactions of nitrogen atoms with a series of olefins

and has discussed his observations in terms of the generalised

mechanism:

IT + Olefin -> Products + H(?) [4]
IT + Products Products + H [5 ]

H + Olefin R [6 ]

H + R -> RH [7]

N + R -> Olefin + NH [8]

R + R -» Recombination and

Disproportionatio.n Products [9 ]

IT + NE -> N + H [10]

At low conversions where the ratio of the concentrations of

hydrogen and nitrogen atoms is small, reaction [8]

predominates over [7 ] and olefin lost in reaction [6] is
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regenerated in reaction [S], At higher conversions, reaction

[7] and [9] increase in importance, leading to a net loss of

olefin other than by reaction [4] and so lead to an increase in

the apparent rate constant defined by -d[A]/dt = k [N ]tA] where

olefin A is assumed to react only with nitrogen atoms. The

true rate constant for reaction [4] is therefore obtained by

plotting the apparent rate constant against the ratio of the

concentrations of olefin and nitrogen atoms and extrapolating

to zero olefin concentrations, so eliminating any complications

due to hydrogen atom reactions. In the presence of added

hydrogen atoms, the apparent rate constant for a given olefin/

nitrogen atom concentration ratio increased very considerably,

but the value of the extrapolated rate constant remained

unaltered, as the above mechanism would predict. Rate constants

obtained in ...this way are given in Table 1.

Olefin k (litre mole"*"'" see ^ x 10*''')

Ethylene 1.0 ± 0.5

Propene 1.-9 — 0.6
Butene-1 2,0 +. 0.4

_t-Butone-2 1,7 * 0,4
Isobutene 4.2 — 1,0

2, 3-Dimethylbutene-2 2.4— 0.6

1,3-Butadiene 3.5 ~ 1.0

The relative rates of nitrogen atom reactions with olefins

resemble those for hydrogen atom addition much more closely
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(17)than those for reactions of the electrophilic atoms 0 ,

S Se (^9)^ gnd 3r , and Herron suggests that this may-

indicate that the initial step for nitrogen and hydrogen atom

reactions may be similar, i.e. addition to the least substituted

carbon atom of the double bond to yield an excited radical

internodio,te from which the final products are formed by

further reactions.

( )
Foster, Kebarle and Dunford have also studied the

reactions of active nitrogen with ethylene and deuterated

ethylenes by a mass spectrometric technique. The rate of

disappearance of atoms in the presence of ethylene was found to

obey the equation-d [N ]/dt = kg [N ] [ethylene ]o where kg is an
apparent second-order rate constant and [ethylene ]o is the

initial concentration of ethylene. However, exceptions to

this equation were found at 0.6 torr either for short reaction

times or for small concentrations of ethylene, and apparently

for short reaction times at 2.6 torr when a large excess of

ethylene was used. Where the above equation was obeyed

kg = (1.8^0.6) x 10® litre mole sec . The rate constant for
nitrogen atom disappearance in the reaction of active nitrogen

with ethylene measured by Herron^"1"^ is directly comparable to

this apparent rate constant when multiplied by 2, i.e.

kg = 1.2 x 10° litre mole sec since it was assumed in this
earlier work that two nitrogen atoms disappear for every

ethylene molecule destroyed. The evaluation of the apparent
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second-order rate constant was not based on assumptiore about

the actual reaction mechanism of the reaction unlike the results

in recent contributions by Herron mentioned previously

However, if a comparison is made of the apparent rate constant

kg- obtained by evaluation of their data in a similar manner to
Herron's use of his integrated rate equation, quite good

agreement is found with Herron's value of kg. The observation
that CgD^ was produced in the reaction of active nitrogen with
CgD^H provided further evidence in support of Herron's
conclusion that hydrogen atoms play a role in the reaction of

.,, .. . (ll)(15)active nitrogen with ethylene .

■Second-order rate constants for the initial attack of

nitrogen atoms on ethylene and propylene have been determined

over a range of temperatures, olefin flow rates, and reaction
( 22)

times by Paraskevopoulos and Winkler . The reaction time

was controlled by stopping the reaction at different distances

along the reaction tube using a cobalt target described

previously in this section . Unlike their earlier

experiments ^ the initial concentration of nitrogen atoms was

based on the gas-phase titration with nitric oxide. The rate

constants determined were

kn _ = 1.6 x lO^exp (-700 — 35o/RT) litre mole 1 sec 1
°2 4

k-
TT = 1.5 x 108 exo (-1650 - 800/rt) litre mole"1 sec"1

3 6

where kn TT and k„ „ were the rate constants for the
'3 6^C2H4 ~C„H,
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disappearance of the olefin on the assumption that the rate

controlling step was a relatively slow second-order nitrogen

atom attack on the olefin.

II + C0H. -> HON + CH_ slow [2]2 4 0

N + C^Hg ECU + C2H4 + H slow [ll]
The ratios of the rate constants for the initial attack of

nitrogen atoms on propylene and ethylene were obtained from a

treatment of the propylene reaction as a sequence of two

competitive, consecutive reactions in which ethylene, as a

primary product, is subsequently attacked by nitrogen atoms.

The ratios obtained agroed with values obtained independently

for the two reactions.

The most recent investigation of the mechanism of the

reactions of nitrogen atoms with olefins has been carried out

(2d)
by Safrany and Jaster . The reactions of ethylene,

propylene and isobutylene were studied mass spectrometrically

in a very fast flow, low pressure (50 m/sec linear velocity and

0.2 torr pressure) Wood-Bonhoeffer apparatus. Under these

conditions 3-body reactions are negligible and. only fast 2-

body reactions are observed. Addition of hydrogen atoms

from a second discharge to the reactions, increased the ECU

production to the extent that agreement with nitric oxide

titration values for nitrogen atom concentration values was

obtained. They suggest that the initial reaction is formation

of alkyl radicals by hydrogen atom addition and that nitrogen
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atoms then react rapidly with alkyl radicals larger than CH^
to produce NH and HON, N2 is produced hy disproportionation
of NH radicals:

NH + NH -> N2 + 2H [l2 ]:
When hydrogen atoms are added under conditions such that the

reactions go to completion, N2 formation is suppressed because
NH radicals are consumed by

H + NH -> H2 + N [13]
This reaction also regenerates nitrogen atoms, which then form

additional HON so that agreement with nitric oxide titration

is obtained.

The suggestion that nitrogen atoms are consumed hy

reactions with alkyl radicals rather than the olefin,in

reactions of active nitrogen with olefins,is a novel approach

to the study of the mechanism of active nitrogen reactions and

will he discussed later in relation to the findings of this

present work. It is appropriate at this point to mention

another novel suggestion that has been made by Dubrin, Mackay

and Wolfgang in a report of the reactions with olefins of "^N
atoms produced by nuclear techniques . The nitrogen

atom concentration was very small so the reactions of N atoms

with radicals were avoided. It was tentatively concluded that

both ground state (^s) and electronically excited (^D) atoms

were involved; both reacted with NO but onljr the excited atoms

with C^H^ . This suggests that the primary reaction of
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ethylene with active nitrogen involved either electronically

excited nitrogen molecules or possibly electronically excited

nitrogen atoms.

(c) Product Analysis Studies

There is relatively little information on the yields of

minor products in the reactions of active nitrogen with olefins.

Using flow rates at which both ethylene and nitrogen atoms were

completely consumed, Evans, Freeman and Winkler^ quote the

relative yields of products as HCW 75^, C^Hg 10^, CH^ 9*P,
CpHp and (ClOg 2^-, In a later study Paraskevopoulos and

(22)
Winkler found, by analysing the condensable products mass

spectrometrically,that HCII accounted for about 90/£ of all

products and for over 95r> of the nitrogen containing products.

Very small traces of 0^^, CEf.CN , C^hydrocarbons, traces of
and possibly traces of HN^ were also present. Herron,

(25)
Franklin and Bradt found for stable products, that HON

accounted for 97^ of all products,, with small traces of C^H^,

^2^2 and possibly cyanoethylene and cyanoacetylene. The
reaction of active nitrogen with propylene has been studied by

( 22)
Fhraskevopoulos and Winkler who followed product yields

with increasing olefin flow rates. The main products were

HON and with smaller amounts of C^IIg, CH^CN and
CJlr and with trace amounts of C0H0 found in some experiments.2 o 2 2

The average carbon balance was 98£> More exhaustive s tudies

of tho reaction with propylene have been made by
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Lichtin et al (^)(2l) wj1Q studied the molecular origins of

HCN, C~Hr, C0H„, C0H0, CH„CN and 0Ho produced at the autogenous
d 6 d. 4 2 2 j jo"

temperature. Extensive measurements of the molar radio¬

activities of the products were made relative to those of

rea.ctant propenelcLkelled alternately at the C-l, C—2 or C-3

position with ^C. The reliability of the data permitted a

critical comparison with the recently proposed mechanisms of
/1 r\

Herron and Safrax^- and Jaster mentioned previously.

It was found that both of the mechanistic models with appropriate

elaborations could accommodate most or all of the relative

molar activity data,though the data did not permit definite

conclusions to be drawn as to whether the reaction followed any

one or both of the proposed mechanisms, or as to their sslative

importance.

( 28)
Recently Fonin has published a comprehensive review

of the reactions of active nitrogen species with organic

molecules which includes a section on the reactions of nitrogen

atoms with organic molecules in general.
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6 DEVELOPMENT OF THE DIFFUSION FLAME APPARATUS

(a) General Description of the Existing Diffusion Flame Apparatus

In St. Andrews during the period 1961-1964 ^a diffusion

flame apparatus had been constructed in which it was possible

to produce free nitrogen atoms in moderate quantities by radio-

frequency discharge and to analyse, using a suitably modified

mass spectrometer, the snherical diffusion flame reaction zone

formed by allowing these atoms to diffuse into various reactants

carried in a stream of nitrogen carrier gas. It was found

that the reaction zone could be reproducibly analysed with

negligible flow distortion for atoms and stable species by

sampling them through a slender probe. A few preliminary

experiments were carried out using nitric oxide and ethylene as

r eactants.

As stated in the introductory pages, it was decided to

extend these investigations and to develop this technique

using the same apparatus which could be easily modified

whenever necessary. Before describing in detail the various

modifications which were made during the period of this research,

a general description of the two essential features of the

apparatus will be given.

(i) The reaction vessel was fitted immediately above the mass

spectrometer so that the diffusion flames, which were a

few centimetres in diameter, were situated as near to the

ion source as possible.



Fig. 6 ORIGINAL DIFFUSION FLAME APPARATUS
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(ii) It was possible to scan the flames vertically and

horizontally by moving the nozzle and discharge equipment

relative to the mass spectrometer leak.

The general layout of the apparatus is shown in Fig. 6.

The reaction vessel was a commercial pyrex cross 18 inches high

with 6 inch diameter ends, having an estimated volume of about

15 litres. One end of the cross was sealed to the machined

inconel head flange of the mass spectrometer with a greased

'Gaco' rubber sheet washer. The two horizontal arms of the

cross were blanked off with mild steel plates again 'Gaco'

sealed to the glass cross. One of these end pieces contained

two holes fitted with '0' ring seals on to glass tubing to

serve as the main nitrogen exit line and the reagent injection

line. A more detailed diagram of the discharge and scanning

system is given in the next section. For vertical and

horizontal scanning the brass tube containing the discharge

tube with nozzle was fitted into a sliding flange system which,

for convenience of construction and lightness, was made out

of tufnol. This brass tube could be raised and lowered by

operation of the wing nut as shown. The slender sampling

leak was constructed in C40 glass with a .006 inch diameter

orifice, and sealed, into the head flange with '0' rings. The

distance from the ion source to the leak orifice was about

6 inches. The discharge tube nozzle was a 1 inch length of

4 mm i.d, pyrex glass tubing and the scanning facilities



Pig. 7 DETAILED DIAGRAM OF ORIGINAL DISCHARGE
ASSEMBLY AND SCANNING SYSTEM

Not to Scale.
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permitted a zone of 4 cm radius to be analysed in vertical and

horizontal directions.

The general gas handling system was constructed so that

either a circulation or an injection and flow through to waste

system could be used; a more detailed description will be

given in a later section. The discharge tube was coupled

to the gas handling system by heavy walled rubber tubing.

With all the 'Gaco' seals carefully greased the cross could be

-5
evacuated to almost 10 torr and when isolated from the pumps

and with continuous operation of the sliding seals, the pressure

_3
would still be better than 5 x 10 torr after one hour.

(b) The Development of Automated Scanning: of the Reaction Zone

A detailed diagram of the discharge and scanning system

existing when this research was begun is shown in Fig. 7.

The pyrex discharge tube was sealed into a brass tube (l5

inches long and 2.25 inches in diameter) and the resonance

circuit for the radio-frequency discharge system was strapped

to a bakelite support fixed to the brass tube. As a result,

when the brass tube was moved relative to the fixed mass

spectrometer leak for scanning purposes, the resonance circuit

moved with it. For vertical and horizontal scanning the

brass tube was fitted into a sliding flange system which was

made out of tufnol. Essentially the unit consisted of two

tufnol blocks, one 18 x 12 x 5/4 inch, containing a central

rectangular hole 2^/4 x 6y inch for the brass tube, and the
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other block 12 x 6 x 3/4 inch 'Gaco' rubber sealed, to the brass

tube, eould slide across the larger block, being held in a

track by two tufnol guides running the length of the main block.

To seal the two sliding surfaces each surface of the two tufnol

blocks was covered in 'Gaco' sheet and, to ovei-come friction

between the two outer greased rubber surfaces, a thin sheet of

teflon (l/32 inch thick) was inserted between them and bolted

to the smaller sliding block. For vertical scanning, the

brass tube could slide in and out of the '0' ring seal on the

tufnol block and a bridge system of tufnol pillars allowed the

tube to be raised or lowered by operating a wing nut as shown.

For horizontal scanning the sliding action was operated

by a capstan wheel threaded onto an 0 BA threaded rod fixed to

the sliding part. The 0 BA thread having a pitch of 1 mm,

gave an accurate method of scanning across the flame by hand,

although demanding substantial physical effort for continued

operation.

These methods of sealing the brass tube through a flange

and sliding this flange across another placed on top of the

reactor vessel, have worked extremely satisfactorily and the

seals have remained leakfree throughout this recent research

work. The sliding action has remained smooth and the sealing
-3

was such that a working pressure of p.bout 1 x 10 torr or

less could easily be maintained in the reaction vessel. As

xvill be shown later, background pressures of this order were quite
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adequate for the reaction systems studied.

It was felt, however, that horizontal hand scanning

millimeter by millimeter across the fixed samoling orifice was

inconvenient and slow because of the physical effort required.

A higher speed of scan was also necessary if the experimental

error in kinetic runs due to short term instability of the

reaction conditions was to be reduced. Therefore the

horizontal hand scanning of the reaction zone was automated so

that the reaction zone could be quickly traversed — 4 cm in

accurate 1 mm step's, thus enabling kinetc runs to be completed

in a shorter time. A diagram and electrical circuit of the

automatic scanning system are shown in Fig. 8.

Due to the 1 mm pitch screw and the micro switch breaking

cam, when the 'scan1 switch is momentarily depressed the

driving motor (24V D.C. l/l3 H.F.) turns one revolution then

stops, driving the discharge tube mounted in the brass tube

back or forward 1 mm. If the pulse counter is set to zero

when the discharge tube nozzle is vertically in line with the

mass spectrometer leak and a scan begun, the counter will

read the number of turns of the cam, i.e. the distance in

millimetres which the discharge tube nozzle has travelled

through a horizontal plane of the reaction flame. If the

'scan' switch is kept depressed the discharge tube will move'

continuously until it reaches its end of travel delineated by

the position of the travel limiting micro switches. In this
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way readings of various parameters can be read quickly at

different points in a horizontal plane of the reaction zone.

(c) The Development of a Suitable Discharge System for the

Production of Nitrogen Atoms

(c)(i) The existing radio-frequency discharge system

A radio-frequency discharge system had been constructed

in these laboratories for the production of nitrogen atoms in

moderate yields. The system consisted of a 300 watt Canadian

Philco Transmitter operating at 3.5 Mc/sec electrostatically

coupled to a water cooled pyrex discharge tube. The coupling

was effected through a 70 ohm coaxial feeder connected to a

high impedance resonance circuit consisting of a tank coil

(30 turns of heavy copper wire [l mm in diameter]) and three

tuning condensers in series. The discharge tube was joined to

the end of the tank coil by two copper sleeve electrodes wound

around the outside of the discharge tube. Preliminary

tuning of the circuit was carried out using a 70 ohm resistive

load capable of dissipating 300 watts, while final tuning for

the maximum power input into the discharge tube was based on the

intensity of the discharge glow. Water cooling of the discharge

tube had been found necessary due to the considerable heating

of the tube in the discharge glow region. A detailed diagram

of the system is shown in Pig. 7. The discharge tube was

constructed in pyrex, and was about 50 cm long, one end

consisting of a BIO cone for connection to the gas handling
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system. The tube opened out to 2.5 cm i.d. for most of its

length, ending in a 2.5 cm length of 4 mm i.d. pyrex tubing which

served as the nozzle for diffusion flame experiments.

Coaxially around this inner tube there was a second tube with

a 3 mm gap left between it and the discharge tube, this gap

serving as the water jacket. Two copper sleeve electrodes

about 2.5 cm wide and about 8 cm apart were wound round the

outer surface of this outer tube and insulated connections were

brought up to the top of the discharge tube for connection to

the resonance circuit. The discharge tube system was carefully

sealed and clamped into a brass tube (40 cm long and 5.5 cm

in diameter) which was sealed through a tufnol flange as

described previously.

It had been shown that

(i) the discharge glow region at nitrogen pressures of about

1 torr could not be completely confined to the electrode

regions, but spread a few centimetres up and down the

tube.

(ii) this discharge system could be coupled to a mass

spectrometric detection system without mutual electrical

interference.

(iii) the predominant reactive species emerging from the

nozzle, when nitrogen at about 1 torr was partly

dissociated by the discharge operating at full power,

were ground state nitrogen atoms.
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(c)(ii) Investigation of the radio-frequency discharge

system

Our initial experiments with this existing discharge

system showed that when using dry nitrogen, (B.O.C. commercial

grade containing 0.15'f- oxygen), at 1.2 torr and a nozzle flow

rate of 0.13 ml at NTP/sec, we obtained about 0.3'^ dissociation

of the nitrogen when applying a 300 watt output from the

transmitter. The small percentage of oxygen impurity was

found, to be essential if detectable yields of nitrogen atoms

were to be obtained. The inside walls of the pyrex discharge

tube were left unpoisoned and it was found that the yield of

nitrogen atoms decreased with the time of discharge and that

the output showed short term instability. It appeared that

the yield of nitrogen atoms was strongly affected by the

conditions of the walls of the discharge tube and impurities

on these walls. On one occasion when the yield of atoms had

dropped to an impractical value, the discharge tube was

removed from the brass tube and it was noticed that there was

a brown deposit on the inner walls on either side of each

copper electrode. This could have been a reduction of the iron

oxide content of the pyrex at the surface by the discharged gas.

This deposit was removed and the inner surface reconditioned

by washing out with hydrofluoric acid. When the tube was

replaced and the nitrogen atom yield was monitored, a

marked improvement in the yield was noted, but again the yield
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fell with time of discharge. On the assumption that this

surface layer produced on the pyrex was perhaps the reason

for this decline in output, an identical discharge tube was

constructed in pure quartz and the nitrogen atom output

monitored. Although the yield showed improvement at first,

after a running time of a few hours, similar behaviour of the

atom yield was noted A small amount of water was continuously

added to the nitrogen stream to poison the walls of the

discharge tube, but only a short term improvement was found.

If the system was carefully freed from impurities and the

nitrogen well purified, the yield of nitrogen atoms dropped by

about 30$ and only rose again when a low percentage (0,15$)

of oxygen was added. To increase the efficiency of power

transfer into the discharge from the transmitter, a reflecting

power meter was inserted in series with the transmitter andthe

70 ohm coaxial feeder. This resulted in a much more efficient

tuning procedure and at a 300 watt output from the transmitter,

it was possible to transfer about 85$ of this to the discharge.

This resulted in a much higher intensity discharge hut

unfortunately also in a greater spread of the discharge glow

zone down the tube, so much in fact that this glow discharge

emerged from the nozzle as a plasma flame. A few experiments

were carried out under these conditions, but although the nitrogen

atom yield had been increased by about 200$, the high

temperature of this plasma flame and/or the presence of excited



species caused interfering side reactions in the reaction with

ethylene resulting in the formation of polymeric products and

gross interference with the sampling conditions of the mass

spectrometer leak.

These difficulties of decreasing output of atoms with

time, inability to increase the power input without causing side

effects, and inherent short and long term instability of the

system, coupled to the fact that a low percentage oxygen

impurity was needed in the nitrogen stream, led to an

investigation of the possibility of using a different discharge

technique for the production of nitrogen atoms. The fact that

a low percentage of oxygen was nocessary for the production of

a reasonable yield of atoms was shown to be an extreme

(2)
disadvantage in a paper published by Herron during the

period of this development work. Herron showed that even

'prepurified' grade nitrogen contained enough minor impurities

to lead to gross errors in the measurement of rate constants.

These impurities probably led to the formation of hydrogen and

oxygen atoms which react 10 to 100 times faster than the

corresponding nitrogen atom reactions and Herron suggested that

the presence of even trace amounts of these impurities could be

the cause of the observed effect on his measured rate constants.

He suggested a further purification of the nitrogen was necessary

and he used nitrogen which had been passed at 1.3 atmospheres

over copper turnings heated to 500°K, then through a trap filled
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with silica gel cooled with liquid nitrogen after which it

passed through a pressure-reducing valve into the flow system,

where it flowed through a trap filled with glass beads cooled

with liquid nitrogen.

As it had been shown by many workers that a microwave

discharge S3^stem gave stable moderate yields of nitrogen atoms

from highly purified nitrogen, it was decided to investigate

the possibility of applying microwave discharge techniques to

this problem of producing reasonable yields of ground state

nitrogen atoms at about room temperature from pure nitrogen.

(c)(iii)" Preliminary investigation of microwave discharge

production of nitrogen atoms

Experiments wore carried out using a 'pilot' reactor

system to study the optimum conditions necessary for the

production of nitrogen atoms from a 2450 Mc/sec electrode-less

discharge. Relative nitrogen atom yields were estimated by

the addition of ethylene and HON titration. The nitrogon was

partly dissociated in a fast flow system at 1.5 torr by passage

through a pyrex discharge tube (14.5 nm i.d.) around which could

be coaxially mounted various microwave resonant cavities. The

cavity could he coupled by a four foot long special P.T.F.E.

insulated coaxial cable to a yicrotron 200 microwave power

generator in series with a reflected power meter. This power

generator is built by Electro-Medical Supplies Ltd. and

operates at 2450 Mc/sec. Control of power is infinitely
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variable in two ranges 3-25 watts and 25-200 watts. The

reactor system was not coupled to the mass spectrometer; it

had a fixed reaction zone and was 'plugged' into the existing

gas handling system at points C, D and E (see Fig. 13).

Nitrogen flow rates were chosen to give similar flow conditions

as used in the radio-frequency discharge experiments (i.e.

23 x 10 ° mole/sec with 68^ going through the discharge).

Using this system the conditions for the stable optimum

production of nitrogen atoms were investigated.

It was found that a ^/4 wave re-entrant coaxial micro¬

wave cavity with probe coupling (e.M.S. catalogue number 210L),
gave a higher 'and more stable nitrogen atom output than did a-

foreshortened "V4 wave coaxial cavity^(E.M.S. catalogue number

213L). Using dry 'prepurified' nitrogen?(B.0.C. white spot),
about ii dissociation of the nitrogen was possible at 100

watt power output of the generator, 70 watts of which were being

dissipated in the cavity. '^he atom production was not increased

by the application of a larger power input than this. If a

low percentage of water vapour was added continuously to the

nitrogen stream, this percentage dissociation about doubled and

the output remained stable, however, the addition of impurities

to the nitrogen stream resulted in instability of the output.

The discharge glow was extremely localised in the cavity region

but it was found necessary to cool the discharge tube by forced

air cooling. It appeared therefore that reasonable, stable
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yields of nitrogen atoms could bo obtained from pure nitrogen

using this type of discharge system and coaxial resonant cavity.

(c)(iv) Construction of microwave discharge assembly

For the application of this microwave discharge technique

to the existing diffusion flame apparatus, it was decided to use

the same scanning system as used in the radio-frequency work in

which the discharge tube and electrodes were contained in a

brass tube,which was sealed through a sliding flange assembly

mounted on top of the reaction vessel. The existing brass

tube had an internal diameter of about 5 cm and it was felt that

the diameter of the microwave assembly should be of this order

to keen surface effects to a minimum. Unfortunately the

standard design of the Electro-Medical Supplies Ltd.'s resonant

cavity type no. 210L, which appeared to give the best results

in the preliminary trials, was such that it could not be

accommodated in a 5 cm i.d. tube. After consultation with the

manufacturers, a modified version of this cavity was built by

them, which had an overall diameter of about 5 cm and could be

fitted into a 6 cm i.d. brass tube, A detailed diagram of

this modified cavity is shown in Fig. 9. The main feature

of the modification was the movement of the type 'C* microwave

power connector from the side of the cavity to the top end.

As this nhysical movement of the connector would have then

reduced the efficiency due to the input probe connection being

affected by the electromagnetic field round the inner tube of the
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coaxial line, the power input to the cavity was changed to a loop

coupling (electromagnetic) which could be made as a separate

item, and which could be moved in and out to adjust for the

optimum loading conditions while the discharge was being operated.

This modification involved other changes such as increasing the

thickness of the end wall to give a bearing surface to this

sliding coupler and shortening the length of the existing

tuning stub, to compensate for the capacity effect of this new

coupler. So that air cooling could be used, the air inlet

connection was modified to give access to it from the top end

of the cavity by lengthening the normal connection and bending

it sharply along the side of the cavity. As is shown in Fig.

9, the discharge region which occurs in the adjustable coaxial

gap is at the base of the cavity if the connector is to be at the

top, and if this cavity is to be inserted into a brass tube

with the only access from the top, then certain other

modifications will have to be made so that all tuning operations

can be carried out from above. These further modifications and

the complete microwave discharge assembly are depicted in Fig.

10.

The diameter of the aperture in the microwave cavity

permitted the insertion of quartz tubing of 12.5 mm o.d. and

the discharge tube was formed from 40 cm of this, with wall

thickness 1mm. One end of the quartz tube was flanged and

ground flat for sealing to the brass nitrogen inlet mount, the



other end was narrowed down to a 2.5 cm length of 4mm i.d.

tubing which formed the flame diffusion nozzle. This quartz

tube was sealed through the sealed off base of a 6 cm o.d.

brass tube with a Titon A '0' ring which will withstand about

450°K, leaving a 6 cm length protruding. Around this

protruding length of quartz tube three turns of swring were

wound leaving a 5 cm end at right angles to the tube. This

was used as an 'ignition coil' in the initiation of the discharge,

when the whole assembly was brought to one side of the reaction

vessel where this coil touched a insulated wire brought

through a side flange. Thus a 'Tesla' coil could be applied

to this wire to initiate the discharge. The nitrogen inlet

was constructed in brass and was attached to a a transverse mount

fixed to the top of this brass tube, and connection to the gas

handling system was iffected using flexible nylon tubing. The

modified resonant cavity was mounted inside another brass tube

which was a sliding fit with the 6 cm o.d. brass tube and the

cavity fitted coaxially around the quartz discharge tube.

This enabled the whole cavity to be moved vertically relative

to the nozzle by sliding the inner brass tube up and down

inside the outer tube. This variation was built into the

apparatus so that any comnlication arising from the spread of

the discharge region bejrond the coaxial gap of the cavity and

out from the nozzle, such as had been experienced in the rad-io-

frequency work, could be dealt with by moving the cavity up



from the nozzle end. However, in practice it was found that

the cavity could be mounted as near to the end of the nozzle as

was possible without any sign of the plasma region emerging

from the nozzle and with the emerging gas still remaining

relatively cool. It was advantageous to have the discharge

region near to the nozzle end so that the surface loss of

nitrogen atoms on the inner walls of the quartz tube was .kept

to a minimum. The three tuning points of the cavity could be

reached by means of extended rods running vertically down the

side of the brass tube. The coaxial power cable was led down

inside the brass tube and connected to the cavity using a type 'C'

female connector which was held in olace with an extended brass

holder. Hie end of this holder protruded out of the top of

the brass tube, through a tightly fitting brass bearing, and,

by moving the end of this holder vertically up and down and

partly rotating it while the discharge was being operated, it

was possible to perforin coarse tuning of the cavity for the

load conditions. The final fine tuning was done with the other

two tuning devices. Air cooling of the cavity was necessary due

to the large amount of heat dissipated by the discharge end the

confined location of the cavity. This was carried out using an

air compressor operating at a flow rate of 78 litre min ^ joined

by 2 metres of wide bore rubber tubing to the cooling air inlet

of the cavity which was brought out from the top of the brass

tube as shown. This whole assembly was



Fig. 11
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sealed through a tufnol flange as described previously and

vertical and horizontal scanning was carried out as before. A

photograph of the completed apparatus is shown in Fig. 11.

(c)(iv) Performance of the Microwave Discharge System

This discharge system was tested using the gas handling

system, described in the next section, and prepurified dry

nitrogen flowing through the discharge tube at 0.16 ml at

NTP sec" at a pressure of 1.3 torr in the reaction vessel.

After preliminary adjustments to the cavity tuning conditions,

the discharge was activated at about 40 watts input power using

a 'Tesla' coil and the ignition coil described previously.

The nitrogen atom output 2 ram from the nozzle was monitored

mass spectrometrically using electron beam energies of 24eV

at 80;/A. 'The tuning of the cavity could be adjusted so that

about 3C$> of the input power was,dissipated in the cavity, this

being measured by the reflected power meter. The effect of

the purity of the nitrogen on the nitrogen atom output was

investigated using an input power to the cavity of 100 watts.

It was found that only oxygen-free nitrogen gave a stable

output, the stability being excellent after an initial running-

in period of about half an hour, this probabhy being a temperature

stabilisation effect or wall ageing effect. 'The addition of

small quantities of water to the nitrogen stream, (the method is

described in the next section), did not effect the stability of

the nitrogen atom outnut, but did increase the output by about



CHAR'XC 'ERISTICS VITRO: -EM — -ATOM-' -OUTPUT-
MICROWAVE DISCHAROE i SYSTEM

Height from! Nuzzle

Maximum .N Atom1 Output
Inputjwatts

0 avity wl th atts
toReflected Back; equiv

jDissioated

Initiated

Normal Conditions
Maximum Atom Output

(Watts)Output Microwave



98

6Qf?°, the maximum increase being found to occur when the

temperature of the water injection hath was approximately

209°K. It was decided therefore, that future experiments

would be carried out using oxygen-free, slightly wet nitrogen.

The nitrogen atom output with water present was approximately

the same as the highest mlues achieved with the radio-frequency

discharge system and was later found to correspond to ±>out 1.3/®

dissociation of the nitrogen stream. The temperature of the

gas emerging from the nozzle was only slightly higher than room

temperature and a temperature profile of a typical diffusion

flame zone is given in Pig.20 pagoii*?. As mentioned previously

the microwave discharge did not interfere in any way with the

electrical equipment of the mass spectrometer, and operation of

the automatic scanning device had no effect on the stability of

the nitrogen atom output. At 100 watts power input and with

an air flow rate for cooling of 78 litre min~ , the internal

temperature of the brass tube near the discharge region was

about 353°K, which was quite reasonable.

To find the power input conditions for the optimum

production of nitrogen atoms, a plot of peak height

versus the microwave generator power output was obtained, the

cavity being tuned for minimum reflected power in each case.

This plot is given in Pig. 12. It was surprising to find that

the nitrogen atom output does not increase as the power input

to the cavity is increased, but that, very soon after initiation,
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it goes through a maximum and then falls linearly. This form

of graph was not altered if the temperature of the cooling air

was reduced by about 50°C by passing through a liquid air trap.

If the power input was changed rapidly the nitrogen atom

output immediately changed to the new value of Pig. 12. While

these facts may suggest that the observed behaviour arises from

a change in plasma conditions rather than a change in atom

recombination efficiency at the wall, it must be admitted that

the effect is not understood. However, it appeared that the

discharge should be operated at about an output of 65 watts

from the generator (see graph) with about 50 watts of this bein

dissipated in the cavity, and all future kinetic runs using thi

microwave discharge system were carried out under these

c onditions.

Prom these preliminary investigations it seemed that the

use of the microwave discharge technique had overcome the

previously described problems encountered with the radio-

frequency discharge system and that the microwave discharge

system would serve as an excellent source of nitrogen atoms for

the envisaged diffusion flame experiments.

(d) The General Gas Handling System

The general gas handling sj^stem used in this research is

shown in Pig. 13. It was constructed so that either a

circulation or an injection and flow through to waste system

could be used. This latter system was used for all kinetic
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and product analysis runs because of the possibility of a build

up of impurities occurring in the carrier gas from inefficient

trapping out of unwanted materials in a recirculation system.

It was considered that such impurities might well alter the

discharge characteristics. The circulation system was only used

for mass spectrometric calibration runs when the discharge was

not activated. Prepurified nitrogen,(B,0.0. white spot), was

used in all the experiments conducted with the microwave

discharge system. 'The nitrogen from the cylinder was regulated

to one atmosphere by a mercury valve and passed through 8 metres

of fine capillary for extra control. It was then purified

further by passage through a metre long furnace containing

clean copper foil held, at 573 K to remove any oxygen impurity

remaining in the nitrogen. It then passed through a liquid

air trap filled with nickel foil, to remove any water and other

condensible impurities formed in the furnace. The nitrogen was

finally injected into the flow system at about 1.3 torr through

a finely controlled needle valve. In the flow system the

nitrogen at 1,3 torr passed through a mercury vapour remover,

then through a water injection system which consisted of a cold

trap containing about 1 ml of degassed water,frozen as a film

on the sides of the trap held at a constant temperature of

209.5°K in a slush bath of chloroform and solid carbon dioxide.

At a nitrogen pressure of 1.3 torr, and assuming the establishment

of the vipour pressure of ice, the nitrogen stream xrould contain
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a maximum of 0.4?* water vapour. Because of the high flow rate

it probably contained a lot less than, this equilibrium value,

but the amount would be reasonably constant and the conditions

quoted gave the maximum nitrogen atom output (see previous

section). When this 'wet' nitrogen was used, as was the case

in all experiments with the microwave discharge system, the

nitrogen was not passed through a hot sodium trap which had

been inserted in parallel with the flow system as a final

purification stage.

The nitrogen flow was then divided by calibrated

capillaries and so that c-bout l/3 of the nitrogen flowed

down the discharge tube via C^, and the other 2/3 flowed down
the reagent injection line via C2 into the reaction vessel to
ensure a certain degree of premixing of the reagents before

entering the reaction vessel. The respective flow rates

were measured by monitoring the pressure drop across and G?

using a double McLeod gauge. The exit gas, taken from the

opposite side of the reactor from where it entered, was then

passed through a product removal manifold. This allowed the

collection of condensible products in either of two parallel

series of wide bore cold traps. 'The trapped products wore

subsequently distilled into traps attached at A and B and

removed for analytical purposes. The collection traps were

constructed so that they had a large surface area but did not

constrict the flow. The exit gas finally passed through an
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adjustable orifice valve which was used to regulate the flow

rates in the whole system and was then pumped to waste via a:

cold "trap and rotary oil pump. If the circulation system was

being used,the exit gas, instead of being pumped to waste through

the adjustable valve, was circulated back round the system by

one or two high pumping speed mercury circulation pumps in

parallel. The complete flow system was attached to a high

vacuum manifold at various points and could be evacuated to

-4
less than 10 torr in about twenty minutes. The discharge

tube was coupled to the gas handling system by flexible narrow

bore nylon tubing and the nitrogen flow through the discharge

tube could be finely controlled by use of a variable orifice

valve in series with the tubing and discharge tube.

The reagent injection system was designed so that the

reagent could be partially premixed with the carrier gas before

entering the reaction vessel. 'The reagents were stored in 5

litre reservoirs and injected via a 15 litre buffer volume,

through a long length of narrow bore caoillary. A manometer

(m) gave an indication of the injection rate, but for accurate

calculation the reagent flow rates were determined from the total

IT2 flow rate and the relative IST^ and reagent pressures in the
reaction vessel as measured by the mass spectrometer. The

injection capillary was chosen empirically so that reagent
-4 ~1

partial pressures between 10 and 10 torr could be produced

in the reaction vessel, the buffer volume maintaining the supply
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relatively stable over reasonable periods of time.

The reaction vessel has been described previously except

for the fact that its base and ends were packed with clean

copper gauze, rolled into spirals and packed as tightly as

possible, see Fig. 14. The copper gauze, having a much greater

recombination efficiency for nitrogen atoms than pyrex, reduced

the atom concentration at the walls of the vessel to about zero,

thusestablishing a desired outer boundary condition for the

spherical diffusion problem. If the walls did not destroy

the nitrogen sboins • they could be reflected back into the system.

To enable a temperature profile to be made of the

diffusion flame zone, and to monitor the temperature of the

flame at different power inputs into the discharge, a micro-

thermocouple probe was built into the reaction vessel as shown

in Fig. 14. This consisted of a 50 cm length of 2 cm o.d.

pyrex tubing which had been narrowed down to a fine elongated

point about 4 cm long at one end. The other end was '0' ring

sealed through the right hand steel flange of the reactor. A

very fine copper/eureka thermocouple was inserted into this

tube through a polystyrene plug so that the junction was

positioned at the sealed off tip of this elongated point.

This resulted in a fixed thermocouple junction having a low

heat capacity with a relatively inert outer jacket and vac uum

sealed into the reactor. To scan across the flame, the discharge

tube was moved vertically and horizontally relative to the fixed
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fine thermocouple junction. When not in use, the probe could

be partly pulled through the flange out of the reaction zone.

The reference junction of the thermocouple system was kept at

the thermostattedroom temperature and the output which was

accurate to ~ p.5°0 was measured using a Doran D.C.

potentiometer.
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7 DEVELOPMENT OF THE MASS SPECTROMETER

The existing mass spectrometer was a six inch radius, 60°
sector, Nier-type single-focussing instrument designed and

built in the Department, with the ion-box and ion-collecting

system suitably modified so that nitrogen atoms, sampled

through a pin-hole leak from a diffusion flame reaction zone,

could be detected with reasonable sensitivity;^ a schematic

diagram is shown in Fig. 15. The associated electrical

equipment was conventional, a highly stabilised high voltage

supply, a magnet current supply and a trap stabilised filament

current suppljr. The magnet current circuit incorporated a Miller

sweep unit which enabled the mass spectrometer to scan at any

desired rate over any parts of its range. The high tension

unit was only provided with hand scanning since the mass

spectrometer was designed to operate at a fixed high voltage

and to use the variation of the magnet current in order to focus

ions of differing m/e. The filament emission stabiliser

operated by stabilisation of the trap current. The necessary

modifications which were made to this equipment during the

period of this research are detailed below.

a) Pumping System

The existing mass spectrometer had no form of 'fail

safe' safety devices built into the water and electrical

supplies feeding it, and at the beginning of this research, it

was felt that it would be advantageous to provide some
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protection as it was necessary to have the mass spectrometer

pumping system operating continuously. An Edwards High Vacuum

Ltd. 'Flowtrol' switch unit (Model FSMl) was incorporated into

the cooling water supply line of the two mercury diffusion

pump condensers and arranged to switch off the electrical power

to the pump heaters whenever the water flow rate chopped below a

predetermined value. Two Edwards' one inch bore solenoid

operated isolation valves were built into the main pumping

lines beti-reen the mercury diffusion pump and rotary oil pump.

Whenever the power supply to the rotary oil pumps failed, the

valves were activated isolating the main mass spectrometer tube

from the rotary oil pumps and admitting air above the rotary

oil pump, thus safeguarding the vacuum in the mass spectrometer

and removing the possibility of oil from the rotary oil pump

sucking back into the pumping line. The rotary oil pumps would

not restart even if the power supplies were restored until a

'press to reset switch' wa3 manually operated. The pumping

system was modified to take two A.E.I. Ltd.'s 2.5 litre

capacity liquid air traps above the mercury diffusion pumps,

rather than the original solid carbon dioxide/acetone filled

traps. It was hoped that this would lower the background

signal of the mass spectrometer and thus increase its inherent

s ensitivity.
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(b) Inlet System and Ion Gun

A detailed diagram of the practically collision-free

(line of sight) inlet system and ion gun used throughout this

research is shown in Pig. 16. The mass spectrometer leak

consisted of a slender C40 glass tube (5 cm long and about

2 mm i.d.) with a 0,01 mm diameter hole in a thin cone-shaped tip

at one end, sealed to a 15 cm long, 2 cm i.d. C40 tube. The

other end of the wider tube was sealed into the mass spectrometer

inconel head flange by '0' rings and at the base of this tube

was soldered a stainless steel gauze barrier which had been

found essential to prevent the penetration of the high frequency

field from the discharge into the mass spectrometer head. A

0.01 mm diameter orifice was chosen for the following reasons.

(i) This size of leak was the largest which could be used without

producing too high an ion box pressure when sampling from a

reactor at 1-2 torr.

(ii) The orifice size of 0.01 mm would give Knudsen molecular

(2)flow conditions when sampling from 1-2 torr. Cuthbert

has shown that a hole of 0.025 mm diameter and the same length

gives this behaviour below 5 torr. Molecular flow conditions

are required for quantitative mass spectrometry if the ion

beam intensities are to be proportional to the partial pressures

of components and independent of molecular weights.
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(iii) Using this size of orifice it has been shown that the

nitrogen atom sensitivity of the mass spectrometer was

independent of the atom concentration in the sampled region

which suggests that losses by bimolecular gas phase processes

between the orifice and the ion box were negligible.

The gas sampled by this leak was directed into the

ionisation box by a funnel shaped piece of pyrex tubing one end

of which fitted tightly into the base of the leak mount and the

other into a nichrome block on the ionisation box top. The

gas was pumped out from the ionisation box by two routes, one

being the ion exit slit at the bottom of the box, and tho other

through a gauze covered opening in the box via the electron beam

entry slit. These two routes were pumped separately, using

completely separate pumping systems. The gas leaving by the ion

exit slit passed through the other slits in the ion gun and some

extra perforations in the slit plates. The gaps between the

ion gun plates were sealed by glass spacing washers and the base

of the ion gun had a flexible metallic bellows seal confining

the ion path section of the spectrometer from the other parts of

the spectrometer. Gas passing through the electron entry slit

could come in contact with the filament and thermal dissociation

of nitrogen would result. To minimise back diffusion of nitrogen

atoms into the ion box, the filament region was maintained at a

very much lower pressure than the ion box by its separate pumping

system.
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The basic design of the free radical ion source with its

trap stabilised filament emission current, as used previously,

was left unchanged except that it was reconstructed so that it

could be easily dismantled for cleaning and changing of the

filament and reassembled again without greatly changing the

spatial configuration of its component parts. This was important

as it had been found in preliminary work that the low electron-

beam energy conditions of the trap stabilised filament supply

were very sensitive to mechanical change in the ion source,

which result in change in its electrical characteristics. A

detailed diagram of the modified ion source is shown in Fig. 17.

The filament assembly and the trap were mounted on mild steel

blocks which served as pole pieces for the external magnet used

to collimate the electron beam. The filament assembly and

trap could be removed separately from the ion source for cleaning

and the renewal of the filament, without the need to dismantle

the rest of the ion source or ion gun. The filament consisted

of a straight 0.2 inch length of tungsten ribbon 0.001 inch

thick and O.OdO inch wide, spot welded to two 0.040 inch diameter

tungsten wire filament legs. This filament was held, using

ceramic insulators, 0.012 inch from the electron beam collimating

slit in the acceleration plate,which was held at box potential.

This close separation was found necessary for working at low

electron volts. The rest of the ion box was constructed in

nichrome and stainless steel. A stainless steel gauze repeller
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was fitted directly over the electron beam and insulated from

the box by a thin mica washer. The trap current was used to

control the filament current using a conventional trap stabilised

filament emission circuit, and if all the surfaces of the ion box

were kept scrupulously clean this ion source unit workod

extremely well. It would stabilise over a wide range of

eloctron-beam energies (l2-80ev) giving a trap current which

could be varied from about 40-100 .li-A. Resolution was

reasonable with a sensitive background scan and low 14 output

from IT^ dissociation. The overall distance from the leak
orifice to the ionizing region of the ion source was d>out 25 cm.

(c) The Ion Collection and Detection System

(y)
Craig v'' has shown that an ion lens system incorporating

a retarding slit can greatly improve the sensitivity of a mass

spectrometer ion collector system, and this is a very desirable

feature for an instrument which is to be used for free radical

detection. The improvement is due to the fact that the

retarding slit can reject ions which have lost kinetic energy as

a result of spontaneous dissociation or collision with gas

molecules on their path from source to collector. A

collection system based on Craig's design had been used very

successfully in the detection of nitrogen a.toms in the previous

research in these laboratories and it was therefore decided to

continue to use this form of ion collection but to modify

the existing system so that the entrance slit of the collecting
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system could be rotated back and forward a few degrees in a

plane at right angles to the ion beam. It was felt that an

important factor in the resolving power of the mans spectrometer

was the accuracy of alignment of the ion beam with the entrance

slit of the collection system, and that if the position of the

slit could be \aried any misalignment could be corrected. A

detailed diagram of the modified ion collection system is shown

in Pig. 18,

The collector lens system dimensions were as near as

possible to those suggested by Craig. Essentially the unit

consisted of a knife edge slit (electrodel) held at earth

potential and separated from the collector prlate by two insulated

stainless steel plates (electrodes IIa and IL0) held at

potentials VTT and VTT near box potential, and forming the11 a 1 lb
main electron lens. An electron suppressor grid was held

between plate 11^ and the collector, and consisted of a

rectangular slit covered with a grid of fine nickel wire giving

about 85?^ transmittance. The grid was maintained at -90 volts

with respect to earth. By suitable adjustment of potentials

VTT and VTT the collecting system could be used as a rejector
-LXa lxb

of ions which have lost a certain fraction of their kinetic

energy. Craig suggests that in order to reject all ions which

have lost l/90th or more of their kinetic energy, VTT /vTT
J-J-a Hb

- 1.28 where VTT is just insufficient to cut off the peak. The
b

whole lens system was mounted on an inconel flange which in turn
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was mounted on a steel tube which could rotate in a teflon

coated bearing in the mass spectrometer tube flange (see diagram).
This tube could be rotated + 5° from outside the mass spectrometer

vacuum by a '0' ring sealed rotating mechanism which had been

brought through the outer brass case, thus the entrance slit

and lens system could be adjusted for maximum resolution.

The modified collecting system was assembled and tested.

Vjj. was initially set at 1740 volts by backing off 100 volts of
a

the 1840 ion box volts, and VTT made variable over the rangex

1840 to 2340 volts with batteries assisted by the ion box volts.

As V was gradually increased from 1840 the peak height
11b

remained constant up to 2220 volts and then suddenly dropped to

zero. VTT was then adjusted to have the maximum voltage
lib

before this cut-off point occurred.

Throughout this research this collecting system operated
-f.

very satisfactorily, and the 14 backgroxuad at an electron beam

energy of 24 eV, with nitrogen at 1.3 torr in the reaction

vessel and the discharge off} was extremely low. Unfortunately,
the modifications made to improve the resolution of the instrument

were not successful. The maximum resolution obtainable after

careful alignment of the ion gun and tuning of the ion gun

voltages was of the order of 1 in 100. It may well be that

the main factor governing the final resolution in this type of

electrostatic lens system is the effective width of the resolving

slit which in this case is a virtual slit, the width being



114

controlled by the various voltage parameters of the electrodes.

As this system was teing used not as a variable slit system, but

as a potential barrier system, the virtual slit width could

well have been quite wide, thus giving rise to the poor

resolution. Nevertheless the obtained resolution was sufficient

for the experiments envisaged, but in future work could well

be a limiting factor of this type of potential barrier system.

The output from the collector plate was fed to a

vibrating reed electrometer (Ekco type N616B) having a

theoretical sensitivity of a full scale reading for a current
-15

of 3 x 10 amp, but due to zero instability, the highest

practical sensitivity was about l/?0th of this. The unit had

8 10 12
switching facilities for 10 , 10 , 10 ohm resistors with

associated voltage measurements of various ranges between

0.003 and 3 volts. A backing-off unit could inject up to 90

volts into the electrometer input such that both large and small

peak heights could be cfetermined without undue resistor changing.

The electrometer output was fed to an automatic recording

notentiometer. It was found to be essential to mount the

vibrating reed unit of this electrometer directly to the bottom

of the mass spectrometer and connect this unit to the collector

by thick copper wire screened by a 5 cm diameter brass tube.

This eliminated all stray capacity effects and vibration

troubles giving a zero stability of about + 0.25 mV on the
12

lOOmV range on the 10 ohm resistor. To keep interference
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of all the mass spectrometer electrical equipment from the

discharge to a minimum, the existing earthing system of the

apparatus was used. This was a system with no earth 'loops',

with each unit connected to each other with one heavy earthed

copper lead. With the microwave discharge interference was

negligible, so much so that the mass spectrometer did not even

drift slightly off a peak as the discharge was activated.

Details are given in Appendix I of a Vibrating Coil

Magnetometer which was constructed to be used as a mass - marker.

This was found necessary for the speedy identification of peaks

in kinetic runs, where more than one peak was being monitored

by changing the mass spectrometer focussing conditions in short

time intervals, and for unambiguous assignment of peaks in

spectra of the products of reactions.
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8 PRELIMINARY DIFFUSION ZONE EXPERIMENTS

The experimental results which will he presented in the

next sections will only he those results which were obtained

using the microwave discharge technique for the production of

nitrogen atoms. The few results obtained using the radio-

frequency method were found to be irreproducible due to the

instability of the nitrogen atom output. However some observations

will be given in a later section on the products formed from, and

the temperature characteristics of, a plasma type diffusion flame

zone which was obtained during experiments at high energy inputs

te the radio-frequency discharge system.

( a) Preliminary 14+ Investigations

In previous experiments with this apparatus it had been

shown , when using a radio-frequency discharge technique and

a steady flox* of nitrogen at 1 torr, that ground state N(^S)
nitrogen atoms could be obtained in moderate yields. Pig. 19

4-
shows the experimental appearance potential plots of the 14

peak heights which were obtained, with and without the discharge

activated. With the discharge activated the appearance

potential curve of 14+ was extremely smooth, indicating the

presence of a single species, presumably ground state ll(^s)
nitrogen atoms. The appearance potential obtained (l5.05eV)
for N+ was in good agreement with the existing data, i.e. Jackson

and Schiff obtained a value of (14.7 - 0.3 ev) . The 14+
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appearance potential curve without the discharge showed a small
4-

peak below the appearance potential of N from molecular nitrogen

(24.4 ev) . The magnitude of this peak could be varied by-

adjusting the potentials of the ion lens in the collecting system,

suggesting that the peak was caused by incomplete removal of

scattered ions near the collecting electrode. With careful

adjustment of the ion lens potentials the peak height could be

reduced almost to zero.

Initial experiments with the microwave discharge system

gave results very similar to the above. With the power generator

off, and clean copper gauze in the reaction vessel, a steady flow

of pure nitrogen at 1.3 torr was maintained in the discharge tube.

The mass spectrometer was tuned to the 14+ peak at 50 eV and then

the electron volts decreased. The main 14+ peak due to
0 +

Ng -> W + N + 2e dropped sharply at about 27 eV, and at 24 eV
had levelled off to a residual value of a few millivolts measured

12
from the instrument zero on the 10 ohm resistor. This is

shown as AB in Fig. SZ , Appendix III. This zero was taken as

that value registered when the ions were deflected

electrostatically and could not reach the collector, (the

'deflect zero'). This residual voltage at 24 eV was mainly

due to the incomplete removal of nitrogen which had been

dissociated on the filament, and to incomplete removal of ions

which had suffered loss in energy due to collisions in the

analyser tube. The latter were kept to a minimum by appropriate
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adjustment of the voltage of the ion lens in the collection

system. In all future work therefore, the 14+ increase at

24 eV ) above this background value AB was used to monitor

nitrogen atom concentrations at maximum sensitivity with the

minimum of background interference. (See Appendix III)
4-

The discharge was now activated and the 14 peak at 24 eV
12

immediately showed a distinct rise of about 150 mV on the 10
4-

ohm resistor. When the discharge was extinguished the 14

peak fell more slowly this time to the original background value.

As described previously on Page 99 the discharge conditions were

then adjusted to give the maximum 14+ peak height at 24 eV with

the discharge activated.

Appearance potential plots of the 14+ peak heights with

and without the discharge activated were obtained and were shown

to be similar to those «btained using the radio-frequency discharge

suggesting that the 14+ peak was due to ground state w(^s).
Further evidence for this assumption was obtained by plotting

the temperature profile of the reaction zone using the micros-

thermocouple probe. This profile is given in Fig. 20 and shows

that the diffusion zone of nitrogen atoms issuing from the nozzle

is extremely cool, the highest temperature at the centre of the

nozzle jet being only 9°C above room temperature, which points

to the existence of only very low concentrations of excited

species in the emerging gas from the discharge. The

assumption that the main species in the emerging discharged



nitrogen is ground state atoms is further substantiated by-

consideration of the time taken by the nitrogen to pass from

the discharge to the reaction vessel. It has been shown by

many workers that all excited species formed in the discharge

of nitrogen at moderate microwave frequency inputs will be

deactivated by passing through a glass wool plug and allowing

^100 msec to elapse before adding reactants , pow in

our apparatus the 2 cm length of 4 mm i.d. tubing will lead to

to many wall collisions and so act very much like a glass wool

plug and from calculations of the flow rate of nitrogen through

the discharge tube the time lapse before the dissociated nitrogen

emerges from the nozzle is of the order of 100 msec. (See Pagei-28)
A mass spectrometric analysis of the diffusion zone with

the discharge activated at 50 eV showed the presence of a very

+ +
small 42 peak probably due to formation, but this was the

only 'impurity peak' observable except for a. slight rise in the
cn\d

3 2 peak whenever the discharge iiras activatedAwhich fell to

normal background level after the discharge had been allowed to

run for about 15 minutes. This was probably due to adsorbed:

oxygen on the Trails of the discharge tube being driven off by

the high temperature. As a. further check on the possible

formation of impurities by the action of the discharge on the

purified nitrogen containing a loxc percentage of water vapour,

the products of a two hour run with the discharge activated were

determined. These products were collected by trapping out at
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liquid air temperatures and analysed mass spectrometrically by-

allowing them to vapo .rise back into the evacuated reaction

vessel. The mass spectrum of the trapped products was found to

be that of pure HgO with no traces of any oxides of nitrogen
impurities. These findings were in agreement with the results

(5)of Poster, Kebarle and Bunford who found that the effect of

the addition of traces of water vapour to the nitrogen appeared

to be negligible on the reaction of active nitrogen with

ethylene.
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9 DETERMINATION OF THE CHARACTERISTICS OF THE DIFFUSION

ZONE AMD COMPARISON WITH THOSE EXPECTED FROM THE

THEORY OF SPHERICAL DIFFUSION

(a) Preliminary Vertical and Horizontal Scans

Before any kinetic investigation could be carried out it

was first necessary to obtain the correct nozzle flow rates,

slow enough to give an approximately symmetric diffusion zone,

but fast enough to provide an adequate concentration of nitrogen

atoms for analysis. Since it was easy to scan vertically and

horizontally over the diffusion zone, it was decided to set up

approximately symmetric diffusion conditions by monitoring the
+

observed 14 peak with the discharge on at the same vertical and

horizontal distance from the nozzle jet centre, and to adjust

the nitrogen flow rate through the apparatus until the monitored.

peak values were as similar as possible. This was done by

injecting nitrogen into the reaction vessel and pumping it to

waste via the main oil pump- and adjustable orifice valve, see

Pig. 13. The nitrogen pressure was adjusted to give between

1 - 1.5 torr in the reaction vessel, and the flow rate through

the discharge tube was finely adjusted using the adjustable

orifice valve in the discharge nitrogen-entry line. The

varioiis flow rates were adjusted until the best conditions were

attained. These conditions gave adequate nitrogen atoms at
X ?

the plane of the nozzle jet, (about 600 mV on the 10 ~ ohm

resistor at 24 eV), and scans in the two directions showed a
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remarkably similar decrease with distance from the jet,while the

horizontal scans wore symmetrical about the vertical axis of

the nozzle. Pig. 21 shows a comparison of the horizontal and

vertical scans. As can be seen, the graphs are quite smooth

but there must certainly be some distortion produced in the

regions behind the nozzle where diffusion is somewhat restricted.

This will be even more apparent when actually sampling from these

regions as there is the added restriction of the probe. The

graphs are not superimposable, there being a slight tendency

to 'oblateness' in the direction of the nozzle flow - probably

caused by jet formation. The centre of this radial pattern

has been taken to be, as tho best approximation, the centre of

the plane of the nozzle tip,in agreement with the data obtained

by Garvin, Guinn and Kistiakowsky ^ at similar ratios of the

linear flow velocity to the nozzle reagent diffusion coefficient

(v/d). In future work therefore

(i) as the horizontal scan is symmetric about the vertical

axis of the nozzle, only scans from this axis outwards in one

direction will he depicted.

(ii) the centre of the plane of the nozzle tip will be taken as

the point source of nozzle reagent for diffusion equation

purposes and all radial distances will be measured from this

pmint.

It was considered that, for horizontal analysis, a scan
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at a vertical distance of 2 mm below the nozzle (OA in Fig. 2l)

would give a good representation of the flame nature and the

majority of future scans were performed in this position.

However, the point source of nitrogen atoms is to be taken as

point 0, therefore for any sampling probe position in the AB

plane, the true sampling distance R may be calculated from the
2 2 2

horizontal distance r by the equation R = r + OA where

OA = 2 mm.

00 Application of Diffusion Theory to Experimental Data

(b)(i) Spherical diffusion of the nozzle reagent

It had been shown that an approximately symmetrical diffusion

zone could be set up and that nitrogen atom concentrations

could be monitored at various radial distances. Before any

measurements on a system like this can be used to calculate

kinetic data for a specific reaction, certain conditions must

be established so that reasonably simple equations of continuity

can be set up for the transport of the nitrogen atoms, and the

proposed atmospheric reagent. The essential condition which

must be established is that the transport of the nozzle reagent,

in this case nitrogen atoms, is purely diffusive and spherically

symmetric.

From the theory of steady state spherical diffusion,

(See Appendix no. IVa), the ideal case being a point source

of diffusion, the concentration N of nozzle reagent at a

distance R from the source is given by the general equation



 



 



126

NR = B + (A/R) Cl ],
where A and B are constants for a- particular temperature.

Clearly then the curve shown in Pig. 22, which is a typical

experimentally determined horizontal scan under the flow rate

conditions determined previously, should obey this inverse law,

assuming that

(i) there is no appreciable loss of nitrogen atoms by third

body recombination, or by reaction with gaseous impurities

in the reaction vessel. Calculations showing that this

assumption is reasonable under the conditions used in

these experiments are given in Appendix II,

(ii) the response of the mass spectrometer to nitrogen atoms is

linear. This has been shown to be true in previous

work, and is very reasonable considering that the ion box
_5

pressure is about 10 torr where the recombination of

nitrogen atoms would be entirely surface recombinations,

and therefore the rate of loss would be proportional to

the first order concentration of nitrogen atoms.

Fig. 23 shows the values of the peak heights, (determined
from the observed 14+ peak heights in Fig. 22 by the method

described in Appendix III, P.[15]), plotted against 1/R, the

reciprocal of the zone radius. It can be seen that the plot

is reasonably linear at distances greater than about 2-3

nozzle radii away from the centre of the nozzle. This is not

unexpectedjas concentrations measured very near the nozzle are



127

subject to large errors due to

(i) disturbances of the ideal point source diffusion zone by

the finite size of the nozzle,

(ii) disturbance by the probe,

(iii) jet formation which will be at a maximum near the nozzle,

(iv) errors in R due to experimental errors, and errors in the

assumption that the centre of diffusion is at the centre of the

plane of the nozzle tip.

However, from 0.5 cm outwards a good linear riot is obtained
12

with a slope iL, = 31.6 raV at 24 el on 10 ohms, cm in agreement

with a purely spherically symmetric diffusive flow. On the

plot is marked the outermost radius of the zone which can be

monitored and the position of the copper gauze. It was expected

that the would = 0 at the copper gauze, i.e. B =0 in the

general diffusion equation at R = 10, but as can be seen from an

extrapolation of the plot, a small residual is evident.

This is extremely small, however, and may be due to the

inefficiency of the copper gauze in recombining nitrogen atoms,

or may be purely experimental error.

As approximately spherical diffusion conditions had been

set up, it now seemed of interest to calculate the gas flow

ra.tes for these conditions. The gas flow was calculated from

the pressure drops across the two calibrated flow capillaries

Cj and C2 (See Pig. 13). With nitrogen at 1.3 torr in the
reaction vessel,at an average diffusion zone temperature of 303
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the total nitrogen flow rate was 0.45 ml at N.T.P. sec with

0.16 of this flowing down the discharge tube. This gave a

nozzle linear flow velocity of about 720 cm sec \ assuming

a nozzle radius of 0.2 cm^ and. gave a transit time of the nitrogen
between time of discharge and the time it left the nozzle of

about 0.090 sec.

(b)(ii) Spherical diffusion of the atmosphere reagent

Now that spherical diffusion of the nozzle reagent had been

achieved, it was possible to study the effect on the diffusion

zones of the addition of an olefin as an atmosphere reagent.

j
The experimental scans over the reaction zone with and

without ethylene under normal experimental conditions are shown

in Pig. 24. Also shown are the depletion curves of

during the reaction,and without any reaction occurring, i.e. with
the discharge off. As can be seen the rate of decrease of

.L.

N-j^ is much more pronounced with C. present,as would be
expected when nitrogen atoms are b eing consumed by reaction and,

under the conditions shown, the nitrogen atom concentration has

been reduced to zero at about 3 cm from the nozzle. Of immediate

interest, however, is the depletion curve of the reactant ethylene.

As can be seen from Pig. 24 the depletion curves are very nearly

identical with and without reaction, suggesting that the depletion

effect is not caused by the removal of CgH. by reaction, but is
a fundamental characteristic of an interdiffusing system such as

this is.
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Heller^
f in his empirical investigation of the diffusion

flame method, noted the occurrence of depletion of the atmospher

reagent near the nozzle without reaction,and suggested that it
was caused by a diffusion effect due to the dilution of the

atmosphere reagent by the entering stream of carrier gas from

the nozzle. As this depletion effect was apparent in all the

work done in this research on the reactions of olefins with

nitrogen atoms, the effect being apparent in products as well as

reactants, it was decided therefore, to study this phenomenon

in greater detail.

In Appendix IV it is shown that, in the case of an inward

purely diffusive flow of an atmosphere reagent to a centre where

it disappears, the concentration of the atmosphere reagent

at a distance R from the centre is given by the general

equation

(c® " cr) = [2 b
where A is a negative quantity/. Clearly, curves of the type

shown in Fig. 24 of 0,, versus R .without reaction, should obey
JA. * '

this inverse law if the effect is purely diffusive. It can

easily be shown that (c ~ n) where R max = 4 cm can be
Rmax R

substituted for (c„ - C_) without any effect on the generalOD K

c onditions.

Fig. 25 shows two plots of (C_, - C_) values plottedR max R' ^

against 1/R for ethylene and propylene as the atmosphere reagent

and the discharge off, under the flow conditions described in
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the previous section. The centre of this diffusion system has

been iaken as the raid point of the nozzle mouth as in the case of

the nozzle reagent diffusion, the experimental findings which

show that this assumption is reasonably valid are described

later. As can be seen, these plots are linear, having different

slopes (-A) for the two olefins, and with snail intercepts on

the (- Ch.) axis, due to the substitution of C_ „ forR max R R max

Cco-
It appears, therefore, that, like the nozzle reagent flow,

the flow of the atmosphere reagent can be described in purely

diffusive terms. However, the only tost which has been applied

to these assumptions has been the inverse relationship of

concentration with the flame radius, and before diffusive flow

of the two reagents can be unambiguously proved, so comparison

of the experimentally found slopes of these inverse plots with

those expected from steady state diffusion theory is essential.

(b)(iii) Comparison of further experimental observations

the experimental parameters follows from the following statements.

The quantity of substance transferred through any spherical

surface per second

with diffusion theory

The relationship of the experimentally found (-A) values to

4n DA. (See Appendix IYa)
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So A = Quantity diffusing t>er second and its determination

4fl D
can lead to a value of D.

In the application to the work of this thesis, the

quantity of nozzle reagent diffusing outwards in the steady

s tate

= Vjj (flow rate of nozzle carrier gas in ml sec x

Cjj (concentration of nozzle reagent in carrier gas) [3 ]
For the atmosphere reagent, the quantity diffusing inwards in

the steady state is that amount which is necessary to bring

the nozzle carrier gas up to the same concentration in atmosphere

reagent as the outer regions of the 'atmosphere'. This

amount = x C /concentration of atmosphere reagent)
* 2 ^\at zone periphery < [4 ]

Thus for (a) The atmosnhcre reagent

-A = I22I? [5]
4TIDa

(D = the diffusion coefficient of the atmosphere reagent)^
It is possible to solve equation [5 ] for D for both olefinsci

from the values of -A obtained from Fig. 25; and to compare

their ratio to that expected from diffusion theory, but this

involves the use of sensitivity factors to convert mV readings

from the mass spectrometer to concentration terms with a

resulting increase in possible error. A more refined method of

obtaining which can also be used as a further test of the

diffusive character of the atmosphere depletion is to substitute
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this expression for -A into the general equation of spherical

diffusion for the atmosphere reagent^

CO,-CE = -A/H [2l>
VAT .C

therefore C - C = "9 00 [6 ]
00 R

4r, DaR
which shows that at a fixed R, a C - plot against for

various values of C should be linear with a slope for each
oo

olefin

%
A, = —L_ [7 ] ,

a

4f|DaR
Thus the diffusive flow of the atmosphere reagent can be checked

by observing the linearity of such plots and comparing the ratio

of the experimentally found D values for ethylene and propylene3,

with that expected from diffusion theory as VTT and R are known.; w g

Fig. 26 shows plots of against R for various flow rates of

propylene. These plots were obtained from kinetic runs of

N + with the discharge on, but as it has been shorn that if

the olefin concentration was not small there is very little

difference between the plots of olefin concentration with or

without the discharge on, they will be used to test the

assumption of the purely diffusive character of the atmosphere

depletion. Fig. 27 gives similar plots for C^at regions
near the nozzle which show that back diffusion of the atmosphere

reagent into the nozzle is negligible(and that the centre of

disappearance of the atmosphere reagent at high or low flow rates
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can bo approximately taken as the mid point of the nozzle mouth.

Figs. 28 and 29 show plots of (cn - C„) against CL3 - x R max R ° R max

for ethylene and propylene respectively at R = 0.54 cm. As

explained previously C„ can be substituted for C . TheseR max oo

plots are linear^passing through the origin in agreement with

theory and have slopes, A1 TT - 0.160.> " ^2 4

^3H6 = °-22t,
a'c?h,

the ratio = 0.7 [8 ],
A T

C3H6

From equation [7]

a'
a

N2
471 BaR

t

therefore A'c^ \24T|RSC3H6 ^Hg
c2H^
(3)

t

A' V 471 RRr p. Dr „C3H6 N2 C2H4 C2H4
but from simple diffusion theory

Dp „ /M_ „ „ = molecular weight of CJ3.
3 6

= J C2H4 2 4 2 4
TX / M ¥in _ = molecular weight of C-H,-

Z 4 v 3 6 3 6 5 6
= 0.80^

which is in reasonable agreement with the experimentally found

value of 0.7.
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As a further check it is possible to calculate the

absolute value of D-, „ and compare this experimental value to
2 4

that found by other workers, in the following manner,

From equation [7]

_ _s .

c v
2 4 A' • 4~7 R

2 4

Now V = 0.16 nl at N.T.P'. sec"1 (see p. 128),
2 ^

= 93.5 ml at 1.3 torr sec 1
R =0.54 cm)

A'c „ = 0.160 (see Fig. 28)
2 4

2
therefore D^ „ =86 cm sec ~ for the diffusion of ethylene into

2 4 '
nitrogen at =1.3 torr and 303°K. The only value which can

be found in the literature for comparison purposes is the value

for Dp into carbon monoxide,(which has approximately the same
24

\ (4)molecular weight as NJ, given by Chapman and Cowling
c 2 —1

Corrected to 1.3 torr and 303 F. this value is 80 cm sec .

/

in reasonable agreement.

From the daove results it appears that the depletion

of the atmosphere reagent in relatively slow reactions like these

described is mainly by this diffusion effect. It is also

clear from a rearranged form of equation [6],
i .o. C^- C-j ,

^



Pig. 30 CURVES OBTAINED BY HELLER SHOWING ATMOSPHERE

DEPLETION OF ETHYL MP ETHYLENE CHLORIDE IN

HYDROGEN AND NITROGEN CARRIER GASES

V is the linear velocity of the carrier gas

p is the pressure of the carrier gas
dr is the distance from the centre of the nozzle mouth
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-1
i± sec

'2

constant, the fractional chpletion of the atmosphere reagent varies

that if the nozzle carrier gas flow velocity ml sec- remains

with 1/R and does not depend on C .' - oo

Heller noted that this depletion existed, recognised

that diffusion could cause it, but only made an empirical analysis

of his findings unrelated to diffusion theory. Fig. 30 shows

the experimental plots he obtained for the depletion of ethyl

chloride and ethylene chloride in a stream of No or H2 at a

fixed C and variable linear flow velocitv v of carrier gas. He
00 „ u

expressed his findings in the equation

£22— = iia-. [10]
Coo" CR -

where is the diffusion coefficient of sodium vapour in the

carrier gas,which was assumed to be proportional to the diffusion

coefficient of the atmosphere reagent at various pressures

and types of carrier gas. Equation [lO] can be related to the
"■"1 ^

theoretical expression [9] if V(ml sec- ) = TTr v is inserted,

where r is the radius of the nozzle and v is the linear velocity

of the nozzle carrier gas, and rearranged to give

Coo
_ 4R%a _ knNa j-^j,

°co-CE T̂
at a fixed R and fixed r. Heller presumably worked with a

nozzle of fixed size, although in his paper he does not

specifically give its value. By calculation, however, from

data in Table II of his paper, the nozzle radius appears to be
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0.075 cm, and, when comparing his (v/d) data with other

experimentally found values, a correction factor based on

equation [ll ]vi.e. (v/D^(l/r J(must be used to allow for
variation in r.

(b) The nozzle reagent

An experimental value of T).r, the diffusion coefficientJN

of nitrogen atoms, can be found in a similar manner as described

in the preceding pages. An equation similar to equation [33

can be used, i.e.

Vn
^ :— [10]

4T!Dn
where is the experimentally found slope in Fig. 23 in

12
m? on 10 ohms at 24 eV . cm units

is the concentration of F atoms found at the nozzle

12
mouth in mV on 10 ohm at 24 eV

V„ = carrier gas flow velocity in ml at 1.3 torr.sec
2

12
Using a value of = 650 mV on 10" ohm at 24 e¥ see Appendix III.

2 -1
was calculated to be about 250 cm sec at 1.3 torr and

303°K in good agreement with the only other experimental

determination by Young of 215 cm^ sec ^ at 1.3 torr, who

obtained this value by monitoring the decay of atomic nitrogen

towards a catalytic surface by spectral observations.

Using the value of the linear velocity of the nozzle

carrier gas v = 720 cm sec ^ calculated on p. 128, the

v/d„, ratio used in this work = 2.9 cm for a nozzle radius r ofN
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of 0.2 cm. This value becomes v/d^ = n cm-l .f corrected

to the value of r = 0,075 cm as used by Heller in his work on

the diffusion of 3thyl chloride into nitrogen. His results

showed that at v/d = 12 cm ^ the depletion at R=0.2 cm was

about 23$(and as the percentage depletion is directly
proportional to v/D, see equation [9 ]» Heller would have obtained

a 40$ depletion at v/D = 21 cm-1. This value compares with a

51$ depletion at R=0.2 cm found for propylene into nitrogen in

this work.

It appears therefore that in this work, reasonably

spherically symmetric diffusion conditions for nozzle and

atmosphere reagents are only obtained at v/d values about

double that suggested by Heller, with the expected resulting

increase in the extent of atmosphere depletion. It appears

alsOj that in our system, the mass transfer of nozzle reagent
and atmosphere reagent is purely diffusive at distances greater

than a few nozzle radii from the nozzle^and that mass flow is
negligible by comparison.
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!0 SOME EXPERIMENTS WITH THE RADIO-FREQUENCY DISCHARGE

DIFFUSION' FLAME SYSTEM

Before giving an account of the kinetic and product

analysis work done using the microwave discharge system, it

is appropriate, at this point, to describe some results which

were obtained in the study of the reaction of nitrogen atoms

with ethylene using the R.F. discharge technique for the

production of nitrogen atoms. As described in a previous

section, the initial kinetic analyses of the reaction of

N + C^H. wore abandoned due to inaccuracies from a
combination of low IT atom yields and unstable conditions.

However, these initial results did give an indication that the

reaction might well be zero order in ethylene, which was

unexpected. Mass spectrometric product analysis during the

reaction was limited by the low N atom yields, but did show the

presence of products of higher molecular weight than HON,

To increase the N atom yield, a more efficient tuning

procedure was used to increase the efficiency of power transfer

into the nitrogen from the transmitter. This resulted in a

much higher intensity discharge with about 85$ of a 300 watt

input being transferred to the gas. Unfortunately, although the

N atom yield increased by about 200$, the discharge plasma

region spread down the tube and emerged from the nozzle to

form a nitrogen atom plasma region of hot gas and excited

species. It was decided that it would be interesting to
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study the characteristics of this plasma region and the products

of the reaction with ethylene.

(a) Characteristics of the Nitrogen Atom Plasma Region

(a)(i) General description

Using B.O.C. 'white spot' Ng with no further purification
at 1.3 torr, flowing down the discharge tube, when the discharge

was aetivated an intense orange-yellow glow appeared at the nozzle.

This glow was spherical in shape about 6 cm in diameter with its

centre at the nozzle mouth, when the flow conditions were adjusted

to give approximately spherically symmetric diffusion of the N

atoms. It was easily visible in daylight and emitted U.V.

radiation which affected the eyes. It was obvious that the

plasma region in the discharge had 'leaked' out of the nozzle

due to the increase in the energy input. Observations of the
J.

1T1. peak heights in the region showed large concentrations of
N atoms but presumably, there must also have been high

concentrations of excited species which were not detected.

An investigation of the possible presence of ionic species

was made, but failed to give any positive results, probably due

to the length of leak path into the mass spectrometer. When

the nitrogen pressure was lowered to about 0.8 torr, the plasma

region extended to about 10 cm diameter and the phenomenon of

surface-catalysed excitation of IT atoms on the copper gauze

was observed with the appearance of a blue glow just above the copper.

This phenomenon is discussed by Mannelia^"^ . The temperature
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of this region was obviously much higher than room temperature

from the increase of about 20°C noticed at the walls of the

reaction vessel and it was decided to investigate the

temperature in the plasma region.

(a)(ii) Temperature characteristics of the plasma region

'The temperature profile of the plasma region under normal

operating conditions is shown in Pig. 31. The temperature

measured will be that of the Ng carrier gas which is the main
constituent of the plasma region and which has been heated by

the action of the excited products in the plasma. The

temperature does not fall linearly with increasing R, the distance

from the nozzle,presumably due to a disturbing cooling effect of

the discharge tube and nozzle. As can be seen, the temperature

near the nozzle is dsout 700°K which is sufficient to cause

thermal degradation of many organic compounds. The large

temperature gradient across the plasma region had an effect

on the observed 28+ peak in the plasma region,which is also

shown in Pig. 31, where a typical scan of the observed 28

peak height due to nitrogen across the plasma region with and

without the discharge on,is given. As can be seen, the ^,
concentration gradient is zero with no discharge>which suggests

that the concentration at the nozzle is the same as that in

the bulk of the reaction vessel. However, with the high

energy discharge activated, an appreciable drop in the observed

28+ peak is noted. The significance of this drop is of interest
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as it could be caused by a temperature effect on the sampling

probe, thus giving rise to a change in the mass spectrometer

sensitivity, or it could be a genuine measure of the Np
concentration near the nozzle at these high temperatures.

In Appendix "V a theoretical analysis is given which shows

that the theoretical effect of temnerature on the observed peak

heights is two fold. The firstbeing an increase in observed

peak heights,due to an increase in the flow rate of gas through

the leak caused by an increase in the average molecular speed

of the gas at higher temperatures; the second effect is due to

a genuine lowering of the gas concentration at increasing

temperature ,due to the effect of temperature on the gas density.

This latter effect is shown in Anpendix V to be larger than the

former which results in a lowering of the observed Np peak height
in high temperature regions. The theoretical expression for

this effect is shown to be

28R+ = k,ToR_i
at any R for Np,and to test whether the observed Rp concentration
profile agreed with theory, the logarithmic form of this

expression was plotted in Pig. 32.

i.e. 2(log 28^+) was plotted against -log T°K
The plot is shown to be linear in agreement with theory. This

means that it is possible to correct mass spectrometer peak

heights from regions of different temperature to give accurate

representations of local concentrations when using sampling
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systems similar to the one used in this research. This

correction was not needed in this research;but it is quite
conceivable that this correction method could be useful in

systems with temperature gradients.

(b) Product Analysis of the Reaction with Ethylene

(b)(i) Gaseous and liquid products

With the discharge on under normal 'intense discharge'

conditions, the orange-yellow plasma region was immediately

reduced in diameter to about 3-4 cm and its colour changed to

red-violet whenever ethylene was added as an atmosphere reagent.

This red-violet emission was presumably due to the emission of

the CN red (A^ if - X^S+) and violet (S^2+ - X^Z+) band systems

which are invariably present in reactions of high concentrations

of nitrogen atoms with carbon compounds. These emissions

indicate the presence of electronically excited Cil radicals

arising probably from relatively minor processes. With a
_ p

partial pressure of ethylene of about 1.5 x 10 torr, mass

spectrometric analyses of the products of the reaction in the

reaction vessel were carried out at high and low electron

accelerating voltages during the reaction.

Analysis failed to detect the presence of the CN or

C2H4N radicals which have been suggested as possible reaction
species, which is not unexpected due to the relatively long

leak path. The mass spectra of stable products that were

obtained were extremely complex with peaks up to m/e = 80,
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the most prominent peaksbeing m/e = 39, 41 and 51", m/e = 51

was the highest peak (about 1000 mV on lO^ohm at 50 eV and 80 A) ,

this strongly suggesting the presence of cyanoacetylene which
(2)has been reported as a product of this reaction by Herron et al.

A peak at m/e = 26 was tentatively identified as CgHg ^rora
acetylene from an approximate estimation of its appearance

potential. A small peak at m/e = 17, probably due to was

also observed.

Products trapped out at 90°K were analysed mass

spectrometrically, giving a similarly complex pattern, the most

prominent peaks occurring at m/e = 27, 29, 39, 41, 43, 44, 55,

69 up to m/e = 120, the m/e = 41 peak being the highest. As

the average separation of the group maxima was 14 mass units,

this suggested the presence of hydrocarbon products — Cg.
It seemed therefore, not unexpectedly, that., due to the high

temperatures involved, the gaseous products were complex. The

fact that the less volatile products were also complex was shown

by gas liquid chromatographic analysis of a brown oil trapped out

in milligram quantities. This brown oil quickly formed from

a colourless liquid trapped out at 195°K, whenever it was

warmed to room temperature, suggesting the presence of very

reactive species. The oil was shown also to be moderately

basic. Analysis on a 50 metre capillary column (Carbowax 20)
using a Perkin Elmar F.ll Flame Ionisation Detector chromatograph

at 353°K showed the presence of five major products and at
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least ten minor ones. One of the major products was identified

as methyl cyanide from retention time data on two different

columns and was about 10^ of the total products. This is

interesting since methyl cyanide has never been reported in the

literature as a product of this reaction. It was also proven

that cyanoethylene, which has been reported as a product in

this reaction, was not present in the reaction products.

It appeared therefore, that due to the high temperatures

and/or the presence of excited species in the plasma region,

extensive cracking of the ethylene and subsequent polymerisation

and reaction with nitrogen atoms were occurring, and a complex

mixture of saturated and unsaturated hydrocarbons and nitrogen

containing compounds were being produced. This is in agreement

with many workers' results from the reactions of organic
(3)

compounds with plasmas, Coate for example, who passed

n-hexane through a microwave discharge at 1.0 torr found, by

gas chromatographic and spectroscopic analyses, no fewer than

twenty-fivo different hydrocarbon compounds.

(b)(ii) Solid products

During these high temperature runs with ethylene, a yellow

powder was deposited, the main portion on the walls of the

reaction vessel and some on the nozzle and discharge tube. The

yield was about 0.20 g in a two-hour run. After a series of

runs, the yellow powder was observed in the vacuum system and

cold traps, several metres downstream from the reaction vessel,
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suggesting that the yellow powder was being formed by a gas

nhase polymerisation process. This solid product of the

reaction of nitrogen atoms with ethylene at elevated temperatures

had the following characteristics:

a) If it had formed on a cool surface it was a white-yellow

extremely low densitjr powder, easily scraped off the surface.

However, if it had formed on a hot surface, such as the nozzle

of the discharge tube, it was a dark brown shellac-like substance,

difficult to remove and glossy in appearance. There were also

f orms between these two types depending upon the temperature to

which the powder had been subjected.

b) A melting point determination showed that the yellow powder

form did not melt at 573°K, but slowly changed into the dark

brown shellac form. It also showed no signs of subliming at

513°K at 10"5 torr.

c) Solubility tests showed that the shellac form was completely

insoluble in a wide range of polar and non-polar solvents,

except hot concentrated sulphuric acid. The yellow powder form

was insoluble in non-polar solvents, but was partly soluble in

acetone, 2H-HCL, pyridine and ethanol, but not in 2N-NaOH, and

completely soluble in dimethylformamide and dimethylsulphoxide.

This suggested that the powder was polar, basic and inhomogeneous.

d) Thili layer chromatography of the pyridine soluble fraction

showed that it contained about four separate components.
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e) Elemental analysis for C, H and N showed that the lightest

coloured powder form contained 20^ N and had an empirical formula

(C.H. rh)v 4 4.6 x

f) Mass spectrometric analysis of the yellow powder using a

direct entry probe held at 678°K, gave a fragmentation pattern

which had a remarkably uniform intensity, but which could not

be associated with a single compound. The spectrum contained

ions at every mass number up to about 450. The intensity of

these ions passed through a maximum approximately every 14 mass

units and became uniform in intensity fading away about mass 450.

No evidence for long alkyl chains was apparent, although the

average separation between the group maxima being about 14 mass

units might indicate the presence of methylene or N groups in

the chain, or at least the regular fragmenting of these groups

from the chain. The mass spectrum indicated therefore, an

extremely complex mixture or a polymer.

g) Infra-red analysis of the carefully dried powder in nujol

or hexachlorobutadiene mulls,in a KBr disc, and of the evaporated

acetone soluble solution showed the presence of broad absorptions

at around 5400 cm and 1650 cm ^ and sharper absorptions around

2900 cm \ 2200 cm ^ and 1400 cm \ indicating the possible

presence of >N-H, 7C=N- and >CH„ or £C-H groups in the compound.

Due to the low H content of the solid it was realised

that the yellow powder was relatively unsaturated, and as

cyanoacetylene and acetylene had been detected in the more
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volatile products of the reaction, it is suggested that the

mode of formation of this solid product is by the thermal

degradation in the plasma region of ethylene to acetylene and

its subsequent polymerisation initiated by the attack of nitrogen

atoms in a scheme such as

CH0 = CH0 , -> CH = CH + H02 2 plasma 2
N + CH s CH -> -N-CH = CH-

-N-CH = CH- + H -* CH^CN
-N-CH = CH- + CH = CH -> -N-CH = CH-CH = CH-

(R)
2R -» -N-CH = CH-CH = CH-N-CH = CH-CH = CH- etc.

The free valencies on the N atoms being satisfied by the

addition of H atoms to give

H H
-N-CH = CH-CH = CH-N-CH = CH-CH = CH- (a)

or by a conjugation reaction to give

-N = CH-CH = CH-CH = N-CH = CH-CH = CH- (b)

with (a) and (b) occurring with about the same probability to

give an overall empirical formula of

(C8k9N2)x
The polymerising chains are envisaged as being terminated at

various lengths to give a mixture of polymeric compounds. A

polymeric structure such as (a) would be expected to be

colourless and polar while (b) would be expected to be dark

coloured due to conjugation and non-polar. The action of hoat

would convert (a) to (b) and even (b) to a fully conjugated ring
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containing structure as in the polymerisation of acrylonitrile

to give a dark, high melting, insoluble compound.

The formation of a solid polymer has often been observed

in the reactions of active nitrogen with organic compounds. Up

to 65$ of the nitrogen going into the solid deposit, depending

on the specific system. The composition of the deposit

depends on the nature of the organic compound reacting with

active nitrogen. The concentrations of nitrogen in the deposits

obtained by various workers varied from 16$ - 37$. A

polymer formed in the reaction with acetylene at 90°K was

(5)shown to have a structure of the type

-ps-(CH = CH) -gH-
CN CN

In the reaction with buta-1,3-diene, the deposit had a formula

(C^HgN) _and the reaction with isoprene gave a polymer
(rj\

(C^Hj-N)x . Some experimental results have indicated that the
polymers found in such reactions, were not individual chemical

compounds, but a mixture (®)(7)(8)^ Aronovich and
(a)(io)

Mikhailov reported that the nitrogen in the deposit

which they obtained was almost completely hydrolysed to NH^,
which, they suggest, showed the presence of nitrile or even

imino-groups.

Wo polymer has been reported in the reaction with ethylene,

but Winkler and Versteeg have reported the formation of an

inert polymer in the gas phase reaction of nitrogen atoms with



acetylene at 450°K containing

to the yellow powder found in

suggest that the structure of

low temperature reaction with

nitrile.
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32$tT, having similar properties

our experiments, though they

their deposit is similar to the

acetj^lene with the IT bonded as a



151

REFERENCES TO SECTION TEN

1 G.G. 'Mannella, Chem. Rev., 1963, j56, 10.
2 J. T. Herron, J.L. Franklin and P. Bradt, Can. J. Chem.,

1959, 37, 579.

3 A.D. Coatee, U.S. Dept. Comm. Office Tech. Serv., 1962,
AD 419-618.

4 O.K. Fomin, Russ. Chem. Rev.,- 1967, J56, 726.
5 G. McTurk and J.S.- Nailer, J. Chem. Soc., 1963, 262.
6 A.Tsukamato and N.N. Lichtin, J. Amer. Chem. Soc., 1962,

84, 1601.
7 Terukyo Hanafusa and N.N. Lichtin, Can. J. Chem., 1966,

14, 1230.

8 S.E. Sobering and C.A. Winkler, Can. J. Chem., 1958, 36,
1223.

9 P.M. Aronovich and B.M. Mikhailov, Izv. Akad. Nauk SSSR,
Obd. Khim. Nauk, 1956, 544.

10 P.M. .Aronovich and N.K. Bel'skii and B.M. Mikhailov,
Izv.Ak'nd. Nauk SSSR, Otd. Khim. Nauk, 1956, 696.



152

11 KINETIC ANALYSIS OP THE N + 02H4 REACTION

(a.) Application of Spherical Diffusion Theory to Kinotlc Analysis

Prom Appendix IV it can be seen that spherical diffusion

theory shows that, when reaction is taking place, the rate of

loss of nozzle reagent by chemical reaction is given in the

general steady state case by

[l]

D is the diffusion coefficient of the nozzle reagent and is

assumed to be constant, and C is the concentration of the nozzle

reagent at a distance R from the point source. The first

approach to applying equation [l] to the analysis of the

N + ^2^4 ro'~ction is to assume that the reaction is first order
in both II and OpE^f as has been done by many workers who have
suggested that the rate determining step in this reaction is a

slow addition of N to C^K., followed by fast secondary reactions
see p. feS .

(b) Kinetic Analysis Assuming Reaction Rate Proportional to

[N ]IC2H4 ]
(b)(i) Derivation of a theoretical rate equation

Equation [l ] becomes

♦ i-f1)- w
where [N] and [C2H^] represent the concentrations of nitrogen
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atoms and CgH. respectively, kg is the second order rate constant
and is the diffusion coefficient of nitrogen atoms. The

assumption that C_H. is constant over the reaction zone,2 4

simplifies the mathematical analysis of this equation, hut, as

shown previously, this is not strictly the case, due to the

inward diffusion of CgH^. However, if only a limited part of
the reaction zone is used in the analysis, an average value of

the concentration can he determined, which is relatively

constant.

If analyses are available throughout the reaction zone, it

is convenient to treat the data, using a method which is based

on the treatment pioneered by Hartel and Polanyi, described on

p . J , but modified so that data obtained throughout the reaction

zone can be used in the final solution of the rate constant.

This method uses the approximation that [CgH^] is constant and an
integrated form of equation [2 ], which is

[N ]R = - .e-cR [3]
4D

n

where b is the nozzle flow rate of nitrogen atoms in gm atoms

s ec-"'",
c2 = ^2 [c2H4]

[iT ] is the concentration of the nozzle reagent at a distance R

from the nozzle, [CgH^ ] is the average concentration between the
limits of R used and kg is the rate constant in litre mole ^"sec .
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Expressing [3 ] logarithmically

iog10[s]R - iog10 Id -fto3 t45
Thus a plot of log [N ]R against R should give a straight line of

slope S equal to
/ kg[CgE^ ]

2.303 \ Dn
the linearity of the plot giving evidence of the second order

nature of the reaction and the slope yielding the rate constant.

(b)(ii) Experimental results

The experimental procedure was to inject into the

reaction vessel as described previously, and to scan across the

reaction zone at different CJ3. injection flow rates, whicheL 'f

provided different concentrations of in the reaction vessel.

The P atom input was held relatively constant over the period

of the experiment by maintaining the discharge conditions as

stable as possible. In all the experiments with ethylene

described in this thesis, B.O.C. grade X ethylene (99.5$) was

used with no further purification. Mass spectroaetric analysis

showed that it contained negligible impurities. In an average

run, measurements were made at about 18 points for [N] and

[CgH^ ] and a typical concentration plot of [l-I] and [CgH^ ]
in the reaction zone is shown in Pig. 24.

Pig. 33 shows a series of log [if]R against R plots from a

typical series of runs carried out over a period of 2 - 3 hours
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and covering an eight-fold range of concentrations. The

concentration of was taken as the average over the range in

R of 0.42 - 1.63 cm. This variation in 0^4 concentration was
the largest that was experimentally feasible. For convenience,

12
the units of [iT ] ware plotted as millivolts on the 10 ~ ohm

resistor,since in this method, the units do not enter into the

determination of the rate constant, which is extremely advantageous

as the mass spectrometer sensitivity to N atoms is not needed.

The graphs show deviations from linearity especially at large

values of R and slopes drawn from the best straight lines do not
JL

vary with ]' as expected from equation [5 ]. This is

indicated for Run Id where the theoretically exoected plot is

shorn assuming Run la to be correct. In fact, the slopes appear

to he the same for different concentrations of Thus two

aspects of these observed riots are noteworthy. The first is

that the variation in the [0^.^ ] has no effect on the rate of loss
of [IT], that is the flame diameter is independent of the

CCgH^ ] in the range of ] of the experiment. This is
unexpected as it had been shown in earlier work ^ using a

similar technique that the addition of higher and higher [NO]

led to a decrease in the flame size in the reaction N + NO.

This observation would indicate that the order of the reaction,

with resoect to 0^4 is nearly zero, rather than unity as
would he expected from a normal second order (il + addition

reaction. The second point is that the order, with respect to
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N atoms, seems to be greater than unity due to the tendency for

the [?! ] in the outer region to be higher than would be erpected

from a first order loss of N atoms. These findings were completely

unexpected as it has long been considered that the reaction

N + 0^3.A is first order in each reaction partner.
(c) Further Investigations of the reaction order with respect

to Ethylene

As can be seen from Fig. 35, the average 0^4 pressure
over the reaction zone between 0.4 - 1.6 era could be varied

eight-fold, (from 48.8 x 10 ^ to 5.5 x 10~^ torr), without any

observable decrease in the flame diameter. However, Fig, 24

shows that the addition of 0^4 does have a pronounced effect on
"f +

the rate of decrease of reducing the to zero at about

3 cm from the nozzle, i.e. a flame diameter of 6 cm. Therefore,

the effect of 0^1^ must depend on [CpH^ ]m at some point between
average C9H^ pressures of 0 - 5.5 x 10 " torr, with m greater
than zero, but at higher pressures than this m falls to about

zero. Attempts were made to observe the point at which this

change occurred using flow rates which gave intermediate
-3

average pressures between 0 - 5.5 x 10 torr, but these were

not successful, partly due to the relatively high experimental

errors involved. However, experiments at very low ethylene

pressures did indicate that this iransition from a finite order

to a near zero order occurred between (l - 6) x 10 torr,

although at no point could a first order (hpendence on be
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observed, indicating that the transition was probably rapid and

occurring over a very narrow range of pressures.

(d) The Possible Effect of a C.il Complex within the Mass

Spectrometer on the Apparent Order in Mitrogen Atoms

The orocedure used for mass spectrometric analysis for

nitrogen atoms, (see Appendix Ille), where the ionising electron

voltage is controlled, is usually regarded as sound practice.

It would certainly give determinations of the concentration of

nitrogen atoms within the ion box. But, if an unstable entity,

such as CpH^M, made a few collisions with the walls of the
inlet probe system, it seemed possible that it might decompose

and yield N atoms. Any !T atoms so produced would be ineluded

in the analysis for free IT atoms drawn into the sampling probe.

The chance of this occurring to a significant extent seemed a

(?)
slight one, but the experience of G.S. Pearson on the system

HpSO^ ^ SO^ + H^O showed that HgSO^ dissociated readily within
the mass spectrometer as the ion box temperature was raised, and

it seemed unwise to ignore the possibility of a system

NCpH^ ^ N + CpH^. If an entity was formed in the diffusion
reaction zone, it seemed probable that its concentration

in that zone would rise initially as R increased. Thus the

possible error in the analysis for F atoms could increase with R.

Since the observed rate of decay in N atom concentrations with

increase in R was slower than the expected first order in [JT]decay,
it seemed desirable to devise tests for ITGpH^ (m. ¥t. = 42)
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and its possible dissociation within the mass spectrometer.

The peak ratios (42+/59+), (42+/41+) and (42+/55+)
were monitored at various ionisation box temperatures during a

sampling run on a reaction zone. The different temperatures

were produced by analysing from 5 seconds to 50 minutes after
+ + +

switching the filament on. The peaks 59 , 41 and 55 were

peaks present in the mass spectrum of the products and it was

expected that at least one of them would arise from a stable

product. In fact there was no indication of a decrease in any

of these ratios with increase in box temperature. This suggested

that there was not a variable dissociation of any within

the mass spectrometer, and further more, (as is shown on p. 176 )
4.

the observed 42 peak seemed to be derived from stable hydrocarbon

products.

However, the entit^r is expected to be of low thermal

stability, particularly when compared with H^SO., and under the
low pressure conditions of the mass spectrometer any

entering via the pinhole leak might be wholly dissociated under

all the conditions used.

Thus the observed IT atom concentrations do not appear to

be in error from any variable dissociation of transient species

but any contribution from total dissociation con not be ruled

out.
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(e) Kinetic An alysis Assuming: "Reaction Rate Proportional

to_[Njli£2,H4 t.
The findings in (a) that the order of reaction in

[CgH^ ] was near zero and that the order in [N ] was higher than
unity produced several problems. In the first place an

e quation

D
. I'd } = kCw!n[c2H4f

\dR R dR ••

is most unlikely to be integrable for arbitrary choices of n

and m. Any analysis of experimental data would have to be

made using the differential form and an attempt made to evaluate

n and m. Rut there is the further point that although such

formulation of the rate in terms of stable reactants is resorted to

as is usual in chemical problems, it is likely that the rate

determining process will involve an unknown concentration of

a transient species, and therefore any results for n and m

need to be interpreted by a mechanism.

(e)(i) Application of the differential form of the

spherical diffusion equation to an analysis of the

simultaneous diffusion of N and a generalised

reaction of II + olefin

Consider the spherical diffusion equation linked to a

reaction rate as derived in Appendix IVb for the reaction of

N atoms with an olefin M, but taking a more general case,
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+ 1 T>then, ■ . i — a. u-' j L-ij lj. j

Ur R dR /

where = k D>T]n[M]m is a general rate equation for the loss
dt

of K atoms. A method for treating such data so that experimental

values of m and n can be obtained directly rather than using a

'trial and error' method, is as follows:-

d 2 f/W T 2d [IT T
Substitute A= -—5-—• + — . — ' this gives

dR" R d.R

= k/D^ [NR ]n [M^ ]m at any value of E , [2]
[-rpMpJ " and expressing the result

logarithmically gives:

1 °g10\ " mlogl0 ^ ^R = log10 k/l^T + nlog1Q [N ]r [3 ]
It can be seen that if m, the order of the reaction with respect

to M, could be determined, equation [3] could be written in the

form of an equation for a straight line, where a plot of

logA^ - mlogfll^} against log [Nr ] at different values of R
should give a straight line of slope n and intercept i =

log k/Djj on the logA^ - mlogtM^] axis,for everjr kinetic run of
the series. This is assuming that n and are constant.

To obtain t?ne correct value of m it is therefore, necessary

to find the best value of m which will give superimposab1e

plots of equation [3] for different kinetic runs of the series.

This value of m can be found in the following manner.

— v TT.T ln TM lm Ti 1
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Consider a. -plot of logA^ - mlogtM^] against log[iTR] for
two kinetic runs A and b with m given the value a which is not

correct. This will give a plot like the one below

Run B m = a

...^•■"Run A m = a

logAR -

mlog [Mg 3

: R = r

A' :

;b'

- X

log[NR]

(The graphs are shown as linear since, in practice, this

proved to be approximately true. ¥hen m has its correct

value, the graphs should be linear if the relationships are

obeyed.)

For any value of R say R = r. |A' - B'[ ) 0 if m = a

is not correct, but the more nearly correct the value of m which

is chosen, the smaller the {A' - B'j difference will become

until, at the correctly chosen value of m, jA' - b'i =0.

Therefore a method is to take three vtlues of m say 0, +1, -1

for any pair of runs of a series and find tA' - Bj values at

various R values for this pair of runs. A plot of [a' - B1

against m for any value of R will be linear and can be

extrapolated or interpolated to |A' - b'j = 0 to give the best
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value of m for the pair of runs chosen. For example, if there

were four runs in a series of runs done at increasingly higher

flow rates of II say Runs a, b, c, d, and if there are 8 accurate

values of A^, ] and [M^ ] for each run, there are 48 lines
available for extrapolation to give a mean value of r.. Also,

by comparing m values obtained from runs a, b and c,d any trend

in m with variations of M flow rate will be discernible.

Once a value of m has been determined, equation [3]

can be plotted for each run to give a value of n, the order of

the reaction with respect to R atoms and a value of and thus

k at different flow rates of M.

(e)(ii) Treatment of data for II + OpH^

This method of obtaining kinetic information from the

differential rate equation for the reaction of R atoms with

ethylene requires certain modifications if the available

experimental data is to be used.

(a) Substitution of rather than [R1 in the rate expression -

The method described above assumes that data on absolute nitrogen

atom concentrations are available throughout the reaction zone..

In practice, however, only readings which .are directly

prouortional to [N ] are available, i.e. peak heights, but

as is shown in Apnendix III, R, , readings can be converted intoX T

[R ] readings using the sensitivity of the mass spectrometer

to nitrogen atoms.
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In fact

1

[IT ] = — TST-, .+ where a., and N't .+ are expressed in14 JM 14
• °N

simila.r units. The easiest method of treating the experimental

data containing readings is to take a' = l/. Therefore,

[N] = a'N^^+ and. to substitute this expression in equation [2]
to give

a'A,R - 'A,[»•"!,;in io2h4 f 12,5
R

d2(Ni.,+) 2 d(N2/)
where A' = —~—■ ~ + — .

dR^" R d.R

Treating [21] in a similar manner as before

log a.' + logAA = logk./]lT + nloga' + nlogN, ,+ + mlogfCJI,R N 14
R >R

which can be rewritten as an equation of a straight line as

before in the form

logA'^ - mlogtCgH^ ] = logk/E^. + (n - l)loga' + nlogN^4" [3'
This can be treated in the same manner as [3 ] to give values of

m, n and k by plotting logA'^ - mlogtCgH^]' against nlogN^"1"
R R

except that the intercept i' = logk/lDu + (n - l)loga'.

(b) Estimation of A'
•i

k. _ !V +1 ftil
R ~ 2K

d.R R dR

and therefore it is necessary to calculate values of
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, 2 4- ,-T 4-
14 14
-p— and at various R values from the experimental

dR~ dR

data. Prom the experimental data, it is easy to produce graphs

of against R as shown in Pig. 24. Prom such reproducible

and symmetrical curves dN^can be obtained by taking
dR

differences in value of ^4+ ^or eclua^- intervals of R and
plotting against R. Prom this smoothed plot, this procedure

can be repeated to give . Such a process is of course

dR2

tedious, and is subject to serious errors at the extremities of

the curves, but was the only method available to obtain such

d ata.

(e)(iii) Experimental results

(a) Estimation of m, the order of the reaction wl th respect

to - In Appendix VI is tabulated the experimental data

obtained from a series of kinetic runs of N + CpH^ carried out
under conditions similar to the series of runs described

previously. Again the concentrations were varied over

an eight-fold range. Fig. 34 shows a plot of [A' - B'j for the
three pairs of runsla,b 2c,d 2a,d against ra for three R values

= 0.5, 0.9 and 1.2 cm and for m values of 0 and -1. This plot

shows that the mean mlue of m is about zero (m = -0.02 ^ 0.15)

and that there is no significant change as the pressure is

increased over an eight-fold range. The same procedure was
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carried out on the experimental results obtained from Runs

la, lb, 1c and Id described previously and a similar result was

obtained (m = -0.08 - 0.15) and it therefore appears that the

order of the reaction of N + CgH. with respect to is $ro
over a wide range of pressures.

(b) Estimate of n, the order of the reaction with respect to K -

If m is taken as zero, this simplified equation [3* ] to

logA'R = logk/Djy + (n - l) 1 oga1 + nlogR^^
and Fig. 35 shows plots of logA' versus logN,„ for values ofR 14

R

R within the range (0.5 - 1.2) cm for the Kinetic Runs 2a., 2b,

2c, 2d, while Fig. 36 shows similar plots for Kinetic Runs la,

lb, 1c, Id.

These plots are reasonably linear except between R=1,0 - 1,2

where the errors due to the method of processing the results

become significant. The results of these plots are tabulated

on the next page, and it should be noted that the large

differences in the intercept value for the two series of Runs was

due to a marked difference in the mass spectrometer sensitivity

between the two Runs, however, as mentioned in Appendix Ilie,

the mass spectrometer sensitivity to nitrogen atoms corrected

to the standard Kp sensitivity was the same in both Runs.
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Tabulation of Kinetic Data for N +

Run ilo
Average CgH,
Pressure ~ m

(torr x 10" )
n

Mean value
of n

Intercept
i'

1 a 48.8 -0.08 2.05 -2.07
lb 20.8 -0.08 1.78

1.9 - 0,2
-1.57

lc 11.6 -0.08 1.67 -1.45
Id 5.5 -0.08 1.98 -2.10

2a 44.0 --0.02 1.65 -0.86
2b 27.0 -0.02 1.66

1.8 - 0.2
-0.85

2c 14.0 -0.02 1.76 -1.09
2d 5.8 -0.02 2.05 -1.53

The value of a' determined for each series of runs was

Run 1

a' ~ 1.81 x 10 5 torr (mV 1A12on 10 ohm) 1
which converted to mole.litre 1 at 503°K, the average

temperature of the reaction zone

_q _l
= 1,24 x 10 " mole.litre (mV on 1012 ohm)"1
Run 2

a' = 9.99 x 10 9 torr (mV on 10 ohm) 1

of i'

-1.80

-1.08

i.87 x 10 ^ mole, litre 1 (mV on 1Q12 ohm) 1 at J3P3_°K
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The mean value of n for both runs appears to bo two, within

the observed experimental error, and this value of n was

used to calculate the apparent rate constant k for each set

o f run s.

(c) Apparent rate constant for the N + reaction -

Rather than calculate the apparent rate constant of the

reaction from the experimentally found intercept values of

each run, which would have given a large spread in k values

due to the logarithmic form of the graphs, even though the

observed experimental error in the slopes of the graphs was

only - 10$, the mean of the intercept values was taken for

both sets of runs. This was reasonable as the intercept

values did not appear to vary as a simple function of the

average 02*1^ pressure. A mean value of the apparent k for
each set of runs was therefore calculated by substitution

of the experimental data into the simplified form of equation

using the appropriate values of a', n = 2 -and the
2 1

experimentally found value of D,T = 250 cm sec (see p. 136).
The apparent rate constants obtained are

9 -1 -1
Run 1 k - 3.4 x 10' litre .mole sec

Run 2 k = 3.6 x 10' litre,mole sec

In this method of calculating the apparent rate constant

for a free atom reaction, ezpocted errors wore extremely

difficult to estimate, and are, therefore, not given for the
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experimental results obtained. However, the agreement between

the two mean values of k is extremely good, indicating that

this kinetic method is capable of giving significant,

reproducible results.
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12 PRODUCTS AMD STOICUIOMPTRY OP TUE $ + CgH^ RPACTION

(a) Previous Results

In the few preliminary'- investigations of the IT + £^4
reaction carried out by Uoollev with the original form of this

apparatus, he did not detect HCN which is the normally quoted

product. A complete mass spectrometer scan over the reaction

zone showed virtually no products except a small pealc at

m/e = 43 which was tentatively identified as being due to

ethylene-imine formed by H- abstraction by a CgH^N intermediateJ
however, this intermediate could not be detected. 'These

observations were rationalised by the suggestion that HCN

was formed by the decomposition of an intermediate on a surface,

and unlike the experiments of other workers, wall collisions

during reaction in this type of apparatus were negligible; the

CgH^N was held to decompose to Ng and. 0^1^ by gas phase collision
with N, or with each other.

As these preliminary observations were so different from

the normally quoted observations on the N + reaction, a

much more thorough investigation of the products of this reaction

under diffusion flame conditions was therefore necessary.

(b) Qualitative Mass Spectrometric Product Analysis

(b)(i) Analysis for stable products in the reaction zone

During most kinetic runs, complete mass spectrometer scans

were carried out over the reaction zone. These scans were more



100-

w

■460-

■

20

it

©b
—e-

fi

iw

o> .: , ,*2 7 : mass-sffotfa of

"nt --c: h.lr'naotlow!

zonk

i ml

arhi tvary ilmito

| []]
Wi

"m/'o

A

ill:

ml ii ;

a) at:50.

_l_l

wi:

ii

HIM

ii i

ttn ■'

43;

hr.

-=-4

t 50

ii

pctiip
•■

1; ■ .=i: • 2

io1!

e4, :30 ^4

:^i:4
"ctl"

I ill
!

6h-m-

. lill
III III!
mi

Ml!

ouiip

il

...

tonr.

i

; to ' 14

i-fo'o-

"i.m ?.? ?.n :: 30 ; 34 brftfiu

if

40 5f^h::;'5p; :|5o 31-i

, .13 :mv'

16

trap b fi '■' |!';'
' :l!ii|

r-^Z
oil: 1uongl.

iffth

«7, 50 a a
: J"

-8-0- XpI-
: fr~rr

at

/f-

■60 —

ifjif!
-atbirtr

•to:

iry-units

1c. a\r

oitofrn

III.

t ft'j

27
,-fv

hi
- 50.5 iv

r

atx(cs
= 2 cm

I

: i : w

61 ix: 10.;.: tor,r

ml.'m ff

n-

:2-0:

m/j-e jff§

::.i
ttttt

uti

iiitq •14.;:
fif fib

effi

lihii-rifh

3.0 p4iiiji
Lili

0 42
o'iiiiilii

6 1:500
it: h it; -LAl

4:1
i b-t

5tt
ill

56
I ill

4+
i



171

sensitive than the preliminary scans described above due to the

lowering of the mass spectrometer background level described

previously.

These scans were performed in such a manner so as to

eliminate any interference from minor impurities in the

or from the discharge, but the 14+ - 18+ and the 24+ - 29+
ranges of spectrum could not be analysed with any sensitivity

dvie to interference from n/h^0 and respectively. Two
typical scans at R = 2cm, during reaction are shown in Fig. 37.

It was hoped that the interpretation of the resulting spectra

would be made easier by lowering the energy of the ionising

electron beam so that fragmentation processes would be reduced,

but, unfortunately, the sensitivity was such that the electron

beam energy could not be lowered enough to do this, as can be

seen from the similarity of the two spectra run at 50 and 16 eV.

These spectra show that there are observable products from the

reaction, present in the reaction zone, but that they are only

present in very low quantities, also that there are several products

present which make the mass spectra impossible to interpret,

especially as the 26 - 29 region is not observable in any

detail. However, in certain snectra, there is some indication

of a 27+ peak, which could be due to HON. During one reaction

zone analysis the mass spectrometer was focussed in turn on
_L -f-

the 41 and 43 peaks at the extremitjr of the reaction zone and

it was shown that the size of these peaks was proportional to
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the average LCgH, ], suggesting that these peaks were due to
products of the reaction which increased as the [CgH^ ] increased.
When the mass spectrometer was focussed on a peak and the

reaction zone scanned, each of these product peaks showed

similar depletion curves near the nozzle to that of the atmosphere

reagent ethylene. This is as would be expected as each product

must have a concentration gradient set up due to dilution by the

incoming stream of MA.

(b)(ii) Analysis for stable Products trapped out of the

carrier gas

To remove interference bv and and to

increase the sensitivity of the analysis, mass spectra of the

trapped out products of the reaction wore taken. Products of

the reaction, involatile at liquid air temperatures (90°k)
at 1.3 torr, were trapped out in large surface area traps,

see Pig. 13 > downstream from the r"action vessel during 45 minute

runs in which the [C 2^4 ] an(^ ^ atom input were kept essentially
constant. The reaction was then stopped and the reaction

vessel pumped out. The C^H^, which had been trapped out with
the products, was then quickly distilled off at 175and the

remaining products allowed to vapourise up into the reaction

vessel at room temperature. The mass spectrum of these

products was then -taken. This procedure was repeated for a

blank run in which the same concentration was used but the

discharge was not activated, and repeated again for a blank
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run in which the discharge was activated but the was absent.

From these spectra a mass spectrum of the products of the reaction

was obtained, a typical spectrum being shown in Fig. 58.

It is quite obvious that the products of the reaction were

-f 4-
complex. The 45 and 27 peaks being the highest in the

spectrum suggested that HCH was being formed in the reaction

and that hydrocarbon products were present. But the relative

amounts of each tyre of compound could not be ascertained as the

sensitivities of W- containing compounds and hydrocarbon may

differ greatly in this mass spectrometer.

As the products of the reaction were obviously complex

some form of separation coupled to more than one analytical

method was considered as a means of identifying the products

unambiguously. An extension of this technique of trapping out

products and analysing them mass spectrometrically in situ was

devised in which the trapped out products could be fractionally

distilled at low temperatures, a mass spectrum taken of each

fraction and then that fraction transferred to an infra-red

gas cell for subsequent infra-red spectroscopic analysis. This

system consisted, of a variable-temperature trap based on the
fl)

design of Le Roy" inserted at A in Fig. 15, and a minimum

volume (lO ml) 10 cm infra-red gas cell with a cold finger

inserted at B. The initial procedure used was like that

described in the previous paragraph except that products were
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collected from 4 hour runs for greater sensitivity. After

the reaction vessel had been pumred out, the trapped products,

including the trapped out were distilled from the main

trap into the Le Roy trap and then fractions distilled up into

the reaction vessel where mass spectra were run. Each fraction

was then transferred to the infra-red cell which could be

removed for analysis using a Pferkin Elmer Model 621 Gracing

Infra-red spectrometer.

Although the products of the reaction were not completely

separated by this method, the results from three runs, at an
— 7?

average [CgH^ ] of about 35 x 10 torr, clearly showed by
comnarison with standard snectra the presence of HON and methyl

containing hydrocarbons from the infra-red data, and HON,

butane and propane from the mass spectral data, the hydrocarbon

products being about Vp of the total trapped out.

"Before describing the other techniques which were used to

finally identify the products of the reaction, certain other

experiments which were carried out,using only the mass

spectrometer as the detecting instrument, will be described.

(b)(iii) Analysis for transient species in the reaction

zone

In reactions with atoms and stable molecules in the gas

phase, free radicals will almost certainly be produced at some

stage of the reaction. The radical has been postulated

as an intermediate of the reaction h + 0^1., and there may well
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be methyl, ethyl and prenyl radicals present in the reaction zone

from the observation that butane and propane are present in the

products of the reaction. CUT radicals and E atoms have also

been suggested as possible species occurring in this reaction.

It should be possible to detect these radicals if they are

present by mass spectrometry, assuming that a method which

differentiated between a peak , due to a fragmentation of a

stable product molecule and a peak from a radical at the same

m/e value, was employed.

Using the 'low-energy electron beam' method described

on p. 34-, the mass spectrometer was focussed on m/e = 1 and

the electron beam energy dropped to l7 eV just below the .

appearance potential of H+ from Eg (lR.l eV). The reaction
zone was scanned under these conditions, but no sign of H atoms

was apparent above the background level of the mass spectrometer.

Unfortunately, this 'low-energy electron beam' method

eould not be applied to other peaJcs in the products mass spectrum,,

as the sources of possible interference from the fragmentation

of stable products were not known and a more indirect method

had to be employed. One method of differentiating between

peaks caused by radicals and by stable molecules'is to utilise

the fact that the life timesof radicals are so short. Therefore,

if the reaction is suddenly stopped by quickly turning off the

discharge, stable product peaks will fall at a rate denendent

on the pumping-out speed of the flow system while peaks due
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to radicals might be expected to fall off at a much quicker

rate than this, due to loss by recombination etc. Radical

peaks might also be detected using the effect of their short life

time by scanning across the reaction zones while focussed on the

peak. A radical peak profile (a) might differ from a stable

peak profile (b) as the distance from the nozzle (r) parameter

is equivalent to a time parameter. The two profiles which

might be expected are shown below.

R R

Using these two techniques for detecting radical properties

of peaks, the 42+ peak (CpK^u), 43+ peak (C^Hr,) and 26+ peak
(cu) were studied during the reaction, the 29+ peak (c^H^)
could not be studied due to interference from the 28+ peak of Ng.

+ +
These studies showed that no significant part of the 42 , 43 or

-J.
26 peaks were radical in origin.

It apt)eared, therefore, that the presence of H atoms and

these radicals could not be shown using this type of mass

spectrometer inlet system, the most likely reason being



177

the destruction of the radicals by the sampling system rather

than due to their non-existence, as later experiments were to

provide strong indirect evidence for the occurrence of most of

these radicals mentioned above.

(o) Gas ChromatographicAlass Snoctrometric Analysis

(c)(i) Initial qualitative work on products condensiblo

at 90°K

As it had been shown that the material trapped out at 90°K
was a mixture containing at least HON and hydrocarbons in a

large excess of it was decided to apply a combination of

separation by gas chromatography and identification of each

fraction by mass spectrometry. Therefore, the following

procedure was developed to identifjr the various components in

the product mixture.

Products involatile at 90°K and 1.3 torr were trapped out

as before from 4 hour runs at constant concentrations and

transferred to a modified Toepler pump/gas burette where they

could be measured at room temperature. The products were then

transferred in 20 - 50 ml portions at 1 atmosphere to a 50 ml

gas tight syringe for subsequent injection onto a gas

chromatograph. The chromatograph used was a Pye Series 104 -

Model 14 - flame ionisation detector, temperature programmed

chromatograph, modified for fraction collection by fitting a

Pye stainless steel flow-splitter assembly on the output end of

the column before the detector, the split ratios being variable
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between 18:1 - 100:1. The outlet line of the splitter was

brought through the bulkhead of the chromatograph by an

unheated stainless steel tube ending in a hypodermic needle.

All analyses were carried out on a 2 metre 7 mm I.D. pyrex

column packed with Porapak Q, temperature programmed between

323 - 423°K, using Ng as the carrier gas. The fractions were
collected in pyrex 'U' tube (0.8 cm I.D.) traps filled to a

depth of 4 cm with carefully washed and dried, finely ground

pyrex (20 mesh) to increase the trapping efficiency. These

traps T^ere fitted with a break seal and a silicone elastomer

septum at the inlet. To trap out a peak, a trap was held at

90°K and attached to the hypodermic needle one minute before the

peak was due to appear. The carrier gas containing the fraction

was allowed to flow through the trap,which was then removed and

quickly sealed off, under atmospheric pressure,at each end, the

trap being held still at 90°K. The traps could then be attached

via the break seal to the inlet system of an A.E.I. MS 10 mass

spectrometer for analysis of their contents at 70 eV, 50/<A.
It was found that by quickly transferring and injecting

the gaseous sample at 1 atmosphere on to the column^ just after
the II carrier gas flow had been stopped, and then quickly

restarting the flow, samples up to 50 ml could be injected with

about 5^ accuracy, and with no overloading of the column or

loss of resolution. ^2^6 oou-'-^ completely resolved from
a 100 fold excess of at a column temperature of 323°K and
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a Ng flow rate of 300 ml/min. ] It was also found that this
method of trapping out fractions, if performed quickly and

carefully, gave a trapping resolution comparable to the column

resolution.

The products from ca typical run, in order of elution from

the column, were identified, by comparison of their mass spectra

with American Petroleum Institute data, as ethane, hydrogen

cyanide, propane - containing 13$ of a partly resolved component

tentatively identified as methyl acetylene, and n-butane.

Isobutane was not detected. Prom a comparison of the retention-

time data of the product mixture gas chromatograms with the data

from, authentic samples these assignments were confirmed,

except for methylacetylene which was not investigated. The

chromatographic results also showed a very small fraction,

but this could not be identified by mass spectrometry.

(c)(ii) Absolute product yields of ethane propane and
n-butane as a function of the average OTH. pressur

Prom these results it was realised that quantitative data

on product yields could be obtained from gas chromatographic

results alone. It was hoped to analyse for CgHg» ^3^8'
n-C^H^Q and HON in this manner, but the results for HOT proved
to be unreliable, probably due to interference from the all -

metal detector. However, as will be described later, HOT

product yields were determined, and using these results., it was

possible to determine the product yields of the hydrocarbons
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trapped out at 90°K as a function of the average pressure

in the reaction zone. The method of analysis used assumed

that the trapped products were totally comprised of

C„Hr, C,H0, C_H,, n-C.H, - and HON as had been shown, by gas<L o j o *4 4 -i-vJ

chromatography.

The total volume of products, trapped from a 2 hour run in

a scries of traps to ensure lOOf- trapping efficiency of all

condensible components, was measured at room temperature and

1 atmosphere. These runs were carried out at a constant

average ^2^/1 pressure in the reaction vessel and a constant
N atom input. This well mixed volume of trapped products was

quantitatively analysed by gas chromatography by taking a

20 ml sample and injecting it quickly in to the chromatograph.

This was repeated four times for each total volume. The

relative weights of the components present were calculated by

talcing the mean value of the four runs and using the generally

accepted theory.that, for the Flame Ionisation Detector and a

homologous series, the peak area of a component can be related

to its weight percentage in the mixture, if corrections are made

for temperature variations in sensitivities due to temperature

(2)
programming . From these mean values of percentage weight

for each component, (experimental error about - 6$), the product

yield for each component was determined in .wmole min by

calculating the flow rate of through the reaction vessel at

various average C2H4 Pressures in the reaction vessel, and using
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the as an internal standard. The results obtained from

f our runs at different average CpH^ pressures and at a constant
IT atom input of 10^«.gm atom.min \ as determined by HO titration,

(Appendix Ille) are shown in Pig. 39.

(d) Product Yields of Methane and Hydrogen as a Function of

the Average CpH. Pressure

how that tho products of the reaction which wore involatile

at 90°K had been determined, it was decided to extend the

analysis to products which had not been condensed out at that

temperature. As the probable products under this category

were Hp and CH^, which could easily be identified, by mass
spectrometry without mutual interference, it was decided to use

a modification of the original method of mass spectrometric

analysis of stable products in the reaction zone. The following

procedure was used to analyse for these volatile products

utilising tho normal diffusion flame apparatus and gas handling

system.

1) A normal run was carried out at a constant IT atom input and

at a constant average pressure in the reaction zone,

with the product collection trans at room temperature.

2) When tho conditions had stabilised, the reaction vessel and

circulation system were isolated from, the oil pump of the flow

system, and the Fp flow, the CpH^ flow and the discharge
simultaneously shut off.
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3) Using the circulation system described on p.^the isolated

products of the reaction and at 1.3 torr were re-circulated

through the reaction vessel. In this way, the total products

of the reaction formed at a known average pressure in the

reaction zone could be trapped out for investigation.

4) The composite 43 peak from propane and butane was monitored

mass spectrometrically? and , when the circulation system had
stabilised, the product collection traps were cooled to

90°K to condense out all products involatile at that temperature

and pressure. The resultingA,43+ was determined when the

system had restabilised.

5) A mass spectrum of the remaining products in the presence of

Ng, compared to the ma3s spectrum obtained when these products
were pumped out of the reaction vessel, and the vessel re-filled

with pure !T^ at 1.3 torr, showed the presence of Hg, (A2+) and
CH^, G£l6 ) as volatile products of the reaction, but did not
show any Cor This indicated that the previous

estimations of CgHg and Cx*ere reasonably accurate as the
trapping conditions for CgHg and appeared to be completely
efficient at 90°K, using these large surface area traps.

The absolute product yields of and were determined

by carrying out runs similar to the above at differc-nt average

C2pressures in the reaction vessel. TheAl6+ mV for each
run was converted tOytmole min of methane from the observer^
,A43+ mV for each run. The method used assumed approximately
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equal mass spectrometer sensitivities to methane, propane and

n-butane which is confirmed from A.P.I, mass spectral data of

these compounds; and the fact that the propane and butane

product yields were known and their relative contributions to

the A43+ peak calculable from A.P.I, data. As a 16+ peak

is produced from H^O the Al7+ and &18+ for each run were also
monitored to allow any corrections to be made for changes in

PgO concentration.
ThoA2+ rhV for each run was converted into^mole min

of hydrogen in a similar manner, assuming that the mass •

spectrometer sensitivity to H^ was 33"^ of the sensitivity to
propane and butane. This factor was obtained from averaging

A.P.I, data and therefore will only give an approximate value

of the Hj product vield. The results forA43+, and CH^
obtained from this study at a constant N atom input of

lO^u.gm atoms min are shown in Pig. 40 which can be directly

compared to the results for methane, propane and n-butane

shown in Pig. 39,

(e) Determination of the Yield of HON as a Punction of the

Average CAA Pressure in the Reaction Vessel and as a

Percentage Yield of the N atom Input

As it had been shown by gas chromatography that the

expected product of the reaction, HCP, was present in the

reaction products, but that this analytical method could not

give reliable quantitative data, it was decided to monitor the
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HON yield at various average ^2^4 Prossures in reaction
vessel,by trapping out mid determining the cyanide content of

the trapped products voluraetrically as in the usual'HCN

titration technique' for IT atoms. The procedure used,was

similar to the method used to trap out products at 90 K for gas

chromatographic analysis, except that some problems were

encountered with the subsecment handling of the frozen—out

HCw/hydrocarbon mixture. Preliminary estimations gave such

irreproducible results due to bad handling techniques that it was

originally thought that HON was only a minor product of this

reaction. However, the handling procedure was finally improved

to give reliable and reproducible analyses. The products of

the reaction at a constant N atom input and a constant average

CpH^ pressure in the reaction vessel, were trapped out in two
large surface area traps in series,at 90"K during a 45 minute

run. The trapping efficiency of this system was checked and

found to be complete for HON. The run was stopped and the

remaining Hp ^'3 traps pumped off. The -traps were isolated
o__

from the rest of the flow system and warmed to 168 K to remove

the trapped out hydrocarbons, which were quickly pumped away.

The HCJT was then distilled under vacuum to the bottom of one

trap held at 90°K and this irap removed from the system. With

the trap held at 90°K, 25 ml of 5$ KOH were added, and the

trap quickly stoppered and allowed to warm up to room

temperature with frequent shaking. The HCIT content was
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determined by titration with F/100 AgFO^ using diphenylcarbaside
(3)

as an indicator

A typical series of results for a constant F atom input

of 10,u gm atom min at various average pressures in the

reaction vessel is shown in Fig. 41, As can be seen, the HCF

yield is relatively constant over the range of pressure

measured, indicating that the TT + reaction was being

studied under conditions where the limiting value of ECU

formation, which has been observed by many workers in the

reactions of F + olefin, had "been attained. Also shown in

Fig. 41 is the I? atom input rate to the reaction vessel and it

is apparent that the ECU produced f F atom input is < 1, and

the mean value for a series of analyses was found to be 0.55.

By comparison with Figs. 59 and 40, it can he seen that the HCF

yield is about 10 times the highest yield of ethane or pronano

measured, and about 40 times that of butane and methane.

(f) Determination of the Relation between EOF Produced and

C"2^4 Reacted

Shown in Fig.24 is the rise in the 26 peak { +£,2o )

observed at the zone periphery when the discharge was extinguish
+ +

Although the/\ 26 value is very small compared with the 26

peak under the usual ethylene flow conditions studied,

nevertheless it does give a measure of the amount of CgH^
A 4-

consumed by reaction. This A.26 value can he related to the

amount of C^E^ consumed by the reaction in the same way that the
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A30+ was used in the TO titration method for the determination

of absolute IT atom concentration, as described in Appendix Ille.

Therefore, the 0^3.^ consumed in the reaction can be monitored
under different ethylene flow conditions. The decrease in the

27+ peak (-£ 2"+), when the discharge was extinguished, can be

used in a similar manner to give an indication of the amount of

HCN produced in the reaction. This observed decrease, however,

is less than a true measure of the HCN because the CgH^
contribution to 27 rises when the discharge is switched off.

A correction can be apnlied for this by determining the ratio of

26+/27+ found for pure C£H^, and using the observed +A26+
to estimate the correction, neglecting the 10$ contribution to

the 26+ peak by HCN. Any corrections due to contributions to
+ 4*

the 26 or 27 peaks from other hydrocarbons are negligible at

low ethylene flow rates due to the relatively low quantities

present,

Fig. 42 shows a plot of HCN produced and reacted as

a function of the CgH^ input flow rate at a constant N atom
input of 10 gm atom min ^ for a tynical run using this technique.

The 'HCN yield' axis was calibrated in /tmole min from Fig. 41

on the reasonable assumption that the limiting yield of HCN

was the same in both cases. The ' CjH^ consumed' axi3 was
. 4-

obtained directly from the + A.26 values, using appropriate

C^H^ flow rate calibrations determined by the method described
on . The CgH^ inout flow rate axis was calibrated by
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converting average pressures in the reaction zones to

input flow rate in a similar manner.

The plots show that the 02^ consumed is directly related
to the HCH produced as might be atpected, and the similarity of

the HON yield plot to that shown in Fig. 41 is obvious. The

carbon balance at low to medium 0oH. input flow rates is within
W-,9L 2 4

10$. However at^C^^ input flow rates, the consumed does
not rise to correspond with the rise in production of other

hydrocarbons. However, the contribution of product hydrocarbons
4*

to the observed 26 peak is no longer negligible, and if a

correction was applied for thi^ the graph would show the

expected slight rise in consumption.
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13 KINETIC ANALYSIS OP THE N + C^Hg REACTION
(a) Experimental Kinetic Results

The same experimental procedure as that used to study

the reaction of N + CgN^ was employed to study the reaction
of nitrogen atoms with rrorene. The rropene used was

Matheson's C.P. grade with no further purification. Mass

spectrometric analysis proved that it contained negligible
4*

impurities. The 41 peak at 50 eV x<ras used to monitor the

olefin in the reaction zone. The initial ecperiments to

study the depletion effect of the olefin at the nozzle have

been described earlier in this thesis.

A series of runs (Run was carried out over a period of

2-3 hours covering a seven-fold range of C^Hg pressures.
The pressure of the C~Hr was taken as the average over the range in

jo

R of 0.42 - 1.63 cm.

As in the ethylene experiments, log[N ]R against R plots

showed deviations from linearity and the same slope for all

C^Hg pressures, indicating that the order of the reaction with
respect to C^Hg was near zero. A further series of kinetic
runs (Run 4) was carried out in which the average C^Hg pressures

-3 -3
in the reaction zone were varied from 90.0 x 10 to 17.0 x 10 torr

and the experimental data processed in a similar manner to that

described for the N + reaction, on the assumption that the

order, with respect to C^H,, was in fact zero.
j o
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Figs. 49 and 44 show plots of log A' against log N ,+R - 14
R

for values of R within the range (0.5-1.2) cm for Kinetic

Runs 4a, 4b, 4c, 4d. These plots are reasonably linear,

except between R = 1.0 - 1.2 cm where, as in the CpH. case,
the errors due to the method of processing the results become

significant. The results from these plots are tabulated

below.

Tabulation of Kinetic Data for IT + at 303°K

„ Average Mean value Intercept Mean
Run No Pressure ^ m n _ ., _

( , of n l' of(, torr x 10 )

-1.55

V "1 O 1

with a' = 4.00 x 10 torr (raV on 10 ~ ohm)

= 2.75 x 10 9 mole.litre (mV on 10"^ ohm) ^ at 303°K.
It appears that like the case, the order of the reaction

with respect to N is two. Using this value of n, the apparent

rate constant obtained from the mean of these results is

k _=_ 2.6 x 109 litre mole ^ sec-"*"
which can be compared with the mean value obtained from the

4a 90.0 0 2.04 -1.60
4b 58-. 0 0 ^p o - 0 1

1.98 *
-1.26

4c 25.0 0 -1.56
4d 17.0 0 2.07 -1.77

reaction of

9 -1 -1
k = 3.5 x 10 litre mole sec
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(b) Preliminary Product Analysis

Only a few preliminary investigations were carried out

on the products obtained from this reaction. A mass spectrometer

scan of the reaction zone at R=2cm, taken during reaction is

shown in Pig. 4-5. This spectrum shows that the 43+ peak is

the largest, indicating that butane and propene may be possible

products, but the rest of the spectrum is difficult to interpret

except for the fact that the products are obviously composite.

As in the CpH^ case, interference from fragment peaks of
at low m/e values made interpretation impossible.

The HON product yield was determined by trapping out

and titration with AgN0~ and it showed the same constancy over

-3 -3
the range of C^Hg pressures 70 x 10 - 20.0 x 10 torr as
in the CgH. reaction. The ratio of TICN produced to W atom
input was found to be 0.32, the same as the ratio found for

the reaction.
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14 DISCUSSION

In the following pages only chemical aspects of our work

will be discussed since otir detailed analysis of the reaction

zone as a diffusional problem has been given in previous sections.

The salient chemical findings given in the experimental

sections cover the products and kinetics of our reactions.

The products proved simple in nature. An art from the conversion

of some 10$ of the consumed ethylene into saturated hydrocarbons,

(CH^, CgHg, C,Hg, , and hydrogen, the remainder became
HON. Under the conditions of our work, all the input IT atoms

were consumed and converted to Ng and HON in the approximate,
pronortion 2:1. The kinetic data on the reaction (N +

showed it to be zero order in ethylene and second order in

nitrogen atoms.

In so far as work x*as pursued with pronone, the

characteristics of it3 reaction were the same.

The reaction (N + CgH^) has been widely investigated and
reports on it contain much which is confrising and conflicting.

In order to discuss and orolain our own findings, it is necessary

to utilise a relatively small selection of other published data

and to comment at the outset on this selectivity. Much of the

earlier work on the reaction was concerned with using

as a titrating agent for N atoms, via the HON formed, and the

interest centred on the comparison of the results with those

found by NO titration.
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Exaggerated claims were made for a simple stoichiometry

producing one HCW per N atom consumed under specially chosen

conditions. Many such experiments used conditions where high

percentages of dissociation of M2 were achieved by vigorous
discharges and it is very doubtful if excited molecules did not

also feature in the systems. Reaction vessels were almost

invariably tubes of modest diameter and wall reactions must

have been possible. As stated earlier, the experimental

conditions used in this work were chosen to aroid wall reactions,

and the input nitrogen used was only about 1$ dissociated,

and unlikely to contain significant excited molecules. In

the last few years a few investigations have been concerned with

applications of mass spectrometry to the detection of stable

reactants and products and of free nitrogon atoms. These

researches are of much greater interest for this work and have

introduced some new features into current thought on the

(N + CpH^) reaction.
The intuitive chemical approach to the reaction (ll +

is to postulate two possible initial steps

N + C2H4 -*• [N.C2H4] [1 ]
11 + -» CgH- + NH [2 ]

and consideration of thermochemical data (appendix VIl) shows

that [2 ] is 25.5 k cal endothermic and need not he considered

as feasible in the overall iast process. Reaction [1 ] has been

widely postulated, although estimates of its thermochemistry
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have not been made. If we take the energy of formation of

the 'nbond in ethylene as 60 kcal ^ and assume a single

C-N bond is formed of strength 79 kcal, we get an

exothermicity of 19 kcal. The equilibrium constant for this

reaction would clearly be large. In order to produce

and HON as products, the reactions

N + [NC2H4] -» N2 + C2h4 [3]
[NC2H4] -> HON + CH3 [4]'

have been used by several authors. But this sequence ought

to make the ratio (loss of N^HOT produced) increase with the

concentration of w. In the belief that his own and other data

(2)
showed this to be untrue, Herron looked, for other nossibilities

and considered the nossible reactions of the E atoms produced

by

CH^ + N -> HOT + 2H [5 3
He suggested that they would add to C2H4 as in [6 ]

H + C2H4 - C2Hr> [6 ]
and that a further sequence would be

N + CgEL -» NH + C^I4 [? ]
W + EH -» F2 + H (8 ]

It is known that [6 ] has a velocity constant of about
G -•1. 7

10 litre mole sec-"", therefore this would make it a strong

competitor with W for Cq^4' an(^' ^ would provide the possibilitj'-
of a new route, via [^3 and [8 ], for H usage. Herron added

H + C2H5 20H3 [9 3
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and stressed the competition of H and IT for 0^^ radicals
through [9 ] and [7 ]. He showed that added H atoms raised

the ratio (HON produced/?! consumed) to near unity and

interpreted this as occurring through enhancement of the rate

of [4]. Herron suggested also that [l ] and [3] could be

neglected since the adventitious H atom content in ordinary

active nitrogen would suffice to make his new series of reactions

the only relevant processes.

(3)
Safrany and Jaster , using a very fast flow technique,

checked Hereon's evidence for the effect of H atom additions and

accepted that CpH,- formation was an important now step in a
reaction scheme. 'They differed in their view of the importance

of other steps and showed that, with certain (N/CgH^) ratios,
they could not maintain stable reaction rates in their reactor.

This behaviour is characteristic of branching chain phenomena and

both Herron's scheme .and Safrany and J aster's modified scheme

contain the possibility of a branched chain. Safrany stated

that, when C^H^ was in excess, the rate of reaction was much
faster. This last observation accords with our finding, (0. 156),

that, above a certain region of CpH^ concentration, the reaction
3one contracted rapidly to an almost invariant flame size.

We consider that the (N + CpH,.) investigations can be classified
into those where the N concentration or the CpH^ concentration
is the greater. Excess CpH^ has been used in many stoichiometric
investigations , but our own work is the only detailed kinetic
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data for that region. Most kinetic work has used conditions

where Safrany would argue that a branched chain mechanism was

unlikely to be operative.

'The kinetic analysis of our experimental data on p. 154-156

gave the tests for a rate law

- ~ = k [u.Hc2H4]
dt *

and showed this to be invalid for our conditions. This,

however, is the law used with reasonable success by Foster,
(4)

Febarle and Dunford ' in studies where IT atoms were generally

in excess. Such a law has an easy interpretation in,

equation [l ]. Our own findings of a rate law

-
— = k [H]2 [C2H,]°
dt * 1

were obtained for the conditions of excess and obviously

require an explanation of a more complicated type.

In considering reaction schemes for our conditions we can

examine the product analyses. The data are given in Figs. 39

and 40, showing the increasing -Dronortions of C2Hg,
°4H10 and CH^, in that order, produced by the use of increasing
amounts of ethylene. It is suggested that these arise

essentially from recombination processes. From the data it

seems that a seven-fold increase of C^I- gave a four-fold
increase of CgH^, for example. This would mean that the
stationary state concentration of CEL radicals only varied by
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,/'"4 over the investigation limits. The actual relative amounts

of the hydrocarbons of CgHg ; C-Hg : of 4 : 4 : 1 could
arise from CH^ : of 2 ; 1. The decreasing trend in H2
production with increase is compatible vrith the increasing

speed of

H + C2H4 CjH,. [6 ]
Products of higher molecular weight than C^g were not observed
by Safrany and Jaster, which is surprising since their conditions

might have been expected to yiold some. Herron did most of his

work with low concentrations -and does not mention hydrocarbon

products.

¥e consider that these hydrocarbon products give significant

support to any theory where H, entities feature, such

as the chain scheme [6], [9], [5].

The rate constants of Herron and Dunford et al for

- ~ = k [H.] [C n ]
dt H

are of the order 7 x. 10^ litre mole"^ sec ^ and apply to the

conditions of low concentration. Our analysis has been

performed for our conditions of higher ethylene concentration in

t erms of

> k bf
dt

9 -1 -1
and we obtain a rate constant 3.5 x 10 litre mole sec .

If we allow for the small differences in concentration within
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2
the [tl ] and [NjCCgH^] terms, we deduce that the rate of loss
of N atoms in our conditions was aboiit 1,000 times that for

low ^2^-4. concentrations• Thus a much more rapid mechanism
is operativein our conditions of excess CgH^, which gives
quantitative support to Safrany's qualitative observations,

Safrany and Jaster did not make any kinetie observations, and

Herron kent his kinetic work to the lowest possible

concentrations; as a result, our own data are in a region not

previously investigated.

Nhen we seek a mechanistic explanation of a rate law

- = k [?T , and we note that the total pressure had to

be kept within a narrow range through experimental limitations,

it is tempting to look for a rate determining step involving

nitrogen atoms. Three body reactions at these pressures and

millisecond times of reaction are, however, too slow to account

for the conversion to Ng, as our evidence for spherical
diffusion in the absence of ethylene shows, and it has to be

remembered that one thiT'1 of the nitrogen atoms are lost to

form HON by some series of chemical reactions. Thrush and

(5)
Campbell have shown that metastable nitrogen molecules,

Hj (with a minimum energy of 145 k cal mole ^ and a

steady state concentration less than l/lOOO of the nitrogen

atom concentration can cause the decomposition of substances

such as COj, ^0 and NgO, which are not attacked by ground



Fig.46 MECHANISM SHOOESTED BY HERBON

Route (l) and (y) for 2N -> N^ considered unimportant if
concentration of H is' adequately high.

( 2)Herron rejected his first suggestion of (l) + (3) + (4)
in favour of (l1).

(1)
,N + C2H4

N2 + C2H4-
N •[NCH ]'

(3) 2 4 (V)

Chain A

(4)

Snin forbidden

v

HCN + CH_<-

->H - + HCN + H

(6) +c 2h4

02h5

(7) +N

V
NH + C2H4

(8) +N

• H : + N,

Branching
Chain B'

Chain A alone converts 2N -» N2.
consume C2H4>

It does not produce HCN or

Chain B alone - achieves the overall reaction

N + C0H. -» HCN + CH,24 0

It does not convert 2N N
2'
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state nitrogen atoms. They -point out that this may arise

because of its possible high efficiency of energy transfer in

spin-allowed processes, whereas the nitrogen atom reactions

may be endothermic and soin-forbidden. The rate of

production of these metastable nitrogen molecules is clearly

proportional to [N ] [Pressure], But unless ethylene can. act

with extremely high efficiency as a third body, in addition

to acting as a chemical reaction partner, it seems unlikely that

this tyne of explanation can help us. Furthermore, the

branched chain type of behaviour as the concentration is

raised suggests we should seek another type of explanation.

The first mechanism to introduce H atoms, and some chain

stens which we have mentioned, is that due to Herron. It is

shown in Fig. 46 in a layout which we have devised to show its

features. (The numbering is that of the previous pages of this

thesis and not that of Herron's papers). The two chain

circuits produce different chemical effects and it is clear

that, by varj^ing their degree of participation, it is possible

to account for any ratio of (loss of nitrogen/SCH produced).
Herron quotes an integrated rate equation to produce a value

for an^ we have verified that the differential equation

from which it arises is

dHCF ' kfik (H f
= 2k/lfN [IT][CpH. ] + 2 . -

dt U } 24 kg [H ] + k?[N ]
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In the integrated expression he is unable to evaluate the

term arising from the second term on the right and extrapolates

the values due to the first term to get a limiting value of

k (i» ) as

\ N / initial

He ignored steps [l ], [3 3 and [4], and his rejection of the

term, in kg, k^, kg is effectively dropping his chain
contributions to products and reaction. Unfortunately, his

own data in Pig. 5 of his paper, and the data of Poster,
(4)Kebarle and Dunford , show that, in conditions of excess H

atoms and small amounts of ethylene, the latter acts

predominantly as a catalyst for 2U -> Np and HCN production
decreases. Chain A is the only part of his scheme producing

nitrogen and he has effectively ignored it. It is possible

that the order of magnitude of his as correct, hut its

basis in argument is dubious.

As far as this work is concerned the use of excess

clearly makes it necessary to try to use both chains A

and B. The reactions concerned are all exothermic and are

believed to be very rapid. However, the experimental

finding that our reaction rate does not depend on ethylene

concentration is not in accord with expectations from this

mechanism. An increase in concentration in A or B will

increase the rate of reactions in xirhich it participates and the



Fig. 47 KHCHANISW STTCCrNSTND BY SAFRANY AND JASTHR

C2H4
-> (6) +H <-

Chain C
NH + C2H4

c2h5

+N (ll\+N

(10)

:2H; i- N

HCN + CH^ + i.H.r
Branching
Chain D

+NH (5) +N

HCN + : 2H j

Chain C - converts 2N -> N2
It does not consume C0H„2 4

Chain T) - converts C2H4 + 2N -> 2HCN + 2H
It does not convert 2N -» N2

If H atoms are added it was considered that the

reaction H + NH -* H + N (l4^

broke the Chain C and raised the proportion of

N -* HCN to near 100% as found experimentally.
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chain rate would increase. A more detailed analysis with

deduction of stationary state concentrations, where applicable,

shows this point quite clearly. Our findings of small

proportions of C^Hg, require additional
steps to be postulated, but they can not alter these conclusions.

Safrany and Jaster modified Herron's scheme for detailed

qualitative reasons which are not relevant to our problem,

and their ideas are embodied in Fig. 47. Here again the chain

rates will not he indeoendent of C0H,~ concentration, and formal2 5

kinetic handling of the complicated scheme shows this clearly.

In seeking for a new scheme, it seemed to us that it was

desirable to erect a bridge between the intuitively chemical

approach to a first step

IT + C2H4 [NC2H43 [l]
and the evidence that H atoms exist in the reaction system, av\d.
can speed up reaction rate and increase the yield of HCH.

Reaction [l ] has been thought to he slow but it is not spin

forbidden. The analogous reaction

H + C2H4 -> C2H5 [6]
is in fact very rapid. Tho decomposition of [lTC2H4 ] -* HON + CH^
would be ecpected to be slow on spin conservation grounds. If

we suppose the structure of the complex is

I 'H 6 C H

1 i
A



202

it could attach an H atom in two ways. Either H adds to

a nitrogen valency with resultant splitting off of NE and

closure of the~iq-bond, or it adds to the free valency on the

carbon atom and this causes the reaction

H + [NC2H4] -> HON + CH^+ H [l2j
The first type of reaction leads to nitrogen formation if

followed by

2NH -» N2 + 2E [10],
while the second gives the route to EOF formation. The fact

that there are throe free valencies to which the H atom can

add and HON will be produced from only one of the three

additions, while our experimental data show that 35^' of the IT

atoms end in HON, is possibly sheer coincidence. These ideas

suggest a method whereby a rate of reaction can emerge which

is independent of concentration. If the rate is governed

by the (H + [NC2H4 ])encounter frequency, we can see that, as the
C2H4 concentration increases, so will the concentration of

[NCgH^], but the concentration of H atoms will decrease because
of H + C2H4 C2H5 [6 ]
Thus a compensation could ensue giving zero order in ethylene.

But if we are to explain the experimental facts we must

postulate that reactions [12] and [13 ] are much faster than [3]

in order to account for the large acceleration by H atoms
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H + NC2H4 -> ECU + CH^ + IT [12]
H + NC2H4 -> TIH + C2H4 [13]
N + NC2H4 -* N2 + C2E4 [3 ]

As written [13 ] would be spin allowed on a triplet surface,

and it is 62 k cal exothermic, (Appendix VIl) . Reaction [3]

is 207 k cal exothermic and since II2 and C2H4 h.ave equal mass,
they will each have 103.5 k cal excitation energy. It is not

certain how much of this will be taken up initially as

vibrational energy in each, but both U2 and C2H4 could be in
triplet states and the reaction spin restricted, although

[3] as written in ground states is not spin forbidden.

If we are to postulate that

N + [NC2H4 ] -> H2* + C2H4*
is the slow process in the formation of N2, it is necessary

"(4)
to comment on the results of Dunford et al . Their work was

carried out with very low concentrations of E and C2H4, and,
while their data can be criticised on some matters, there is

evidence for a rate law

- — = k [N ]'[C?H. ]
dt

It is quite evident, however, that the concentration of [lTG2H4 ]
can be nronortional to the amount of C~H. nresent and the true

- - 2 4'

rate law could be

-ff = Sc WlKjH,].
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The next problem is to attempt an explanation of our

observed rate law

- iE- =

dt

in presence of excess ethylene, and in terras of a possible

reaction rate determining step
H + [NC2H4] -* NH + C2H4 [13]

and also -> HON + CH_ + H [12]
3

Our fixed ratio of loss of N atoms to EON produced would follow

from the relative ease of [13 ] and [12], since the NH radical

is presumed to bo transformed to N2. The conceivable processes
to combine with the reactions [12] and [13 ] are numerous and

there is a striking absence of good evidence on which to base

a choice. When dealing with chain processes for kinetic

purposes the termination mechanisms are of importance. Our

own work supplies data on the possible resultants of termination

steps by specifying the increasing amounts of C0H, , C_H_,
£ 4 p o

n-C4H-^Q and CH4, and the decreasing amount of Eg, as the
C2H4 concentration increases. The decrease in Eg concentration
supports our view that free H atoms are decreased as

increases. The formation rate of Eg at the low pressures

involved could not be by a termolecular process and abstraction

processes from saturated molecules would also be too slow. In

view of the physical size of the reaction vessel, we "believe wall

reactions are unlikely for H atoms. The reactions

H + NH-s-N + Hg and



Pig. 48 RPACHTQTT SCHEME FOR DATA OP THIS THESIS

Chain
E

C2H4

(1) +N

V

[WC2H4]

NH +. C2H4

(10) +NH

••••••. V
;2H: + N.

HCN + CH, + •' H J-
i

(5) +N

V
HCN' + i2H':

Branching Chain P

Chain E - converts N N,

It does not consume C~H.
2 4

Chain P - converts CgH^ + 2N 2HCN + 2H

It does not convert 2N -> N0
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H + C^Hp- -* H0 + 0oH. appear to be possible methods of H atom
25 2 2 4"'

removal which could function in this system. The chain

branching in the scheme of Pig. 48 involves an increase in

concentration of H atoms. Since we have employed a flow system

a steady state concentration will be reached, but the time

taken to do this cannot he deduced in the absence of many

rate constants. This time, together with the flow conditions,

would, affect the pattern of H atom concentration across the

diffusion reaction zone.

For the formation of C„H,~, CL,Hq, and C0H,,recombination4 10 58' 26

of radicals provide feasible processes and for CgHg formation,
there is additionally H + CgHg -> CgHg • these
evident uncertainties, termination steps have not been

specified in Pig. 48 and stationary state concentration

expressions have to have .an additional term in the denominator

which is unspecified. The magnitude of this term in relation

to the other terms can he judged from the f.act that, at the

highest concentration, less than ten per cent of the

hydrocarbon used was found in termination step products.

There is one further general point to be mentioned. The

'product systems' (NH + and (HCTT + CE^ + H) are produced
by two routes [13 ] and [7 ] for the former and [12] and [ll]

for the latter. The distinction is that [l3] and [l2] are

the reactions of H atoms and [7] and [ll ] are those of N atoms,

probably producing the same transition states. If the rate
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determining process is to be H + [NCgH, 3> we must postulate
that N + C2H5 occurs less readily, '"There is evidence that H
atom reactions are somewhat faster than those of CH_ in similar

5

contexts and this be an analogous case.

Application of stationary state procedures gives in the

normal way a balance of rates of formation and rates of removal

for H atoms:-

i>] 2k5 [ch3 ] + kn Cc2h5 ]
= [H] 'S3

+ 2k10 [NH]'
kgtCjH^] + k-^OlC^^] + termination constant}

Steps [10] and [13 3 will have approximately the same rate and

Chain F will be more important through step [5 ]. If we

simplify on these lines we apt

[H].
[N ] ] + k^ [C2H5 ] j

1

S3

For [NCgH^ ] we have
k1 [IT ] [C2H4 ] =

k6 fc2H4]

[ki2 + k13 ] Eh ] + k_x + k3 [1ST ] [nc2h4 ]
The term for [33 is regarded as the slow step in the conditions

of dilute C2H4 and we consider this to he negligible in our
conditions. A dissociation step, [NCpH^ ] -* N + C2H^, governed
by k ^ is included and we obtain

k, [l]'[C0Hj
[yn H 1. =1 u2 4 ss

2 4

k_i + [k12+k13][H]
If our rate of reaction is taken to he
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to allow for the fixed product distribution

w.

we can write

MA 3
3 =»- . k13 [H][MC?HA]

\dt / 2

= 3 [N] J2k [CII3 3 + kn [C2H5 ]J .
# k - J L 5

2 15 kg [C2H4] k_1 + (k12+k15) CH ]
4

If we assume that the concentration of [NC^H^ ] is near its
equilibrium value, then k ^ is more important than

(ki2 + k15). CH ] and we get
dh 3 k13 [N f .kx[[2kg [CII^ ] + kn [C2H5 ]]
dt 2 kg . k_1

3 k;L3E1. [h f jzk5 [CH3 ] + k1]_ [C2H5 ]]
2 kg

The terms derived from [5 3 and [6 3 involve radical

concentrations which we judge from the termination products*

variation to increase by about a factor of only 2 over the range

of C2H^ concentrations used. Thus the equation above
auproxiraates to the experimentally found-~r - k [h.1 J d t app

8 —1 ""1
The value of kr is known to be about 10 litre mole sec

o

and we anticipated that kj~ is also high. For we can make
an estimate if we assume the entropy of [CgH^N} is about the
same as that of CgH^NHg where S2ggO = 68,5. This gives a
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&S° for the process [l ] of about 20.6 e.u. since S for N is

36.6 and S° for C2H. is 52.5 at 298°K. Using our estimate
thatfor [l ] is - 19,000 cal, we obtain

log1QK = + (19,000/4.57 x 303) - (20.6/4.57)
= 13.7 - 4.5 = 9.2 or K = 1.6 x 109

9 -1-1
Our observed velocity constant was 3.5 x 10 litre mole sec

and this would suggest that

3 k

2 "k
.—— [2k5 [CH^ 3 + ^ Cc 2^^ -I = ^ approximately
1'6

In the suggested scheme the formation of HON by the route

starting with (h + NCgH^) is considered greater than that by
the (lT + C0H,-) route. In that event2 5

2k? [CRj J[N ] > k-L1 [C2115 ] [N ] or

2k5 [CH3 ) > kn CC2H5 ]
Furthermore, to a first approximation

-ir„i d HOT /I dN\ 1 , r„tZ
2k5tOH3)[H] = -t = -(, jj) - j . kappCn]
and therefore 2k_- [CH, ] = -r . k [H ] as regards its order5 3 3 app 0

9 -1 -1
of magnitude. With k = 3.5 x 10 litre mole sec

app
-7 -1

and N concentrations of about 10 mole litre , we get

2k,- [CH-, ] of the order of 100. This makes k-.„ about5 3 13
6 -1 -1

10 litre mole sec corresponding to a possible energy

of activation of 7 k cal which is not unreasonable for the

rupture of a C-N bond of 79 k cal Ty a hydrogen atom. To account

for the similar value of k obtained for the (N + C-Ec reaction),
app 3 6 '

the [C^UgU ] complex must be regarded as having similar properties
to the [C^H^N ] complex, which is reasonable.
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In the present state of our knowledge, this mechanism

has many speculative features, but it is possible to explain

many aspects of the reaction with it over the total range

of ethylene concentrations. The nature and properties of

the complex [NC0H, ] are central to the discussion and in
c- '+

formulating it using singly bonded nitrogen an assumption

is being made for which there is little evidence. The

alternative of a N bridge across 2 C atoms would present

thernochemical problems which are less easy to solve.

The large value of the calculated equilibrium constant

for Sf + ^ NCgH^ ^n'';eres"':^n^» nn(^ ^ ^e equilibrium
state is in fact approached, it implies that, even with

-7 -1
reactant concentrations of the order 10 mole litre only

a small percentage of the initial N -atoms would exist free.

If the mechanisms are as suggested, the sharp acceleration

in rate when becomes in excess, is due to chain P

having an opportunity to operate because of the rise in free

unbound CjH^. In all mass spectrometric work it has been
assumed that concentrations of II atoms are being measured in

these systems. Actually the [NC^H^ ] complex at the
temperature (423°k) and low pressure (10 ^ torr) of the

ionisation box would dissociate prior to ionisation. In

this case, the N atom concentration measured will be

(Wfree + * in WC2H4}*
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15 STTTJARY

(1) The thesis describes the development of a technique of

studying the reactions of nitrogen atoms by use of a Pblanyi

type spherical diffusion reaction system with mass spectrometric

scanning at millimetre intervals.

(2) Relevant literature on the diffusion flame technique has

been reviewed.

(3) The experimental work details the coupling of a microwave

discharge system to an existing reactor and mass spectrometer,

together with the construction of a motor-driven rapid scanning

device for altering the relative position of the detector in

the reaction zone, and improvement in the detection sensitivity

for N atoms.

(4) The analytical technique permitted data on the spherical

diffusion reaction zone to be obtained of a character not

previously available. The importance of the inward diffusion

of .atmospheric reagent has been shcx-m and the diffusion

coefficients of nitrogen atoms and ethylene molecules deduced

directly.

(5) The technique has been applied to a study of the

(N + CgH^) reaction. The point by point analyses are shown
to fit a law

dff „

"

— = k [f ]
dt app

whore 3.5 x 1C? litre mole 3ec ^ at 303°K
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Gas chromatography aid mass spectrometry showed that 90$ of

the 02*3^ was converted to HCF and the remainder gave Hg, 0H^,
^2^6' ^3^8 anc^ C4H10' vartation °f these with CgH^
pressure has been determined. The (HCN/N atom consumed) was

constant at 1 : 2.

(6) Similar results and rate law have been obtained with

9 -1 -1
propone .and lc = 2,6 x 10 litre mole see

app

(7) The rat e law has been discussed in relation to other

work on this reaction and suggested schemes have been shown

inadequate to explain the rate law found.

A new scheme has been produced based on a rate determining

step of H with [FCgH^] which does yield the observed rate law.
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APPENDIX I CONSTRUCTION OF A MASS INDICATOR USING- A

VIBRATING COIL MAGNETOMETER

If a complete mass spectrum is scanned, by variation of

the accelerating voltage of a sector magnetic field mass

spectrometer, continuous measurement of this voltage}enables

the masses of all peaks in the spectrum to be determined by

the aoplication of the focussing equation
2 2

a = S-IL. Cl]
e 2V

where m is the mass number of the ion being collected, e is

its charge (normally unity^ H is the uniform magnetic field

strength, V is the accelerating voltage and R is the radius of

orbit of the ion. Such measurement is not difficult to make

and a mass scale can readily be impressed on the measured mass

spectrum. However, in instruments like the one used in this

research, where the mass spectrum was scanned at constant

accelerating voltage, by varying the magnetic field strength>

the problem of mass 'narking' is complicated. This is due to

the fact that it is not possible to use the current through the

magnet coils to determine the magnetic field strength as a

reliable guide for mass number determination, because of

hysteresis effects in the steel core of the magnet, and the

magnetic field strength must therefore be measured directly.

To be able to measure a mass in the region of mass 200
3

to an accuracy of 0.2 of a mass number, i.e. 1 in 1 x 10,
3

requires the magnetic field to be measured to 1 in 2 x 10; and
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to be any use during the scanning of a mass spectrum, a magnetic

field mass meter must operate continuously throughout the scan

and give a series of indications corresponding to predetermined

values of the mass to charge ratio of the ions being collected.

Beynon has reviewed the various methods which have been

described for the determination of mass numbers by magnetic

field measurements. The most often described method depends

on the fact that, whenever the magnetic flux, N, linked with a

circuit, changes, there is an electromotive force of magnitude

— &M
—— induced in the circuit. The first application of this method
dt

(2)to a mass spectrometer was by Hippie, Grove and Hickham ,

(3)
using the apparatus of Cole , who claimed an accuracy of

0.1$ for his measurements. This apparatus used a rotating

coil, but the full sensitivity of the method was not attained

in such machines, due to the noise voltages developed when the

output voltage was tapped off by means of a commutator and
(4)

brushes, or by means of slip rings, Caldecourt and Ad.ler

overcame this problem of contact noise by using a vibrating coil.

The coil was driven electromagnetically and was caused to

oscillate through a small angle at a frequency of 51c/s. In

this way the output leads could be attached directly to the coil.

It was decided to construct a modified version of Caldecourt and

Adler's mass indicator, since it produces an output directly

proportional to the magnetic field, and, if a multi-turn coil
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is used, a substantial output can be secured. A schematic

diagram of the completed mass indicator and its electrical

circuit are shorn in Pigs. 44 and So .

As the pole gap of the mass spectrometer magnet was only 1.4 cm

wide, a smaller multi-turn coil than that suggested by

Caldecourt and Adler had to be used. This meant that the output

signal available for comparison to a reference signal was

much smaller and the design of the magnetometer electrical

circuit had to be basically modified. The vibrating unit is

shown in Pig. 44 . Two multi-turn high-sensitivity galvanometer

coils (l.2K ohm, Pye Scalamp Galvanometer Coils 14mm x 8 mm)
were mounted at either end of the body of the magnetic field

probe, which was a 42 cm length of 8 mm O.P. brass tubing with

1 mm walls. Each coil was rectangular and was fixed in the

tube with the plane of the coil parallel to the magnetic field

and parallel to the base. One coil, (the pick up coil), was

placed in the field of the mass spectrometer magnet as shovm

and the other coil, (the 'reference coil'), was placed in the

field of an Alnico high stability permanent reference magnet

with a gap field of 2100 gauss, (manufactured by Morrison and

Catheral type no. 2839). Both the spectrometer field and the

permanent reference magnet field were perpendicular to the brass

tube and parallel to the base. The trass tube was mounted in

four bearings fixed to four tufnol supports, and near the centre

two steel vanes were fixed through its centre, at right angles
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to the plane of the coils. The tube was vibrated at 50 c/s
by the action on the upper parts of these vanes of an

alternating magnetic field produced by two solenoids in series,

wound round electromagnet soft iron cores. To produce a

restoring torque on these vanes a permanent magnet was held about

0.1 mm from their bottom ends with its field in the plane of

the brass tube. The tube oscillated through a small angle

about its longitudinal aocis. The driving coils were drivenXJ . . ^

by a variable 50 c/s A.C. voltage obtained from a Zenner

diode stabilised power supply which also supplied power to the

operational amplifier described in the next section. It was

found that if the bearings in which the brass tube was mounted

were kept well lubricated, and the restoring torque magnet

suitably adjusted, a negligibly distorted sinusoidal output

was produced from the pick up coil. It was possible to produce

marked resonant outputs at various frequencies, and at various

driving voltages;by supplying the coils from a variable
frequency generator and monitoring the outnut by an oscilloscope.

It was docid.ed to operate the magnetometer at a fixed frequency

(50 c/s) and to drive it at the maximum resonant driving voltage

of about 50 volts. When the magnetometer was coupled to the

mass spectrometer, it was found that the reference coil output

at this resonant driving voltage was 400 mV, while the output from

the pick up coil varied between 200 - 800 mV, depending upon

the m/e of the ion to be measured. The low output occurred
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when the m/e of the ion "being focussed bjr the spectrometer was

10 and the high output at m/e = 100, this being the range that

the magnetometer was designed to cover.

The manner in which the outputs of the two coils are

coupled is shown in the circuit diagram Fig. 5"° . The circuit

is essentially a null-deflection circuit, the residual voltage

being monitored bjr a 10 mV F.S.D. Valve Voltmeter (Heathkit
Model AV - 30). A previous method of comparing the pick up

voltage to the reference coil voltage by attenuating the pick up

voltage until it equalled .an attenuated reference voltage,was

found to be too insensitive for an unambiguous assignment of the

mass number of a peak, and it was realised that to obtain the

highest possible sensitivity, the maximum reference voltage

should be utilised.

This was successfully done by feeding the nick up voltage

into a solid state high gain operational amplifier (Analog
Devices Model III, with minimum open loop gain of 15,000),
whose attenuation or gain can be varied with high precision from

0.6 to 1.8 by the choice of a switched range of continuously

variable high stability resistors inserted in its negative feed

back loop, this 'gain' being independent of the inherent gain of

the amplifier. In this way the output from the pick up coil in

the mass spectrometer field cam always be adjusted to balance

the output from the reference coil, the two outputs being
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connected 180 degrees out of phase. The value of the resistance

needed to balance thetwo outputs is displayed by a 10 turn

helipot (Beckman Ltd. 1 K ohm) and a turns counting dial, which

can be switched in seven different resistance ranges, and it is

this value of resistance which is precalibrated against m/e
values obtained by focussing the mass spectrometer on known

peaks obtained from reference compounds. To ensure a high

degree of stability in the magnetometer the fixed 'range'
+ if

resistors -were high stability metal oxide film - 1% tolerance

resistors with an extremely low temperature coefficient. It

was found that temperature changes in the reference magnet

affected the reference coil output to such an extent that it

was necessary to thermostat the laboratory to 25 - 1°C to obtain

the necessary stability and freedom from drift.

In practice, the vibrating coil magnetometer has proved

to be exceptionally stable and has given reliable service for

eighteen months. A measurement of mass to 0.2 of a mass number

has been obtained in measuring m/e values around 100 and the mass

of peaks recorded in the range 10 - 100 can be easily determined

in each mass spectrum. No change in the calibration has been

observed to date. A small residual voltage of about 1 mV

is attributed to mains 'hum', but it is independent of the

m/e value being measured and can be easily 'backed off' by

adjusting the valve voltmeter zero.
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APPENDIX IX CALCULATION OF PERCENTAGE LOSS OF NITROGEN

ATOMS BY RECOMBINATION AND REACTION

1 Loss by Recombination

It is necessary to shoi«r that the loss of nitrogen atoms by

recombination in a typical spherical diffusion zone is too slow

to affect the diffusive flow of nitrogen atoms. Consider a

sohericalannulus 0.1 cm wide at 0.5 cm radius from the centre

of the nozzle as a typical case.

It is possible to calculate the rate of loss of N atoms

| —\ by third order recombination with N2 at 1.3 torr\ dt I recomb.

and to compare this with the rate of N atoms flowing through

this annulus by diffusion,which will equal to a first

approximation the rate of N atoms flowing from the nozzle

( dt I nozzle
therefore percentage loss by recombination

dt/ recomb.
-—— x

dt I nozzle
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(a) Calculation of /dN1
,dt I nozzle

Prom 110 titration results the flow rate of F atoms

= 5.97 x 10 ^ mole hour

= 1017 atom sec

(b) To calculate the rate of loss in theannulus by

recombination, it is necessary to calculate -d[?T 1 by reaction
dt

in units of atom cc sec and to multiply by V the total

volume of the annulus

V = 4*n r"w = 4tt (0,5) 2x0.1 = 0.31 cc

ktH)2tH2]
mm/prz 2 —• 2 ~*1

The best value of k is 7.2 x 10 cc atom sec (see pageSg)

[Ng.] = 1.3 torr = 5 x 10"*"^ molecules cc ^
— ^5

A typical value of [N]'at r = 0.5 cm = 6.5 x 10 torr
14 -1

= 2.3 x 10 atoms cc

Therefore rate of loss by recombination in annulus

= V x k[ll]2 [N2,]
= 5 x 10~7 atom sec"^

12
Therefore percentage loss by recombination = 5 x 10

x

101?

_3.
= 5 x 10 ' 70 which is negligible
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2 Loss by Reaction with Oxygen Impurities

Although the reaction vessel is well sealed, it is

possible that some air containing approximately 20$ oxygen can

leak into it. Taking the worst possible case of residual

pressure in the vessel after pumping out, the pressure in the

-3
vessel = 2.0 x 10 torr. Mass spectrometric analysis shows

that this is composed of H^O, Ng* CO^, 0^, and H'g vapour, with
-5 11 _1

the pressure of 0^ being about 1 x 10 torr = 3 x 10 molecules cc
To give an indication of the effect of this residual 0^ the
loss^of N atoms, it is sufficient to compare the rate of loss of

H by reaction with 02 ,kto ]•[<> ] [i ]
\dt /o2

nultiplied by V, the volume of the annulus, to the rate of N

atoms flowing through this annulus /dlA [2]
\dt) nozzle

1*7 1
Mow, [2] has been shorn to be 10 atoms sec" and [n]

14- -1 r=2.3 x 10 atom cc . The calculation of [1] involves the

knowledge of the rate constant k for the reaction of nitrogen

atoms with oxygen. Probably the best value for this

= 1 x 10^^ exp (-7000/rt) litre mole-"^ sec ^ (see page to )

which, at the average temperature 303 °E of the diffusion zone,

-12 -1 -1
= 5 x 10 cc molecules sec . Therefore rate of loss

due to reaction with oxygen which = V x k[N] [0
= 1.2 x 10 atoms sec

} which is a 1.2$ loss relative to
the diffusive flow of nitrogen atoms. As the worst possible

case has been chosen, this loss can be neglected.
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APPENDIX III METHODS OF OBTAINING QUANTI TATIVE ANALYTICAL

RESULTS FROM MASS SPECTRAL DATA

Before any detailed study can be made of mass spectral

data of diffusion flame reaction zones it is first necessary

to calibrate the mass spectrometer for each reactani; so that

quantitative results on reactant concentrations can be obtained.

Before analyses can be performed, it is necessary that the

spectra of the pure reactants are available and that the relative

sensitivity of detection of each reactant be known. The mass

spectrometer sensitivity of a reactant at time t is usually

given in terms of the height of the most prominent peak in mV,

per unit pressure, standardised against the height of the

corresponding peak per unit pressure in a standard compound at

that time. As nitrogen was the carrier gas in all experiments,

this was chosen as an internal standard, and the height of the

28 peak in mV on 10 ohm resistor at 50 eV and 80,«.A per

torr pressure was chosen as the standard sensitivity. This

sensitivity was found to be linear up to about 2.5 torr at

which point the saturation of the mass spectrometer began to

occur. The different methods for obtaining these relative

sensitivities will now be listed.

(a) Nitrogen - As mentioned above, this is present in all

analytical work and was used as an internal standard; sensitivities

were obtained before, during and after experimental runs, and

plots of the mass spectrometer sensitivity to nitrogen a. ,
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against time were made to allow corrections due to short term

drift in the mass spectrometer sensitivity to be made.

(b) Nitric oxide in presence of nitrogen - All calibrations of

reactants were performed in the presence of 1.3 torr nitrogen.

This gave a more accurate calibration since the ion-box and

filament would be operating under similar conditions to those

of an actual run. This was effected bjr injecting aliquots

of the reactant into the evacuated reacting vessel,(the details

of the injection system have been given on p.leO, circulating

it with a circulation pump and then determining the pressure.

About 1.3 torr of Ng was added, mixed with the reactant and the
stable peak height of the prominent peak of the reactant noted.

In this way, calibration graphs of peak height against reactant

pressure for the various roactants could be obtained, the slope

giving the sensitivity directly, which could then be corrected

to the relevant standard Ng sensitivity. It was found more
convenient to monitor the peak at 25 eV rather than at

high eV. This did not alter the 30+ peak appreciably, but

reduced the large N„ 4. peak and hence assisted the resolution of
28

the 30+peak.

(c) Ethylene in the presence of nitrogen - A similar procedure

to that described for nitric oxide calibration was used. However,

the parent peak at 28+ could not be monitored in the

presence of nitrogen and the 26+ (0202+) peak was used at 50 eV.
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(d) Propylene in the presence of nitrogen - As nitric oxide,

except that the prominent 41+ (C^H^+) at 50 eV peak was used.
(e) Nitrogen atoms in the presence of nitrogen - The problem

of calibrating the mass spectrometer for nitrogen atoms is much

more difficult than that for stable species as the pressure of

nitrogen atoms cannot be measured directly, due to thore being

no source of pure nitrogen atoms, and by the fact that these

species are short lived. This problem is usually overcome by

a gaseous titration technique mentioned previously, in which

the pressure of nitrogen atoms at their entry point into a

reaction vessel can be related to an experimentally determined

flow rate of the titrant gas. The nitric oxide titration

technique was used in this work to determine the absolute

concentration of nitrogen atoms. The NO used was Air Products'

C.P. grade 99% purity with no further purification. Mass

spectrometric analysis showed no significant impurities.

(e)(i) Estimation of the partial pressure of nitrogen atoms

at the nozzle - Fig. S7 shows the relationship between the NO

consumed by N (/\ NO) and the NO (no discharge) pressure for

typical determinations of the mass spectrometer nitrogen atom

sensitivity, the values being recorded at the zone periphery

in each case. £i.N0 is the difference between the measured

NO pressures at the zone periphery when the discharge is

on and the discharge is extinguished during a run. The
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£\N0 measured can be related to the amount of NO consumed in

the reaction. If the input rate of NO is less than the input

rate of N, all the NO is consumed, leaving an excess of N,

such that d&NO increases linearly with NO pressure. When the

input rate of NO is greater than the input rate of N,i^NO

remains constant with increasing NO pressure. The intersection

of the two linear portions of the titration graph then indicates

the end point when N flow rate = NO flow rate. Two titration

plots are shown which were recorded on separate days for

comparison purposes. In general terms, at the titration end

point,
(pt )vr NO'

Flow rate^Q = Total flow rate,, x
y i i

N
"N2 (O

where F',T„ is the partial pressure of NO at the titration end
point without the discharge .and P„ the nitrogen pressure in the

2
reaction vessel. Further,

Flow rate^Q = Flow rate^
1T - r1 ^N [nozzle "P= Nozzle flow rate„ x

2 (PWf«n**1ol)itjnozzle ]'
such that

[nozzle]

Total flow rate^ x (P'^q)
Nozzle flow rate^

assuming that [nozzie] ~ . This was justified by
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comparing the 28+ peak in the reaction vessel with the 28+
peak at the nozzle, no discernible difference being detected.

A similar test showed that the 1J0^q+ peak height decreased to
zero at the nozzle such that there was no back diffusion of HO

into the nozzle, as in fact is the case for all reactants at the

flow rate chosen (see Pig. 27). The data obtained from the

mean of the two extremely similar titration plots is shown below

together with the calculated percentage dissociation of nitrogen

at the nozzle

P'jjq 30+ peak hei£ht
(mV on the lO1^ ohm resistor) 30.5

P\J0 (torr) 1.12 x 10~2
Total flow rate*. ;

(ml at N.T.P. sec ~1) ! 0.454
; (see p.iis )

Nozzle flow rate „

n2
!

(ml at N.T.P. sec"1) i 0.157

p
N [nozzle 3 ~

torr 3.24 x 10"

Percentage dissociation of
_s

nitrogen 1.28 - 0.05

(e)(ii) The mass snectrometor sensitivity to nitrogen atoms -

The calculations above gave the partial pressures of nitrogen

atoms in absolute terms at the nozzle tip, but, before an

estimation of the sensitivity can be made, a value of the

peak height (corrected for background) at the tip of the nozzle
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is required. A typical -value found by vertically lowering the

discharge tube until the tip was in the plane of the nozzle

= 650 raV (on the 10 ohm resistor at 24 eV). This gives a

value for the mass spectrometer sensitivity to nitrogen atoms,a$j,

= 0.20 volts on 1010 ohms torr ^
It was found that the measured sensitivities to nitrogen atoms,

corrected to the standard sensitivity, remained reasonably

constant during the experimental work, i.e. =0.22-0.2,

considering that the sensitivity was strongly dependent, in this

region of the appearance potential curve for N atoms, on the

accuracy to which the ion acceleration voltages could be set.

Fortunately, in most of the work, only the relative values of

the peak heights in a single run are needed for an analysis

of the diffusion flame reaction, and the need for absolute

sensitivities to nitrogen atoms does not arise.

(e)(iii) Evaluation of observed 14"*" peak heights in the diffusion

zone - Fig. shows a typical experimental plot of the observed
4.

14 peak height at 24 eV against R, the diffusion zone radius,

with the discharge activated and no reactant present, under

approximately spherical diffusion conditions. The 'deflect

zero' of the mass spectrometer has been taken as the base line,

and the nozzle centre as the point source of diffusion. The

maximum value of r which can be plotted (r ) is limited by
max J

the scanning mechanism and is equal to 4 cm, the copper gauze

being at approximately 10 cm from the nozzle centre. The
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observed values of 14* )R however, are subject to a
correction before values of which are accurate

representations of the nitrogen atom concentrations present at

these points, due to the diffusion of nitrogen atoms from the

nozzle, can be obtained. This correction is for 14+, observed

when the discharge is off (AB, Pig. S"2 ) . This mainly represents
JL.

14 produced in the mass spectrometer from Ng dissociated on the
filament with the remainder- due to incomnlete removal of ions

which have lost energy due to collisions in the ion tube. The

size of this residual 14+ peak can be assumed to be constant in

any run at constant Rg pressure and at a fixed electron
accelerating voltage, and. its value has no influence on the

diffusion problem. It can therefore be subtracted from the

14+01jS at all values of R, giving (14+0-|;)g - Ab)r values at all
values of R. Row (l4obs - AB)r_10 cm should = if the c0PPGr

gauze is effective in removing nitrogen atoms, and by

observation of the extrapolated portion of the (14+q-. -AB)r
versus l/R plot shown in Pig. 23, it can be seen that this is so

within experimental error. Therefore (14*^,, - J^R values
can be taken as true representations of nitrogen atom concentrations

due to diffusion, i.e. (l4+ - AB) = KL A+ when there is no
obs 14

reactant present.

(f) Ritrogen atoms in the presence of nitrogen and an olefin -

In the diffusion flame studies where nitrogen atoms are diffused

into atmospheres of ethylene or propylene, plots of 14*^ versus
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R are further complicated by the contributions from a CH2+(l4+)
peak produced frora the olefins even at 24 oV. Further correction

is therefore necessary to allow for this interference. Fig.

shows a diagram of a horizontal scan for an N + olefin diffusion
+ "f*

flame with 14 and from the olefin plotted against R.

For ethylene H = 26 at 50 oV, for propylene m = 41 at 50 eV

as mentioned previously. Flames were only studied under

conditions where

d!4+ .

,_2M = Q
dR

occurred before R ; this is equivalent to the study of flames
max 1

of smaller radius than the maximum scannable radius and

was presumed to be zero at R under these conditions. Ther max

figure also shows that, not only is there an 'AB background',

due to Ng dissociation on the filament, but there is also a
-f-

background due to 14 from the olefin which will have the same

radial distribution as the parent olefin, and will be

proportional to the olefin concentration present. The most

accurate method found in this work for correcting the observed

14+ peak heights for this variable background during a series of

kinetic runs, was to plot 14+Q^s with the discharge activated
against CL at for various input flow rates of G. Now,

assuming that

+ , „ +
C14 = kV [1]

dC
dR 1

4.
whore k = olefin 14 contribution factor, and that _dC
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at R , which is approximately the case, a linear graph shouldmax

be obtained of the form

^14 obs^R-R = AB + k^CM ^R=R [2]
max max

from which AB and k can be estimated, and thus the observed
+ 4-14 peak heights corrected to peak heights by use of the

e quation

Hl4+R - (14+obA - tAB + kW [3]
Fig.$4 shows an experimentally obtained plot of [2] where

C = the linearity is shown and the value of AB, obtained

by extrapolation, agreed well with the value of 14+Q^g with the
discharge off and no reactant present.
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APPENDIX IV SOME NOTES OP SPHERICAL DIFFUSION

(a) Diffusion without reaction

Pick's first law can be stated as

—»/ k\p = -D j
v OR 2

where P = quantity of substance transferred per cm per second,
2 -1

D = diffusion coefficient in cm sec and $C\ gives the

b R j
(5)concentration gradient

For a series of concentric spherical surfaces across which

diffusion occurs, we can have two idealised cases of interest,

a point source of substance with diffusion outwards, or the

source can be a uniform outer atmosphere with diffusion inwards

to a centre where it disappears. The first case is the model

for the diffusion outwards of N atoms, while the second

would apply to the inward diffusion of an atmosphere.

As a steady state system, the series of concentric

spherical surfaces gives

F1 ' 4'fiRl2 = F2 * 4tlR22 = P3 ' 4/rrR32 etc-
or 4,nEi2 = ~D(!fl • 4nR2 - -1#'v 4',,r3R-^ » 2 * ' R3
which can be abbreviated to

d / 2 dC\f R . 1 rz 0
dR { dR /

since is constant. Integration give c at R = B+(a/r),
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where A and B are constants.

In the case of outward diffusion from a point source, we

may have C = B = 0 at large values of R, and the equation is

The other case considered above has different boundary

conditions, and in the case of interest in this work,

C at R = oo is eaual to B, so C = B. Therefore, for inward'
00

diffusion, and positive R values measured outwards from the centre,

we deduce A must be a negative quantity. We have therefore

C_ = C + (a/r), or (C - C„) = -(a/r), where A is a negativeft CD 00 ft

quantity.

(b) Diffusion with Simultaneous Reaction

Wow in (a) the theory given implies no loss by reaction

as the same amount is considered to go through each spherical

surface.

Consider radial diffusion for (R - dR) and (R + dR)

surfaces when there is reaction occurring.

then reduced to C^. = (A,/r), where A would be a positive quantity.R

'.A, 2 dR—}

2
Material entering annulus = 4tj(R - dR)

L " \OR t

=

4TJ (r + dR)2 F_ +
K

Material leaving annulus
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Material entering - Material leaving = Material consumed in
annulus annulus volume of annulus

1 .e.
4TT -4R.dR.PR -(||j.dR2.(R2 + dR2) (4T\R2) .(2dR) .dCR

dt

dCR x(where —— = rate of consumption of material by reaction)
dt

t>P^i dC„ (neglecting dR2)or ~

R FR * Srk1
dt

substituting P = -Bj gives

- - „-B. b
-b.

R

$1
b~2R

dC
R

dt

-rsfa2 c 2 betherefore Br—x + — . —

w R c)r

dC7

dt
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APPENDIX V A THEORETICAL EXPRESSION OF THE TEMPERATURE

EFFECT ON IT ASS SPECTROMETER SAMPLING

Consider the molecular effusion of a gas into a vacuum

through a thin pin hole leak of a mass spectrometer under

conditions where hydrodynamic flow is negligible.
(6)

The flow rate of the gas is given by

q = l/4f c [l ]
"P O

where !o = density of the gas at To K the gas temperature and

c = average molecular velocity of the gas.

18RT , 2
Substituting c = I ) into [l]

\ Ti M /

/ RT f
gives Q = f ( — ( [2 ]! 0 V 2fT MJ
where I! is the molecular weight of "the gas.

Fow Mm+, the observed peak height in the mass spectrometer, must
+

be proportional to Q, i.e. M = kQ
m

/ RT/ \ 1f
therefore M = k f0i j —— ! [3 ]

m

\ 2 f| M J
but "f |~\.P0 where Pq is the sample pressure (fromk o}

application of the Ideal Gas Law).
\ /-Dm \ 2"

therefore Mm+ = k }' -—'lELs. \
\ RT j 2IT Mo I \ j

i .e. M + = k'T ~2 ^ ^
m o

Therefore peak height of sample gas is proportional to its

absolute temperature raised to the power -4*

i.e. 2 log Mm+ = -k« logTQ [5]
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APPENDIX VI EXPERIMENTAL DATA FOR N +

RUNS 2a, 2b, 2c_and^_2d

For all Runs Total N2 pressure
Zone Temperature = 303°K
1 Data for Run 2a

4 52

N

3

M
dN
dR

2.dN
R dR

1.3 torr, Mean Reaction

d2N
7

A'

8

logA' LogM

10

logA'+
logM

11

logN

0.4 16.0
0.5 28.6 39.0 8.25 33.0 4.40 37.4 1 .'57 1.59 3.16
0.6 22.0 5.75 19.2 1.80 21.0 1.32
0.7 17.0 4.25 12.2 1.20 13.4 1.13
0.8 13.1 3.30 8 .25 0.90 9.15 0.96
0.9 10.0 44.5 2 .50 5 .55 0.80 6.35 0.80 1.65 2.45
1.0 8.10 1.75 3.50 0.65 4.15 0.62
1.1 6 .85 1.00 1.82 0.45 2.27 0.36
1 .2 5.90 45.5 0.75 1.25 0.30 1.55 0.19 1.66 1.85
1 .3 5.25 0.50 0.77 0.15 0.92 1.96
1 .4 0.50 0.72 0.05 0.77
1 .5 0.35

1.46
1.34
1.23
1.12
1.00
0.91
0.84
0.77
0.72

Average pressure in reaction zone "between R=0.36^ 4 -

= 44 x 10 torr

- 1.61 cm

2 Data for Run 2b

0.4 15.3
0.5 30.0 24.0 9.15 36 .6 3.95 40.6 1.61 1.38 2.99
0.6 21.9 6 .80 22.6 2.25 24.9 1.40
0.7 16.5 4 .'50 12.9 1.65 14.6 1.1-6
0.8 12.6 3.30 8.25 1.13 9.38 0.98
0.9 9.75 27.0 2.40 5 .27 0.77 o .04 0.78 1.43 2.21
1 .0 7.50 1.75 3.50 0.65 4.15 0.62
1.1 6.25 1.10 2.00 0.45 2.45 0.39
1.2 5.35 27.6 0.75 1.24 0.20 1.44 0.16 1.44 1.60
1 .'3 4.60 0.70 1.08 0.12 1.20 0.80
1 .4 4.00 0.60 0.86 0.07 0.93 "1.97
1.5 0.50

Average C2H ^ pressure in reaction zone between R = 0.36 - 1.61

1.48
1.34
1.22
1.10
0.99
0.88
0.80
0.73
0 .66
0.60

= 27 x 10
-3

torr
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3 Data for Run 2c

1 2 3 4 5 6 7 8 9 10

R N M
dN
dR

2 dN
R'dR

r

d%
,2dR

A» logA' logM logA'
logH

0.4 16.1
0.5 30.9 12.9 8.75 35/0 4.05 39.1 1/60 1.11 2.71
0.6 23.3 5.90 19.7 2/20 21/9 1/34
0.7 18/5 4.10 11.7 1.32 13.0 1.12
0/8 14/8 3.25 8.10 0/81 8.91 0.95
0.9 11.9 14.4 2.65 5.90 0/60 6/50 0.81 1.16 1.97
1.0 9.50 2.00 4 .00 0.52 4/52 0.66
1/1 7.75 1.50 2.74 0/37 3.11 0.49
1 .2 6.40 14.8 1.15 1/91 0/33 2/21 0/34 1.17 1.51
1 .3 5/35 0.85 1.31 0/20 1.51 0/18
1/4 4.66 0.75 1.07 0/10 1.17 0.07
1.5 0.70 0.10

11

logJJ

1.49
1.37
1.27
1.17
1.08
0.98
0.89
0 .81
0.73
0.66

Average pressure in reaction zone between R =0.36 - 1.61

= 14 x 10-3
torr

4 Data for Run 2d

0.4
0.5
0.6
0.7
0.8
0.9
1.0
1 .1
1 .'2
1.3
1.4
1.5

33.3
25.5
19.9
16.2
13.4
11.3
9.65
8.40
7.40
6.6

5.3

5.85

-.0

13.6
8.70
6.85
4.55
3.25
2.35
1.85
1.40
1.10
0.90
0.80
0.60

35 .6
22.8
13.0
8.12
5 .23
3.70
2.55
1.83
1.39
1.14

3.25
2.25
1.63
1.07
0.72
0.51
0.32
0.25
0.15
0.13

38.9
25.1
14.6
9.
5.
4.
2.
2.

19
95
21
87
08

1.54
1.27

1.59
1.40
1.17
0.96
0.78
0.62
0/46
0/32
0/19
0.10

0.73 2.31

0.77 1.54

0.78 1.10

1.52
1.41
1/3
1.21
1.13
1.04
0/99
0.92
0/87
0.81

Average 02®^ pressure in reaction zone between R = 0.36 - 1.61 cm
-3

= 5 .8 x 10 torr
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The data given in the previous -pages are obtained as follows:

(i) Columns 1, 2 and 3 are obtained by plotting the actual

experimental data and reading off at equal intervals of R in cm.

| IP
N = peak height (mV on 10 ~ ohm at 24 eV) evaluated by the

method described in Appendix Ille.

M = CoH. + peak height (mV on 10 ^ ohm at 50 eV)
* 26

(ii) Column 4 is obtained mathematically from the plot of
a "f"

experimental data of EL. against R, by taking /\W^ values
at 0.1 cm intervals, starting from R =0.35 cm. The resulting

data are plotted against R to give a smooth curve from which

the data for column 6 are obtained using a similar procedure.

(iii) Column 5 is obtained mathematically.

(iv) Column 7 is

«2"l4+ 2 ' ®14+
A' = + - . ——

dR R dR

and along with Columns 8, 9, 10 and 11, is obtained mathematically,

From the data given in previous pages, the following

set of results can be obtained.
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Pair
Runs

of jA' - B'|
m = 0

I A' - B'i
m = -1

R (<

2a - 2h
-0.035
+0.022
+0.032

+0. .176
+0.239
+0.249

0.5
0.9
1.2

2c - 2d
+0.074
+0.038
+0.026

+0.394
+0.429
+0.418

0.5
0.9
1.2

2a - 2d
+0.016
+0.028
-0.128

+0.851
+0.909
+0.752

0.5
0/9
1.2

(i) Where.|A' - B'| = logA'R - mlog[C^4 ]
R

logA' -R - mlogCgH^

for a pair of kinetic runs with m put as 0 and -1 for 3 R

values 0.5, 0.9 and 1.2 cm.
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APPENDIX VII THERMOCHEMISTRY OF RELEVANT STEP REACTIONS

(a)

IN (N + c2H4)
Standard Heats of Formation Date [obtained from Tables AS, A4

AH° (k cal mole"1 at 29S°K)

(7)

ch3
c2h4
c2h3

'f

32

12.5

6 5

N

H

NH

£H?
113

52

84

C2H5 26 TO ^4 106 .5
*

HCN 31.2

31 Rased on eetimate of2^33° for reaction (l) below

(t) Standard Heats of ReactionA3?(k cal mole at 298°K)

(1) C2H4 + N -> [HO2H4 3 • • • • Ah° - 19

(iO C2H4 + N HCN + CH- AH°
r\

- 63

(2) C2H4 + N -> NH + AH = + 23.5

(3) NC2H4 + N N2 + C2H4 AH° = -206

(4) nc2h4 —> HCN + CHj. Ah0 = - 43.3

(•0 C% + N -» HCN + 2H • • 0 m AH® = - 10 •

(6) C2H4 + H C2h5 0 • • • AH° = - 38 .-3

(7) C0H + Nd 5
—> C2H4 + NH AH° - 42.5

(8) FH 4- N —> n2 + II • 0 0 •' AH° = -145

(9) C2H5 + H —> 2CH3 0 0 0 0 AH° = - 14

(10) fh + m -* N? + 2H 0' « • • AH° = -64

(11) C2H5 + N —> HCN + CH3 + H AH° = - 24

(12) TTC2H4 + H —> HCN + C'l.j. + H AH° = - 43.3

(13) NC2H4 + H -5- C2H4 + NH AH° = - 62

(14) m + H —> N + H2 AH° = - 23
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