3837

NATIONAL LIBRARY

OTTAWA OTTAWA
CANADA
NAME OF AUTHORDM@EUDMLDA

.

TITLE OF THESIS.W Lo

0'.'....'...QI.I.O.........l.l..'.....ll‘..l.-.

BIBLIOTHEQUE NATIONALE

b PTEITeS | ne Y10, 1O LA pulsed

Codonsntin szsmjt%/;hzd‘;mﬁ Wj%

UNIVERSITY...&KIEI%T.A..........‘I......l........l..'.lll...l

DEGREE. ++. P i, v uevnnsnnns s YEAR GRANTED.... L9060 . ..

Permission is hereby granted to THE NATIONAL
LIBRARY OF CANADA to microfilm this thesis and to
lend or sell copies of the film.

The author reserves other publication rights,
and neither the thesis nor extensive extracts from.

it may be printed or otherwise reproduced without

the author's written permission. ; ZE
(Sig]led S O 0 OO0 OO0 SIS POCS IS SN

PERMANENT ADDRESS:

q’o Ad.%. Ducdon

’ U7

2

Q\Z&GD;V\:O( ) Ba Ca

eddesrervecrodsncsaae

DATED’..H-P.’{."’?!’.L.Q?...wé? k

NL-91



THE UNIVERSITY OF ALBERTA

Thexrmal Ion-Molecule Reactions at Pressures up to 10 Torr

With a Pulsed Mass Spectrometer

(a) Reactions of Methane in Krypton
(b) Condensation Reactions in Ethylene

(c) Attachment Reactions in Oxygen and Nitrogen

by

avid Alan Durden

A THESIS
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES
IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE

OF DOCTOR OF PHILOSOPHY

Department of Chemistry

Edmonton, Alberta

Spring, 1969



UNIVERSITY OF ALBERTA

FACULTY OF GRADUATE STUDIES

The undersigned certify that they have fead, and recommend
to the Faculty of Graduate Studies for acceptance, a thesis entitled
THERMAL ION-MOLECULE REACTIONS AT PRESSURES UP.TO 10 TORR WITH A
PULSED MASS SPECTROMETER (a) Reactions of Methane in Krypton,
(b) Condensation Reactions in Ethylene, (c) Attachment Reactions
in Oxygen and Nitrogen submitted by David Alan Durden in partial
fulfilment of the requirements for the degree of Doctor of Philosophy.

Supervisor

Frtol ..

External Examiner

pate . Maroh E 1aes



(YN

ABSTRACT

A pulsed mass spectrometer is described which was constructed
for the measurement of rate constants of ion-molecule reactions at
thermal energies.' The mass'spectrometer could be operated with
ion source pressures up to 10 torrg The reactions studied were
condensation and attachment reactions which can only be observed
at high pressures.

Reactions of millitorr traces of methéne in 3.5 torr of
krypton were first studied to check the pulsing technique. The
values of the rate constants for reactions (1) and (2) (both

l.OxlO-9 cc/molecule sec.) were found to be close to previously

+ +
-
(1) cn4 + CH4 cns + CH3

+
(2) cu3 +ca4 > C2H5 +H2

determined values and thus the validity of the pulse technique
could be established.
The ionic condensation reactions (3) and (4) were studied
in the xenon-sensitized ionization of ethylene to gain information
on the radiolysis of ethylene. The values for the rate constants kn
k

+ n
(3) Cn H +CHy — C

on 2 n=2,4,6.

n+2 H2n+4

were found to agree with values which had been estimated from results
of a previous technique in which the reaction times were not well

known k2 = 2.lxlO-9, k4 = 4.35x10._12 and k6 = 1.l4x10.-12 (cc/molecule



ii

sec.). The values kk for reaction (4) were measured as

+ ke +

4 % Hak-1 ¥ CMy T Cen Hoes k=3,5,7

k, = 0.76x10~2, kg = 0.46x10" 12 ana k, = 0.27x20" 2 (cc/molecule sec.).
These had not been previously measured. The rapid decrease of rate
constant with increasing ionic size was explained in terms of the

ion structure. The effect of Xe+ on the stabilization of the
condensation product C;H8+ was observed. Ethylene pressures were
varied from ].xlo-3 to 0.5 torr and xenon pressures from 0.5 to 8 torr.

The rate constants and equilibrium constant for the attachment

reaction (5), which appears to be of aeronomic interest, were

+ +
(5) o2 +o2 > o4

measured over the pressure fange of 1 to 8 torr at temperatures
from 298 to 341°K. The reaction was found to have third order
kinetics. The rate constant for the forward reaction was
measured as 2.90x10-30 ccz/molecule2 sec. at 298°K with a
negative activation energy of 2.0 kcgl/mole. The reverse rate
constant was 2.44x10-13 cc/molecule sec. at 298°K. The values
of the eguilibrium constant 0.385 (standard state 1 torr),
entropy -22.4 cal/mole deg. and enthalpy -9.98 kcal/mol.
agree very well with previous results obtained under equilibrium
conditions.

Attachment reactions in nitrogen were studied at pressures

from 0.4 to 3.6 torr at temperatures from 297 to 420°K. A forward



rate constant for the attachment (6) was measured as 8.3x10-29

ccz/moleculez sec, at 298°K with a negative activation enexrgy

+ ‘ +
- .
(6) N, +N, N,

of 2.3 kcals/mole. These values support previous observations.
The equilibrium constant could not be measured.
Under identical conditions as, those used above, the

attachment reaction (7) displayed second order kinetics. The
(7) N + N + N

rate constant was measured as 1.5x10-12 cc/molecule second. No
temperature dependence was observed. The rate constants and
equilibrium constants for the oxygen and nitrogen reactions

were compared by means of theoretical equations.
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INTRODUCTION

1:1 The Present Study

The present study was directed towards the investigation
of the kinetics of ion-molecule reactions in gases at high
pressures (1-10 torr) and at thermal energies. The temperature
of the ion source could be varied from 306° to 450° K. The
réaction times could bg me;sured directly by means of a pulsing
technique. These unusual reaction conditions were designed to
£ill a gap in the field of ion molecule reaction investigations.
In the following few pages the development of the field of ion

molecule reactions, and the need for measurements of ion molecule

reactions under these conditions will be discussed.

1:2 Development of Ion-Molecule Reaction Studies

In an ordinary mass spectrometer used for analysis (isotope
analysis, qualitative and quantitative analysis of vapours) the
pressure in the ion source and mass analysis region is kept low
so that the ions can leave the ion source and be mass analyzed
without the occurrence of collisions with gas molecules. If
the pressure of the ion source is increased, collisions of the
ions with gas molecules begins to occur and these can lead to
jon molecule reactions which change the nature of the primary
ions. For example J.J. Thomson (1) with the first mass

spectrograph observed ions of mass to charge ratio m/e = 3 in



hydrogen gas and reasoned that these were due to H3+. This
jon was also found by Dempster who observed that its intensity
increased with hydrogen pressure (2). The origin of this ion
was later correctly explained (3,4) as being due to the

reaction (1l:1):
(1:1) H + H + H + H

The presence of the H3+ jon obviously interferes with isotopic
determinations when the abundance of the ion HD+ has to be
measured. Since at that time interest in mass spectrometric
measurements was mostly centered on.isotopic abundance
measurements efforts towards improvement of the vacuum systems
soon led to the elimination of the undesired ion molecule
reactions. In subsequent mass spectrometric research which
dealt with the measurements of jonization potentials, ionic
heats of formation and analysis of vapours the occurrence

of ion molecule reactions was not desired and thus low ion
source pressures were maintained. Only during the early 1950's
was it recognized that ion-molecule reactions might play a
large role in radiation chemistry. With this in mind Talroze
and Lyubimova (5), Stevenson and Schissler (6,7) started
systematic studies. This early work caused a renewed

interest in these reactions, and the field expanded rapidly.

Many reactions were observed and their rates measured in



conventional mass spectrometers at ion source.pressures qf the
oxrder 10"3-10-'4 torr. The basis of these measurements will now
be briefly described.

A typical mass spectrometer used for gas analysis is
shown schematically in figure (1:1). Ions are produced in the
ion source by bombardment of the gas by an election beam. These
primary ions which have the masses of ?he original molecules
and fragments thereof are pushed out of the ion source by the
small electric field Er of the repeller. They are then
accelerated by the potential V and analysed according to their
mass to charge ratio m/e and detected. When the instrumeﬁt is
used for gas analysis the pressure in the ion source and analyser
is kept very low (less than 10—5 torr) so that no ion molecule
collisions occur. When the ion source pressure is increased
to 10-4 torr, ion-molecule reactions become observable since
some of the primary ions pt suffer reacting collisions in their
path % on their way to the ion exit slit (see Figure 1:1).
Considering the general reaction (1:2), one can write equation
(1:i) for

(1:2) PP am » st ar
the attenuation of the primary ion, %here Ip is the primary ion

(1:4) 1 = 1°e
p P

intensity at distance 2. I; is the original primary ion intensity,

0 is the experimental reaction cross section and n is the number
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. . . o
of molecules per cc in the ion source. Since IP - Ip = Is
where Is is the intensity of the secondary ion S+ one can

rearrange equation (l:i) to the form:

(1:ii)

=] ™
(]

P

At low pressures, where only a few of the primary ions react and
the ratio becomes Is/Ié < 0.05 equation (l:ii) can be simplified
to the form (1l:iii):

(1:iii) I

S
-i- = Onf
1%

All measurements by the early workexs like Stevenson (6,7,8),
Hamill (9), Field and Franklin (10,11) were done under low pressure
conditions where equation (l:iii) holds.

These experiments were directed towards two different aspects
of ion molecule reactions. One was to determine the types of
reactions occurring when different reactants were present, the
other was the dependence of the reaction cross section on the
velocity of the primary ion.

Gioumousis and Stevenson (12) developed the theory of
velocity dependence for the reaction cross section. This was
based upon a previous théory of Langevin who proposed that the
cross section for collision of an ion and a molecule was

dependent upon the polarizability a of the molecule. The ion



and molecule converge with a relative velocity g. It is assumed
that the ion induces a dipole in the molecule and the resultant
force causes the trajectories to converge. I1f they pass within
a certain distance the ion and molecule orbit around each other.
The critical distance within which capture still occurs can be
used to evaluate a capture cross section Ug whiéh is given in

equation (1l:iv).

(1:iv) g = 2me [@&

Wwhere u is the reduced mass the other symbols having been
defined previously.

The primary ion in the ion source of a mass spectrometer
experiences continuous acceleration by the repeller field of
strength Er' In order to relate the experimentally observed
cross section Q (equation 1:iii) to the Langevin equation (1:iv)
Gioumonsis integrated the variable cross section og over the
total path % of the ion. Since the velocity of the ion due
to the repeller field is very much larger than the velocity of
the molecules, it is set equal to the relative velocity 9g. This

averaging process leads to the relationship given in equation (1:v).

(1:v) Q = 2me [a 2m,
u eErl

where mp is the mass of the primary ion. Gioumousis in the above

tyeatment assumed that reaction occurs at each capturing ion




molecule collision, i.e. that the reaction efficiency is unity.
Using the Langevin cross section dependence (l:iv) Gioumousis
also derived an equation for the rate constant of an ion molecule
reaction where both the ion and molecule moved with thermal

(Maxwell) velocities. This relationship is given in equation (1l:vi).

(l:vi) k =27me [a
J M

Comparing (l:vi) and (l:v) one sees that the thermal rate constant
k can be evaluated from the value of Q, experimentally determined

in the presence of a repeller field, by the relationship (l:vii).

(l:vii) k = /eE L
r
2m 2
P

Tt was shown for many reactions (e.g. 1l:1) that the

experimentally determined Q followed the 1/ E & dependence
predicted by eqﬁation (1:v) and that the absolute magnitude
corresponded very closely to that calculated by the same equation
(8,13). The dependence on the reduced mass was also observed.
Equation (1l:v) does not predict a temperature dependence for Q.
Indeed, it was eliminated by the assumption that the relative
velocity g is only the velocity of the ion. The values of Q
were found to be independent of temperature. The large values
of 0 (> 10_16cm2, and up to 10 3 times larger than those of
equivalent reactions of neutrals) and the lack of a temperature
dependence, lead to the conclusion that the observed ion-

molecule reactions were non-endothermic and had activation



energies close to zero (14). Thermal rate constants had large
values (10-9 cc/molecule sec.) when calculated from (l:vii)
and these corresponded with the predicted values (1l:vi).

The validity of equation (l:vii ) for thermal rate
constants depends upon the assumed correctness of equations (1:v)
and (l:vi). However, many reactions were found‘for which @ did
not cbey the 1/ Erz dependence of (l:v). It was pointed out by
Stevenson (14) that the probability that a collision would lead
to reaction may not be unity or conétant. For complex reactions,
the probability was not independent of the internal coordinates
of the reactant ion or of the relative velocity g of the qolliding
pair. It was found to decrease with increasing velocity..

Thus equation (l:vii) and experiments done in the presence
of a repeller field could not be used to determine rate constants
for reactions occurring at thermal energies. Since ion molecule
reactions occur at thermal energies in a large number of chemical
systems, such as radiation chemistry, the ionosphere, flames and - -
electrical discharges, it would be desirable to determine k under
conditions where ions and molecules are in thermal equilibrium,

The pulse technique was developed for this purpose.

1:3 Thermal Rate Constants of Ion Molecule Reactions at Low

Pressures with Pulsed Instruments

The pulse technique for observing reactions at thermal energies



was first developed by Talroze (16,17). The ion source is pulsed

as follows. The electron beam is switched on as a pulse for a

very short time and jons are formed. After this there is a delay td
during which equipotential conditions are maintained in the ion
source and the ions may react under thermal conditions. The

repeller potential is then applied in a pulse tr repelling the

ions. By varying the time,td and measuring IS/IP aé a function,

of t_ it is possible to find the rate constant k if the concentration

d

of gas n is known. The equation given by Talroze (17) is (1:ix)

(1:ix) IS
T = kntd + f(ti,tr)
P
where f(ti tr) is a function of the pulse widths and is constant
’
for constant ti and tr’ This method is similar to most kinetic
investigations in which the degree of conversion is determined as
a function of elapsed time. The pulse technique has since been
used by other workers notably Hand and Weysenhoff (18), Ryan and

Futrell (19), and Harrison et al (20,21) to measure rate constants

at thermal energies.

1:4 Limitations of Low Pressure Studies

The study of ion-molecule reactions by the two low pressure
techniques, the earlier method of continuous repulsion, and the
later pulsed method, had certain limitations. Since the pressure

-4
was low (around 10 torr) and the reaction time was short (about

-6 . . -
10" ° seconds) only reactions with large rate constants (10 ° to

-1
10 cc/molecule sec.) could be observed. The concentration of
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secondary ions was usually more than 10-2 times smaller than
that of the primary ions and thus further reactions could not be
observed. However much useful information was obtained from
observation of these fast reactions. It pecame possible to

classify the reaction types as follows.

1:5 Types of Reactions Observed from Low Pressure

Experiments and the Need for High Pressures

It is widely accepted now that low energy ion molecule
reactions occur through the formation of a short-lived collision
complex. It has been suggested that the transition complex takes
one 6f two férms (22). One is a loose complex in which tﬁe ion-
molecule system is held together by polarization forces. 1In
the second the complex is considered to be covalently bonded.

For example reaction (1:3) involved a loose complex. It

was shown (23) that the hydrogen atoms are not mixed, that the

+ +
1:3) CH, + CD, =+ CH, —-=----
(1:3) CH4 + cn4 > CH4 CD4 -+ CD4 H + CH3

. +
product is CD4 H rather than CH3D2+ which would result from a

complex of the form (02H4D4)+.

The more strongly bonded complex is formed when it has
the stoichiometry which corresponds to that of a stable ionic

structure. In this case rearrangement does occur as in (1:4).

+ + +
1l:4
( ) C2H4 + C2H4 -+ (C4H8) -> c3Hs + CH3

+
->
C4H7 + H
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The intensities of the products C3H3'+ and C4H7+ are similar
to those of the fragment jons produced by electron impact
ionization of butene molecules (11,24).

The types of ion molecule reactions are classified below

more with respect to the product formed than to the type of

complex involved.

i Simple Charge Transfer

Superficially in charge transfer the ion abstracts an
electron from the molecule during the collision and a new ion

and molecule are formed as in reaction (1:5).

+ 2 + .
(P3/2) +CH, - CH, + Kr

(1:5) Kr
The requ?rement for charge exchange to occur at thermal energies
is that the recombination energy of the ion be greater than the
jonization potential of the neutral molecule. (In reaction (1:5)
RE K& (’p, /) = 14.0 eV and T (cH ;) = 13.12 ev. The aifference
in energy -AH is 0.88 eV and reaction occurs readily).

When the ion and molecule are the same species, AH = 0 and
the reaction is called resonant charge transfer (25). Occasionally

resonant conditions are imposed on reactions of different species. (1:6),

+ +
(1:6) N2 +N2 > N2 + N2

especiaily when the numbers of degrees of freedom of the ion and

molecule are small. This was observed with xenon and ethylene (1:7)

(26) .
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+ +
(1:7) Xe' + Ci, > (XeCjH,)" > ¥e Ci, M= -.04eV

ji Charge Transfer Induced Dissociation

When the change in enthalpy'AH is large because of large
differences in ionization potentials, the new ion has a large

excess energy and may dissociate (27) as in reaction (1:8).
+ 2 Co+
(1:8) Kr P%) + CH4 -+ CH3 + H + Kr

In this case the recombination energy of Kr+ (14.67 eV) is 1.55 eV
more than the ionization potential of CH4+. This large excitation
energy causes a C-H bond to break.. The rule for this to take
place is that the recombination energy has to be larger than the
appearance potential of the fragmentation. In this case the
appearancé potential equals the bond dissociation energy D(CHB-H)
plus the ionizaéion potential of CH3.

By a suitable choice of the reactant ion'the extent of
fragmentation of the production may be specified. This is very
useful if one wants to form only one or two types of ions for
further reaction. The choice of jons is limited by the available

recombination energies and appearance potentials of the ions and

molecules.

iii Abstraction or Transfer of Atoms oOr Atomic Ions

A large majority of ion molecule reactions involve the

abstraction by the ion of an jonic or neutral fragment from the



molécule, or the transfer by the ion of such a fragment to the

molecule. Reactions in which the fragment is hydrogen have

been categorized as shown below. Reactions in which the

fragment is large are treated as condensation reactions.
Ion-molecule reactions of organic ions can be classified

according to the electronic structure of the ion (28). Generally

organic ions have zero, one or twg electron vacancies in the

valence shell, This can be illustrated by the methane ions.

— p— —

+ + +
H H H

H:C 1) H:E M H:C
A k g

0 vacancy 1 vacancy 2 vacancies

a Proton Donation

Ions which have no vacancies would be expected to

react by donating a proton (28).
+ +
(1:9) CH5 + ND3 > CH4 + ND3H

These reactions have long been postulated in organic chemistry.

b Hydrogen Abstraction

Ions in which there is one vacancy and thus have an

odd electron number are radical ions. Two reactions of radical



jons are hydrogen abstractions and addition to double bonds.

Addition will be considered later as a condensation reaction.

Hydrogen abstraction is shown in reactions (1:10) and (1:11) (29).

+ +

(1:10) CD4 + C3H8 > CD4H + C3H7
+ a +

(1:11) CD4 + NH3 > CD4H + NHZ

It was observed that when proton donation could be distinguished
from hydrogen abstraction the rate constant of the former was
about one order magnitude larger than that of the latter. This

i - +
is probably due to the extremely electrophilic nature of H .

¢ Hydride Ion Bbstraction

Ions in which there are two vacancies in the valence
orbital tend to abstract H from saturated molecules (28).

* and c.ut (30).

Examples of such ions are CH3 3y

+ +
(1:12)  CH" + neo-CjH), > CgH,,  + CjH,

These ions can also react in condensation reactions.

Using the above criterion of an ion having zero or one
vacancy one cannot always predict whether proton donation will
predominate over hydrogen abstraction or vice versa. Many of
these reactions appear to involve a loosely bound complex and
the most stable product ion results. Both reactions (1:13)

and (1:14) give the same product (22), the former by hydrogen

14
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+ +
. ->
(1:13) D20 + CH4 H D20 + CH3

+ +
. ->
(1:14) CH4 + D20 H D20 + CH3

abstraction and the latter by proton donation. One might expect

+

4 since both ions have

+
hydrogen abstraction by D20 and by CH

one electron vacancy.

4 Atom-Ion Interchange Reactions
Certain reactions between inorganic diatomic gases
have been labelled atom-ion interchange reactions and the exact

mechanism left unspecified (17). In these reactions larger elements

(1:15) o + N, yo! + N

than hydrogen are transferred.

iv Condensation Reactions

The term condensation covers all those reactions in which
covalent bonds (C-C and C-S) bind the complex and considerable
rearrangement takes place so that units larger than atoms or

atomic ions are transferred. The general reaction is given by (1:16)
+ +%
(1:16) AB + CD -+ (ABCD) -+ products
+ . . . .
where AB is anion with one or two vacancies in the valence orbital.

This group of reactions is probably the largest involving organic

ions and molecules. Examples of these reactions are (1:4) in




which C2H4f has one electron vacancy and (1:17) in which CH3+
has two electron vacancies.

+ +% +
(1:17) CH3 +CH4 -+ (C2H7) > C2H5 +H2

All the above types of reactions were observed at low
pressures. One expects, however, that as the pressure is
increased, these reactions will be modified and new reactions

will appear.

At high pressures the intermediate complex of a condensation

reaction may be stabilized by collision with the gas molecules.
The complex has a large excitation energy due to bond formation.
This energy is distributed in its vibrational and rotational
modes, and is transformed into translational kinetic enexrgy by
collision‘with the gas molecules. Thus the complex becomes
thermalized. Tﬁe product of reaction (1:4) is observed to
change at high pressures as (c4H8)+* is stabilized as in (1:18).

(1:18) cu)Frcu » cu’+cH
: g 24 alg T Gy

Since at high pressures, the concentration of secondary
jons becomes large, higher order reactions (consecutive reactions)

are observed. The products of (1:4) or (1:18) can react further:
+ +, +*
(1:19) C3H5 + 02H4 > (CSH9 )

(1:20) cut+cH, ~+ (CH )+*
48 274 6 12

Ion-molecule reactions which have low reaction rates become

16
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cbservable at higher pressures. A new type of reaction, which
involves three body collisions and thus has a low rate, is the

attachment reaction.

v Attachment Reactions

Reactions in which the bonding is mainly ionic, in which
no rearrangement occurs-agd'which involve the reactions of
inorganic ions to form complexes bonded by covalent or ionic
bonds, will be called attachment or clustering reactions.

Examples of attachment reactions involving only ion-dipole

forces are the clustering reactions of H20 around Kf (31).

+ M +
- ——p
(1:21) K + HO0 K’ (H,0)

(1:22)  K'(H,0) + HO = Km0,

The reactions exhibit third order kinetics and are only observed
at high pressures as the excess energy caused by bond formation
must be removed by a third body to stabilize the complex. An
example of a reaction in which the complex bondiqg may be
partially covalent and partially ionic in character is the

three body attachment of oxygen.

+ +
(1:23) 02 + 202 - O4 + O2

1:6 Previcus Experimental Work at High Pressures

Instrumental Developments

Many workers recognized the desirability of obtaining results
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at high pressures and mass spectrometers were modified agcordingly.
Field and Franklin and their co~workers were among the first to
do so. The ion source of their mass spectrometer was modified
to decrease the rate of escape of gas by making the electron
entrance aperture and the jon exit slit smaller. The ion
source pressure could be increased without incréasing the
analyzer pressure so that no collisioqs occurred outside the
jon source. Thus Field and co-workers were able to ocbserve
high order reactions' in methane (32) and in ethylene (33) at
pressures of 0.3 torr. This apparatus was further improved
and the ions produced in methane were observed at pressures up
to 2 torr (34,35). These ions could then be compared with
reactions proposed for conventional radiolysis of methane.

Disadvantages arise from the use of an electron beam
in such apparatus. The electron beam may be intense, but the
electrons are severely scattered and attenuated by the high
pressure gas. The scatter can be decreased by collimating the
beam with a magnetic field. However then, the beam, though
collimated, travels in a distorted path and the beam to ion
exit siit 1 becomes uncertain.

The prcblem of attenuation <an be overcome by use of
more penetrating radiation than electrons. Rudolph and Melton
used a radiation from PO208 ag source of ionization. The

polonium was painted onto the repeller plate so that the
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whole ion-source volume was jrradiated. With this appa;atus

they were able to study high order reactions in ethylene (36)

and acetylene (37) and observe charge exchange reactions

between rare gas ions and organic molecules such as methane (38)
and cyanogen. The problem of beam collimation is still present
with this type of ion source as ions are formed‘at varying
distances from the ion exit slit; Since the path lencths of
primary and secondaxry ions are not known quantitative measurements
are precluded.

Wexler overcame the problem of penetration and collimation
by using a beam of 2 m.e.v. protons from a Van de Graaf generator
as tﬁe ionizing source (39). At pressurxes of 1.25 torr, ﬁigh
order consecutive ion-molecule reactions in ethylene were
studied (e.g. reactions (1:19) and (1:20)). The ion C4Hé+ was
observed, which confirmed that at such pressures, collisional
stabilization (1:18) took place. Similar polymerization
reactions occurred in acetylene.

One common failure of these three types of instruments
was that all used a repeller field to extract the ions.
Consequently, even though high order reactions could be
observed, the ions had energies larger than thermal.

With the idea of simulating conventional gas radiolysis
Kebarle and Godbole (40) built a mass spectrometer with a field

free ion source which could be operated at pressures up to 200 torr.
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The experiments of previous workers on the ionic polymerization
of ethylene were extended to a pressure of 40 torr (41,42).
However in this case the reactions occurred at thermal energies
and one would expect the results to be applicable to the
radiolysis of ethylene.

Attachment reactions involving jon-dipole interactions
were also studied with this instrument (43). Such reactions

were of the type shown in (1:24).

+ +
(1:24) H (HZO)S + H20 — H (H20)6

 The instrument was also used to study attachment reactions of

rare gas ions (44) e.g. (1:25):
(1:25) art + 2ar » Ar2+ + Ar

Sincé there is no repeller field in this type of ion
source, one relies on mass flow and diffusion to remove ions.

BAs with Melton's apparatus, the reactions times are poorly
defined.

The time dependence of a reaction may be observed by means
of a pulsed stationary afterglow. This technique was used by
Fite et gl (45) and Sayers and Smith (46) . In this method
a gas mixture is subjected to a short pulse of excitation and
ions are formed in concentrations proportional to the
constituent concentrations, and react with the neutrals. Ions

emergihg from an aperture in the side of the reaction chamber
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are analysed by a mass spectrometer.

The variation of each ion's intensity with time is
recorded by an oscilloscope attached to the mass spectrometer.
The ion-molecule reaction rate constants can be calculated
directly from the time change of intensity of an ion and the
neutral concentration. Unfortunately since the excitation
pulse can excite and qiss;ciate the neutral gas, the ions
may not be reacting with ground state molecules. This technique
was ured to cbtain the first values of aeronomic reactions.
Sayers ;nd smith (46) observed the reaction of o+ ions in

oxygen and obtained a rate constant which was

+ +
: ->
(1:26) o + O2 0 + 02

temperature dependent. Fite et al (45) observed the attachment
of N2 to N2+ and calculated a value for the rate constant.

+ +
(1:27) N2 + N2 - N4

The technique of a flowing afterglow was developed by
Ferguson, Fehsenfeld and Schmeltekopf (47) to study ion—mqlecule
reactions at thermal energies. In this technique, helium which
has been ionized or excited by a microwave discharge flows
through a tube at a pressure of about .5 torr. Reactant gases
are injected downstream from the discharge. The He i;ns and
excited He atoms ionize the reactant gas molecules. A second

gas whose reactions with the primary ions are to be studied



is injected further downstream. The ions are sampled mass
spectrometrically at the end of the flow tube. The reaction

time can be calculated from the gas flow rate and path length.
Since the reactant gas is injected below the discharge, most of the
neutral molecules will be in the ground state. Ferguson et al
developed the apparatus so that the reactant gases could be excited
by a second dischargef just before they entered the stream, and

so such unstable species as atoms could be added to the reaction
in a very selective manner. They were able to study many ion-atom
interchange reactions of aeronomic interest. These reactions

had not been successfully investigated before. For example,

the variation of the rate of reaction of (1:28) with the

(1:28) : o'+ N, ~ No' 4+ N

vibrational temperature of N, was measured (48).

2
Because the pressure of the carrier gas He is low

~ .5 torr, and the partial pressures of the reactant gases

even lower, only reactions with large rate constants

(10-9 to 10"ll cc/molecule sec.) may be studied. Fortunately

most ion-atom interchange reactions have large reaction rates

(49) . The problems of mixing of the gas with the flow stream

and the effect of ambipolar diffusion coefficients and ion

detection efficiencies limit the accuracy of the rate constants

to within a factor of two or three. However, this is the

case for most reactions studied at high pressures.
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1:7 The Development of the Present Instrument

The major limitation of the previous high pressure mass
spectrometer built in this laboratory for the study of thermal
jon-molecule reactions, was the uncertainty of the reaction time.
Since the ions were removed by mass flo& and diffusion, the time
an. ion remained in the ion source could only be estimated. The
present instrument was dégigned so that reaction times could be
measured accurately.

High energy electrons were chosen instead of o particles
for thé source of ionization as an electron beam is conveniently
pulsed. The energy used (4000v) provided a reasonable penetrating
power. The pulse technique was similar to those used previously.
Ions were formed by a short pulse of electrons. At a certain
time later the ions leaving the ion source were admitted to the
mass analyser by means of a second pulse and thus the time
history of each ion intensity could be obtained by varying
the time.

The ion-molecule reactions studied by this technique
are described in chapters 4, 5 and 6. Since the actual reactions
are not all related,the relevant background and survey of
previous results will be given at the beginning of each chapter.

General reviews of ion-molecule reactions are given in the
following references. Low pressure results are discussed in
(13,15,16 and 22). Some of the recent reviews oﬁ high pressure mass

spectrometry and thermal ion-molecule reactions are references



139,42,49,50 and 51). The role of jon-molecule reactions

in radiation chemistry has been reviewed by Ausloos (52).

24
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2 EXPERIMENTAL

2:1 Requirements and Design of the Present Instrument

This instrument was designed with several requirements in
mind. We wanted to operate the ion source at pressures of several
torr and this required a large capacity pumping system to keep the
mass analyser at low pressure.

A convenient source of ioﬁizing radiation was required. A
high energy beam of electrons was chosen as it was easy to pulse
and reasonably safe to operate. Its use does not have the problems
associated with the use of radiocactive particle sources such as
Polonium 210 which gradually spreads in vacuum and leads to
contémination of the apparatus. An electron beam is conveniently
pulsed by a pair of electrostatic deflection plates.

Finally a mass analyser was required. A quadrupole mass
spectrometer was chosen as it has a high transmission and thus
greater sensitivity than a magnetic instrument. The absence of
a magnetic field makes ion beam collimation easier. The quadrupole
unit also has a relatively low cost and is compact so that it is
easily mounted in a vacuum chamber. The main components of the

instrument are shown in figure (2:1).

2:2 The Ion Source

The high pressure jon source is shown in figure (2:2). It
was made from a 1% inch long, 3 inch diameter cylinder of non-

magnetic stainless steel (type 304), through which a 5/8 inch
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9a,b
10.
11.
12.
13.
14,
15.
16-20
21.
22.

23,24

Electron filament.

Filament support plate.

Electron extraction electrodes..

Grounded cone (electron acceleration electrode) .
Collimating electyode.

Solenoid coil providing axial magnetic field for

electron focussing.

_T,V. yoke for horizontal and vertical motion of the

électroﬁ beam.

peflection plates for electron pulsing.
Fluorescent beam focussing screen.
Electron entrance cone carrying slit leak.
Ion exit cone carrying circular leak.

Ton source with heaters.

Electron trap.

Cylindrical shielding screen.

Ton acceleration and focussing electrodes.
Quadrupole mass analyser.

Secondary electron multiplier.

Gas inlet tubes.
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Figure 2:2 Top view and section of the high pressure ion source.
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channel was bored perpendicular to the axis to provide a gas
chamber. On the left-hand side was mounted a cylindrical electron
entrance cone [11] which was sealed to the body of the ion source
by a Viton "A" O-ring and held in place by a threaded steel ring.
The right-hand end of the chamber was plugged by a steel insert
which contained a Kovar glass high resistance electrical feed
~ through [14] oh which was mounted. a -Faraday cup electron trap.
The trap was made from two concentric cylinders of .001"
Tantalum spot welded. The trap was made from two concentric
cylinders so that most of the secondary electrons emitted by
" impact of the primary electron beah, would not be able to
escape from the trap.

Two gas inlet tubes [23,24] were sealed into the ion
source (by an O-ring seal) so that gas could be flowed through.
In most of these experiments, however, the exit tube [24] was
sealed and gas flow was not used.

The electron beam entered the ion source through a small
slit mounted on the cone [11]. The slit was made by welding
stainless steel razor blades to a circular disc of .007" thick
Tantalum which contained a 1.7 mm (1/16") hole. The final size
of the slit was 1.70 mm x 0.040 mm. The Tantalum disc was
welded to a narrow ring of platinum which in turn was soft
soldered to the stainless steel electron entrance cone [11].

The ions left the ion source through a small hole

mounted in a cone [12] which was sealed by an O-ring into
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the bottom of the source. The ion exit hole was a 0.120 mm
diameter hole drilled with a fine needle point in a 0.001"
Tantalum disc; This in turn was spot welded onto a platinum
washer which was soft soldered onto the top of the ion exit
cone. - The ion exit slit cone was held in place by a threaded
ring. The inside of the ring was bevelled so that the high vacuum
side of the ion exit cone consisted of a smooth conical surface
with a solid angle of 40°.

Below the ion source was mounted an electrostatic shield
[15] which provided a poundary for the electric field between
' the ion source and the ion accelefation electrodes (see figure
2:1). The shield was a thin wall cylinder slotted longitudinally
so that the 'gas pumping speed was as high as possible, without
deforming the electric field.

In front of the ion source entrance slit there was placed
an electron beam focus plate [{10]1. This plate contained a 1/4"
hole axial with the electron entrance cone. The plate was
coated with a mixture of phosphor, sodium silicate, and sodium
chloride. The electron beam caused the phosphor to glow
so the beam could be focussed. The sodium chloride was added
to make the phosphor coating conductive to prevent surface
charging. The electron focus plate was extended down in front
of the electrostatic shield [15] to prevent spurious

ionization, caused by stray electrons from the electron beam.




The ion source was heated by six heaters made from 28
gauge nichrome wire, spiral wound on ceramic centres and insulated
from the metal block by quartz tube insulators. Two iron-
constantan thermocouples [T.C.] were inserted into the ion source.
One was close to the heaters so that it could be used to control
the temperature. The second was inserted in a well close to the
gas chamber so that the gas temperature could be read. It was
assumed that the gas reached the temperature of the walls of
the ion source chamber. The thermocouples were mounted‘in short
lengths of 1/8" copper tube which fit the wells tightly. The
"thermocouple joint was electricall§ insulated from the copper
by thin strips of mica. The electrical insulation was only
sufficient for a few hundred volts. However it provided
electrical insulation between the ion source and the heater
temperature controller.

The ion source was mounted on the vacuum chamber port
flange by a cylindrical steel support (13a} which was electrically
insulated by a disc of Araldite epoxy resin. The Araldite
plastic could withstand a temperature of approximately 100°C
before plastic deformation took place. The steel support was
slotted to decrease heat conduction. The Araldite insulator
was bolted directly to the flange which remained at room
temperature and thus its temperature remained approximately

the same. Nine electrical feed throughs were provided on the

30
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flange. The gas lead-in tubes [23,24] were heated by nichrome
wire heaters wrapped around the glass. An iron constantan

thermocouple was attached to the inlet tube [23] by glass tape.

2:3 Temperature Control and Measurement

About 40 watts were required to heat the ion source to its
maximum allowable tempera;ure of 150°C., The temperature was
controlled by manual setting of the heater voltage. It was found
that this steady state method gave a much more constant temperature
than whén a temperature controller (A.P.I. Instrument Co. Model 905B)
was used. The heater voltage was supplied by an auto trans former
(Variac) connected to a constant voltage transformer.

The thermo-electric e.m.f. of the thermocouple close to the
gas chamber was measured by a potentiometer. Ice water was used

for the reference thermocouple. The temperature could be read to

within one degree centigrade.

2:4 vVacuum Chamber

The main vacuum chamber was an 8 inch diameter stainless
steel tube (figure 2:1) about 12 inches long. This was pumped by
a National Research Corporation (HS6-1500) 6 inch, 1500 liters per
second; diffusion pump through a water-cooled optical baffle. The
pumping speed at the top of the baffle was quoted to be 750%/second.

One can calculate the pumping speed at the ion source (at the end
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of the chamber) if the conductance of the lead is known by

equation (2:i) from pushman (53, p. 130)

(2:4) 1
S
where S is the pumping speed at the ion source and Sp is the

speed at the pump (7502/§ec.). F, the consuctance of the lead,

may be obtained from a table as in reference (53, p.97) or (54, p.63).
In this case F = 1000%/sec. and thus S = 400%/sec.

.At the top of the pumping lead four 4 inch pipes were welded
into the 8 inch lead, mutually perpendicular, to provide mounting
flanges (see figure 2:1). The one designed to hold the quadrupole
probe was made "T" shaped. A second high capacity diffusion pump
(NRC QHS—4) was mounted on this flange so that the quadrupole was
differentially pumped. An ion gauge tube was mounted on the flange
which is shown unused in figure (2:1).

The leakage of gas from the jon source was very high. Gas
leaked through the ion exit hole and the electron entrance slit.
Since the latter was larger most of the gas escaped through it.

The conductance Fl of an aperture undexr molecular flow conditions

is given by (2:ii) (53), where U is the average velocity of the

(2:11) ‘ F, = A

n|CH

molecules, and A the area of the aperture. If A is in cmz, and

U in cm/sec. Fz is in units of cc/sec. The two apertures had
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areas of l.lxlo-4 cm2 (ion exit leak) and 6.8x10"4 cm2 (electron
entrance slit). At 300°K the velocity of N2 gas is 4.77x1’04 cn/sec.
The calculated conductance of both leaks would be 9.3 cc/sec. The
measured conductance was 8.5 cc/sec. This indicates that the
flow out of the ion source was essenti%lly molecular,

The pumping speed at the.ion source (actually at the ion

gauge which was close to the ion source) can be calculated by use

of equation (2:iii), where Fz is the total conductance of the leak,
(2:1ii) Fl P = SP

PS the source pressure and Pg the ion gauge pressure. At 300°K

Fz was measured as 8.5 for Nz, Pg was 1.7x10-5 torr when Ps was

1.1 torr. If these values are substituted into equation (2:iii),

then s = 5604/sec. which is close to the value of 400%/sec.

calculated before. Since the ion gauge is closer to the pump

one would expect that the pumping speed obtained on the basis

of the ion gauge reading will be somewhat larger than the actual

value at the ion source.

2:5 Gas Inlet System

The gas inlet system is shown in figure (2:3). The construction
materials were stainless steel and glass. The vacuum line was
surrounded by an oven which could be heated up to 150°C to bake

out impurities. The pressure in the ion source and the gas inlet
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Figure 2:3
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system manifold was measured by means of an Atlas MCT manometer
which read pressures up to 20 torr. Higher pressures up to 200
torr were measured by the Wallace Tiernan mechanical diaphragm
gauge. The gas handling plant could be pumped by either of two
pumping systems. The rough pump was used to remove large amounts
of gas. The "clean" pump was used to remove the last traces of
gas. Since the clean.pum; did not pass large quantities of gas,
it had very low back streaming and thus the impurity levels in
the gas inlet system and ion source could be kept very low.
Large ;onductance valves were placed in the line between the
storage bulb and the mahifold and the manifold and the ion
source so that there would not be any appreciable pressure drop
between the bulb and the ion source. The diameter of the
manifold and the tube to the manifold was 1.5 cm. The large
conductance valves had 3/4 inch diameter cross sections. The
small valves had about 3/16 inch diameter openings.

During constructionlof the inlet system the 4 liter bulb
was calibrated by weighing the amount of water it could hold.
The volumes of the other parts of the inlet systems were
measured by expansion of gas from the 4% bulb., The calibration

was required so that gas mixtures could be made.

2:6 The Electron Gun

The electron gun is shown in figure (2:1). Electrons

emitted from the filament [1l] were accelerated slicghtly by
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the field between the filament support plate [2] and the
extraction electrode [3]. They Qere then accelerated and
focussed slightly by the focus electrode [4] and finally
accelerated to the gréunded cone [5]. The poteﬂtials on the
electrodes were as follows. The filameﬁt support plate [2]
potential was -4000 volts. The centre of the filament also
had this potential. The.;xtractpr [31 potential was -3990 volts.
The focus [4] potentiél could be varied from -3500 to -3900
volts. The gun was designed with a large distance between the
lgroup of electrodes at high voltage [1,2,3 and 4] and the
grounded cone [5] so that it could be operated at voltages

up to 25 kv, The electron beam was focussed by the solenoid
coil [7] (1000 turns of 22 AWG copper wire with 0.2 to 1.5

amps generally required for focussing). Horizontal and
vertical deflection of the beam was obtained from a television
tube yoke which was also outside the vacuum envelope. The
vacuum envelope at this point was made from brass so that the
magnetic fields would not be seriously disturbed. The solenoid
was controlled by a low voltage (7 volts) gas chromatograph dc
supply modified so that two outputs were available.

The deflection plates are [9] and [9a]. A cross section
of the tube at this point is shown figure (2:4). Electrostatic
plots were made by means of conductive paper to find the
required nunber of guard plates so that the field would

be uniform. Three were required. The electrostatic potentials
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are shown in figure (2:4). One plate [9a] was kept at
O potential and the pulse applied to the other. A network of
resistors (total resistance 104 ohm) was placed across the
guard plates so that there was a uniform yoltage graaient
across them. The 104 ohm resistance was also used to terminate
the coaxial cable from the pulse generator so tﬁat the voltage
pulses experienced by the plates were as square.as possible.
Electrode [6] was a collimation apperture to prevent stray
electrons from hitting the deflection plates. Electrode [10]
is the focus plate. The beam could be focussed to aspot
from 2 to 5 mm in Qiameter (depending upon the position of
filaﬁent used) and deflected about 8 mm from the centre.

The voitage required to deflect the electron beam is

found as follows.

<o>

The angle 'is found from equation (2:iv) (55).

(2:iv) tan 6 = 2 Vp

2y Ve
where Z is the length of the plates and Ve the electron acceleration
voltage across the plates and Ve the electron acceleration voltage.

Since tan 6 is also related to the amount of deflection a and
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the distance b from the centre of the plates to the focus plate,
(2:v) - tan 6 = a
b
The voltaée required to deflect the beam can be calculated from

(2:vi). Ifa=1lecm b= 13 cm, z=15cm, y = 2 cm, Ve= 4000 volts,

(2:vi) Vp = 2Ve E_ %
then Vp = 60 volts. .The pulse generator output could be varied from
O to 40 volts and thus if the beam was centred on the focus plate
hole 5 mm diameter it could be moved completely clear (about 8 mm).
Two materials were used for the electron gun filament. The
first was tungsten ribbon Vv .005" x .030". This was used for the
experiments involving CH4 and Kr' C2H4 and Xe. The life of the
filament was.reduced drastically by oxygen. In this case a thoriated
jridium filament was used. This filament material was very
stable in oxygenl It also performed well with nitrogen although

initially the presence of N2 decreased the emission.

2:7 3Ion Acceleration and Gating

The ion acceleration electrodes are shown as [16] to [20]
in figures (2:1) and (2:5). Two sets of electrodes were used.
The first is shown in figure (2:5a) and the second in (2:5b).
Ions leaving the high pressure ion source exit [12] were accelerated

by a negative potential to the quadrupole entrance cone [16]. This
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cone was mounted upon the existing quadrupole mass spectrometer
ion source plates [17] to [20]. The ions passed through this
auxiliary ion source info the quadrupolef

This auxiliary source was used for low pressure gas analysis.’
{17] is what is normally called the case of an ion source. [18] is
the electron filament support and reflector (Pierce gun type)
and [18a] the normal trap. The ion acceleration potential (about
7 vélts) was applied between [17] and [20] the quadrupole entrance
aperture. Electrode[19] was an ion focussing electrode.

The electrode potentials are shown in Tabie 2:1. The ion
'source potential was kept at +7.5 Qolts as this was the value
which gave maximum signal én the high mass range of the quadrupole
analyser..

For the earlier experiments, the studies on methane krypton,
ethylene-xenon and oxygen, the electrodes in figure (2:5a) were
used. In this case the electrodes [19] and the bottom half of
[17] were pulsed to "gate" the entrance of ions into the mass
analyzer. When the gate was closed electrodes [17] and [19] were
at +40 V. The pulse from the generator (-40 V) returned this
to zero so that the ions could pass through for the duration of
the pulse.

Because of the presence of a battery (40 volts) in the
pulse line it was found that the pulses were not square due to

the large capacitance. The second group of electrodes shown
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TABLE 2:1

Potentials on Ion Acceleration Plates

Electrode Potentials

Electrode Volts
A. When auxiliary ion source used.
16 . 0
17 +7.5
18 +7.5
19 -50
20 ' 0 grounded
. B. When high pressure source used as (2:5a)
12,13 +7.5
14 +7.5
16 -90 to -225 v
17 0 gate open (pulsed)
18 . +40 gate closed
19
20 0 grounded
C. When high pressure source used as (2:5b)
12,13 +7.5
14 +7.5
16 ~67.5
. 16a -67.5 gate open (pulsed)
{ 0 gate closed
lé6c 0
17 0
18 0
19 0

20 0 grounded




in figure (2:5b) were designed so that the capacitance of the
system could be reduced to obtain square pulses and also so
that the flight time of the ion from the ion source to the
ion gating position was reduced. .
The ions could be deflected by the pair of plates [16a]
and [16b]. These were two half cylinders mounted inside the
cone. The electrode [1651 was kep%'at the cone potential (-67
volts) all other electrodes [1l6c] to [20] were kept at ground
potential. During the interval between pulses, electrode [l6a]
was kept at zero potential. All ions would be deflected and
discharged on [l6b] or [1l6c]l. A négative pulse (-67 volts)
was applied to [16a] so that the space inside the cone became

field free and the ions passed through into the quadrupole

analyser.

2:8 Travel Time of the Ion from the Ion Source

to the "Gate" Electrodes

It was necessary to know the travel time of an ion from
the ion source to the point at which the ion "gate” potential was
applied. This travel time was calculated from the potentials
of the electrodes.

A simple model was used at first for the electrodes in
figure (2:5a). We assumed that the ion accelerated across

a uniform field between the ion exit cone [12] and the quadrupole
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entrance cone [16] ar_xd then travelled at constant velocity
through the cone to the ion gate [17,19] where it was stopped.
It was observed that the two distances were about the same.

For an ion accelerating in a uniform field the terminal velocity

Ut is given by (2:vii), e/m is the charge to mass ratio and V is

(2:vii) Ut = 2eV
m

the potential of the field. Since the average velocity is half

the final velocity,the time is given by (2:viii) where s is the

(2:viii) t. = 2s

distance between the cones. Since the ion travelled at constant

velocity Ut through the quadrupole cone of length s', this time

'is given by (2:ix). Since the two distances were equal, s' = s,
(2:1ix) t' = s'
Ut

the total flight time tf is given by (2:x). This formula was

(2:x) tf< = 3s /m
2eV

used to find the flight times used for the methane~krypton

results. The flight times are shown below in Table 2:2.

44
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TABLE 2:2

Flight Times of Ions Calculated by Equation (2:x)

for Electrodes Shown in Figure (2:5a) . Acceleration voltage = -225 volts

Ion (m/e) Flight time (micro sec.) value used
ke (84) 5.8 6

+
ci,’ (15) 2.53 3
cn4+ (16) 2.7 3
cn5+ (17) 2.45 3

+ .
c,H. (29) 3.4 3
02+ (32) 3.6 4
04+ (64) 5.0 5

s = 4.5 cm, V = 232 volts, ¢ = 1.6x10—12(g cmz/secz), m = g/6.023x1023

A second method was used to calculate the flight time. The
assumption that the field was uniform was not correct as the field
did not penetrate the ion exit cone evenly. The cross section of
the ion source and electrodes was drawn with silver conductive
paint upon conductance paper. Electrostatic plots were cbtained
for both electrode systems. These are shown on figure (2:5).

The total potential was divided into ten equal units. The time
the ion took to travel from one equipotential line n to the

next (n+l) was calculated. The total time is given by the
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summation of these times by equation (2:xi), where the voltages

P ————————

n

(2:xi) te = 1, /gén_ a_(/Vq_~ V1) 0=l to 10

' Av

at an equipotential level n is given by.Vn, and distance between
n and n-1 is dn. AV is one tenth, in this case, of the total
potential V and equals (Vn-vn_l).

Tt was found that since the equipotential lines were more
widely separated at the beginning of the ion's path, the times

were slightly larger. The difference was less than 1 micro

second. The travel times for nitrogen were calculated this way.

TABLE 2:3

Flight times of Nitrogen Ions Calculated by Equation (2:xi)

Electrode Arrangement Shown in Figure (2:5b)

Acceleration Voltage = =67 volts

Ion Flight time (micro sec.)
Nt 3.2

+
N2 4.5

+
N3 5.4
Nt 6.4
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2:9 Pulse Circuits

The order of the pulse generators is shown in figure (2:6).
The order of the pulses is shown on figure (2:7). The first
pulse generator (General Radio, Type No. 1217—05, was used to
generate the pulse of width Ate applied to the electron beam |
deflection plates. The synchronization signal was fed into the
oscilloscope (Tektronix 536), and generator number 2 (Datapulse
Model 100). This was used as a variable delay, to change the
times t" between the pulses. This delay time was the reaction
time t plus the flight time tf. The output of this generator
. (actually the delayed synchronisation pulse) was used to trigger
the third generator (Datapulse Model 100) which produced the ion
gate pulse of width Ati. The delay time t" was measured
visually by means of the oscilloscope as the vernier scales
on the pulse generators were not accurate. The technique of
using an ion gate to establish the ion reaction time was chosen
as it allowed the mass spectrometer to operate continuously.
Since the signal amplifier had.a slow response time, the signal
indicated on the chart recorder was the integrated signal from

many successive pulses.

2:10 OQuadrupole Mass Analyser and Detection System

The Measurement of the Transmission of the Analysex

The quadrupole mass spectrometer was an Electron Associates

Inc. Model 200. Three mass ranges were provided, Low (1-50),
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Medium (10 to 150) and High (10 to 500). The quadrupole probe
was powered by an R.F./D.C. Generator which was part of the unit.
Ton detection was by means of an electron multiplier from which
the signal was fed into a Keithley Model 416 Picoaﬁmeter,and
_thence into a high speed oscillographic recordex {Sanborn
4500 series). Since the theory of operation of a quadrupole
analyser may be required to explain the operation it is given
below. .

The quadrupole mass spectrometer was developed by Paul
and co-workers (56,57,58). It consists of four long parallel
rods (figure 2:8a). TheoreticallyAthe cross section of the rods
should be hyperbolic, but a circular cross section may be used.
Opposite pairs are connected together electrically. A de’
voltage U and an rf voltage Vo cos Wt are applied to the poles
so that the positive pair of electrodes has a potential
+(U + Vo cos wt) and the negative pair a potential -(U + Vo cos wt).
The electrodes are separated by a distance 2r° and the potential V

at any point is then given by equation (2:xii), where X is the

. 2 2
2: V = - +
(2:xii) (x 21 ) U Vo cos Wwt)
r
o
direction of the positive rods, y is that of the negative rods and
z is the longitudinal axis. Ions are accelerated into the rf-dc

field along the z axis. The motions of the iors are described

by equations (2:xiii) to (2:xv).
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Figure 2:8 (a) Quadrupole rods. The hyperbolic cross section is

approximated by a circular cross section.
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(b) Stability diagram of the Mathieu paramaters a and q.



(2:xiii) m dzx + 2e (U + Vo cos wt) = 0
dt2 r 2
o
(2:xiv) m dzx - 2 (U + V, cos wt) = 0
at? r 2
o
2
(2:xv) m dz = 0
dt2

(2:xv) is most easily integrated to give dz = constant. This
ac .

means that the ions travel at constant forward velocity through

the quadrupole rod structure. Equations (2:xiii) and (2:xiv)

are solved by use of a Mathieu function. The Mathieu equations

of motion are (2:xvi) and (2:xvii).

(2:xvi) QEE' + (a+ 2gcos 2¢) x=0
a¢®

(2:xvii) QEX. - (a+ 2qgcos 29) y=0
d¢2 .

Three dimensionless parameters are defined.

(2:xviii) ¢ = wt

(2:xix) a = 8elU

(2:xx) q = 4eV,

When an ion enters the quadrupole structure its trajectory

is controlled by these parameters. There is a region of stable

52
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oscillations where the amplitude remains less than 2r . _This
region is shown on the stability diagram shown in figure (2:8b).
Ions with values for the parameters outside this region follow
a trajectory of increasing amplitude and strike either the x
rods when q is greater than the x stability limit or the y
rods when a is greater than the Y stability limit. Thus only
ions with values of a, q, U, Vo' w and r, will pass through
and be detected. The number of ions with different masses
which are detected depends upon the ratio a/q. If a/q is
small (the dashed line a/q), many ions of similar mass (ml,
m,, m3) will be detected and the resolution is low. If a/q
is large, as is shown by the scan line (the solid a/qg line)
on figure (2:8b), perhaps only one mass my will be stable at
a time and the resolution will be high. Resolution increases
with the a/q ratio and theoretically becomes infinite at
a/q = 0.336 (a = 0.23699 and q = 0.70600). The quadrupole is
operated as a mass spectrometer with a/q just smaller than
0.336. Mass scanning may be accomplished in two ways, ® is
kept constant while U and Vo are varied so that the ratio
U/Vo is kept constant, or U and Vo are kept constant wﬁile w
is varied. The mass spectrometer used in this work used the
first method. The transmission of the quadrupole is large
because no ion defining apertures are required.

The transmission of an ion is dependent upon the U/V°

ratio (U/Vo = a/2q). Von zahn et al (59) assumed that g was
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kept constant, at the apex of the stability diagram (figure 2:8b)
and that any deviations from a/q = constant, were then dependent
upon a. He developed an equation (2:xxi) for the observed

intensities I. and I, of two ions after mass analysis.

1 2
. ’ o. _ : - .
(2:xxi) El. = Il (amax al) where amax .23699
I I O
~2 2 (a - a,)

max 2
Ilo and 120 are the original intensities of the two ions before
analysis. Thus Il/Ilo and 12/12o are the transmission factors
of the two ions. If the ratio U/Vo is constdnt as U and V° are
changed a/q will remain constant (a/q = ZU/VO) and thus one would
expedt constant transmission for all ions; The ratio U/Vé was
measured for the low mass range of the present instrument. The
ratio did not remain constant as U and Vo increased. Figure (2:9a)
shows the variation of U/Vo as Vo was increased. The ordinate is
expressed as a fraction of Vo max whexe Vo max is the highest rf
voltage for the particular mass range. Since it was difficult
to measure Vo accurately, the measured ratio U/V° was normalized
so that at .05 Vo max’ U/Vo = amax/Zqmax = 0.16784. The variation
of intensity with Vb was calculated by means of the von Zahn
equation (2:xxi). The parameter a was calculated from the'ﬁ/Vo
ratio with g assumed to be constant at 0.7060. The intensity
is shown as a relative intensity (with I at 0.5 Vo nax taken aé

unity) in figure (2:9b). One can see that the transmission of

ions of low and high masses would be less than ions of
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intermediate mass. The equation (2:xxi) gives a linear
relationship between transmission and a/q (g constant).
Brubaker and Tuul (60) reported plots of transmission factors
versus a/q. These plots show that for their instrument the
transmission decreased slightly as a/q increased from O to
perhaps 0.330 and then suddenly decreased as the ratio
approached'the maximum volume 0.336.° Thus small changes in

a/q would change the transmission factor by a very large amount.
This was found to be the case for the present instrument. The
transmission was very dependent upon small changes in the ratio.
Brunée et al reported (61) that even at constant u/v, ratio

the transmission decreased with increasing m/e and thus the
equation (Z:xvi), used to generate the theoretical transmission
in figure (2:9b) is probably too simple.

Brunée et al (61) also described a method by which the
quadrupole could be used to collect the total ionization. If
the dc voltage U is switched off, a/q = 0, (a/q = 0 is the ordinate of
the stability diagram (figure 2:8b)), and there is no discrimination
of ions. A certain small rf voltage Vo is required to focus the
ions. Al; ions of mass greater than that corresponding to
the small value of V° are collected. The present instrument
was modified to permit this method of operation.

The transmission factors were measured in the following

manner. The ion source exit leak of .120 mm diameter was



57

replaced by a large leak v 1 mm diameter. A repeller was
welded to the electron trap so that the ion source could be
operated as a conventional low pressure source. The only
difference was fhat the electron enexgy was 4000 eV instead
of 70 eV. The quadrupole entrance cone ([16] of figure 2:5a)
was connected through a battery (-90 volts) to a sensitive
ampiifief (Keithley 610B electrometer). The ion current
hitting the cone was measured. It was found that when the
potentigl on the gate electrodes [17] and [19] was positive
(+40 V) so that the gate was closed, the current measured on
the cone increased. This change in current AI was taken to
be the current of the ions passing through the cone into the
quadrupole analyser when the ion gate was open. The ion
current at the exit of the analyser was divided by AI to
give a transmission factor. Only the results in which the
transmission was constant as AI was changed, by changing the
ion source pressure, were used,.

The gases used to calibrate the mass spectrometer were
chosen so that electron impact produced ions of one mass
or ions which were spread over a narrow mass range. The
rare gases were used first. The intensity of the major ion
was corrected for isotope ratios and for contributions due to
doubly charged species. The cross sections for production

by 4000 V electrons of multiply charged ions, ;elative to
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singly charged ions were taken from tgbles in Schram (62).

They were usually less than 10%. The diatomic gases 02, N2,
etc. were used next. The intensity of the molecular ion was
corrected for the contribution of atomic ions to the total

ion current AI. Finally hydrocarbon gases were used. These
were chosen such that a group of ions of simjilar mass were
produced in large abundances. For example CH4 is ionized to
CH4'+ and CH3+ whose intensities total over 90% of the total
jonization. Other hydrocarbon ions were used. The relative
intensities of the major ions were taken to be essentially

‘the same as those reported in the API tables for 70 eV electrons
(Kebarle and Godbole (63) showed that the fragmentation pattern
remained essentially constant as the electron voltage was
increased). By this method it was possible to establish
transmission curves for the low and medium mass ranges.

The high mass range was calibrated by a slightly different
technique. The transmission factors for three masses were found
m/e 84 (Kr'), m/e 92 (06H3'CH3+’ and 132 (Xe'). A spectrum of
C4C16 was run using the auxiliary low pressure jion source with
the electron energy set at 70 eV. This was compared to a
spectrum obtained by an A.E.I. MS-2 magnetic mass spectrcmeter.
The relative factors of the ions of C4CI6 obtained by comparing

the quadrupole spectrum to the MS-2 spectrum were normalized

to the factors obtained for m/e 84, 92 and 132.




The transmiséion curves for the three mass ranges are
shown in figure (2:10). They were plotted in logarithmic
form for convenience. These curves are remarkably similar to
the theoretical curve, figure (2:9b).

The transmission factors were checked later when the
ion acceleration electrodes shown in figure (2:55) were installéd.
The ion current was measured on £he deflection plate [16al. The
jon source potential was +7.4 V and the cone [16] potential
-67.5 V. The deflection plate [16a] had a potential of -135 volts.
The current was measured by the Keithley 610 B electrometer.
Essentially the same results were obtained by this method and
thus ihe'use of AI, as the current passing through the cone
was verified.

The total ionization was collected by means of the
quadrupole, when the dc voltage U was switched off. The
transmission of the total ioﬁization of Nz, with respect to
the current measured on the deflection plate {l6al was about
30%, compared to 15% for N2 when the ions were mass analyzed.
This céuld be interpreted two ways. The statement that when
Uu=0 al}‘ions are focussed by a small rf voltage Vo, may
not be strictly true. Alternatively there could be a considerable
loss of ions in the path from the cone [16] to the quadrupole
entrance aperture []0]. This is more likely. It would

mean that the transmission of the quadrupole analyzer itself
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when run in the total collection mode was close to 50%.
Probably the answer lies between, some ions were lost in
transit from the cone [{16] to the entrance aperture [20]
and the gquadrupole did not pass all ions in the total
collection mode. |

2:11 Discrimination in Detection by the Electron MultiplieXr

The ion signals in the present apparatus were detected
by a 14 stage, copper bery}lium secondary electron multipler
(SEM) . .Unfortunately an electron multiplier does not detect
all ions with equal efficiency. The number of electrons
ejected from the first dynode by the collision of the ion
depends upon its mass and its chemical composition. The total
amplification is proportional to the nurber of electrons from
the first dynode. It has been reported (64) that the secondary
electron current is proportional to the velocity of the ion.

Now if ions of different masses are accelerated towards the

first dynode by its negative potential, they all gain the samec
energies and thus their velocities will be proportional to LéfMEEE.
The relative electron currents for two ions of masses m, and m

2

will therefore be related by equation (2:xxii).

(2:xxii) i

T2
Stanton,Chupka and Inghram (65) showed that the chemical

e
'—l
1
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composition of the ion may affect the amplification. It

appears that multi-atomic ions break apart on collision with the
first dynode and act as a group of particles of.the same energy.
The amplification thus increases with the complexity of the ion.

For example, Stanton et al found C14H10+ had an amplification

factor 2.2 times that of Hg204.

The amplification %actors for che various ions were
measured in the present apparatus. First the amplified ion
signal was recorded when the SEM was operated in the normal
fashion; The signal was again recorded when the first dynode
of the SEM had been connected to the recorder so that it acted
as a Faraday cup. The ratio of the first signal to the second
was the amplification factor. The amplification factors are
shown plotted versus m/e in figure (2:11). One can see that
the chemistry of the ion has a larger influence than does the
mass upon tae amplification factor. Equation (2:xxii) has
been plotted so that it passes through ke' m/e 84. The
atomic ions fit this line more closely than do the multi atomic
ions.

an excellent discussion of the operation of secondary
electron multipliers has been given by Beynon (64) . The problem
of amplification is discussed in detail.

The measured jintensities of the ions were corrected for

discrimination by the quadrupole analyser and the electron

62



composition of the ion may affect the amplification. It

appears that multi-atomic ions break apart on collision with the
first dynode and act as & group of particles of.the same energy.
The amplification thus increases with the complexity of the ion.
For example, Stanton et al found C14H10+ had an amplification

factor 2.2 times that of Hg204.

The amplification %actors for the various ions were
measured in the present apparatus. First the amplified ion
signal was recorded when the SEM was operated in the normal
fashion; The signal was again recorded when the first dynode
of the SEM had been connected to the recorder so that it acted
as a Faraday cup. The ratio of the first signal to the second
was the amplification factor. The amplification factors are
shown plotted versus m/e in figure (2:11). One can see that
the chemistry of the ion has a larger influence than does the
mass upon the amplification factor. Equation (2:xxii) has
been plotted so that it passes through ke’ m/e 84. The
atomic ions fit this line more closely than do the multi atomic
ions.

An excellent discussion of the operation of secondary
electron multipliers has been given by Beynon (64) . The problem
of amplification is discussed in detail.

The measured intensities of the ions were corrected for

discrimination by the quadrupole analyser and the electron

62



™
0
‘A 000¢ = TeTauszod IoTTATITOW “ISTTAT3TNU UOXFOST® AIRpUODIS BUYR 103 SI03IRJ uotqeoTzTTduy  [l:¢ @anbid

001 o/W  gg 0
_ ; . . . - 0
ofH uipluod ©
suog4poosphy O ]
| @@ . ou 1
* T Teg— —
W T~ 404
S~~~
/
AQ«IM_«. .._..4./ .0..2\%!L
# £ N N6 +Y aH
g (CHIH o ¢ 8 *
Aw +A,w *0 N Lw 87
£ : L + \
HO 09 N 0
e‘o.%w.wv * ja) &w o ) WO @.Mz m\,....\/%
Q PO P Gm__.m,,ox ¢
* +mow Hp N8 w , Mm_ﬂfzo 10¢
A /
L4 O«I%
(CH)H T

0L X NOILVOISTTWY

R



64

multiplier. Each ion intensity I was multiplied bya factor F.
This factor was calculated for each ionic species by equation
(2:xxiii).

1

(2:xxiii) F =
Quadrupole Sensitivity Factor x SEM Amplification

For most of the results relative factors rather than absolute factors
were used. Consequently the absolute intens;ties are not given in

figures in which the ion intensity is the ordinate.

2:12 Collision of Ions Outside the Ion Source

The collision of ions along the trajectories from the ion
source to the point of detection may cause discrimination. Two
experiments were carried out to determine the extent of collision.
The total ion current was measured as a function of the ion source
pressure. It was measured on the cone deflection plate [16a) and
by means of the quadrupole analyser operated in the total ionization
mode. The results are shown in figure (2:12a). One would expect
the signal would increase as the pressure increased provided that
at all pressures the number of ions leaving the source was
proportional to the number formed by electron impact. After the
initial rise the cone signal became reasonably constant, and
then rose slightly as the pressure outside the ion source i.e.
in the vacuum chamber reached lxlo-4 torr. The signal measured

by the quadrupole, however, decreased slightly. The decrease
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is probably due to collisions in the quadrupole tube as the
flight time of an ion through the quadrupole analyser is
relatively long. For N2+, with an ion source potential of
4+7.4 volts and a cone potential of -67 volts, the flight time
of the ion from the ion source to the cone can be calculated
as 4.5 micro seconds, while the flight time through the
quadrupoles is. 25 micro‘seconds. In figure 6:12b) are shown
similar plots in which the leakage of gas from the ion source
was much larger than normal (F = 25 cc/sec. compared to 9 cc/sec.).
This was due to an unwanted leak. In this case the exterior
pressure increased much more rapidiy as the ion source pressure
increased. One can see that collisions inside the quadrupole
tube reduqed the signal by a larger factor than before. Also
the pressure of 1x10_4 torr in the vacuum chamber was reached
at a lower ion source pressure. Since the cone current shown
in both diagrams (a and b) of figure (2:13) increase rapidly
at pressures above 1x10_4 torr in the vacuum chamber, the
increase is probably due to formation of ions in the region
between the cone and the ion source by.stray electrons from
the electron beam. Normally the ion source operated under
conditions where the pressure of lxlom4 torr was not reached,
and thus the only ions observed would be those produced in

the ion source.

In the second experiment the ions N2+ and 02+ were produced
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in the low pressure ion source. The intensitiés of the two
signals were observed as the vacuum chamber pressure was
ijncreased. BAir was admitted to the chamber in two ways. It
was admitted via the high pressure ion source and also by
allowing it to leak through one of the mounting flanges.

The results are shown in figure (2:13a). One can see that the
ion signals increased.until the pressure reached lxlO'-4 and
then decreased. This decrease must be due to collisions
inside the gquadrupole analyser. The ratio N2+/02+ is plotted
versus pressure in figure (2:13b). The ratio remained
reasonably constant as the pressure was increased to lxlo_4
torr above which it decreased rapidly. Since N2+ has a

larger ionization potential than those of the other major

. . +
constituents of air, i.e. O2 and H O, N

2 9 would be lost by

charge exchange collisions at a greater rate than would 02+.
This is the cause of the decrease in the N2+/02+ ratio at the
higher pressures. From this experiment it was concluded that
discrimination of ions due to collision, were not important
if the pressure in the vacuum chamber was kept below lxlO—4
torr. Most of the experiments reported later, were done

under conditions in which the vacuum chamber pressure was

kept below lxlo‘-4 torr.
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2:13 Purification of Gases

Krypton, xenon, neon, oxygen and nitrogen were obtained from
1 liter bulbs manufactured by the Air Reducation Company. These
contained very small amounts of impurities (about 10 ppm) . Nitrogen
was also obtained from other sources and purified. It was found

that the nitrogen experiments were more consistent when N2 was

continually flowed into the ion source. The Airco bulbs did not
hold a sufficient amount for flow experiments. Nitrogen from a
tank (containing 2 ppt O2 and 7 ppt HZO) was passed through a

molecular sieve (Type 5A), to remove H,0, through sodium-potassium

2

alloy to remove O, and again through molecular sieve (Type 3A),

2
which was kept at -126°C by a methyl cyclohexane-liquid nitrogen

slush bath. It was possible to reduce the o, and H,0 impurities

to less than 50 ppm by this method.
Ethylene was obtained from a Phillips research grade
cylinder of purity 99.94 mole percent. Methane, from a tank of

Matheson "Ultra Pure" which was labelled to contain 50 ppm C02,

<5 ppmC and 1.7 ppm C_H_ was

3g Y

passed through a trap of 3A molecular sieve which was cooled to

2.5 ppm 02, 13 ppm Nz,

-196°C by liquid nitrogen and stored in a 1% bulb.

2:14 Experimental Procedure

Appropriate gas mixtures were first made in the gas handling

plant (figure 2:8). 1In the early experiments (CH4-Kr, chapter 4)
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and (C2H4—Xe, chapter 5), the mixture flowed from the 4 liter
bulb into the ion source. It was found that the pressure
decreased very rapidly and since it took several minutes to
measure the intensity curve of each ion more reproducible
results were obtained by remaking the mixture before measuring
the next jon. The technique was improved by making large
quantities of the gas mixture and storing it in an external
bulb. This bulb was attached to the gas handling plant by a
Granville Phillips variable leak so that the pressure in the
G.H.P. was kept constant. The 4 liter bulb was used as a
ballast volume. The gas mixture was analysed before and after
the high pressure measurements by means of the auxiliary low
pressure filament. It was found that gas mixtures of gases
with widely different molecular weights (such as C2H4 and Xe)
did not fractionate while passing through the variable leak
as they might be expected to do. Since for these mixtures
one gas was only a fraction (¢ 1/103) of the major constituent,
the latter presumably controlled the flow characteristics.
wWhen the pure gases O2 and N2 were used, they were flowed at
constant pressure directly from the source through the variable
leak into the gas handling plant.

The ion intensity curves were obtained in the following

manner. The gas was irradiated continuously by the electron

beam and a spectrum was recorded. This spectrum was used to



establish which ions were present and whether there were
impurities present. The electron beam was switched to the
pulse mode and a second spectrum at constant ion collection
was recorded. The ion gate was then switched to the pulse
mode, the mass spectrometer was adjustea so that only one
mass was recorded. The ion intensity was measured by
increasing the delay time‘in steps. The time was measured
by the oscilloscope. At each time, the chart recorder was
moved forward and stopped, so that the curves appeared as
step fuﬁctions on the chart paper. This method of obtaining
the intensity curves was uscd as the amplifier was slow and
integrated the signal from many successive pulses. The ion
intensity curves were replotted on graph paper (at times
corrected for the flight time tf), with the appropriate
factors applied to correct for the intensities for efficiency

of collection.
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3 PHYSICAL CONDITIONS IN THE ION SOURCE; THE LOSS OF

IONS FROM ION-ELECTRON RECOMBINATION, FROM DIFFUSION TO
THE WALLS AND FROM MASS FLOW OUT OF THE ION SOURCE.

The ions formed by the electron Seam are lost by three
mechanisms, by recombination with electronms, by diffusion to the
walls and by removal from the ion source by flow of the gas.

Each of these mechanisms has a different effect upon the ion
intensity. The recombination of ions with electrons is a second
order mechanism. Since the concentrations are equal, the loss

of ionization will be second order and not pseudo-first order.

_The losses of ions by diffusion and mass flow are both first order.

Sampling of ions from any mass spectrometer ion source
may involve discrimination against ions of different masses.

This probiem is especially complicated in sampling from high
pressure ion sources since the ions are removed from a region at
pressures of several torr into a region in which the pressure
should be less than 10_5 torr so that mass analysis is not affected
by ion-molecule collisions. The ideal requirements are that the
sample be representative of the ionic constituents and that the
reactiop system be undisturbed by the process of sampling.
Unfortun‘.‘ately these cannot be fulfilled completely as the above
processes, recombination, diffusion and mass flow affect the ions
in different ways. The effect of these processes on ion sampling

and on the suitability of the system for kinetic studies will be

considered below.
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3.1 Recombination of Ions and Electrons in the Beam

i Steady State Concentration of Ions Under

Continuous Illumination

an estimate of the extent of ion-electron reconbination may
be obtained by an approximate calculation of the concentration of
jons formed in the beam. Figure (3:1) shows an enlarged diagram of
the ionizing region of the ion source. The ion current IS may be

calculated from the electron current IP by means of equation (1:4ii)

(1:ii) I

where Q is the cross section, n the gas density and % the path
length. The electron current Is was measured on the trap at
about luA'when there was no gas in the ion source. This
corresponds to.6x1012 electrons/sec. The cross section Q for
N2 gas for 4000 volt electrons may be taken (62) as 3x10-17 cmz.
At a pressure of 1 torr at 300°K,n=3x1016 molecules/sec. Since
we want the concentration of iéns, 2 may be taken as 1 cm. If
these values are substituted into equation (1:ii) Is is calculated
as 1.2x1013 ion/sec. If the average thickness of the beam is
about 1 mm, and its width is governed by the slit width 1.7 mm,
the cross section of the beam is about 2x102 cm?. Thus the

14

number of ions/cc Is' produced each second would be 6x10° .

This is a very high density of ions and many would be lost by




74

‘unz £O°T puUR UMW £9°Q‘pPOSN SI3M X SIVURISTP OML sganjxade 3TX® UOT d9Yl pue

weaq uox30aT® ouy jo peoxds pajeurxoxdde ue HUTMOYS UOTHDZ UOTIORSII JO MSTA PITTEI=A 1:€ @xnbTd

f

si1sA|pup ssbw 0}

.e4n}iado

o

wbog uolloale
y A A

EE;




75

reconbination. Since the secondary electrons also cause
ionization the actual density will be higher. The change in the
ion concentration I due to recombination is given by (3:i) where o

(3:1) ar
dt

= -0 I [e] + Is'

is the recombination coefficient which may be taken as 3x10m7 cc/ion
sec. for N2+ ions (66). Since the formation of an ion by electron
impact produces a new electron, the electron concentration [e] may

be taken to be equal to the ion concentration I. Under steady

state conditions dI/dt = 0 and equation (3:i) reduced to (3:ii).

(3:ii) oI = I

The concentration of ions under steady state conditions I is

given by (3:iii).

(3:1ii) I ={I1"

1f IS' = 6x1014 ions/cc sec. and O = 3x10-7 cc/ion sec. then the

steady state concentration I= 4.5x10lo ions/cc.

ii Lifetime of an Ion in the Beam

The average life of an ion in the beam is given by the ratio
of the steady state concentration to the concentration of new ions

produced each second. This is given by eqqation (3:iv). Vhen the

(3:iV) T =
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above values for I and I; are substituted into this equation
the average lifetime of an ion in the beam is calculated as

T = 7x10-5 seconds.

iii Time for Removal of an Ion from the Beam by Diffusion

At high ion densities (greater than 108 ions/cc) ions
are removed from the peaé b§ ambipolar diffusion (67, p.206) .
The time required for the removal of an ion from the beam is
related to the ambipolar diffusion coefficient Da and the

distance d by equation (3:v) (67, p. 200, 68, p. 493).

2
v T n
(3:v) diff v

mUlQa

d may be taken as 0.5 mm, half the width of the beam. The value
of the anbipolar diffusion coefficient is somewhat unknown. We
might take a value of 100 cm?/sec. from a table given by McDaniel

(68, p. 516). is then calculated as 25 micro seconds.

Taiff

This value has the same order of magnitude as the lifetime of

the ion in the electron beam. Consequently one would expect

that recombination would have an effect on the sampled ion intensity.
An experiment was carried out so that the effect of ion-

electron recombination might be observed. The electron beam was

pulsed and the ions leaving the ion source were collected

continuously. The pulse length was changed while the pulse

repeat freguency remained constant. The increase in intensity
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Iobs with the increase in pulse length was measured. The pulse
repeat time was set at 2000 micro sec. for two runs and at 4000
for a third, as the ion intensity decayed after the pulse to
very small values within 1000 micro seconds. Consequently the
major effect on intensity would be brought about by the pulse
length (from 1lOou sec. to 1000U sec.) The results are shown on
figure (3:2). The ob;erv;d intensity Iobs' as a fraction of
the intensity under constant illumination I_, is plotted versus
the pulse width which is expresséd as a fraction f of the pulse
repeat éime. This is called the illumination fraction where
the value £ = 1.0 corresponds to constant illumination. The
plots are shown in log form (figure 3:2) as the solid lines
a, b and c¢. If the.ions in the beam were lost only by first
order processes, the intensity would increase directly
proportional to the illumination time. The dashed line d
indicates this situation. It can be seen however that the
ion signal increased at a rate, such that the log-log slope
is less than one. This indicates that processes greater than
first order are responsible for loss of ions. The part of the
time fraction scale between about 0.3 and 1.0, where the slope
increases,corresponds to the situation where the ion signai
does not decay between pulses. This would.capse an overlap

and the change in intensity would not be due to the increase

in pﬁlse length. The data of 0.92 torr with 4000 micro second
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repeat time line c of figqure (3:2) was plotted in a slightly
different manner in figure (3:3a). The normalized intensity
was divided by the time fraction f. When the pulse widths were
short this time-normalized intensity was much largér than when
the pulse widths were long. This same data is shown in a log
form figure (3:3b).

A theoretical calculation was carried out. It was assumed
that equation (3:i) held that ions were only produced by a linear
relationship (Is't and lost by a second ordexr procéss (-aIzt).
Equation (3:i) may be integrated to give the following equation

(3:vi) (67, p. 79) where I_ is the intensity at time t and I

t

(3:vi) 1, = 1 fe® %% )
(e2 Ioout + l)

the steady state intensity given by equation (3:iii).

(3:4ii) 1, = [t
o

Equation (3:vi) was used to generate the curve showing the change

in intensity with time, after the beam was switched on. This is
shown in figure (3:4) as the solid line. The beam was considerxed
to decay by a second order process after the pulse ended. ‘The
equation used is (3:vii). The decay of the intensity I after

I

(3:vii) I = t

(1 + aItt)

each pulse is shown as dashed lines. The areas under the curves,
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which show the increase in intensity during the pulse, and the
decrease after the pulse, were measured geometrically. These
areas would normally correspond to the ion signal received by
the mass spectrometer. These areas were normalized to the area
of constant illumination. The results were plotted versus pulse
length (as a fraction of the pulse repeat time) and are shown
by line e in figure (3:2). One can see that the general shape
of the curve is similar to the observed values. One would not
expect it to agree exactly as many approximations were made in
the calculations. The decay was assumed to be entirely second
order and the geometric areas were only measured approximgtely.

| Figure (3:4) also shows that the steady state condition
was not established until the electron beam had been on about
200 micro seconds. This time is much longer than the pulse

width (10 micro seconds) used in the later experiments.

iv Charge Density in Volume Sampled by the Leak

The density of charges in the sample leaving the leak
may be calculated from the current measured at the ion acceleration

cone. The density is given by equation (3:viii). n is the charge

o]

(3:viii) n =

=]a

density, Ic the cone current and F.Q, the conductance of the leak.

The cone current was measured as 1x10—9 amps which corresponds
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to 6x109 jons/second. The conductance of the leak was about
1.1 torr cc/second. Thé charge density is then calculated

as n=5x109 ions/cc at 1 torr. This is only one order of
magnitude less than the calculated steady state concentration
of ions in the beam. It indicates that the ions are probably

not sampled directly from the beam but from just outside.

3:2 Processes Occurring in the Region From

which Ions Were Observed

i The Effect of First and Second Order Loss Mechanisms

Each short pulse of electrons pro@uces a group of ions
which decay during the time between electron pulses. It would
be interesting to determine the mode of this decay. A schematic
diagram of the ion decay after each ionizing pulse isshown in
figure (3:5a).

First consider that the decay occurs by a first oxder
mechanism. On each pulse an initial ionization Io is produced

and it decays according to (3:ix) where It is the intensity at
(3:ix) | I, = Io e

time t after the pulse and k the rate constant for decay. The
pulse width At.e js assumed to be infinitely narrow, i.e. Ate+0.
Let the residual intensity remaining from the previous pulse = C.

The total intensity at each pulse is A.~

(3:x) A = I°+ (o

83
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Figure 3:5 a. Schematic diagram of electron pulse and ion intensity curves

at constant pulse width and variable repeat time tr'

b. Normalized observed ion signal Iobs/IW' divided by illumination

fraction f, plotted versus the pulse repeat time tr'



Thus the observed intensity It' at any time t is given by (3:xi).

(3:xi) I = Ae

The value of C is given by (3:xii) where tr is the time between

pulses.
(3:xii) C = Ae

If equations (3:ix) and (3:xii) are substituted into (3:xi) the
observed intensity is given by equation (3:xiii).
(3:xiii) 1= o Kt
(1 -e*7)

Under conditions of continuous collection, the ion signal is

proportional to the area under the decay curve. This may be
found by integrating equation (3:xiii) between the limits o

and tr equation (3:xiv).

t t
(3:xiv) . -I 1l e‘-kt

I = o]

t e

(1~e ") &k

o o

(3:xv) .« Area = I,
%

Thus when the decay is first order the area is independent of
the pulse repetition rate. However the observed signal is
dependent upon the initial intensity Io' and the intensity of
the electron beam which is proportional to l/tr. If one
corrects the observed intensity to constant illumination then

the signal is again independent of tr’
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This calculation may be repeated for the situation in
which the decay of ionization is second order. The general
equation for second order decay is given by (3:xvi). The
parameters were defined earlier. The integrated equation which

(3:xvi) I = Io

t T ot ¥ 1
[o]

is proportional to the area is given by (3:xvii).

1l
(3:xvii) Area = 3

In this case the area-is dependent upon tr and increases as tr
"increases.

The ion signal from 0.92 torxr N2 in whiéh the major ions
were N2+ and N4+ was measured. The pulse width Ate was kept
constant at 10 micro seconds. The results are shown on figure
(3:5b). The observed ion intensity was normalized to constant
illumination by dividing by the fraction of time f = (Ate/tr).
The initial rise indicates that the decay of the pulses at
times less than 200 micro seconds is second order, whereas at
long reaction times the decay has decreased to first order. A
plot of the normalized ion signal from Xe gas (xet ana Xe2+)
at 3.90 torr, with 20 micro seconds pulse width, also shown in

figure (3:5b), demonstrates that the behaviour was constant for

different gases.
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ii Analysis of the Ion Intensity Curves by

Means of the Einstein Equation

The total ion ‘intensity curves obtained for N, gas were
analysed by means of the Einstein equation (3:xviii) (68, p. 492,

67, p. 199). This equation is for the spreading of a cloud of

2
N e—x /4Dt
0

(3:xviii) N =
2mDt

particles by diffusion in one dimension through a gas. No is

the number of particles located at the origin of a onme dimensional
coordinate system at time t=0. N is the nunber of ions at a

. point x some time t later, D is the diffusion coefficient. At

any time t a plot of N as a function of x has the shape of a
Gaussian error curve.

For the purpose of this calculation the electron beam was
considered to be an infinitely thin plane. The ions would
diffuse from the plane effectively only in one dimension and
thus the above equation may be used. The distance X remains
constant in the present situation. The variation of N with
time was determined, by means of equation (3:xviii). Various
combinations of D and x were used in the calculations. The
results were plotted in semi log form as the initial intensity No
was not known and the plots could be moved up or down until the
maxima had the same height. These were compared with the
experimental ion intensity curves which were also plotted

in semi log form.



Figure (3:6) shows some of the measured total ionization
curves and figure (3:8) some theoretical curves. It can be
seen that the results do not agree very well. The ion curve

obtained for 1.55 torr N_ at 385°K is the only one which has

2
the same general shape. Very large values of the diffusion
coefficient D were required to obtain ion intensity plots
even close to the experi&ental ones. The position of the
maximum of the ion intensity curve deserves some comment.
The maximum time tm is found by taking the derivative with

respect to t, of equation (3:xvi). The maximum time is given

by equation (3:xix). Since the diffusion coefficient D is

(3:xix) t =

inversely proportional to pressure (67, p. 201). One would
expect that as the pressure increased that the time would
increase proportionally. The time of the maximum of the
experimental ion intensity curves were found to increase
slightly, but certainly not proportionally to the pressure.
If the measured distance x, between the plane of the slit and
the ion exit aperture, is substituted into equation (3:xvii),
large values of D (500 cmz/sec. to 1500 cmz/sec.) are predicted
by the values of the time tm.

These calculations confirm that at short times, the loss

of ions was by means other than diffusion, i.e. recombination,
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Figure 3:6 Observed total ion intensity versus time curves for
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as the initial loss was very rapid. At long reaction times
> 30 micro seconds (from figure 3:6) the decrease appeared to
be due to diffusion,as the log plots (figure 3:6) show almost

a linear decrease in intensity.

iii Effect of Mass Flow

.

If the ion is removed from the ion source entirely by
mass flow, the time required for an ion to travel from its
point of origin to the ion exit aperture may be calculated by

means of an equation (3:xx) developed by Kebarle et al (42).

(3:xx) St = 27 (r3-r 3)
——— o
3F2

This is the equation for flow from a hemisphere above the
leak. The leak conductance F2 = 1.13 cc/sec. for nitrogen.

r is the radius of the hemisphere and r, the radius of the
leak. If r is taken as 0.67 mm and ro as .060 mm, the time

t is calculated as 560 micro seconds. When r = 1.67 mm

t = 8.5 milli seconds. This would indicate that the effect
of mass flow towards the removal of ions is not as effective
as recombination or diffusion of the ions. Since a large
amount of gas flowed out of the electron entrance slit, one
might expect some ions to be removed also. The same equation

may be used. r = 5 mm and r, is negligible in comparison.

At a distance of 5 mm the time for outflow will not be



affected by the length of the slit, and the flow pattern will
be essentially spherical and equation (3:xx) may be used.
When Fz = 8.1 cc/sec. and r = 5 mm, t = 30 milli seconds

which is also a long time with respect to the ion decay time.

iv Average Lifetime of an Ion in the Ion Source

The average life of ﬁn ion was calculated from the ion
intensity curve. Thié curve was obtained for N2 gas at 1.55 torr
at a temperature of 395°K. The average time t was calculated
from the values of the intensity Ii measured a; many times ti.
The time axis was divided into time intervals At each 5 micro
seconds long. At each time interval At, the height Ii was
measured. The average value of the function where I = £(t)
is given by (3:xxi).

(3:xxi) I = IAt, 1,2
l 1

L At, I,
i1
Since I = £(t) the average time t times the average height I

equals the area under the curve i.e. equation (3"xxii).
(3:xxii) t+I = IAt, I,
i7i
Thus the average time is given by (3:xxiii).
(3:xxiii) T = (T At 12
: i7i
L At, I,
i 74

The values of I, and Ati for the ion intensity curve of
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1.55 torr N, (figure 3:7) were tabulated and the value for t

was found to be 160 micro seconds.

3:3 Conclusion

The above order of magnitude calculations and experiments
show that the ion intensity was affected by three loss mechanisms
recombination, ambipolar diffusion .and mass flow.

Under continuous illumination it appeared that the
majority of the ions were lost by reconbination in the beam.
Since this is a second order process, ions undergoing first
order chemical reactions in the beam would exhibit a kinetic
order which is not first order. The average lifetime of an
ion in the beam was calculated to be 70 micro seconds, at
1 torr. The time for diffusion out of the beam was calculated
at about 25 micro seconds. Since these are the same order,a
considerable concentration of ions would diffuse from the
beam. It was shown however, that the ion density in the
region sampled by the leak was an order of magnitude less
than the steady state concentration of ions in the beam. The
observgg ions must therefore have been sampled from a region
just outside the beam and consequently one would expect that
recombination of ions and electrons in the beam would not
adversely affect the kinetic studies. At higher pressures

the average lifetime of an ion in the beam would decrease



whereas the time for the ions to diffuse from the beam would
increase. Consequently even though the ion concentration in
the beam increased the number diffusing out may not increase.
This might explain the observed ion intensity versus pressure
plot (figure 2:12a). The ion intensity increased up to about
1 torr and then remained constant. The loss in signal, from
a predicted continual increase with pressure could not be
explained completely by loss through ion-molecule collisions
outside the ion source. Thus the ion intensity measured
outside the ion source was probably representative of the ion
" concentration in the sampled volumé.

When the electron beam was pulsed, the processes occurring
appeared ?o be somewhat different. If the rate of production
of ions is 6x1014 ions/cc sec. then 6x109 ions/cc would be
produced in 10 micro seconds (the usual time used in most of
these experiments). This is less than the steady state
concentration. The ion intensity plots (3:6) indicate that the
loss of ions occurs initially at a rate greater than first order
and then decays to a first order rate. This was also indicated
by figure (3:5b). One might estimate from figure (3:6) that
the change of rate took place at perhaps 204 seconds}.or from
figure (3:6), that it took place at 200 micro seconds. Since
figure (3:6) shows the ions intensity curves directly the value

of 29 micro seconds is probably the better one. The ions were
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removed from the ion source by the first order processes,
diffusion and mass flow. The diffusion coefficients obtained
from the time of maxima of the ion intensity curves were
extraordinarily high consequently the Einstein eqﬁation
probably does not describe the situation properly. Since the
maxima were independent of pressure one might conclude that
ions were formed close to the leak and that these were
removed in a very short time. Since the travel time of the
gas was large the ions were probably removed mostly by
diffusion. Unfortunately the diffusion coefficient is mass
'dependent. Equation (3:xxiv) (67,.p. 201). shows the relationship
between the diffusion coefficient of an ion and the masses m

of the ion and M of the gas.

" (3:xxiv) DO /M+m

Thus D will increase with the mass of the ion and decrease with
incregsing mass of the gas. Consequently there would be some
mass discrimination and this will affect the kinetic measurements.
The decay of the total ionization will affect the kinetic
measurements only if the decay is second order. If the decay
is first order the kinetic measurements will be correct.
Consider that the total number of ions per pulse = Ioo
Since this decays by a first order mechanism the observed

intensity at time t, with no reactions occurring is Iot. The
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presence of a reactant gas, which reacts with the ions by a
first order mechanism, will cause the decrease in ions to be
faster. If one takes the measured concentration of Ioo at
some time,t i.e. Iot;and adds a smalllc?ncentration of ;eactant
gas the intensity will fall to Ict. Since the mechanism is

first order the intensities may be expressed by equation (3:xxv)

.

(3:xxv) . &n Iot = ket

I t
c
where k is the reaction rate constant and the concentration of

reactant gas. To measure k take times t, and t2.

1
t t
o : - = 2\ - 1
(3:xxvi) kc(t2 tl) n I° n Io
 ©2 1 Bl
c c
' t t
. o84 - - 2
(3:xxvi) kc(t2 tl) n Io . Ic 1
12 1h
c (o)

If the ion intensities are normalized by dividing out by the

total ionization I° at all times the fractional ion intensities i

t

decay of the total ionization by a first order mechanism will

will give the correct rate constant since i_ = :ctyxot. Thus the

not disturb the kinetic studies. This technique was used in

most of the kinetic studies described in the next sections.
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4. REACTIONS IN METHANE -~ KKYPTON

4.1 Introduction - Purpose of Studying CH,-Kr

System, and Previous Results

The technique of using a pulsed electron beam and gates
ion beam to observe the rate of dean of intensity, of ions
produced at very high pressures was new, and consequently some
chemical verification of the method was required.  Since the
pulse technique was designed to measure absélute reaction rates,
an ionic reaction with a well known rate constant was needed.
a1l well known ion-molecule reaction rate constants are in the
oxder of 10-9 to 10—10 cc/molécule second and were measured at
low pressure. Probably the most frequently measured rate
constants are those for reactions (4:1) and (4:2) in methane.

These reactions are frequently used for calibration purposes (69).

k
+ 1 +
(4:1) CH4 +CH4 — CH5 + CH3
k
+ 2 +
(4:2) CH3 + CH4 -_— CZHS + 1{2

They were first observed by Talroze and Lyubimova (5) and by
Stevenson and Schissler (6,7) who measured their cross sections.
Similar measurements were made by many other workers in conventional
mass spectrometers. These early results are contained in a review
by Field et al (33). Unfortunately since the ions were reacting
under the influence of a repeller field they did not have thermal

energies. Rate constants for thermal ions, calculated from these
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cross sections by the equation (1:vii) (see section 1l:2), wexe
found to be slightly dependent upon the repeller field strength,
eE_$%

r

k= o/ mp

(1:vii)

and therefore the use of these values for thermal conditions is
somewhat ambiguous. .

values of the rate constants at thermal energies have since
been determined at low pressures by means of a pulsing technigque
(16,18,70,51,72,73,). This technique was described earlier in
section (1:3).

The results for kl (reaction 4:1) and k2 (reaction 4:2)
are summarized in Table 4:1. One can see that the different
workers have obtained very similar results, since those values
for k1 obtained by pulse methods agree within 10%. Fewer values

of k2 are available. When CH, is ionized by electron impact

+. Thus k. is

the intensity of CH 2

3+ is less than that of CH4
more difficult to measure and the uncertainty of its measurement
is larger than that of kl' However the value of 0.79 for k2
compared to 0.99 for kl from the repeller method (reference 33)
shows that the two reactions have about the same rates.

From the data in Table 4:1, one- can calculate a suitable

pressure at which the reactions may be conveniently observed.



100

TABLE 4:1

Rate Constants for Reactions (4:1) and (4:2)

Measured at YLoow Pressures (Literature Values)

Technique Rate constants (cc/molecule sec.)xlo9 Reference
kl . k2
Repeller , 0.99 ©0.79 (33) other values

are quoted in
this reference

Pulsed i.16 (16)
1.25 (70)

1.25 0.70 (71)

1.11 (18)

0.96 (72)

0.86 (73)

The half life of a bimolecular reaction such as (4:1) is given

by equation (4:i) ( 74).

(4:1) T = 1l
kl[CH4]

where [CH4] is the concentration (in molecules/cc,if kl is in

cc/molecules sec.) In this instrument it was most convenient

to set the electron pulse duration at 10 micro seconds. Since
the pulse width must be short with respect to the reaction

time a convenient half life of the reaction might be set at
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50 micro seconds. Using equation (4:i) and a value of l>glO-9

for kl, one obtained a CH4 concentration of 2x1013 molecules/cc.
At 300°K this is about 10—3 torr.

Our intention was to calibrate the ion source at high
pressures, of the order of 1 to 5 torr. To get such pressures,
and yet still have the pressure of CH4 about 10_3 torr a charge
exchange dilution technique (which is also termed inert gas
sensitization (42)) was used. The reactant gas is mixed with a
large excess of the inert gas. A rare gas or one of the
diatomic gases such as nitrogen is used as the inert gas
sensitizer. If the ionization cross sections of the two gases
are nét too different, the concentration of ions produced from
the reactant and the inert gas will be approximately proportional
to their partial pressures'when the mixture is irradiated. 1In
our example these pressures are lO-3 and 1 torr and would lead
to the ion ratio of 1:1000. However if the recombination enexgy
(R.E.) of inert sensitizer gas is larger than the ionization
potential (Ip) of the reactant gas most of the iorfization
will be transferred to the latter through charge transfer
reactions (Section 1:5, i,ii).

Krypton was chosen as the inert gas. The Kr+ ion has
two states. The 2P3/2 with a recombination energy of 14.00 eV
and the 2P% with a R.E. of 14.67 eV. These react with CH

4

+ +
to produce CH4 and CH3 respectively (27). The overall
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reaction scheme may then be written as follows:

a:3) ket (%P, ) +CH, —3> CH,' +Kr
3 4 4
+ 2 k4 +
(4:4) Kr (°p,) + CH — CH, + H + Kr
Y 4 3 .
+ ky +
: _—
(4:1) CH4 + CH4 CH5 + CH3
+ ) +
. —_
(4:2) CH3 + CH3 C2H5 +.H2
+ k5~ : ‘
(4:5) CH5 + CH4 —=— No reaction or very slow
+ ke
(4:6) C2H5 + CH4 —— No reaction or very slow

The unreactivity of CHS+ and C2H5+ ions in methane was
previously established by Field et al (34), by Kebarle (75) and
by Wexler (39). This then sets a limit to the reaction segquence.

The presence of both CH4+ and CH3+ is unfortunate since
it compliéates the kinetics. 1Two other gases with recombination
energies larger than the ionization potential of methane, and
which might have been conveniently used, are xenon and argon.

The choice of sensitizer gas was made by referring to several
studied of charge transfer reactions of the rate gases with
methane (27,38,76,77). The results of von Koch (27) were the
most useful. Figure (4:1n) shows a breakdown curve for CH4
taken from this paper. This curve indicates relative concentrations
of the ions that are produced by charge exchange, as the
reconbination energy of the primary ion is increased.

2

The use of xenon (R.E. P% = 13,44 eV) would appear

ideal, since by exchange only CH + is produced. Unfortunately

4
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however Field and Franklin (78) have reported that in mixtures
. + + + +

of xenon and methane the ions XeCH3 ' XeCH2 , XeCH , XeC and
XeH+ are observed. These ions would complicate the kinetics
exceedingly. Argon might have been chosen since it produces

a large intensity of CH3+, but the rate constant for reaction

+
(4:2) is less well known and CH2 is also produced.
As was mentioned earlier, the break down curve indicates

that of the two states of Kr+, the 2P3/ reacts with CH4 to
2

give CH4+ and the ZP% to give CH3+. Cermak and Hexman (77)
reported the relative yields to be 0.65 and 0.35 respectively.
Krypton ions react with krypton atoms to form a molecular

ion, by means of a three body reaction (4:7).

(4:7) Kr+ 4+ 2 Kr = Kr2+ + Kr

This reaction is not expected to interfere, since at a relative
pressure of methane to krypton of 1:1000, Kr+ ions will be

removed much more quickly by the charge exchange reactions

(4:3) and (4:4).

4.2 Methane-Krypton Experimental

The variation with time, of the intensities of the ions

+

+ + + +
Kr , CH3 ’ CH4 , CH and C.H was measured for mixtures of

3 25
methane and krypton. The methane concentration was varied over

-3 -
a range of 0.68x10 to 3.4x%10 3 torr in a constant pressure of

3.4 torr kxypton., All experiments were done at room temperature



(i.e. 297 to 300°K). The electron pulse and ion gate widths
were set at 10 micro seconds. The pulse repeat time was set
at 2000 micro seconds so that the ionization produced by each
electron pulse had decayed completely between pulses. All

other conditions were the same as described previously (section 2).

4,3 Results

i gualitative Observations

The variation of intensity of the major ions observed in
a mixture of 1.4x10_3 torr CH4 in 3.4 torr Kr is shown in
figure (4:2). This represents a set of typical results. The
plot also shows the change of total ion intensity with time.
As can be seen, the decrease of total ion intensity was very
rapid for the first 50 micro seconds. The decrease then slowed
down so that the ion signal became negligibly small after 2000
micro seconds. This decrease in total ionization in the ion
source was due to ion-electron recombination, ion diffusion to
the wall, and mass outflow through the leak. These factors and
their significance to the kinetic measurements were described
earlier in section (3:3).

One can see qua;itatively in this figure how the reaction
sequence is carried. The Kr+ ions initially formed travelled

towards the ion source exit and there was an initial increase

. + . . . . .
in the Kr intensity,and hence the total ion intensity, since
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at short times (0-10 micro sec.) Kr+ was the major ion. Kr+ was also
being produced in this time by the 10 micro_sec. electrop pulse. As
the Kr+ ions reacted they disappeared more rapidly than the
total ionization and CH4+'and CH3+ appeared. These in turn

+

decreased as CH5 and 02H5+ were formed.

ii Preliminary Estimate of Rate Constants
In order to gain a preliminary set of. values for the rate
constant one may try to select conditions where the decrease of
an ion intensity due-to reaction is fastex than the decrease due
to diffusion and mass outflow. It was assumed that this was the
, + + + .
case for the reactions of Kr , CH3 and CH4 . One may derive an

equation for the loss of Kr+ as follows. For the general

bimolecular reaction (4:8)

(4:8) I+ + CH4 —E» products
+ ' +

Lis arr’y _ -k [} (cH 1

(4:4ii) 3t = 4

Since the concentration of ions is much less than the neutral
concentrations i.e. [CH4] >> [I+], we may consider that [CH4]
is constant, so that the reaction becomes pseudo-first order.
We can rearrange (4:ii) and integrate (4:iii). Let [I+] be

written as I+.

(8:iii) ar* _ -k [cm,] at
a .
I
I -k [cH.] t
(4:iv) %n = 4
I+
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This can be written alternatively in an exponential form.

(4:v) 1= 1: o klCH,I €

From equation (4:iv), if loglo[I+] is plotted versus t the
slope becomes -k[CH4]/2.303. The equation used in practice then

becomes (4:vi), if equation (4:iii) is integrated between times

tl and tz.

(4:vi) k = -2.303 log, (It,/I))

[ca] (- t))

One may also use this eéuation for the loss of CH4+ and
CH3+ if an additionél assumption is made; that reactions (4:3)
and (4:4) had gone essentially to completion before reactions
(4:1) an@'(4:2) occurred so that these ions were not being
produced at a time when their decrease due to reaction gave a
linear log plgt.

The log plots of the intensities (corrected for mass
spectrometer sensitivities) of the ions Kr+, CH4+ and CH +

3

for a mixture of l.4x10-3 torrx CH4 and 3.4 torr Kr are shown

in figure (4:3). The respective rate constants are calculated

9

as l.97x10-9, 1.50x10 ° and l.64x10-9 cc/molecule seconds.

The rate constant measured from the decrease of Kr+ is a

composite of those for reactions (4:3) and (4:4) as the two
+ e as ez . .

states of Kr were indistinguishable experimentally.

The preliminary values for the rate constants for three
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methane concerntrations are given in Table 4.2.

TABLE 4:2

Rate constants from the decay of

+ + + . e
Kr CH, CH, - preliminary values
A SN -

110

P Kr = 3.4 torr Rate constants (cc/molecule sec.)xlo9
P cH x10° torr x ke kot k cH, '
4 4 3
Rx (4:3),(4:4) Rx (4:1) Rx (4:2)
0.68 2.21 1.60 1.94
0.68 2.15 - 1.53 - 1.85
l.4 1.97 1.50 1.64
3.4 1.71 1.27 1.48

The values have the same order of magnitudes as those measured
by other techniques (Table 4:1) but are different by almost a
factor of two. The two runs at 0.68x10—3 torr CH4 show that
the reproducibility was good, as the difference in duplicate
runs is less than 10%.

The total ionization is also plotted on figure (4:3),
taken from figure (4:1). One can see that the decrease with
time is almost as large as the decrease of the individual ion

intensities, and since this will make each ion intensity

decrease appear to be faster than that from reaction alone,
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these rate constants will be too large.

One can see also that these rate constant rates are not
independent of methane pressure. There were two possible
explanations; firstly that the reactions were not really
pseudo first order, or secondly that the decrease of ion
intensity due to mass flow was not the same at each methane
concentration. Careful comparison -of total ionization curves
at different CH4 pressures (not shown) showed this was the
case. Consequently a normalization procedure was applied as

follows.

jii Corrected Values of Rate Constants

The data shown in figure (4:3) were normalized by plotting
each ion intensity at a time t as a fraction of the total ion
intensity at that time. The normalized curves are shown in
figure (4:4). The reaction sequence can be seen quite clearly
in this figqure.

pPlots similar to (4:2) and (4:4) were prepared for other
data resulting from the irradiation of mixtures 0.68x10-3 and
3.4x10“3 torr methane in 3.4 torr Kr (these are not shown)
subsequently the fractioned intensities will be labelled with
a small i (e.g. i, ).

: Kr

The data in figure (4:4) represents a system of consecutive

(pseudo) first order reactions, since the concentration of CH4



112

time psec

10f
3.4 torr Kr |
1-4 x10” torr CH,
.8— -
o 4—5
f°] c
- oKr?
Lol ¢ SCH, i
l'cot. QGi"',’: |
Y v mCHg i
0 +
\ CHs
WAS -
a
.2— o D 0 & 4_’1)-
. OJAO —
0 100 150

Figure 4:4 Ton intensity curves from (4:3) normalized total ionization.



is constant. Beactions (4:3), (4:1) and (4:5) and reactions
(4:4), (4:2) and (4:6) can be treated as two parallel reaction
chains. Mathematical formulae are readily available - (79).
First consider one of the chains. This is a single two stage

. . . . ' +
reaction with a single starting substance Kr .
k

+ 2 3 +
: —y
(4:3) Kx P&/g + CH4 CH4 + Kr
+ k1 +
(4:1) ' CH4 + CH4 — CHS + CH3
_ + k
(4:5) CHS + CH4 —2» no reaction

The concentrations of the ions are given at any time t by

equations (4:vii) to (4:ix).

o, —k3[CH4] t

(4:vii) lKr+3/2 = lKr 3/2 . e

Coiis . _ 40 k -k, [CH, ]t
(4:viii) i + = lKr+3/2[ 3 e 3 4

CH — +
4 | (kl k3)
k3 e—kl[CH4]t]
' (k3-kl)
o]
(4:1x) i +=1i_ 4+ - (i _+ « i 4)
CH5 Ky 3/2 Kr 3/2 CH4

A similar set of reactions may be written for the chain starting

with Kr+ 21>;§.

The initial abundances of Kr' in the %, , and the 21>;5 may
2
be expressed as fractions fl and f2 of the total Kr+ intensity

= 1 and thus

.0 . . Ne} R
+ . = =
- At t = O the intensity 1Kr+ iiotal

113
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.0, 2 _ .0 2 _ . . .
1Kr}( ng = flxl and 1Kr+( P%) = fle. At any time t,;Kr+ is

given by (4:x).

@ i+ = i+l + i (R

Kr Kr 3é L

Since one cannot differentiate between the two states of krypton
.+

with the mass spectrometerx, one can obtain 1p, by

substituting the two form of (4:vii) into (4:%)

e-k3[CH4]t e—k4[CH4]t

(4:x1i) lKr+ = f1

+'f.2
The values for fl ana f2 will be given by the relative abundances
at long times of the ions CHS+ and C2H5+ (see figure (4:4). The
observed relative abundances, when averaged over several runs,
were found to be in the ratio 0.75 to 0.25. These relative
abundances for CH4+ and CH3+ produced initially by charge exchange
from Kr+ are similar to expected values. The theoretical ratio
depends upon the transition piobabilities. These are given by
(25+1) where S is the spin (34 or %). The ratio then is

iKr+2P3é : :'LKr+2P;5 = 4:2 = 0.67 : 0.33 similar to that obtained
by Cermak and Herman (77) of 0.65 and 0.35.

If k3 = k4 equation (4:xi) can be reduced to (4:v). Plots
of log iKr+ versus t for the three methane concentrations are
shown in figure (4:5). From the straight line portions of the
plots values for the rate constant for the disappearance of Kr+

are obtained. Now from equation (4:xi) log iKr+ would only

give a straight line over the whole range of Kr+ if k3 = k4.
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However the linear portion in figure (4:5) does not extend over
the whole Kr+ range, but from perhaps 50% to 1%. This is

consistent with either k3 = k4 or k3 < k4 since if reaction

(4:4) were faster it would be complete in a shorter time than
reaction (4:3) i.e. in the range of Kr+ from 100% to 50%. 1In
figure (4:5) the initial slope on the 0.7 and 1.4x10_3 torr CH4

runs is approximately twice that of the linear portions. The

+

maximum for the time dependent curve of CH3

always appeared at

+

a delay time shorter than that of CH4

(see for example figure

(4:3) or figure (4:4). Both of these observations are consistent

with k3 < ké. Thus the value of the rate constant calculated
from the linear portions of the plots of figure (4:5) should

be that of reaction (4:3) (i.e. k, = 1.1x1072 cc/molecule sec.)

3
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k4 appears to be approximately twice k3("\:2.6x1()_9 cc/molecule sec.)

but a reliable value could not be obtained. Runs at lower
concentrations (than 0.7 millitorr) of CH4 where the portions

100% to 60% of iKr+ should have lasted longer gave unreliable

. cys + R
results since under these conditions the decrease of Kr intensity

due to reaction became much too slow compared with the decrease
due to other processes (diffusion, etc.). Thus there were
large errors in the fractional intensities.

Equation (4:viii) for the concentration of the second

. . . . : +
ion in the consecutive reaction sequence is used for the.CH4

. . . + . . . ‘s
ion. The intensity of CH, 1is given by equation (4:xii).
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0
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Figure 4:6 Decay of i + versus t.
—_—— CH,
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(4:xii) i+ = f ks [e’k3[°“4]t - e’k1[CH4]t]
CH4 1l k.
173
which is derived from (4:viii) where i;r&3é = flxl. The factor

f1 = 0.75 is that used in equation (4:xi) as the jnitial concentration

of Kr+2P3/. A similar equation (4:xiii) for CH3+ is used where
2
fz = 0.25.
(@exiii) i+ = £, 4 \:e"‘at[c“‘:]t - e_k2[CH4]t]
CH, 2 oo

2 4
The rate constant for reaction (4:1) can be obtained from

. + ; .

the time dependence of iCH through eqguation (4:xii). The simplest
4 )

evaluation of kl' arises when kl is less than k3. Then the term

e-k3[cHt!;]t is very small; that is reaction (4:3) may be considered

to be essentially complete. In this case a plot of log (icH +)

K, tca,] °
versus t should give a linear portion with slope = - 1 .
2.303
Such logarithmic plots of iCH + for the three pressures of

4
methane are shown in figure (4:6) .
Using a similar argument for CH5+, that reaction (4:4) is

-k4[CH4]t i

essentially complete before (4:2) is observed, the term e in

equation (4:xiii) becomes very small and a plot of log icH * versus t
3
Kk, fc,]

will have a slope approximately
2.303

These plots are
shown in‘figure (4:7) .
The rate constants obtained from plots such as those in

figures (4:5), (4:6) and (4:7) are summarized in Table 4.3.

puplicate runs of each methane pressure are shown.
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TABLE 4:3

Corrected Values of Rate Constants From the

Decay of the Ions Kr+ CH,,+ and CH3+

Pressures Rate constants (cc/molecule sec.)xlO9
CH, (millitorr) Kr torr k (1Kr+) k1(1CH4+) k2(1CH3+)

0.68 3.4 a 1l.04 b 0.94 c 0.89
0.7 3.4 0.9 0.8 0.8

1.4 3.4 a 1.05 b 0.87 c 0.82
1.4 3.4 1.04 0.96 0.95
3.4 3.4 a 1..20 b 0.99 c 0.89
3.4 3.4 1.23 0.95 1.03
Average values d 1.1 0.9 0.9

a from figure (4:5)
b from figure (4:6)
¢ from figure (4:7)

d Average values transferred to Table 4.4.

iv Preparation of Theoretical Plots

As a final check the equations (4:xi) to (4:xv) were used

. . . + +
to generate theoretical ion concentration curves for Kr CH4 CH3+
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CH5+ and C2H5+. From equation (4:ix) one may obtain the two

new equations (4:xiv) and (4:xv) required for icH + and ic H +

5 25 °
. . _ _ -k_[CH, K]t .
(4:x1iv) 1CH + = fl [fl e 3 4 + J.CH +]
5 4
(4:xv) i + _ _ <k, [CH,]t . i
C2H5 = f2 %2 e 4 4 + 1CH3+

Curves with various combinations of values °f'k1’k2'k3'k4'

f1 and f2 were prepared. These were then compared with
figure (4:4). Figure (4:8) shows the curve which fitted the
best. The values used to obtain figure (4:8) are listed in

column b of Table 4:4.

TABLE 4:4

Thermal Rate Constants for Reactions

+ + + .
of Kr CH, and CH, with CH .

Rate' constant

Reaction
(cc/mol.sec.)xlo9
a h o]
+,2 k3 +
Kr ( P3/) + CH, —>. CH, + Kr ' 1.1
2
v X, . ha
ke (By)  + CH, -—— CH, +Kr+H 2.0
.k ,
CH + + CH ——l# CH * + CH 1
a4 4 5 3 0.9 .0 1.15 + .1
+ ks +
CHy' + CH, — CH; +H, 0.9 1.0 0.8 + .1
a Values from averages in Table 4:3.
b Values used for theoretical plot figure (4:8).

¢ Averages of literature values Table 4:1l.
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4.4 Observations and Discussion

The values of the rate constants obtained from the
theoretical plot are probably the most accurate since they
correspond to the most complete use of the experiméntal data.

The values for k1 and k2 of 0.9x10'-9 cc/molecule second of
column a of Table 4:4 will be low since they were calculated
without accounting for the rates of formation of the reactant
ions CH 4+ and CH3+.

The present results for kl and k2 (column b) agree very
well with the previous results (column ¢). This agreement is
not necessarily to be expected eveﬁ if both sets of data are
correct since the ions reacting in the two systems have different
excitation energies. Consider CH4+ in reaction (4:1) for example.
When CH, is ionized by 50 to 100 volt electrons, as in the low

4

+ . . . . . .
ion is produced with a distribution

pressure studies, the CH4

of excitation energies. Von Koch (27) has estimated this
distribution function which is shown in figure (4:1 b). The
distribution function was determined by comparing the relative
intensities of the ions produced by electron impact (50 to 100
volt electrons) to the "breakdown curve" (figure 4:1 a) which
shows the mass spectrum of CH4 as a function of the energy
absorbed by the molecule. Since the energy required to produce

+ .,
CH3 ijs 1.2 eV (14.3 - 13.12) above that required to produce

+
CH4 , the distribution function shows that the CH4+ ions
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involved in the reaction studied (by electron impact) at low
pressure, would have, on the average, an excitation energy of
perhaps 0.6 eV.

The CH4+ ion, produced by charge exghange from Kr+2P3/
would have an excitation energy of '0.88 eV (14.00 - 13.12). :
However under the high pressure conditions used in the present
work the CH4+ ion will undergo about 1900 collisions with Kr
atoms before meeting a CH4 molecule. It is not certain that
1000 collisions will remove all the excitation enexgy, as the
efficiency of energy transfer in a CH4+ - Kr collision is not
known. One would expect that since the collision complex would
be héid together by polarization, it would be long-lived and
allow energy exchange to occur. The rate of exchange would be
much larger than that for collisions of neutral species for
which the collisions are short lived. Very small concentrations
of an ion of mass corresponding to (KrCH4)+ were observed, Thus

it is likely that in the present experiments the CH4+ ions were

thermalized. It is remarkable therefore that the values for k1
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agree exactly. If the assumption, that the CH4+ ion is thermalized

at high pressure, is correct, it indicates that the rate of

reaction (4:1) to produce CH5+ is not affected by the presence
of some internal excess energy. This situation was implied by
the Gioumonsis-Stevenson equation (equation 1l:vi) which defines

the rate constant in terms of the polarization forces and not
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on the intemnal energies of the ion and molecule. The complex
between CH4+ and CH4 was shown earlier (section 1:5) to be held
together by poiarization forces;

The values in Table 4:4 indicate that the measured rate
constant for the reaction (4:2) of CH; was larger from the present
. high pressure determination than from the previous low pressure
determinations. This appeérs when the rate constants kl and k2
are compared. At high pressure the data iﬁdicates k1 = k2,
whereas at low prﬁssure kl > k2. If one assumed that this
difference is real, and is not due to the limits of experimentai
accuracy, one might explain it as follows. One might assume that
the same conditions existed for CH3+ as for CH +, that is, at
low pressure the reacting CH3+ had some excitation energy, but
at high pressure was thermalized. It was previously remarked
(section 1:5) that the complex (CH3-CH4)+ was different from
1CH4-CH4)+, that it was bound by covalent bonds as wgll as
polarization forces. The presence of excess energy might inhibit
the formation of a covalently bound complex and thus decrease the
rate constant.‘

It is interesting that the rate constant for the charge
exchange reaction (4:4) in which.Kr+2P% reacts to give CH3+ is
almost twice as large as the reaction (4:3) in which Kr+2P16

produces CH4+. It may be possible to explain this in terms

of the Massey near-adiabatic hypothesis (80). This hypothesis
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states that for charge exchange from an ion to a molecule,
. having a low relative velocity, the rate will be small unless the
change in excess energy AE is small. AE is the energy that
must be converted into translational enexgy during the collision.
For atoms and atomic ions, AE would be due to the difference in
electronic levels. However when molecules are involved, the
vibrational and rotational levels would be used, SO that AE
would depend upon them as well as upon the electronic levels.
Consequently, some knowledge of the CH4+ electronic and
corresponding vibrational levels is needed,sd that the Massey
adiabatic hypothesis may be applied.

Baker et al (8l) measured the photoelectron spectrum
of methane and observed it contained two maxima at approximately
13.7 and 14.7 eV (compared to 12.70 eV, the adiabatic ionization
potential of CH4+). They attributed the results to “"transitions
from the methane molecular ground state to ionic states of

symmetries lower than Tqr i.e. C3v and C formed by the

2v’
removal of an electron from the highly bonding (ptz)6 orbital."
The C3v state is that in which there are three equivalent C-H
bonds, and one non-equivalent C-H bond lying on the rotation
axis. Baker et al also state that the CH3+ appears when the
critical amount of vibration energy is supplied to the C3v2A

ground state so that the non-equivalent C-H bond breaks.

Since charge exchange from Kr+ to methane produced two
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different ions we might consider that two distinct processes

occur, that Kr+2P3/ produces initially a CH4+ ion in the T4
2
state, while 1<r+21>;i produces initially a CH4+ ion in the C3V

state, which since it is also vibrationally excited breaks

down to CH3+ and H. The rates of these two reactions would

depend upon the probability of transition from the methane

molecule ground state'(T; symmetry) to the two ionic states
Td and C3v, both vibrationally excited. One must therefore expand
the application of the Massey hypothesis by considering also
Franck;Condon factors.

In order to explain the results, one might propose a simple
potential energy schematic diagram for methane, figure (4:9).
The methane is considered, for simplicity, to be a diatomic
molecule H3C-H. One would expect that since the CH4Td and the
CH4+T have the same symmetry that the bond length H3C—H would

be essentially the same. The potential energy functions are
shown vertically above one another. The transition of highest
probability would then be between the lowest levels. Since,
the CH4+C3v ion ﬁas a non-equivalent C-H bond, and since it
more easily absorbs vibrational energy one micght expect it

to be larger than the C-H bonds of the Ta state. This one is
shown in figure (4:9). The probability would be large for
transition from the low vibrational level of CH4T to quite

4

high vibrational levels of CH 4+C3v'



*2 15| 128
KPP —d cmmmm e e e
%71 e cyy) CH3eH
3G
+2 B
KE Py A4 - - = omm = ==
&
3 CH4(Td)
213
>
e 2}
J
Z
w vertical transition.
.1 ]
CH,(Ty)
(1] o L=
H30—H bond distance
Figure 4:9 Approximate schematic of potential energy functions of

methane if the molecule is considered to be a diatomic

H,C-H
i

3
(a)

(b)

(c)

(T.) lowest level to lowest

large overlag from CH4 a

level of CH4 (Td).

low overlap from CH4 (Td) lowest level to higher

+
levels of CH4 (Td).

large overlap from CH
levels of CH4 (C3v).

4('I‘d) lowest level to higher



129

When .'Kr"-zP3 /2 charge exchanges to give CH 4+T a’ the
difference between the recombination energies (14.00 eV)
and the energy of the lowest state of CH4+Td (13.12 eV) is
0.88 eV. However since this may not be taken up as vibrational
energy (according to the present hypothesis) the excess energy
AE which must be transformed into translational energy is large.
For the case of Kr'l-zP!5 exchanging to give CH4+C3V, the difference
between the R.E. and the lowest level of CH4+C3v is even larger
(1.0 eV). However since the transition would more likely be to a
high vibrational level, most of this energy would become
-vibrational energy, and AE would be small. Consequently, by
the Massey hypothesis, this latter reaction would have the
larger rate constant. This agrees with the experimental
observation. Figure (4:9) could also be used to explain why
Kr+2P , with a recombination energy of 14.0 eV, would not

%

produce CH4+Td in the lowest vibrational level (about 3.7 eV).
Since the transition would not be vertical, it would not be
allowed by the Franck-Condon restriction.

One might make one final comment concerning the reliability
of the present pulse technique. We have shown that the results
were consistent, and agreed with expectation from the results
of other workeré,and thus the pulse technique may be considered

sufficiently reliable to be applied to kinetic studies of

unknown systems.
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S REACTIONS IN THE XENON~-SENSITIZED IONIZATION OF ETHYLENE

5:1 Discussion of Previous Investigations and the

Purpose of the Present Study

Ion-molecule reactions in ethylene have been studied
by many workers (39,41,42,82,83) who wénted to obtain information
to explain the processes occurriﬁg in ethylene radiolysis. of
great interest was the i;nic polymerization of ethylene to
form large ions of the type CnH2n+ (83,84) . Electron impact
of ethylene produces many primary fragment ions (32), a large
number.of reactions occér to form secondary and higher order
jons. The reactions are simplified when xenon-sensitized
jonization is used, as the number of different primary ions is
reduced (42,85).

At pressures of several torr of xenon the majority of the
ions are Xe+ and Xe +. Xe * is formed by the third order attachment

2 2

reaction (5:1). Both of these ions can jonize ethylene. Since

(5:1) Xe+ 4 2Xe > Xe2+ +. Xe

+
Xe 2P3/ has a recombination energy (12.16 eV) which is larger
2 : ’

than the ionization potential for the formation of C2H4+ (10.51 eV),

the latter are produced by the charge exchange reaction (5:2).

+2 +
. .
(5:2) Xe .P3/2+ C2H4 > C2H4 + Xe

Charge tranfer studied (17,77,86) have shown that Xe+ 2P

;EI

with a recombination energy of 13.44 eV, reacts with ethylene
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+ .
to form C2H3+ (Ip 13.93 eV) and C2H2 (Ip 13.5 eV) by reactions

(5:3) and (5:4). Both reactions are endothermic. These studies

5:3) X + 2P + CH, =+ CH + + H + Xe
(5: e T T MY 23
+ 2 +
: >
(5:4) Xe p;ﬁ + czn4 : C2H2 + H + Xe

were done with ions with energies slightly above thermal.

: +
Karachevtsev et al (87) observed that charge transfer from Xe
ions at close to thermal energies produced the ions in the

+
following concentrations C2H4+ 0.71, C2H3+ 0.05 and C2H2 0.24,

At slightly higher energies Cermak and Herman (77) quoted the
relative abundances as 0.68; 0.09 and 0.23. Szabo (86) found

similar values 0.60; 0.09 and 0.31. The theoretical prediction

for the intensities of Xe+ 2P and Xe+ 2P% produced by electron

%

impact are 0.67 and 0.33. The relative intensity of cz“4+ to

the sum of the intensities of C2H3+ and C2H2+ observed by

these workers thus supportc the reaction mechanisms given

above.

The molecular ion Xe2+ (R.E. 11.16 eV) may also produce

C2H4+ by reaction (5:5).

+ +
(5:5) Xe2 + CZH4 <> 02H4 + 2Xe

Kebarle et al (42,85) observed that, under thermal
conditions at high xenon pressures (up to 40 torr), charge

transfer to ethylene produced essentially only C2H4+. This

would indicate that the exothermic reactions (5:2) and (5:5)
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occurred and that the endotherxmic reactions (5:3) and (5:4)
did not occur. Thus at high xenon pressures reaction
sequences originating from C2H4+ may be investigated.
The following reaction sequence, for reactions of ethylene
in xenon, based upon a similar sequence proposed by Field (32)

for reactions in pure ethylene, was proposed by Kebarle et al (42).

k . *
+ + e
{5:6) C2H4 + C2H4 —B (C4H8 )} (addition)
+.* ks +  as .
(5:7) (C4H8 ) + Xe —* C4H8 + Xe (stabilization)
b kd C3H5+ + CH3
(5:8) (C4H8 )y — (decomposition)
' +
C4H7 + H
+kc
(5:9) C4H8 —r neutrals (charge removal)
: + k2a + 0 *
. _2a, R
(5:10) C4H8 + C2H4 (CGHIZ ) (addition)
k
+ 3a +. % s
(5:11) C6H12 + C2H4 — (C8H16 ) (addltlon).
etc.

Kebarle et al (42) observed that, as the ion size increased,
the reaction rate constants for further addition decreased. They
estimated the ratios of the rate constants as kza/ka o 0.002 and
k3a/k2a N 0.4 by an indirect method of measurement. The values
for kza and k3a were then calculated by assuming that ka had the
Gioumousis Stevenson value of 1x10—9 cc/molecule sec.

The ion C3H5+, which is the major ion formed on decomposition

+ *
) , may react further with C_H, and undergo addition

of (C4H8 Sy

reactions,
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(5:12) cutscn » cah’
: s 2Ma sty
etc.
+ + ¥
(5:13) CHy' + Gyl (CH, )
etc.
+* +*
(5:14) (e ")+ CH, (CgH o)
etc.

These ions C3I{9+ and‘C2H13+ could also result from decomposition

. . . +. ¥ +. * .
of the excited intermediates (CGHlZ ) and (C8H10 ) by reactions
parallel to (5:8). The rate constants for the reactions (5:12)
to (5:14) could not be measured by Kebarle et al (42,85). The
present study was undertaken to measure directly the rate

constants for reactions (5:6) and (5:10) to (5:14).

5:2 Exgerimental

The time dependencies of the intensities of the ions C2H4+,

+

+ .
12 ' and C_H were measured for various

5tg 713

mixtures of xenon and ethylene. For the study of C2H4 the

o+
C4H8 ' CBH

+
C3H5 r C
ethylene pressure was varied over the range 0.74 to 8x10_3
torr, and the xenon pressure over the range 0.42 to 7.4 torr.

C was studied at xenon pressures around 3.8 torr and methane

35

pressures from 1.5 to 4.7x10-3 torr. The reactions of C2H4+
. .

and C3H5 were fast and consequently the ethylene pressure

had to be low. For the ions which had lower rate constants

the ethylene pressure was increased up to almost 1 torr




while the total pressure was kept constant at about 4.0 torr.

All runs were made at room temperature (297 to 300°K) .
The pulse widths Ate and Ati were set at 10 micro seconds
and the pulse repeat time at 2000 micro seconds so that the
jon intensity decayed essentially to zero between pulses.

The experiﬁental work was done before the normalization
technique described previously (section 4) had ‘been developed.
Consequently only the intensities of the reactant ions were
measured and two assumptions were made; firstly, that the rate
of decrease of intensity of the ion through reaction was much
faster than the decrease in total ionization by diffusion
and mass flow,and secondly, that the formation of an ion by a
previous reaction was completed before the time during which
the decrease of its intensity was observed. The results
obtained were similar to those shown in figure (4:3) for the
methane ions. It was shown in the methane study that the rate
constants calculated when these aséumptions were made, were

within a factor of two of the corrected values.

5:3 Results and Calculation of Rate Constants

The decrease of C2H4+ intensity with time for several
pressures is shown in figure (5:1). The reaction was assumed
to be pseudo first order since the concentration of 02H4 was

much larger than that of C2H4+. The rate constants were

134
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calculated by means of the first order equation (5:i) in

(5:1) k = 2.303 log (Itzlltl

(ty - t1) [CH,]

which the ion intensit;es It2 and Itl were measured from the log
plots figure (5:1). The values for k6, the calculated rate
constant for the decay of C2H4+ by reaction (5:6), are given
in Table 5.1.

The ion intensity curves for the other ions are given

in figures (5:2) to (5:6) . The rate constant values, tabulated

in Tables 5.2 to 5.6, were also calculated by means of equation (5:i).

TABLE 5:1

Rate Constant k__for the Decay of C H +
6 2—4

+ ke 4+ *
. ——
(5:6) C2H4 + C2H4 (C4H8 )

Xe pressure C2H4 pressure kg
(torr) (torr x 103) (cc/molecule sec.X 109)
0.42 8.4 0.77
0.8 8.0 0.74
1.4 1.4 0.87
1.4 4,2 0.91
3.8 0.74 . 1.7
© 3.8 1.5 1.5
4.9 1.0 1.3

7.4 1.55 2.1
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TaBIE 5.2
Rate Constant le_fpr the Decay of C4§8
5:20) cut+cu, » cu.
4’8 274 - 1612
Xe pressure C2H4 pressure klO
{torx) (torr) (cc/molecule sec.X 1012)
1.4 0.035 7.1
1.5 0.13 4.0
1.55 0.28 2,8
3.0 0.42 3.27
3.2 0.64 3.39
3.3 0.66 3.83
3.5 | 0.49 4,22
3.5 0.70 3.92
3.6 0.288 5.02
3.6 0.288 3.6
3.7 0.73 4.5
3.9 0.078 7.0
3.9 0.31 3.7 -
4.5‘ 0.15 4.5

Average value of k10 = 4.35x10—12 cc/molecule sec.
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TABLE 5.3

o+
Rate Constant k11 for the Decay of c6512

(5:11) c.H . *+ CcH, + (CH '
) 612 24 814
Xe pressure 02H4 pressure k11
(torx) (torrx) (cc/molecule secC.X 1012)
2.7 0.38 . " l.01
2.8 0.56 ' 1.22
3.0 0.42 1.07
3.1 0.62 1.17
3.2 0.256 1.24

Average value of kll = 1.14x10-12 cc/molecule sec.

TABLE 5.4

Rate Constant k.. for the Decay of C.H +
12 3—5

(5:12) cut+cH, - c.a )
35 274 59
Xe pressure 02H4 pressure k12
(torr) (torr x 103) (cc/molecule sec. X 109)
3.0 3.6 0.60
3.8 1.5 0.62
3.8 1.5 0.75
3.9 4.7 0.90

Average value of k12 = 0.76x10_9 cc/molecule sec.
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TABLE 5:5
Rate Constant k.. for the Decay of Cc§n+
l-l— [ a4
(5:13) cHT +cH + (cn+)*
: 59 2°4 7°13
Xe pressure C2H4 pressure k13,~
(torr) (torr) {cc/molecule sec. x1012)
2.2 0.44 0.49
2.4 0.336 0.60
2.5 0.50 0.41
2.5 0.50 0.39
2.7 0.38 0.35
2.7 0.54 0.33
2.8 0.224 ‘ 0.63
-12
Average value of k13 = 0.46x10 cc/molecule sec.
TABLE 5:6
+
Rate Constant kl4 for the decay of C7§13
5:14) ¢,V +cu -+ cauhHt
) 7°13 24 7°17
Xe pressure C2H4 prgssure k14
(torr) (torr) (cc/molecule sec. x1012)
1.8 0.36 0.31
2.1 0.294 . 0.30
2.15 0.43 0.21
2.25 0.45 0.21
2.3 0.46 0.17
2.35 0.33 0.26
2.5 0.20 , 0.44
Average value for k,, = 0.27x10'_12 cc/molecule sec.

14
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5:4 Discussion of the Results

The measured rate constant k6 was found to be dependent
upon the pressure of xenon. The rate constant increased with
xenon pressure as can be seen from figure (5:7). This may be
explained in the following manner. k6 was calculated from the
assumption that the change in C234+ concentration only depended
upon its loss by reaction (5:6) and could be represented by
equation (5:ii). However perhaps the reverse of reaction (5:6)

s:ii)  arc.u,f1 = -k lcm] [CH,]

24 6 24 24
at

should be included,as in (5:6a).

+ ka +.*
(5:6a) CH, + CH, —;—-* (C4H8)
X
The change in concentration of 02H4+ is given by equation (5:iii).
(5:1i1) arcn ] = k. (CH,] (c,u,1 +x et
: 2°4 a a 214 274 r-48
dt

. *

The concentration of (QgH ;) is unknown. The change in concentration
X . . +* ;

of (C4H8 ) 1is given by equation (5:iv), since (C4H8 ) is involved in

. + +*
(5:1iv) d[C4H8 ] = ka[°2“4] [C2H4 ] - kr[C2H4 ]
dt

+% +%*
-kd[C4H8 ] - kS[Xe] [C4H8 1

reactions (5:6a), (5:7) and (5:8). kr is the rate constant for

‘o +
decomposition back to C2H4 whereas kd is the constant for

‘L +
decomposition to C_H_. and C4H7+. If the excited ion (C4H8

+ *
35 )
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Figure 5:7 Measured and calculated values of k6 for the

+

reaction (5:6) of C2H4 with C2H4, versus xenon

pressure.
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is assumed to be in a steady state concentration, i.e.
* .
d[C4Hé+ 1/dt=0 equation (5:iv) may be rearranged so that
4%
[C4H8 ] is expressed by (5:v).

+* +
(5:v) [C4H8 ] = ka[c2H4 ] [C2H4]

kd + kr + ks [Xe]

This may be substituted into equation (5:iii) which is rearranged.

. +._ _ . +
(5:vi) alCH, 1 = -k, (1 k_, . [C,i,] [C,H,']
at Kyt ky + ko [Xe]

Thus the experimentally measured k6 is given by equation (5:vii).

(5:vii) k6 = ka l - kr

kd + kr + ks [Xel
when the xenon pressure is large we may assume ks[Xe]>>(kd+kr).

Thus ka becomes defined by (5:viii) where p is the xenon pressure.

(5:viii) k, =k

From figure (5:7) k6 at high Xe pressure is 2.1x10-9 cc/molecule sec.
which is the value of ka.
when the xenon pressure is zero, equation (5:vii) reduces

to (5:ix)

(5:ix) k, = k_ . k




This can be rearranged to give (5:x) .

(5:x) EE. = 1+ EE
k6 kd
p*0

When p*0 k, from figure (5:7) has a value of about 0.7x10"°> ce/

molecule sec. Thus equation (5:x) can be used to find the ratio

.

of kr/kd equation (S:gii).

. -9
(5:xi) 2.1x10'-9 = 3 = 14 kr
0.7x10 .
a
(5:xii) l-c£ = 2
kd

*
This indicates that at low pressures, twice as much (C4Hé+)

+ + +
decomposes back to C2H4 , as decomposes to form C3H5 and C4H7 .
An approximate theoretical prediction of the change of
the experimental k6 with xenon pressure may be cbtained by
substituting the values for ka' kr/kd and ks back into equation

(5:vii). First a value of ks is required. Equation (5:vii) may

be xewritten as (5:xiii).

(5:xiii) k6 = ka 1l- 1
1c§-+l+]is-[xe]
k k
b r

If the values are substituted into (S5:xiii), k6 is given as

follows.

148
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(5:xiv) kg = 2.1x107°0 1 - 1

1.5 + ks [Xel

k
r

Arbitrarily, the experimental.value of ké (of 1.66310-9) at

4 torr Xe was substituted into this equation, and the ratio
17

ks/kr calculated as 2.7x10 ' cc/molecule sec. The curve on

figure (5:7) was calculated from (5:xv).

(5:xv) k. = 2.1x107° [1 - 1
6 17
{Xel

1.5 + 2.7x10

Since the accuracy of the data is probably not better'than a

factor of two, the agreement of the theoretical and the experimental

curves is acceptable in that it shows that at low xenon pressures

a large amount of the excited (C4H8+)* returned to CZH4+, whereas

at higher pressures it was stabilized to C4H8+’ Values for kd'

kr and k; could not be determined from the present data. A value

for kd' from which kr and ks could be calculated, might be

ocbtained from the increase in intensity of C3H5+. However in

the present study the increase was at short reaction times

when the increase in total ionization was rapid. Even if this

problem was not present the rapid reaction of C3H5+ with C2H4+

would interfere with the calculation of kd’ as the rate of

loss of C3H5+ is almost as large as the rate of formétion. The
17

ratio ke/kd, calculated as 1.35x10 cc/molecule from the

ratios kd/kr and ks/kr, is close to the previously obtained



value (42,85), which was estimated as 2 to 3.4x10-17 cc/molecule

for larger ions i.e. the C CB‘C homologs.

6‘

Values for k. have been estimated by other workers (32)

10

kg = 4x10" sec ! and (80) kg = 5x10 sec-l. These would give

values of ks l.2x10-9 cc/molecule ‘sec. Tiernan and Futrell (83)

calculated ks as 1.1x10—9 cc/molecule sec. by the means of the

Gioumousis-Stevenson equation (12). Values of 107 sec-1 for

** would
4H8 ) wou

have a lifetime large enough for a portion of the molecules

kd mean that at pressures of the orxder of 1 torr (C

to be stabilized. This was observed previously (42,85,88,89)
and in the present study (figure 5:7).
For the following discussion it is assumed that the

measured rate constants for reactions of the larger ions

+

were equal to the rate constants for the addition of C2H4 ion

by reaction i.e. k.. =k, and k1

10 2a = k3a’ This would occur at

1

the high pressure limit and consequently the assumption may not
be completely correct as the xenon pressures were not very large
i.e. <4 torr. The present study confirms the observation by
Kebarle et al (42,85) that the rate constants for the addition

of C2H4 decrease . as the size of the ion increases. The

observed values were, for C2H4+
12

- + -
k2a = 4,35x10 and for C6H12 ' k3a = 1.14x10

k = 2.1x10'9, for C H
a 4
1

+
8

sec.). The ratio kza/ka = 0.002 is the same as that estimated

by Kebarle et al (42, ). The ratio k3a/k2a = 0.26 also agrees

2 (all cc/molecule
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with the previously determined value of "0.4.
It was suggested (42,85) that the large decrease in rate

constants for the addition reactions must be due to structural

o+

effects, the largest decrease occurs in the reactivity of C,Hg

compared to C2H4+ (k2a/ka = 0.002). One would expect the

: *
transition state of (C4Hé+) to have a linear structure.

+
-CH2 — CH2 _ CH2 —_ CI-I2

This could be converted into a stable l-butene ion by two

1,2 hydride ion shifts or one 1,3 hydride ion shift.

HZC—EH—-CHZ—'CH3

*
Since the (C4H8+) is highly excited a 2-butene might result.

+ .
H3C ~ HC — CH — CI-I3

The reaction of a stable 2-butene ion with C2H4 would
produce an ion (C6H12+)* with the charge on a terminal CHz group.
Since a primary carbonium ion is less stable than a tertiary or
secondary ion,this transition state would have a high energy, and
thus the rate for reaction of the stable C4H8+ would be expected
to be léw. Kebarle et al (42) measured the cross section for
the reaction of 2-butene ions with C2H4 in a conventional low
pressure mass spectrometer and observed the value was about 500

times smaller than the cross section for reaction of C2H4+ with

CZH4 under similar conditions. Tiernan et al (83) recently
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confirmed this measurement. They found the 2-butene ions
reacted at a rate 1200 times smaller than did the ethylene
jons. They supported the proposal that the decrease in
reactivity appears to be due to the tendency of the charge on
the ion to seeka secondary or tertiary position. The ions
larger than C4H8+ would thus become large branched polymers.

The rate constants for the further reaction of the ions

+ + + .
C3H5 ' CSHQ ‘and C.]H13 showed a parallel decrease in value as

the complexity of the ion increased. The values were C3H5+
' -9 + -12 +
k12 = 0.76x10 -, for Csﬂg k13 = 0.46x10 and for C7H13

~12 .
k14 0.27x10 . The ratios are thus k13/k12 = 0.0006 and

P +
k14/k13 = 0.6. The reactivity of C3H5

that of C2H4+. This was predicted by Kebarle et al (42,85).

is almost as high as

The C3H5+ jon resulting from the fragmentation of the l-butene

structure would probably have the charge on a terminal CH2

group. Consequently, there would not be a large energy increase

+
CHZ—CH CH2
. *
in the formation of the excited (C5H9+) in which the charge

would initially also be on a terminal CH2 group, and the

3H5+ might be expected to be of the same order

as that of C2H4+. However (C

reactivity of C

*
5H9+) could rearrange and be

. . +* . .
deactivated like (C4I-I8 ) to form a secondary carbonium ion

and thus have a low rate for further reaction.
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Because  the rate constants for the reaction of the ethylene



primary ions with ethylene were observed to be large,Lampe (90)
suggested that ion-molecule reactions could play a role in the
radiolysis of ethylene. Ausloos et al (91) considered the

contribution of ion-molecule reactions to. the formation of the

small molecular products H2 and C2H2 and concluded that ion-

molecule reactions were only partly responsible. Wagner (84)

found that when C2H4 was irradiated at -196°C, low molecular

weight branched polymers were formed. He sﬁggested the

polymerization was initiated by C2H4+, propagated by ionic

. . A . +
condensation reactions giving large molecular ions (CnH2n ) e

and terminated by ion electron recombination. This is similar

to the reaction sequence suggested by Field (32) for pressures

less than one torr.

+ + + +
P X A MR (CgH ) ete.
¥ ¥ ¥
+ + +
CHg - Gy CHig

In this case the chain propogation is by the molecular ions

anZn

+ . . +

(n even), and the carbonium ions C H, _, (k odd) are
produced by decomposition. Kebarle et al (42,85) supported
this mechanism in their study of ethylene at pressures of less
than 1 torr, in the presence of xenon up to 40 torr.

On the other hand, Wexler and Marshall (82) proposed

that, initially the carbonium ion C3HS+ was formed by the

153
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*
decomposition of (C4Hé+) and then chain propogation occurred

. . +
through the carbonium i1ons Ck sz-l {(k odd).

+ * + + +
-> © o= ->
8 ) C3H5 Csﬂg g C7Hl3 etc.

N .
C2H4 -+ (C4H

Since in the present study we found that the rate constants
for the addition of 02H4 to the carbohium ions were similar in
magnitude to the rate constants for addition of'C2H4 to the
molecular ions, it appears that the low preésure (.1 to 10 torr)
gas phase polymerization of ethylene involves both ﬁechanisms.
That is, that the chain propogation occurs through the molecular
ions and, some of these break down to the carbonium ions which
also propogate the polymerization. Kebarle et al (42,85)
observed that the rate constants for the larger ions C8 and

14

C._ were smaller (less than 10 cc/molecule sec.) than

10
those for the C4 and C6 ions,vreported here, and that the
high pressure spectrum of ethylene appeared to terminate
-14

close to m/e 200. If the rate constant is taken as 10~ cc/
molecule sec. and the concentration as 3x1017 molecules/cc

(10 torr) the half life (t35 = 1/k [C2H4]) becomes about 3x154
seconds. The average life time of a charge would be about ‘
10—3 seconds. Since these are of the same order of magnitude
the polymer size would be prevented from increasing as ions
would be lost by charge neutralization. At a pressure of

one atmosphere, (3x1019 molecules/cc) the half life of a
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reaction with a rate of 10-14 cc/molecule sec. would be
about 3x10~° seconds and if the charge lifetime were 10"3 seconds,

the polymerization could continue.



6. ION-MOLECULE REACTIONS IN PURE OXYGEN AND PURE NITROGEN

THE ATTACHMENT 0.7 +0. + 0, ana Nt + N, +n,F
&L & A =

A
o =

6.1 The Importancé of These Reactions to Various Fields

In this section, studies of the attachment reactions (6:1)

and (6:2) in pure oxygen and pure nitrogen will be discussed.

+ +

(6:1) 0, +0, — O,

+ T+

(6:2) N, +N, — N,
The formation of 04+ and N4+ have previously been studied

quite extensively for several reasons: to provide data from
which theoretical predictions of the structures of the complexes
could be made, to determine the charge carriers in gas discharge
and mobility experiments and in atmospheric electricity, and to
establish reaction sequences occurring in the ionosphere. A
brief description of the role'attachment reactions, such as
these, play in the determination of ion mobilities and in the
ionosphere will be given.to illustrate their importance.

The mobility of an ion is determined by measuring its
velocity as it drifts, under the influence of an electric field,
through a gas at high pressure (& 1 torr). Mobility is defined
as the ratio of velocity to field strength. The mobility is
dependent upon the mass of the ion and upon the ratio of
field strength to gas pressure, E/p. In the early experiments

the ions were not mass analysed and the identities were guessed
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or deduced from other information such as quantum mechanical
predictions. Consequently there arose apparently inconsistent
results. The drift velocities of many ions increase in a
uniform manner as E/p is changed. However it was found that

this did not occur for N + in N2 gas. Varney (92) proposed

2
that reaction (6:2) took place as it would explain his results.
This was later confirmed when the ions from a drift tube
containing nitrogen were analysed mass specfrometrically and
N4+ was observed.

Since the mobility of an ion which may undexrgo attachment
react}ons depends upon the time spent as the original ion or as
a complex the rates of formation of the complex must be known
before accurate mobilities can be determined. Knowledge of
these rates is also necessary to formulate and explain ion
mobility theories.

The products of attachment reactions have also been observed
in the Earth's ionosphere by sampling its ionic constituents with
a rocket-bornemass spectrometer (40). The ions H30+, H502+ and
ions with masses greater than m/e = 45 were present in the
D region of the ionosphere. The D region is the lowest region
of the ionosphere in which there is an appreciable concentration
of ions and electrons (93). The pressure in this region is

high (from approximately .0l to several torr) and thus

attachment reactions, which frequently involve three body
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collisions become as important as two body collisions in
changing the ionic composition. The identities of the major
jons in the ionosphere are required for calculation of ion-
electron reconbination rates. These.rates are used to correlate
the measured electron density with the observed ion densities
and rates of production from the Sun's radiation. The rates

of ion-electron reconbination reactions depend upon the structure
of the ions. Since large ions e.g. complex ions, can release
the energy of ion-electron recombination by dissociation they
have larger recombination coefficients than do smaller ionms.

For example, at 300°K the dissociative reconbination rate of
N4+ js a factor of 10 larger than that of N2+ (°4).

Attachment reaction studies provide essential information
about the structures, stabilities, rates of formation and rates
of loss of ion complexes in the atmosphere and can provide
useful data to assist in the construction of ionosphere models.
These models in turn may be used to predict the effect of
chemical reactions on changes in electron density. The electron
density is a basic property of the ionosphere and controls many

physical phenomena such as the propogation of radio waves.

+

+
—_—
6.2 The Attachment of Oxygen O2 + 02 O4

i Previous Work on this Reaction

Ton molecule attachment reactions of oxygen have been
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Jess extensively studied than those of other small molecules,
especially nitrogen. It is not exactly clear why N4+ has been
studied more than 04+ put it is probably due to short lifetimés
of the filament in oxygen. Oxygen is much more reactive than
nitrogen towards electron filament materials such as tungsten.
Because of our instrumental design the exposure of the filament
to gas escaping from the jon source is minimized and this makes
experiments with high ion source pressures possiblé.

Brederlow (95) first detected the ion 04+ in the positive
column of an electric discharge in oxygen at high pressure and
current densities (2.5 torr, 100 mA) by means of a low resolution
mass spectrometer (resolution 1 in 6) . Since Brederlow was
studying ionic diffusion, specifically the transition from
free diffusion to ambipolar diffusion as oxygen pressure and
discharge currents were changed, the kinetics of reaction (6:1)
were not studied. In another oxygen discharge experiment
Knewstubb et al (96) observed the jons in the negative column
and measured very small concentrations of 04+. In this
experiment the pressure and current were low (0.4 torr and
0.4 mA) and thus reaction (6:1) was not a major reaction.

The only previous extensive study of the oxygen system
was done by Conway and Yang who studied the equilibrium but

not the kinetics of reaction (6:1). These authors studied

the formation of 04+ by reaction (6:1) (97) and also the



formation of larger clusters (98) 06+ to 010+ by the general
reaction (6:3). In Conway's apparatus purified oxygen was

+ +
. _—
(6:3) o, *9, = 0, .5

(n = 1-5)
flowed through the ion source and.ioniZation waé caused by

beta radiation from a titanium tritide source. This source
overcame the problems of using an electron filament. The ions
diffused towards the wall and passed éhrough two 25 micron
diameter holes into the evacuated mass analyzer region. The
jons were then accelerated and analysed. Conway estimated

that the reaction time was about 10-3 sec. and that the reaction
(6:1) had reached equilibrium. The equiiibrium constant for
reaction (6:1) was calculated for pressured from 1 to 9 torr of
oxygen, over a temperature range of 259 to 344°K, The

equilibrium constant Kp was evaluated by equation (6:i)

where P02 is the pressure of oxygen in torr, and 104 and i02
. +
104

.t

102 . POZ

(6:1) : Kp =

the observed ion currents,which were as;umed to be préportional
to the partial pressures of the ions.

From a van't Hoff plot (of log Kp versus 103/T) Conway
and Yang obtained values for the enthalpy and entropf, i.e.
AH = -9.60 kcal/mole AS = -20.6 kcal/mole °K.

Theoretical calculations were made of the structure of 04

+
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Figure 6:1 Observed ion intensity curves of 02+ and O4 in 02 at 298°K,

pressures from 0.9 to 4 torr.
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Three possible structures were proposed which gave values
of the entropy in agreement with the experimental value.
The present study was made to measure the kinetics of

reaction (6:1) and to establish its kinetic order.

ii Results

The changes of ion intensities.with time were measured
for pressures from 1 to 8 torr over a temperature range 298 to
341°K. Figure (6:1) shows such time dependence curves obtained
in oxygen at 298°K at pressures from .9 to 4 torr. The total

jonization curve was determined by summing the 02+ and the 04+

+
3

and not measured). The intensities of O

intensities. (The O+ and O, contributions were negligible

2+ and 04+ were then
replotted as fractions i of the total ionization,by the general
procedure which was validated earlier in section (4:4). These
normalized curves of the same data are shown in figure (6:2).
Data obtained for reaction (6:1) at several higher
temperatures are shown as normalized ion intensity curves in
figures (6:3) to (6:7). The results for several pressures
at each temperature have been superimposed to reduce the
nunber of figures.

Inspection of the graphs figure (6:2) shows qualitatively

how the reaction progressed with time. Initially the intensity

+

of 02+ decreased rapidly while that of 04

increased, since the
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at 310°K, 2.14 and 3.0 torr.
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Figure 6:42a Normalized intensity curves of 02+ and O +. Oxygen
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at 341°K, 1.8 to 4.0 torr.



forward reaction was predominant. AS the reaction time increased
the effect of the reverse reaction began to decrease the rate

of the overall forward reaction until equilibrium was reached,
and then the ion intensities remained constant. As the pressure
jncreased the equilibrium went to the right i.e. more'o4+ was
‘formed. Also the effect of the reverse reaction became greater
so that equilibrium was reached in a shorter time.

The higher temperature runs, (flgures (6:4) to (6:7),
show that the equilibrium shifted to the left i.e. Kp decreased
with increasing temperature. The smaller rate of decrease of
.i02 showed that the forward rate constant decreased. Finally
equilibrium was reached at shorter times and thus the reverse
reaction must have increased as the temperature increased.

An experimental problem occurred in that at long reaction
times the totai ion intensity was quite small and thus a large
error is present in the normalized 102+ and L34+. This is not
jmmediately apparent when the data is presented in the normalized
form, but it accounts for the experimental scatter of the
results at long reaction times (> 100 Y sec.). At the higher
pressures (figure (6:2) 3 torr and 4 torr) this problem was
less acute. To reduce the error the signal at long reaction
times was increased by increasing the width of the ion gate.
Since the ratio L32+/i04+ was constant at long reaction times,

increasing the width should not have altered the ratio, as it
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would at short times where ﬂ32+/h34+ was time dependent.

iii Evaluation of the Equilibrium Constant

~ From the figures one can immediately evaluate the equilibrium
constant, and this was done first so thét the results could be
compared to Conway's. The intensities i02+ and io4+ taken at
long reaction times (> 106 U sec.) where the reaction was at
equilibrium were subs£ituted into equation (6:i). A van't Hoff
plot was prepared by plotting log Kp versus 103/T, figure (6:8).
The solid line is a least squares line while the dashed
line represents the data of Yang and Conway (97 ). The results
are in very good agreement.

Thermodynamic properties can be calculated from the change

of Kp with temperature from the following equations. The Gibbs..
free energy is related to the equilibrium constant by equation

(6:ii) and to the enthalpy and entropy by (6:iii). These two

(6:ii) Ac

~ RT 2.3 log Kp
(6:1i1) A6 = AH - T As

equations can be combined to give the relationship between AH,

As and Kp (6:iv).

(6:iv) As = AH + 2.303R log Kp
T

M was obtained from the van't Hoff plot by setting the

slope equal to ~AH/2.303R. AS was calculated from (6:iv) at
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T = 298°K. Equation (6:i) gave Kp in units of torr-1 i.e. the
standard state was 1 torr. To get AsS® in units based upon one
atmosphere as the standard state Kp in t:orr-1 must be multiplied
by 760 torr/atmosphere. Since AH is taken from the slope, the
units of Kp do not affect its units.

From figure (6:8) the following values were obtained,
A = 9.98 kcal/mole, As = -22.4 cal/mole °K. These are
very close to those oﬁtained by Yang and Conway (97).

(AH = =7.60 kcal/mole, AS = -26.6 cal/mole °K).

The Kp values, measured here, were slightly dependent
upon pressure. Figure (6:9) shows the pressure dependence of
Kp at room temperature 09 298°K). One can see that the values
increased with pressurxe up to about 3 torr and were then
constant with increasing pressure. The first four points were
taken from the data of figure (6:2) at 298°K and the later
four points from the data of figure (6:3) at 297°K. The
points may not agree exactly as one would expect the 297°K
points to be slightly higher. However one can see that at the
lower pressures, 0.9 and 1.8 torr, equilibrium has not really
been established when the ion intensities had decayed to
small vaiues. One might speculate that since at low pressures
the ion signal decayed very rapidly the ions were removed by
diffusion and mass flow in a time shorter than that required

for equilibrium to be established. If O + and 04+ were

2
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removed at about the same rates (by mass flow) it would appear
that equilibrium had been established., These two values were
not used on the van't Hoff plot of figure (6:8). At higher
temperatures the values of Kp were constant over the range 2 to 4
torr as equilibrium was achieved in shorter times than at

lower temperatures. Curves at 1 fbrr were not measured as

equilibrium conditions were not expected.

iv Evaluation of the Rate Constant for the Foxrward Reaction
values of the rate constant for the forward reaction were
calculated from the decay of i°2+ at short reaction times (from
the normalized curves). We wanted to establish the order of

reaction (6:1). The reaction may be rewritten in the general form (6:1a)

. + +
- — -
(6:1a) O2 + nO2 ' O4 + (n-1) O2

where n = 1 or 2 for the second order and third order cases
respectively. The change in 02+ is given by (6:v). At short

. . +, .
reaction times [04 ] is small and one may assume that the change

(6:v) d[02+]
at

o + n + n-1
= - k00,71 10,17 + Kk, [0,71 [0)]

+ .
in 02 is only produced by the forward reaction.If[04+] = 0,

equation (6:v) may be rewritten. This equation may be integrated

(6:vi) d[02+]

+

_ n
= - kf[02] dt
2 1

[0




(from t, to t2) and rearranged. Substituting 2.303 log x for fnx

we get the equation which was used to evaluate kf.

, + . *+
2.303 log (g, ¢ , Jo3¢)
(6:vii) kp = 2 1

n
(¢, = ¢t ) (0,1

1

We have also made the assumption that the ion intensifies i02+

mdm:wuew@wdmntomewmmunmmHgﬁmdw:L‘
Preliminary values for kf were calculated from i°2+ on

figure (6:2), at the steepest part of its decay by use of

equation (6:vii). The second and third order values (n=1 and

n=2 respectively) are shown on figure (6:10). Since the second

order constant varies linearly with pressure and is zero for

zero pressure the reaction is clearly third order up to at

least 4 torr. Third order rate constants were then calculated

for all the teméeratures given in the data on figures (6:2)

to (6:7).

The preliminary values for the third order rate constant

were plotted as an Arrhenius plot. The arrhenius equation (6:viii)

may be rewritten in a logarithmic form (6:1x) for the forward

(6:viii) "k = ae ESFD

(6:ix) logk, = logA - E./2.303 RT

reaction. A plot of log kf versus 1/T will give a straight line
of slope -Ef/2.303 R. An activation energy Eg = -5.2 kcal/mole

was calculated from the least squares 1ine. This value is rather
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large for an ion-molecule feaction,especially since most
second order reactions have zero activation energy.

Several experimental effects may explain the large
magnitude. Firstly, since the jonization pulse had a duration

of 10 micro seconds, O +

, Was still being produced after zero

reaction time. Theoretically the steepest part of the 102+
decrease curve should have been at zero time. However since
02+ was still produced at this time, the steepest part of
the curve did not occur until after a time of about 15 micro

seconds. However at this time the reverse reaction began to

+
was not zero. Thus the

contribute significantly since 04

measured preliminary values of kf at any temperature would be
smaller than the actual values. At higher temperatures (341°K)
the reverse reaction hadAan even greater effect than at lower
temperatures 298°K, since the equilibrium was reached more
quickly, in 30 micro seconds rather than in 100 micro seconds
and the values of kg would be even smaller. The log kg
(preliminary) versus 1/T plot would then have a steeper slope
than that of the true values and thus give a large value of Eg.

A lesser problem also occurred which caused the reaction time

of 15 micro seconds to be chosen. The change in total ionization

intensity was rapid in the first 10 micro seconds and thus the
relative values of i02+ and io4+ had large errors.

The rate constant kg was re-evaluated by taking into
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account the effect of the reverse reaction. The equation

(6:x), for ke is developed in Appendix I.

2.303  log [ig, (1+C) - CI

(1+C) t [0,]

2
The constant C = i02+ /io4+ taken at long reaction times i.e.
when the reaction ha:greadhed equilibrium._ A plot of
2.303 log[ioz+ (1+C) - C} versus time has a slope of ktozln
wizge n=1 for the second order rate constant and n=2 for the
third order constant. Such plots were prepared for all the
~data in figures (6.2) to (6:7). BAs predicted by the theory,
the plots are straight lines. Such a plot for the data at
298°K (figure 6:2) is shown in figure (6:11). The line
should paSs through O at t=0. However since 0£+ was still
being produced'during the first 10 micro seconds the line
did not always do so. This should not affect the value of kg
as it was taken from the slope of a line through many points.
The corrected values of kg at 298°K, for the second and thixd
order case were plotted versus pressure, figure (6:10b), and
the third order mechanism was confirmed.

fhe preliminary and corrected values for the third ordexr
constant are shown in Table 6:1. One can see that when the

effect of the reverse reaction was taken into account the values

of kf became slightly larger.
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“TABLE 6:1

Third Order Rate Constants for the Reaction
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k
+ £ + .
— °
0, + 20, 0, +0, at 298°K
' 2 2 30

02 Pressure Rate constants (cc”/molecule” sec.)x10
torr k. by (6:vii) kg by (6:x)
0.95 2.21 ' . 2.79
1.9 2.03 2.50
3.0 2.20 2.84
4.0 2.32 2.81

an Arrhenius plot, figure (6:12), was prepared from the
rate constants obtained by the second method and equation (6:X).
The least squares line gave an activation energy of -2.0 kcal/
mole. This is consistent with values obtained for radical
recombination reactions involving stabilization by a third body.

Not all the graphs in figures (6:2) to (6:7) could be

* (14¢) - ¢} since

recalculated using the plot of 2.303 log[io2

1+C
in the cases where equilibrium was reached quickly the ratio
C= 102+(eq)/io4+(eq) was large and the corresponding correction
to i02+ became large. Some of these plots did not give straight

lines from which values of kf could be calculated. These were

discarded. The points used on figure (6:12) are quite
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representative of the data.

v Evaluation of the Rate Constant for the Reverse Reaction

The forward and reverse rate constants are related to the
equilibrium constant K,which is expressed in terms of concentrations

rather than in terms of pressure, as is Kp. The relationship between

(6:x1i) ' K = gf

ky

the two equilibrium constants is given by (6:xii) where Av is the

change in the number of moles (Av = 1 for reaction 6:1) and R in

(6:xii) K = Xp (ry 2V

appropriate units is 1.034x10-19 torr cc/molecule °K. The reverse

rate constant can then be calculated from (6:xiii). kr calculated
kf
-19
Kp T x 1.034x10 cc/molecule sec.

(6:xiii) k. =

13 cc/molecule-1

at 298° K and 314° K _then has the values 2.44x10°
-1 -12 -1 -1

sec ~ and 1.25x10 cc/molecule ~ sec ~. These lead to a value

of the activation energy of the reverse reaction of 7.50 kcal/mole.

A summary of the results is given in Table 6.2.



'TABIE 6.2

Constants for the Attachment Reaction (6:1)

+ +
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EXPERIMENTAL RESULTS

An

As

Kp

PREVIOUS

1l

|

-9.98 .5 keal/mole. at 298°K

-22.4 cal/mole deg.

-2.0 kcal/hole
7.5 kcal/mole

2.90:{10—30 ccz/molecule2 sec. at 298°K
1.27x10-30 ccz/m.olecule2 sec. at 400°K (extrapolated)
2.44x10_13 cc/molécule sec. at 298°K
6.54::10—12 cc/molecule sec. at 400°K (extrapolated)
1.19x10-17 (standard state lcc/molecule) at 298°K
]..94x10-19 (standard state lcc/molecule) at 400°K

3.85x10-1 (standard state 1 torr) at 298°K

4;.7x'.|_0_3 (standard state 1 torr) at 400°K

RESULTS (Yang and Conway)

AH

As

-9.60 kcal/mole at 298°K

-20.6 cal/mole deg.
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vi Other Reactions, Possible Interference

The ions o+ and 03+ were also observed. It was possible
that they might interfere with the rate constant measurement for

reaction (6:1). 0+ was produced from 02 by reaction (6:4).

(6:4) Oy +e of +e+0 (AP. = 18.9 eV)

+
3

the spectrum. Its formation has been studied by Curran (99).

At lower pressures i.e. 0 to 0.4 toxf 0" was a major ion in
Since he measured its appearance potential as 17.0%£.05 eV as
compared to 13.61 (R.E.) for o and 12.06 eV (I.B.) for 0"
.he suggested that it would be formgd from an excited state of

02+ by reaction (6:5). The energy of an excited state, in
(6:5) 0 +0, * 0, +0

excess of the 02+ lowest ionization potential (12.06 eV) would
be required to break an 0-0 bond. The appearancé potential of
17.0 eV measured by Curran corresponds quite closely to that
of the 02+ excited state zﬂu (16.8 eV) measured by Winters

et al (100).

Curran observed an appearance potential of 17.0 eV for
04+ alséAand suggested it came from the same state. One would
expect that this ion could be formed from several of the 02+
states (zﬂg = 12.06 eV, 4“u = 16.0 eV, 2“u = 16.8 eV or

4. - *
Zg = 18.0 eV) as the excess energy of 04+ could be
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removed by collision. The lowest state, however, would be
expected to contribute the most since firstly it is the
state of highest abundance (76 Lindholm) and also it would
produce 04+* with the least excitation energy to be removgd
by collision. The excitation energy wéuld be less than that
required by reaction (6:6). That is, the high enexgy excited

3

of the excited complex, but the lower 02+ could only produce

states could produce 04+ and O + depending upon the lifetime

04+. .

In this work the observed o and 03+ intensities were
extremely small at oxygen pressures from 1 to 8 torxr, about
1 to 2% of the 02+ and 04+ intensities under constant irradiation
conditions. An attempt was made to measure Cﬁ and 03+ but their
intensities were at the lower limit of detection under pulse
jrradiation. Consequently we assumed that (Rx 6:6) did not
affect the intensity of 02+ and accordingly only measured the

0 + and O + intensities.

2 4
In a few of the runs an impurity ion m/e 50 (02(H20)+)
was observed. This was due to water. In such cases a new
oxygen sample was prepared. The mass spectrometer gas handling

plant and ion source were baked out until the water was removed

such that only the oxygen ions were observed.
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" vii Discussion of Results

It was very gratifying to get values for AH and As very
close to those of Yang and Conway (97). The latter were corrected
for the effects of ambipolar diffusion as it was felt that this
did have an effect upon the rate of ion removal from their type
of ion source. The values of Kp calculated by fhem were not
independent of pressure. A close examination of the van't Hoff
plot in reference (97) reveals that the values increased with
jncreasing pressure. Because of this Yang and Conway felt that
the results obtained at the low pressure limit of their apparatus,

+1 torr gave the most meaningful results when corrected for the
different diffusion rates of the ioms.

The equilibrium constants calculated from our data were
constant above a certain pressure of oxygen. The ions were
probably removed more by masé flow than by ambipolar diffusion.
In this case there would be no discrimination in the sampling
of ions and the values obtained for Kp should be correct. The
jon source exit leaks used by Yang and Conway had a total area
which is about 1/15 of the area of the exit slit used on the
present instrument. The outflow of gas would have been smaller
by this factor. It is, therefore, quite possible to have the
jon extraction diffusion controlled in the former and mass
flow controlled in the present apparatus.

Tt is usual to equate the AH for a dissociation reaction
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to the bond energy of the dissociated bond. The AH value
of the attachment reaction is the reverse for that of

. 4 . + .
dissociation. We can then write for the 04 ion:

. _ +_
(6:xiv) -AH = D(O2 02)

Thus the dissociation energy of 04+ is 10.0 kcals. Also if

the change in volume is small one can equate Ax v AE and thus

(6:%V) AH ~ Ef - Er

-10 v -2 - 7.5 = 9.5 kcals/mole
(The change in volume PAV gives the difference 0.5 kcal/mole).
Tt was observed that the rate constant for the forward
reaction of oxygen was approximately thirty times smaller than
that of the corresponding reaction in nitrogen (101). This will
be discussed, ﬁlong with the energy transfer theory, in the next
chapter. Since data jndicates that the reaction is third order

we may then write the reaction as below (6:1b).

k
+ £ +
- ——
(6:1b) O2 + 202 04 + o2

The two rate constants kf and kr may be composite rate constants.

6:3 The Attachment of Nitrogen, N,,+ + N, > N4+
& “z

&

i Previous Work on this Reaction

A reaction which parallels the oxygen reaction studied above

is the attachment of N2 molecules to N2+ jons. This is represented
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by reaction (6:2)

+ +
. —
(6'2) N2 + N2 — N4

This reaction.is considered to cause ﬁhe low mobility of N2+ ions
in nitrogen gas and it has been studied éxtensively with respect
to mobility problems (102,103,104). The equilibrium constant and
the rate constants have been measured at energies higher than
thermal in electric drift fields and af thermal energieé in the
absence of an electric field.

Varney studied the mobility of N2+ and N4+ in nitrogen in a
drift field apparatus (92,105-108) operated at pressures up to
35 torr and field strength 200 volts/torr. He calculated the
extent of dissociation of N4+ from the change of ionic mobility
with the variation of E/P0 (electric field strength/normalized
pressure where Po = px273/T). From the extent of dissociaFion
he deduced a value for an equilibrium constant K. He alsé
proposed a relationship between the ion temperature Ti and
the E/Po ratio (T = Tgas + aE/P where a is a constant)
A van't Hoff plot (4nK versus 1/T ) was used to calculate a
value for the dissociation energy D(N2 -N2) = -AH. ﬁls value
for AH waé -0.50 eV (¢ 11.5 kcal/mole) .

An apparent equilibrium constant was obtained under thermal
conditions at a pressure of 1 torr N, by Knewstubb (109). His

value was 75 (standard state 1 torr ) at 300°K. If Varney's
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van't Hoff plot (108) is extrapolated to a value of 1/'1‘i = 1/300°K
the Kp value obtained is about 5x105. This is extremely large
compared to the values previously obtained for the oxygen reaction
(6:1).

A value for the dissociation energy can be calculated from
another set of data. N4+ js also formed by a second reaction,

the Hornbeck-Molnar process (6:6) . Aspndi, Schultz and Chantry

4+

(103) measured the appearance potentials of N, and N * in nitrogen

2

6:6 * + N
(6:6) N2.+N2 N4+e

by means of a mono-enexgetic electron beam technique. They took
the aépearance potential of Nz+ to be 15.6 eV as the referénce
point of the electron energy scale. (The spectroscopic value

" js 15.58 eV. Saporoschenko (110) obtained a value of 15.5%.2 eV).
The appearance potential of N4+ was 15.0%.1 eV). This value is
the energy of the excited neutral Nz*. It was also measured by
curran (111) as 15.04%.5 eV. The difference between the energies

of the two methods of formation of N4+ gives a minimum for the

bond energy D(N2+ - Nz). This is given by (6:xvi).

(6:xvi) D(N2+ - N) > (15.6 - 15.0) * .1 &

\"

13.8 + 2.3 kcals/mole

The two values of -AH, 11.5 and 13.8 kcals/mole agree within

the experimental error of 0.1 eV (2.3 kcals/mole).
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The rate constant for the forward reaction (6:2) has been
measured under drift field and thermal conditions. Since the
kinetic order has been under contention(112), we will write the

reaction as (6:2a) in accordance with the reaction (6:1a) for

oxygen.
ke
(6:2a) Nt eon. — N +n-lN n=1,2
* 2 2 _+E~— 4 2 R
r -

n=1 for a second order reaction and n=2 for a third oxder reaction.
Warneck (101) measured kf by means of a drift field technique

2 ccz/moleculezsec.

and obtained a third order value of 8.5%10
The pressure was varied from .09 to 0.2 torr. The constant
appeared to be independent of E/Po as well as pressure. McKnight

et al (104) measured drift field velocities of the nitrogen ions

t ana v * at pressures from 0.5 to 1.0 torr and

+ .+
N'y Ny » Ny 4

calculated a third oxder consﬁant for reaction (6:2a) which

was dependent upon E/P. Their values ranged from 7x10-29 at

29

low E/P, to 2x10 ccz/moleculezsec. at high E/P.

Knews tubb (109) reported a third order value of 8x10-29
ccz/molecule2 sec. measured under thermal conditions at pressures
up to 1 torr. He reported a temperature coefficient of "close
to -1 percent per degree at 298°K." This gives an activation
energy of about -3.6 kcal/mole. Fite et al (45) observed the

formation of N4+, by means of a pulsed afterglow technique.

They estimated a second order kf value of approximately
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5xfl.0-'13 cc/molecule sec. and this corresponds to 3x10"29 ccz/molecule?
sec. (third order) at the pressure of 0.5 torr used. More recently
‘ Fehsenfeld (113) reported a reaction (6:7) similar to (6:2a),

_observed by means of the flowing afterglow technique. Since the

pressure of helium (about 1 torr) was approximately 100 times

+ +
. >
(6:7) N,” + N, + He N, + He

that of nitrogen, helium acted as the third body. Rate constants
were reported, 1.9x10—29 ccz/ﬁoleculezsec. at 280°K and lxlon28

ccz/moleculezsec. at 80°K. The activation energy can be

calculated to be -0.37 kcal/mole from these two values.

ii The Purpose of This Study

We decided to look at the nitrogen reaction under the
same conditions.as used for oxygen for several reasons. Firstly,
the measurement of the rate constant for the forward reaction
in nitrogen would provide a check on the value for oxygen. It
has been noticed that these values were different by a factor of
approximately thirty which would appear to be exceptionally
large. The order of the reaction occurring in the pressure
region 0;2 to 5 torr was under contention.' Secondly both
Varney's values for the equilibrium constant Kp and Warneck's
value of the rate constant kf for the forward reaction were
calculated from ion intensities which had been measured

under the influence of an electric field, in which the ions
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were not at thermal energies. In the present work, the ion source
was essentially field free and thus the ion temperature should
have become the séme as the gas temperature after the ion had
undergone several collisions. Knewstubb's value for the equilibrium
constant was very different from that obtained by an exﬁrapolation
of Varney's data (75 comgared to 5x105). We hoped to check these
data.

We also hoped to obtain the temperature dependences of both
the rate constant kf and the equilibrium constant Kp so that they

could be compared with those obtained for the oxygen reaction.

iii Other Reactions Involving N,,+ and N4+

N3+ ions are formed in nitrogen by two mechanisms. At low

+ . .
pressures N3 is formed from an excited state of N +, (reaction

6:8), whereas, at high pressures, it is formed by a third order
reaction from N+, (reaction 6:9). The relative effect of reaction
(6:8) compared to reaction (6:2) on the removal of N2+ ions depends

+ .4, + +
(6:3) N2 (Eu) +N2 > N3 +N2

+ +
: ->
(6:9) N + 2 N2 N3 + N2 + N

upon the amounts of N * in the excited state 4Zu+ and in the

2
ground state. Asundi et al(103) showed that the excited ion is

deactivated by collisions with N, molecules at pressures above

2
10—2 torr and thus one would expect that reaction (6:8) would



not be important in the pressure range 0.4 to 3.6 torr usgd
in this work. Reaction (6:9) will be considered later in
séction (6:5).

+

one would not expect that Nz ions would be formed by

collision with N+ as the reaction (6:10) is endothermic

+ . +
. . >
(6:10) N +N, N +N,

(R.E. N' = 14.54 eV) (I n," = 15.58 ev). since the concentration
of N atoms would be small the reverse of this reaction is probably
insignificant in éepleting the N2+ concentration.

The ion N4+ may be formed from excited N2 molecules.by the
Hornbeck-Molnar process reaction (6:6) as mentioned earlier. The
importance of this reaction compared to reaction (6:2a) depends

* *
upon the ratio of N2 to N +. asundi et al showed that N2 was

2
deactivated by collision with N2 at pressures greater than 10-2
torr, and that when the electron energy was greater than 17.5 eV,
the production of N4+ was essentially only by the third order
reaction from N2+ (reaction 6:2a, n=2). In the present experiment

the gas pressure and electron energy were high and the contribution

of the H-M process to N4+ formation was expected to be small.

iv Results

. . . +
The intensity curves for the ions N+, N2 r N + and N +

3 4

were measured for pressures ranging from 0.4 to 3.60 torr and

194
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temperatures from 300°K to 420°K. Most of the results were
done at pressures 0.6 to 1.50 torr. In some of the runs, only

N + and N4+ were measured. The results_for 2.65 torr N2 at

2

380°K are shown in figure (6:13). The ion intensities replotted
as fractions of the total ionization are shown in figure (6:14).
Ssimilar plots for different pressures at the same temperature
are shown in fiqures (6:15) to (6:17).

' The sum of the fractional intensities of N2+ and N4+ is
shown on figures (6:14) to (6:17). The sum.remained reasonably
constant as the time increased. This was found to oécur in
many of the runs in which all ioﬂs.were measured. The sum
(iN+ + iN3+) also remained essentially constant. Deviations

from constancy did not exhibit any trends. It was therefore

concluded that the ions N Y anawn * reacted independently from

2 4
. + + + .
the ions N and N3 ; that N2 was lost only by reaction (6:2)
to give N4+ and that the concentration of N2+ in the excited

state 4Eu was low. The intensity curves obtained when only

+

N2 and N4+ were measured are shown in figures (6:18) to (6:21).

When there were small amounts of water or oxygen

+
0+, H30 and 02+ were

observed. Since all the nitrogen ions have ionization potentials

impurities present the ions N H+, H

2 2

much larger than the impurities (I_H

+ +
p 20 = 12.61 eV) (IpO2 = 12,06 eV)

the impurities would remove nitrogen ions by charge exchange. Much

effort was expended to remove the impurities. If the impurity
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jon intensities were large the results were discarded. 1In
figure (6:14) one can see that 02+ ion aépeared slowly with
time. It is mainly responsible for the‘decrease of the
normalized intensity of N4+ at reaction times greater than

50 micro seconds. The oxygen concentration was very low, less

than 10-'4 times that of nitrogen.

v Evaluation of the Rate Constants

The forward rate constant kf of reaction (6:2a) was
calculated from the maximum decrease of iN2+ from the normalized

‘curves {both those which were expréssed as fractions of

+

(iN2 + iN4+) and those as fractions of the total ionization).

The equation used is similar to that used for oxygen (6:vii) =

(6:xvii) where n=1 for the second order reaction and n=2 for

Lt
1N2 tl

s _ . .+
(6.xv11? kf = =2,303 log (1N2 £ /

n

(tz—t) .1

1 2
the third orxder reaction.

The order of the reaction was first determined from the
data at 380 and 381°K, since at this temperature fhe data was
measured over the widest pressure range. Figure (6:22) ghows
the values of kf calculated for n=1 and n=2. The values for

the second order rate constants increased linearly with

increasing pressure. The third order values were constant



206

© n=i 0107°C
5t () n=2 B108°C 45
4- .BED 0 -4
Q —O07| o
O%: EJ ©
<3 g 3%
- © s oSt
i 4 i 4
02 © e/ g 2 °
J 0
/
1} Gocﬁ 1
/ (¢
|V ] | 1
00 2 3 (A
PNz(torr)
Figure 6:22 Third and second order rate

constants kf, for reaction (6:2),
versus pressure. Results at

380 and 381°K.



207

within the experimental scatter and thus reaction (6:2a) is
third order up to 3.5 torr of nitrogen and may be written as

follows.

+ +.
: —
(6:2b) N2 + 2N2 . N4 + N2

Third order rate constants were calculated for all other

temperatures. An Arrhenius plot (log kf versus 103/T), figure

(6:23), was prepared. The line is a least squares fit to the

29

data it gives a value of kf of 8.3x10 ccz/molecule2 sec. at

298°K and an apparent activation energy Ef = =-2.3 kcals/mole.

These values are quite close to those of Warneck kf = 8.5::10'-29

and of Knewstubb, k_ = 8.0x10'29, E

£ = -3,6 kcal/mole.

£
It can be seen from most of the figures that iN2+ decayed
to very small values and that the effect of the reverse reaction
was negligibly small. Thus the rate constants calculated by
equation (6:xvii) should then be close to the true values. It
was found that at low temperatures (300°K) the results at
pressures less than 0.6 torr were unreliable. No ions were
extracted at pressures less than 0.28 torr and consequent}y the
results taken at pressures around 1 torr are the most reliable,
The technique of correcting for the reverse reaction was
tried for a few of the results. A plot of g_i%gg log [iN2+ (1+c)-C]
versus t, (where C = iN +(eq)/iN +(eq)), is shown in figure (6:24)

2 4
for the data at 300°K from 0.63 to 1.28 torr. The corrected
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values for k. are shown on figure (6:23) as squares. It can

be seen that they gave essentially the same values for kf at

298°K and do not change E This type of plot for other data

£

was unsuccessful as the ratio C was extremely small.

vi Evaluation of the Equilibrium Constant Kp

The measurements of Kp, from which a value of AH might be
determined, were unsuccessful. The values of Kp calculated from
iN2+ anq iN4+ at long reaction times from figures (6:14) to (6:21)
were very dependent upon pressure and also not particularly
reproducible. Under the low pressure conditions the total
ion signal at reaction times greater than 100 micro seconds
was small and this contributed to the lack of reproducibility.
Attempts were made to obtain more sensitivity by setting the
delay time t" to 100 micro seconds and the ion gate width Ati
to 200 micro seconds. This method gave slightly better results.
The Kp values calculated from the ion intensities at reaction
times of 100 micro seconds were found to increase rapidly with
pressure (figure 6:25). It appears that at low pressures the
total ion signal decayed in a time (100 micro seconds) much
shorter than that required for equilibrium to be established.
Thus the small ion signals detected at low pressures would be

those of ions not at equilibrium. Consequently one would

expect the values of Kp to increase with pressure, since the

210
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extent of reaction would increase. However at a certain point,
when equilibrium would be established in less than 100 micro
seconds the values of Kp would become constant. This behaviour

was observed for the measurement of the oxygen reaction eqpilibrium
constant (see figure 6:9). However it was not observed for the
nitrogen reaction. This was probably due to the large value of

Kp. If one takes Varney's extrapolated value of Kp of 5x105 at
300°K one can calculate the ratio of iN2+ to iN4+ at a pressure

of 1 torr from (6:xviii) as 0.00001 to .99999. Unfortunately
+

4 = 105

(6:xviii) Kp =

the sengitivity of the mass spectrometer was not great enough
to detect differences of this magnitude from the very small ion
currents. The iimit was perhaps 0.001 to 0.999 and thus the
largest values of Kp measureable were 103.

A calculation was carried out to see how the Kp calculated
from ion intensities at 100 micro seconds would change with
pressure, and at what pressure équilibrium would be established in
less than 100 micro seconds. A theoretical Kp' was calculated
by substituting the appropriate equations for iN2+ and iN4+ into
(6:xviii). The resultant equation is (6:xix). The value for kf

was taken from the results figﬁre (6:23) kr was calculated from

Varney's Kp (5x105 at 300°K) and kr. The value of Kp' was found
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2
kI, [1 - & (K [Np] + ke IN,1%) t]

(6:xix) Kp'
"N, [kr[Nzl + k12 em K N + kgn,1%) 't]

to increase rapidly up to pressures of i.z torr after which it
remained constant at 5x105. Part of this curve is shown in
figure (6:24). The calcuiation was rgpeated at 380°K with
appropriate values of kf and kr' This is also shown. One
can see that the theoretical values for Kp ét any pressure are
larger ihan the experimental values. This is mps% noticeable
in the 380°K curves. One might assume that at the higher
pressures, 3 to 4 torr, the reaction was close to equilibrium,
That is, that the equilibrium constant at 380°K is larger than
could be observed with the present instrument but perhaps
smaller than the value obtained from an extrapolation of
Varney's results (107).

An attempt was made to measure Kp, by having a low pressure
of N2, and a high temperature so that the ratio N2+/N4+ was
within the range of the instrument detection (not léss than
0.01), and yet have the total pressure high so that ions
would be extracted efficiently by mass flow. Neon was added
to increase the pressure. Neon was chosen since its ionization
potential is greater than that of nitrogen (IPNe+ = 21.56 eV,

IpN2+ = 15.58 eV). It was expected that N2+ ions would be produced
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by charge transfer and be essentially the only ions produced

(as Ipy+ = 24.3 eV > IpNe+). Argon was not chosen even though

+

A; has an ionization potential slightly higher (15.8 eV) than N,,

as Knewstubb (109) had observed the ion ArN2+ in mixtures of
Argon and nitrogen at high pressures. Kaul and Fuchs (114)

proposed this was formed by a Hornbeck-Molnar Process Reaction (6:11).

*

(6:11) Ar + N, > ArN2'+ +e

Munson et al (115) suggested that the following reaction (6:12)

would also occur in N2 - Ar mixtures.

(6:12) vt ew, — N, +ar
It was felt that the presence of ArN2+ would complicate the kinetics
and hence neon was used.

Figures (6:26) and (6:27) show two typical runs of the
Nz-Ne mixture. Apparently thé Ne+ ion was unreactive towards
N2 as one can see that its intensity changed only slightly. In
retrospect, one could explain this by means of the Massey
adiabatic hypothesis (80) (section 4:4); that the cross sections
of charge exchange reactions are small for large differences in
ionization energy ( 6 eV in this case). Figure (6:27) shows also

that impurities such as O, became the major ions at long

2
reaction times, and thus obscured the results.
The new results for Kp showed no improvement. These are

shown as filled-in points on figure (6:25). Thus it was impossible
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to measure Kp under the pressure and temperature conditions
available in this instrument. One concludes that the value
for Kp must be almost as large as that calculated by
Varney even though his ion temperature scale may be somewhat
uncertain. |

-

vii Purther Evaluation of kf

The data of the N2-Ne mixtures was used in an attempt to

calculate rate constants for the forward reaction (6:13) in
+

+
: ->
(6:13) N2 + N2 + Ne N4 + Ne

which the third body was not N The equation used was (6:xx).

2.
+ +
2.303 log (i /i )
I N2 t, 1Nz t)
(6: xx) kf =
(tz - t) v,] v, + Ne] where [Ne]>([N,]

Three results are shown as solid points on figure (6:22). The
results are of the same order of magnitude as those in pure nitrogen.
The two points at 103/T = 2.6 were taken from runs in which the

+ and H d+ were large. Since the

concentrations of impurity ions 02 2

rate constant was based upon the decay of iN + the values are
2
probably high since there would be a contribution from charge

+ )
transfer from N2 to O2 and H20.

One might refer to the value 5.9x10™ 27

ccz/moleculez'sec.

obtained at 297°K to propose that Ne is a less effective



third body than is N2. The value of 1.9x10-'29 cc/molecule sec.

measured by Fehsenfeld et al 280°K for the rate constant for
reaction (6:7) in which He is the third body would tend to
support this proposal.

A summary of the results is given in Table 6:3.

TABLE 6:3

Constants for the Attéchment (6:2)

+ +
-
N, + 2N, N, + N,
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EXPERIMENTAL RESULTS

29

k, = 8.3x10 ccz/moleculezsec. at 298°K

£

= 3.0:(10-29 cc2/molecule2sec. at 400°K

E. = =2.3 kcals/mole

Kp >> 102 (standard state 1 torr) at 298°K

2 102 (standard state 1 torr) at 380°K

PREVIOUS RESULTS

Warneck (101)

k., = 8.5::10'29

£ ccz/moleculezsec. at 298°K

Knewstubb (109)

29
kf

8.0x10 ccz/moleculezsec. at 298°K

Eg

N

-3.6 kcal/mole.
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6.4 Comparison of Oxygen and Nitrogen Reactions

i fTheoretical Considerations of the Reaction Mechanism

The effect of Temperature and Bond Enexgy on k_

The ion-molecule attachment reaction, which.requires third
body stabilization is very much like the recombination of two free
radicals in the presence of a third body. The recombination has
been discussed in terms of two mechanisms, the energy transfer
mechanism and the radical-molecule complex mechanism (116). In
both, the formation of %n excited bimolecular complex occurs .

In the energy transfer mechanism the complex is Rz* formed from
the two radicals and it is stabilizéd by collision with the third
body M, as is shown in reactions (6:14) and (6:15). The radical-

*
molecule complex mechanisms involves the formation of RM which

reacts with a further radical to form R2 and M.

(6:14) R + R — RZ*
(6:15) R2* + M — R2 + M

The two mechanisms were first proposed by E. Rabinowitch
in 1937 (117) and have been investigated by many other workers
(116,118) . |

When the third body is the same species as the reactant,
the two major mechanisms become the same, and may be treated by
the theory of the energy transfer mechanism.

A mechanism for the ionic attachment reaction may be



written as shown in the reaction sequence (6:16) and (6:17).

(6:16) 02+ + o, '%‘**__i_ 04+ x (combination)
d (decomposition)
* ks 4 (stabilization)
(6:17) o + 0, T2 +o,
. 2 (activation)

The sequence for oxygen is shown. The same reactions apply for
nitrogen.
6ne may find equations for the rate constants by applying
the steady state assumption that the concentration of 04+* is
constant i.e. d[o4+*]/dt = 0. The concentration of 04+* is then
given by equation (6:xxi).

(6:xxi) [0,

+ + '
J1 =% 10,1 10,1 + k, [0,"1 10,]

kd + ks[02]

*
The rate Rf of the forward reaction is given by the loss of 04+

to form O +.

4
.. _ +*
(6:xxii) Rf = ks [04 ] [02]
- _ + 2 + 2
(6:xxiii) Rf —_ks kc [O2 ] [02] + ks ka [04 1 [02]
kd + ks [02]

Similarly the rate.Rr of the reverse reaction is the rate of

+* +
decrease of o4 to form 02 .
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: . +*
(6:xxiv) R.r = kd[O4 ]

v + +.
(6:xxviii) Rr = kd kc [02 ] [02] + kg ka [04 ] (02]

kg *+ kg [0,]

When [O 4+1 = 0, R

£ is given by (6:xxvi) and when [02+] =0, R

x

is given by (6:xxvii).

. _ +, .2
(6 :xxvi) Rf = kc ks [02 ] [02] .
kd + ks [02]
. _ +
(6:xxvii) Rr = ka kd [04 1 [02]
kd + ks [02]

Now if kd >> ks [Ozl,the low pressure situation, the concentration
*

of O + is controlled by kc and k

4 The forward reaction is third

a

order with rate given by (6:xxviii) and the reverse reaction is

second order with rate given by (6:xxix).

~ + 2 .
(6 :xxviii) Rf = kc ks [02 ] [02] ; kf = kc ks
ka : ka
(6:xx1ix) R =k [071[0.1;: k_ =k
: r “a 4 2° " "r Ta

*
Conversely, if the concentration of 04+ is controlled by ks and
ka’ i.e. kd << ks [02], the forward reaction is second order and
the reverse reaction first order with rates given by (6:xxx) and

(6:xxxi) .
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+
(6:%xx%x) R = kc [02 ] [02] ; k.=k

£ c
(6:xxxi) R.=k_k [o*]» k =k_k
- - %a a4’ Tr Tad
k k
S S

Under the conditions of pressure and temperature used in
the present study, the reactions displayed third oxder kinetics

- and thus k4 >> k [02]. The rate constants are given by (6:xxviii)

and (6:xxix).

(6:xxviii) kf = kc ks
ka
(6:xxix) k = k
r a

sinée theories for the effect of temperatﬁre upon kf and kr
have not previously been developed, it might be possible to get a
qualitative prediction by taking simple equations for kc' ks' kd
and k_.
a
The rate constant kc is that of the combination process of
reaction (6:16).

k

+ Cc +* . .
(6:16) 02 + 02-——+ O4 (combination)

Since this involves the collision of an ion and a molecule to form

an excited complex one might use the Gioumousis-Stevenson equation

(1:vi) to predict values of kc.

(1:vi) kc = 2me [0
Vi

This equation does not predict any effect of temperature upon kc.
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The rate constant k., for the decomposition of O +* in

d 4
reaction (6:16) is similar to that of a general unimolecular
k., :
+ d +*
(6:16) 02 + O2 . 04 (decomposition)

reaction, and one might approximate it by application of the
Rice-Ramsperger-Kassel model. The simplest R-R-K equation is

given by (6:xxxii). The R-R-K model assumes that the molecule

(6: i) ky = 2y (1_3_:_*) z-1
E .
contains r coupled oscillators all of the same frequency. The
probability that the total energy E may be transferred into one
'of the oscillators with a critical energy E* is given by the
term gL:_Ef) r-l. The factor zd is a proportionality constant
related io the frequency. The critical energy E* may be
approximated to the bond energy D(02+-02) and the total energy,

to the bond energy D plus some contribution from the thermal

energies of the reactant species. E is given by (6:xxxiii).

(6:xxxiii) E = D+ hRT

It is hard to assign a value to the thermal contribution nRT, but
since the vibrational levels of oxygen and nitrogen molecules and
jons have low populations at the temperatures used here (300 to
400°K) we might consider only the translational and rotational
levels (i.e. nRT = 3/2 RT + 3/2 RT). The R-R-K equation may

be rewritten for kd as (6:xxxiv).
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nRT rel

(6: xxxiv) k.=2
d dD+nRT

Since D > nRT, we may neglect the thermal term in the denominator.
Equation (6:xxxiv) indicates that kd would increase with increasing
temperature and decrease with increasing bond energy D. Increasing
the number of oscillators r which could contribute energy would
also decrease kd s;nce (nRT/D)<.l.

The rate constant ks is for the stabilization step of (6:17).

+% ks + e as .
(6:17) O4 + 02-——+ 04 + O2 (stabilization)

*
Deactivation of 04+ will only take place if the kinetic énergy

.
of 04+ and 02 is less than a certain critical energy Ec' Husain
and Pritchard (119) gave an equation (6:xxxv) for such a reaction.

They used it for the recombination of iodine atoms. The energy Ec

. _ _ -E_/RT
(6:xxx%V) ks = pZs (l-e ¢77)

was small, less that 1 kcal/mole. One might apply a similar value
for reaction (6:17). Zs is the collision frequency and p the
efficiency of each collision for removal of energy. The effect of
an increase of temperature would be to decrease ks. Since Ec is
small, much less than the bond energy D one might not expect it to
vary with D.

All these approximate equations may be combined so that k

£

is defined by equation (6:xxxvi).



225

(6sxocxvi) kg = kpZ, (L - o EC/RT,
r-1
Z_ {nRT
d ("D—)

The effect of temperature change would be as follows. Since kc
is independent of temperature, ks decreases and kd increases, kf
must decrease with increasing temperéture. This then agrees
qualitatively with the observed data, as the Arrhenius plot
gave an apparent negative activation energy.for kf.'

One may compare the values for kf of the oxygen reaction
l(6:1b) to tﬁét of thé nitroéen reaction (6:2b) by comparing the

bond energies of the complex ions 04+ and N +. (D(02+-0 ) =

4 2

10 kcals/mole D(N2+-N2) n 14 kcals/mole. As the bond energy
D is increased, equation (6:xxxvi) predicts that k.f would increase,
since kd would decrease by a factor (D02/DN2)r—l.

Equation (6:xxxvi) may be used to gualitatively predict
how the rate constant kf would change as the third body was
changed. kc and kd are independent of the third body. ks
would be affected by the collision efficiency factor p (equation
6:3xxxv). One might expect that if the third body were an atom
such as Ne or He, instead of a molecule, that p would be smaller.
This qualitatively agrees with the findings for the nitrogen

reaction., At 300°K kf for reaction (6:2b) from the present

results was about 8.3x10-29<:C2/molecule2 sec. When the
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third body was neon (reaction 6:13) kf at 297°K was

about 5.9x10-29cc2/moleculezsec. Fehsenfeld et al measured
a value for kf of l.9x10-29cc2/moleculezsec. at 280°K for

the reaction with He as the third body. One might expect the
efficiency to decrease with decreasing complexity and size

>Ne>He.
N2 Ne>He

.

Equations (6:xxxii) and (6:xxxv) may qualitatively show
when the overall attachment reaction such as (6:1) or (6:2)
displays third or second kinetic order. The case for third
order was that kd>>ks[°2]'. This would occur at low pressures,
and at high temperatures for complex ions with a small bond
energy. Conversely the second order kinetic situation kd>>ks[02]
would occur at high pressures and low temperatures and when

the complex bond energy was large.

ii The Effect of Temperature and Bond Energy

on k_ at Low Pressures
4

When the attachment reaction displays third order kinetics
the rate constant kr is given by ka' the constant for the activation
+ . s . . .
of 04 by collision. This activation is similar to the initial step

k
(6:17) 0 +* + 0 —2 0 + + 0 (activation)
4 2 4 2

of a unimolecular decomposition reaction and the same equations

may be used.
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The most appropriate equation is the energy transfer
equation developed independently by Hinshelwood and Lewis: It
is discussed by Ritchie (120) and by Fowler and Guggenheim (121).
It is derived from the simple collision theory. The simple

collision theory equation (6:xxxvii) assumes that the molecules

(6:xxxvii) k = pZe-Eo/RT

are hard rigid spheres, and that upon collision (along the line

of centres), translational enérgy is transformed inéo internal
energy. The probability of gaining an energy greater than E°

is given by the Boltzman factor e-Eo/RT. For a complex molecule

the approximation of rigid spheres is not satisfactory and the
contribution of vibrational and rotational energy must be
included. The bond which requires the energy E° to break,

gains this energy, not only by traﬂsformation of translational
kinetic energy into internal enerqgy, but also by transfer of

energy from the vibrational and rotational modes. The probability
of E being available is thus larger than that glven by the

Boltzman factor. A temm l(E ) is added to account for the increase
in probability. The lntegeims depends upon the number of square
terms from which energy is acquired. This numbgr is given by (2s+2).
The number of square terms for the degrees of freedom are, one

2
term (%Iw”) for each rotational degree and two terms (%mv2 kinetic



energy, and %kx2 potential energy) for each vibrational dggree:

Since the vibrational degrees of freedom will generally provide

the largest number of square terms one might approximate s as

the number of vibrations. The energy transfer equation for ka

is thus given by (6:xxxviii) in which.2 is again the collision
s -EO/RT

ces _ 2z Eo) e
(6:xxxviii) ka = 31 (mr'

nunber and E, the activation energy.
The energy transfer equation was used successfully by
Palmer and Hornig (122) to describe the dissociation of Br, into

Br atoms in the presence of either bromine or argon under low

pressure conditions. The log of the rate constant plotted versus

1/T fitted over a range of 1027.
The value of kr measured for the oxygen reaction may be
used to determine s. 2 is taken as the Gioumousis-Stevenson

collision frequency which is of the order lo_gcc/molecule sec.

If we use T=300°K, Eo = 10 kcals/mole and s = 4, ka is 1.96x10-13

molecule sec. This corresponds very well with the present
experimental value kr = 2.44x10.13 cc/molecule sec. At 400°K

k 3.80x10-12cc/molecule sec. compared to the experimental

a

k
x

6.54x10-12cc/molecule sec.
If it is assumed that 04+ and N4+ have the same number of
vibrations contributing energy and thus the same value for s,

k may be calculated for nitrogen. The bond dissociation

228
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energy E may be taken as 14 kcals/mole as the value of 1l.5
kcal/mole from Varney (107) had a large error, and the value of
13.8 from Asundi et al (103) should be a minimum value. At

300°K with S = 4 equation (6:xxxviii) gives a value of

ka = 9.06x10-lscc/molecule sec. and at 400°K ka = 9-8x10-14cc/

molecule sec.:
A value for s may be obtained from a method described by
Porter (118). He first found an equation for kf in the following

manner, kf may be defined by equation (6:xxxix) which is (6:x1)

(6 : xxx1ix) k., = kr K

rewritten. kr is given by equation (6:xxxviii) for ka. The

equilibrium constant K is given by (6:x1). The energy required

(6:x1) K = e(fAH/RT). o As/r

¥

by O4

* *
(or N4+ ) to dissociate Eo is the bond energy D(02+-02)

which is ~AH. kf is then given by (6:x1i) as the activation
As/r

Z Eo ° e
(6:x1i) kf= -
sI\RT

energy exponentials cancel. Porter assumed that the change of As

As/Rr

with temperature was small so that the effect of e was small

As/R

compared to (l/T)s. Z and e are combined into a new constant C.

Equation (6:x1i) may then be rewritten.

E
(6:x1i) kg = c (—"-)
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Porter stated that an Arrhenius plot (log kf versus 1/T)
of equation (6:xlii) gave an apparent negative activation energy
with the form given by equation (6:x1iii).

(6:x1iii) Eapp = ~gRT

The apparent negative activation energies obtained from the two

Arrhenius plots, figures (6:13) and (6:22), were for oxygen

E_ = -2.0 kcals/mole and for nitrogen E_ = -2.3 kcals/mole. 1f

£ £

these values are substituted into (6:x1iii), with T = 300°K
the valﬁe of s for oxygen is 3.4 and for nitrogen 3.9. These
values agree with the value of 4 used for the calculation of
ka by means of equation (6:xxxviii).

The number of vibrational modes of four centre ions are
given by 3N-5 = 7 for a non-linear ion or 3N-6 = 6 for a linear
ion. s should be less than either of these numbers as it is the
effective number of vibrational modes contributing enérgy to the
dissociation and not all will contribute with total efficiency.

The statement that equation (6:x1iii) gives values of kf
which plot versus 1/T to give a negative activation energy was

checked. At 300°K, kf = 2.9x10-30cc2/moleculezsec. and

E = -AH = 10 kcals/mole. If s =3, C = 3.76x10‘30. At

400°K a new value of k_ was calculated l.22x10-30cc2/molecu1e2 sec.

£
X . 30 2 2
From an extrapolation of figure (6:13) k cc /molecule

£

sec. The calculation was repeated for s = 4. The agreement

= 1.27x10
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with the experimental results was not as good. This shows
that s can be approximated from the value of the apparent

negative activation energy.

iii Comparison of the Equilibrium Constants Kp

for Oxygen and Nitrogen

Since the equilibrium constant for the nitrogen reaction

(6:2) could not be measured experimentally, it would be instructive
to evaluate a theoretical value by means of the energy transfer
theory.' ka can be calculated from equation (6:xxxviii) and used
with the experimental value fo; kf.so that Kp may be calculated.
Since the nitrogen reaction came closest to reaching
equilibrium in the 380°K runs 400°K will be chosen for convenience
of calculation. First the theoretical equilibrium constant for
oxygen was calculated at 400°K with s = 4 and Eo = 10 kcals/mole
and thus ka = 3.80x10-12 cc/molecule sec. The experimental values were

30

kr = 6.54x10"12 cc/molecule sec. and kf = 1.27x10 ccz/molecule sec.

Thus the theoretical value for Kp is given by (6:xliv) from (6:xiii}.

=

£

k, Tx1.034x10

(6:x1iv) Kp = 19

Kp (theoretical) = 8.0x10-3 compared to Kp (experimental)
= 4.7x10—3 and the difference is less than a factor of two.
This procedure may be repeated for nitrogen where

T = 400°K s = 4 and E = 14 kcals/mole. ka = 9.8x10—15cc/molecule sec.



232

If we use the experimental value kf = 3.0x10-29cc2/molecu1e sec.
the theoretical value of Kp = 7.4x101. The significance of this

value is seen by comparing KPNZ to Kpoz. The ration KpNz/l(po2 at

400°K is:

Key 3 '
2 - 9;:10 (Theoretical)
Kp
%
If we take the experimental value of Kp at 400°K to be > 102,
2

and if the experimental Kp°2 = 4.7x10'-3 the ratio is then:

- > 2x10 (Experimental)

The ratio may also be obtained by an extrapolation of Varney's

{107) results.

— > 7x10 (Varney)

Since the predicted value of KpN2 using the experimental kf
and the theoretical ka calculated from the bond energy by means of
the energy transfer theory equation (7:vii) is smaller than either

of the e'xperimental values (even though they may be only approximate},

+

the greater stability of N4 compared to O * must be due not only

4

to a larger bond energy but also to a more favourable entropy.
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6:5 The Attachment N' + N, * N3+

i Previous Work

i

Tt was stated in section (6:3:iii) that N3+ is produced

by two reactions (6:8) and (6:9). The first is important at
low pressures and the second at high pressures. The formation

of N3+ was studied at pressures up to 0.2 torr by Saporoschenko('llo)

\J

- o +
(6:8) N2 + N2 -+ N3 + N2

+ +
(6:9) N +2N2 g N3 +N2

who obs;rved that the reaction was second order and that the
appearance potential for N3+ was 22.1 eV which corresponded to
the excited state N2+ w(42;} Thus N3+ was formed by reaction (6:8).
This mechanism was supported by observations of Cermak and
Berman (123) , Keller et al (102) and by Munson et al (115).
Dreeskamp (124) obsexrved N3+ at higher pressures (0.8 torr)
and ascribed its source to reaction (6:9). This was also reported
by Luhr (125). Knewstubb and Tickner (126) studied glow dischatges
in nitrogen at a pressure of 0.4 torr. They also concluded that
N3+ resulted from the third order reaction (6:9). McKnight et al
(104) recently studied the mobilities of nitrogen ions in N2 at
pressures up to 0.9 torr and observed that N+ and N3+ had very
similar mobilities. Tﬁey calculated a rate constant for the
third body reaction (6:9) of 3}:10-29 cc2/molecule2 sec. for

conditions of low drift velocity. More recently Fehsenfeld et al

(113) reported ieaction (6:18) in which the third body is helium.



(6:18) N+ N, + He * N3+ + He

ii Purpose of This Study

The reaction conditions in the present experiment were
similar to those used earlier by Dreeskamp, Luhr and Knews tubb
s + .
and Tickner,who showed that N3+ was formed from N by the third

.

order reaction (6:9). It was shown earlier (section 6:3:iv)

that the ions N+ and N3+ reacted independently of N2+ and N 4+.
N+ is formed from N2 by reaction (6:19) with an appearance
. +
(6:19) N, +e = N + 2+ N

2
potential of 24.2 eV. The intensity of N+ could be decreased
by reaction with N2 to form N3+, or by charge exchange reactions
with impurities. The rate of appearance of impurity ions was
too slow to account for the rapid rate of disappearance of N+.
The rate of formation of N3+ agreed quite well and thus it
+

appeared that N+ reacted only to form N3 The rate constant

for the formation of N3+ was measured so that it could be
compared to that of N4+ (reaction 6:1b).

iii Results

The time dependence of the ion intensities of N and N3+

had been measured with those of N2+ and N4+. The intensities

+ + '
of N and N3 were normalized in two ways. Some were plotted

as fractions of the total ionization. The plots for pure

234
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nitrogen at pressures from 0.96 to 3.60 torr at 380°K are
shown in figures (6:14) to (6:17). Two plots for mixtures
of nitrogen and neon at total pressures of 4.1 torr are
shown in figures (6:26) and (6:27). The temperatures were
297°K and 376°K respectively. One can see that in these

. .+ . .

figures the sum (1N +ig +) remained reasonably constant.
3

For some runs only N+ and N3+ intensities were measured.

They were normalized as fractions of (iN+ + iN +). These
3

plots are shown in figures (6:28) to (6:30).
For most of the data the rate constant for the forward
" yeaction was calculated from the decay of iN+ by means of

equation (6:x1lv) where n=1 for a second order reaction and

2.303 logm(iN* / iN’f)

t t

(6:x1v) k 2 1

n
(t,mt)  [N,]

n=2 for a third order reaction. For the data obtained from the
Nz-Ne mixtures (figures 6:26 and 6:27) the increase of J'.N3+ was
used as the decrease of iN+ was rather unreliable. The rate
constants are shown in table (6:4). Plots of kf(n=2) and
kf(n=3)_(second and third order constants) are shown in figure
(6:31). The plot indicates that the reaction is second order
since the second order values are constant with pressure, and
the third order values form a hyperbolic curve. The overall

reaction should then be written as second order as (6:9a).

+ +
(6:9a) N + N2 -+ N3
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The second order rate constant appears to be temperature

independent.

The reactions did not appear to reach any

equilibrium in the short time that they could be observed

(0 to 60 micro seconds).

TABLE 6:4

Rate Constants for the Reaction

239

+ +
N +n N2 > N3 + (n—l)N2
N2 Pressure 2nd order k - 3rd order k
Temperature (torr) cc/molecule ccz/molecule2
secxlo12 n=1 secxlO29 n=2
300°K 0.63 1.79 8.84
i +
0.83 1.71 6.38 from N
+ +
1.0 2.06 6.39 iy +iN3
1.28 1.86 4.51
300°K 0.61 1.24 6.33
i +
0.79 1.21 4,77 from N
+ +
1.06 1.43 4.19 i +iN3
378°K 0.80 1.12 5.49
+
from iN
1.02. 0.68 2.63 " T
iN +iN
1.22 1.06 3.70 3
380°K 2.05 2.10 - 4,04 +
i
from N
2.65 1.41 2.09 i
total
3.4 1.64 1.89
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iv Discussion of the Results

A mechanism for the attachment of N2 to N+ may be written

exactly like that for attachment of N2 to N2+. 

+ c ' (combination)
- — *
(6:19) N + N2 k. N3+
d (decomposition)
k
+% s + (stabilization)
- __—+ .
(6:20) N3 + N2 *i?—— _N3 + N2
a . (activation)

The same conditions for order apply here. The overall forward
reaction was second order when kd<<ks[N2]'

The experimental rate constants are given by (6:xxx) and

(6 :xxxi) .
(6:xxx) kf = kc
(6:xxxi) kr = ka kd
k
-]
kd and ks were defined earlier by (6:xxiv) and (6:xxxv).
r-1
(6:3xxxiv) ks = 24 nRT)
NRT
(62330cv) k, = Pz, (1-¢ E/FT)

The conditions that kd<<kS[N2] are that the pressure be high,

the temperature be low and the bond energy of the complex be

high. The pressure and temperature under which the reactions
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(6:2) and (6:9) were observed in the present study were identical.
The bond energies and the number of vibrations are different. The
bond energy D(N2+-N2) was determinéd from appearance potential
results of Asundi et al (103) to be greater than 0.6 eV (13.8 kcals/
mole). These workers also measured the appearance potential of ﬁ+
(from reaction 6:19) to be 24.2%.1 eV and that of N3+ (from reaction
6:8) to be 21.1t.1 eV. The difference between these (3.1i'.2. eV) is
the minimum energy for the bond N+-N2. Thus D(N+-N2) A 71 kcals/
mole. Since the bond energy of the complex N3+ is five times
larger than that of N 4+ one would expect that k a for N3+ would be
much smaller than kd for N 4+ and this is probably the reason that
the reaction (6:9) appeared to be second order in the present
experiment. The greater bond energy of .N3+ is probably due to
its structure. N3+ has an even number of electrons in the

valence shell whereas N has an odd number. Simi:le Lewis

structures for N3+ and N 4 are shown below.

3
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The lack of temperatuve dependence for kf (second order)

agrees with the theory presented earlier as k. = kc' and kc

£
was shown to be tﬁg:aioumousis-Stevenson constant which is
temperature independent.

The value of McKnight et al (104) of 3x10-29 ccz/molecule2
sec. measured at 300°K aqd at 0.9 torr N2 can be converted
into a second order constant with the value of 0.87x10-120c/
molecule sec. This is very close to the average of the
presen; results, 1.5x10-12cc/molecule sec. McKnight et al
suggested that a reverse reaction took place under drift
field conditions at high ion energies. This was not cbserved.
One would not expect it to be, as the reverse reaction would
be smaller than that for N4+ which also could not be

observed.
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7 SUGGESTIONS FOR FURTHER RESEARCH

7:1 Introductién

The most abundant molecule in the Earth;s atmosphere after
N2 and 02 is H20 which is piesent in trace quantities. Attachment
reactions between these molecules.and their ions are expected
to occur in the D region of the ionosphere where the pressure is

high. One of the major ions in the D-region is 0 + which is

2

produced by ultraviolet and x-ray radiation; and by chaxrge

exchange from NZf'(127) by reaction (7:1).

+ +
. N
(7:1) N2 + 02 O2 + N2

7:2 Attachment Reactions in 02-H40 Mixtures
b

The first suggestion would be to study reactions in oxygen

containing traces of H,O. While performing the experiments

2
described in chapter 6 the presence of two masses corresponding
to the hydrates 02+(H20) and 02+(H20)2 were observed when a

trace of water, about 1x10-3 torr per torr 02 was present. One

could therefore propose the following series of reactions:

. + +
: >
(6:1) 02 + 202 ) 04 + 02
(7:2) o++Ho+o ——+o+(Ho)+o
y 2 2 2 — 2 2 2
(7:3) o.fwmwo +wmo —otwmo . +o0
: 2 27 'm 27— T2 27 'mtl 2
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One would expect the reactions to require third body stabilization,
and since one would expect the water to be in only trace concen-
trations 02 would be the third body.

This instrument could be used to measure the rate constants
for the forward (and reverse) reactions, to est;blish the time
required for equilibrium, and to measure the equilibrium constant
Kp. From temperature studies the activation energy Ef of the
forward reaction and the enthalpy AH could be determined. It
would be interesting to see if the reactions had small negative
activation energies of 1 to 2 kcal/mole as did the attachment
‘reactions of oxygen and nitrogen (xleactions 6:1 and 6:2), and
to see if there was any trend in Ef as the cluster size
increased.,

The bond energies (-AH) of other clusters H+(H20)ﬁ,
K+(H20)n, and NH4+(H20)n, have been previously measured (31).

The bond energies of hydrates of other ions Li+, Na+, Rbf,

Cs+, are presently being measured(128). It would be interesting
to see how the stability of the oxygen hydrates 02+(H20)n
compared with these hydrates of atomic ions. The bonding of

the hydrates with atomic centres has: been explained as
attraction of dipoles to a spherically symmetrical charge,

and the stability of the ions found to change systematically
with the charge radius (31). The molecular ion O * would not

2

have a spherical charge centre. One might be able to modify the
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theory discussed by Searles (31)to fit this situation. Finally

hydrates of O ~ have been observed (129). A comparison of

2

the positive versus the negative ions could be made.

7:3 Preliminary Investigation of 0,-H, O Mixtures
The investigation of the attachment of H20 and 02+ was
undertaken by Dr. Good and myself while this thesis was being

written. Since it was not part of the thesis project, only a

brief description will be given.

i Eggerimental

A flow system was set up whereby oxygen was admitted
through the variable leak into the manifold. The gas passed
through the ion source, and then through a capillary into a
mechanical vacuum pump. At the atmospheric side of the pump
the gas passed into a flow meter. Water was admitted to the
oxygen between the variable leak and the manifold, through a
small capillary set into the gas flow line. The total pressure
of oxygen and water was read off the M.C.T. manometer. The ratio
of oxygen to water was calculated fr;m the weight of water added
to the o#ygen, from the total pressure and from the oxygen flow

rate.

ii Results

Many more ions than expected were observed. Besides 02+,

+ + 4
o', H (H,0),,

+ : + . +
04 v O2 (Hzo) and O2 (H20)2, the water ions H20 . H3
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H+(Hzo)3 etc. were observed. Figure (7:1) shows the data for
a mixture of 3 x10 > torr H,0 in 2,2 torr 0, at 308°K. A
kinetic system much more complex than proposed earlier was

suggested by the data, this is shown below.

+ +

(6:1b) O2 + 202 -+ 04 + 02
+ +
(7:4) '04 + H20 > 02 H20 + 02
(7:5) o + HO+HO * H 0+ + OH + O
: 2 2 2 3 2

(7:6) o; HO+HO+O0, = 02+ (H,0) 4+ O

2 2 2 2

+ +
(7:7) HO +HO0+0, > H (H,0), + O,

+ : +
(7:8) 0, (H0) +H0 > H (H,0) + 0, + OH

(7:9) H (H0), + B0 + 0, = ut (H,0) , + O

)2 2 2 — 2

+ +
(7:10) H (320)3.+ HO +0, —*H (H0),+0

2 2 2

It appeared that under the present conditions the reaction
(7:2) had too slow a rate to compete with the formation of 04+ by

+ +
- . -+>
(7:2) o2 4 H20 + o2 o2 H20 + o2

reaction (6:1b). The concentration of o2 was about 100 times that

of Hzo.‘ Thus the rate constant for (7:2) must be smaller than
-28 2 2

3x10 cc /molecule sec. as kf for (6:1b) was measured as

3x10-30 ccz/molecule2 sec.

Another observation was the transformation of 02+(H20)
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Figure 7:1 Normalized ion intensities for OZ-HZO mixture at 308°K,

2.28 torr 0,, 3.82x10"° torr H,0.



into H30+. It appears that the hydrated protons are much more

stable than the hydrated 02+ ions. One would expect the
electrophilic nature of H+ to be much larger than that of 02+.
This may explain the.reason for the transformation;

The formation of H' (H,0) via reactions (7:5) and (7:7)
which display second order kinetics appeared to be much larger
than via reactions (7:6) and (7:8) which would display third
order kinetics. Shahin (130) also observed the transformation
but ascribed its formation to reactions (7:6) and (7:8).
However the pressure in his apparatus was very high (30 torr),
.about 10 times that in tﬁe present apparatus and thus the
third order mechanism might be expected to predominate.

The rate constants for the successive water hydration

reactions were measured. They are shown in Table 7:1.

TABLE 7:1

Rate Constants for the Forward Reactions for Hydration Reactions

249

+ ke +
H (1-120)n + HZO + 02 H (1-120)1_1_'_l + O2
. - 2 2
Reaction n kf cc” /molecule” sec.
7:7 . 1 1.5x10" 28
7:9 2 2.4x10"%7

7:10 3 1.6x10"27
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A previous value for the rate constant kf for the

0+ (reaction 7:7) but with N

3
has been previously reported as 7x10” 28

hydration of H as the third body

2
cc2/molecu1e2 sec. (131). No
details of the experimental conditions were given but one would
expect that the presence of N2 instead of 02 as the thi_rd body
would not affect the ratg constant.

Since the reaction has so far been studied at only one

temperature the parameters discussed earlier Ef, Er' AH, and Kp

have yet to be measured.

7:4 Attachment Reactions in N,-H,O Mixtures

A second set of reactions would involve reactions in N2

containing traces of nzo. One would not expect hydrates of

the form N2+(H20)n to be observed however, as the ionization

+
2

(12.61) and if one expects such a hydrate to have a reconbination

potential of N,  15.58 eV is much larger than that of Hzo

energy less than 12.61 to remain stable, 3 eV excitation energy
would have to be removed by collision with third bodies. Rather
one would expect charge exchange to occur to give H20+. This
system has been studied somewhat previously. Shahin has obsexved
the ions from a corona flow of NZ-HZO mixtures and measured

some reaction cross sections(132). He proposed a reaction sequence

which is shown below. We also observed ions H20+, H3O+, N2H+

+
and N + when traces of

+ + o+
and H (H2°)2 as well as N , N2 R N3 4



H,O were present in the N

2 2°
+
(6:2) N+ 2N, =
+
. >
(7:11) N, + B0
+
: >
(7:12) N, + H0
(7:13) NYino -
: 4 2
+
(7:14) AR KR
+
(7:15) N+ HO
(7:16) ot +5 O -
: 2 2
+
(7:17) H3O + H20 + N2 —>
+
(7:18) H (H20)+H20+ N2 —_—

+
N4 + N2

2

H,O f N2

+
NZH + OH

+
HZO + N2 + N2

+ OH

N
NH + N,

2

+
H30 + N2

4
H3O + OH

o+
H (H20)2 + N2

+
H (H20)3 + N2

Shahin (132) measured the cross sections for reactions (6:2

and 7:11,12,15) but did not calculate rate constants.

Further studies on this system are warranted.

Accurate

values for the rate constants instead of cross sections (cbtained

by Shahin by making many approximations) might be obtained by

means of the pulsed mass spectrometer in spite of the apparent

complexity of the reaction system.

. . . . +
cross section have been measured for the reactions involving N

(7:13)

(7:14)

N + H,O >

N + HO

Neither rate constant nor

4

+
H20 + N2 + N2

+
N2H + N2 + OH
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The irradiation of N2-H20 mixtures might be more useful
than irradiation of 02-H20 mixtures; to study the kinetics of
the hydrates of water as no other hydrates e.gq. 02+(H20)n are
formed. The discrepancy between the rate constant measured
in the present instrument for reaction (7:7) and that reported
for (7:17) might be resolved. The forward reaction, combined
with the Kp previously obtained by Searles (31) and Kebarle (133)
would give the rate constants for decomposition of the hydrates.
It would be interesting to establish the order of the forward
reactions in the presence of Nz. Searles (31) stated that one

‘might expect that, as the cluster éize increased, the reactions
would not need stabilization since the increased number of
vibrationgl and rotational degrees of freedom could absorb

the excess energy due to bond formation and therefore would go
from third order to second order.

The prediction of the equations for kf from Section (6:4:ii)

is not the same. The third order rate, occurs when k >>ks[O].

d kg

and ks are given by (6:xxxiv) and (6:xxxv).
r-1
(6:xxxiv) . k.=2 -EEEJ r = number of
d d DH+nRT . .
. vibrational modes

sz (l—e_Ec/RT

(6:xxxV) k.S

)

As the cluster size increases, the bond energy decreases, which

would increase kd and thus decrease kf. However the effective

number of vibrational modes r increase also and since nRT/ (D+nRT) <1
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this would decrease kd and increase kf. The addition of one

HZO molecule to the hydrate increases the total number of

vibrational modes. If r is always proportional to this number
(3N-6) a change in N would have a greater effect than changes
in D and thus kd would decrease. The measured rate constants
kf for further reaction oﬁrthe water hydrates H+(H20)n in 02
decrease which indicates that changes in D have larggr effects
than changes in r through addition of more H20 clusters. Thus
the fraqtion of the effective number of vibrational modes
contributing to the decomposition of the excited state, out

of the total number of vibrational modes decreases. Thus the
third body requirement would increase. This is in contradiction
with Searles statement. Further measurements of the Nz-Hzo
system might clarify this. The ideal situation would be to

find a pressure-temperature region in which the addition of

the first H20 molecule to H30+ were second order and then

test whether the addition of further HZO molecules to the

cluster were second or third order.
The measurement of these reaction rates and their temperature
dependencies would be useful to help explain the processes occurring

in the D region of the ionosphere.

7:5 Further Work on the Attachment N'+ + N, <+ N +

2 2 4
Improved values for Kp and AH and thus the bond energy

+
D(N2 -Nz) should be obtained by studying the attachment reaction (6:2)



at temperatures from 500 to 600°K. These could also be.used
to correlate Varney's ion temperature (107) with the thermal
temperature. The ion source of the present instrument would
have to be‘modified so that it could operate at such high

temperatures as the present limit -is 450°K.

+

. +
7:6 The Attachment Reaction CO + CO —* C202
The attachment of CO to co+ has been cbserved by
Saporoschenko (134), Since Co+ has a bond length and vibrational

frequency intermediate to those of 02+ and N2+(135) one might

by the study of the formation of C202+ be able to correlate

all three attachment complexes. Recently Conway (136) has

studied the complex N 02+ which one might expect to have a

2

similar structure to C202+. The formation of C202+ in CO

would probably be third order (reaction 7:1a).

(7:1a) cot + 200 + °z°2+ + O

Saporoschenko estimated the bond energy D(C0+-Oo) to be N 0.81 eV.

+

It can also be estimated from the appearance potential of 0202

produced by the Hornbeck-Molnar reaction (7:20) (12.8%0.3 eV).

The ionization potential of CO+ is 14.00 eV. Thus the bond

*
(7:20) o +co -+ c202+ +e

energy should be about 1.2%#0.3 eV. Since this value is large,
a van't Hoff plot of log Kp versus 103/T would have a large

slope. It might be necessary to operate at high temperatures.

254
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Rudolph and Lind (137) and Munson et al (115) postulated that

the following reactions produced the observed ions C02+ and

c20+..
(7:21) co” + cot -+ c02+ +C
(7:22) ¢t +co » oo’
(7:23) co’ + cot 926+ £ 0
(7:24) ctvco + °2°+

The presence of these reactions would complicate the observation

of the kinetics of reaction (7:1a).
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APPENDIX I

Equation for the

Correct Value for the Forward Rate Constant for a Reversible Reaction

Consider the reversible reaction (1) where n=1 or 2, for

k
+ £ +
(1) Xz + nx2 —-—'*Ek X4 + (n-l)Xz
- A

a second order or third order reaction. If we assume that the
ion concentration is proportional to the measured fractional

intensity we may write the change in ‘intensity (i):

at equilibrium diy * e 0. k. and k_ are related to the equilibrium
2 £ r

constant, and 9t to the ion concentrations at equilibrium.

+
(ii) k = kf = ix eq
ke i % eqIx.]
X 2
2
Thus
. _ .+
(iii) kr = kf [XZ]C where C = 1x2 (eq)
+
ix (eq)
_ 4
Since the two intensities ix + and ix + are fractions of the
2 4
total ion intensity we have (iv)
. .+ _ R
(iv) i, = 1 i,



. 267
we may substitute (iii) and (iv) into (i).

o+ n .. +
@ et kg o iyt -

dt

+
This may be rearranged and integrated from o to t. ILet ix =X

2
for convenience.
t
(vi) _ax _ -k, [%,)" at
x(1+C)-C
o o
>4
s . — - n "——
(vii) fin [x (1+C) - C] = kf [le (t to)
1+C
>'4
o

+. The final equation is

at t =0, xo =landat t=¢t, x= 1x2
then written:
. . R _
(viii) kf = 2,303 loglo [1x2 {1+C) -C]

e

(1+C)



Ionization Potentials

APPENDIX II

268

Ion Source Tonization Potential Reference
He+ He + e 24.58 15
+ * '
He2 He + He 23.18 Ap. 138
Ne' Ne + e 21.56 15
+ *
Ne2 Ne + Ne 20.86 Ap. 138
art %ey, Ar + e 15.76 15
2
2% Ar + e 15.97 15
%
*
ar,’ Ar + Ar 14.71  Ap. 139
ket %p Kr+ e 14.00 15
34
2% Kr + e 14.67 15
3
%*
Kr," Kr + Kr 13.00 2p. 139
Xe' 2p3 y Xe + e 12.13 15
2
zpk Xe + e 13.44 15
' *
Xe2+ Xe + Xe 11.16 2p. 139
N N+e 14.54 138
N N, + e 24.2 103




APPENDIX II (Cont'd)

269

Ap. = appearance potential.

- Ion | Source Ionization Potential Reference
Nt 2 N. +e 15.58 103
2 g 2 *
+ 4
w,' N, +e 21.1 103
+ +
N, N+, 21.1  Ap.
< * ‘15
N, N, +N, .0 2p. 103
+
0 0, +e 18.9 138
o.¥ 2y o +e 12.07 100
2 g 2 _
4 0. +e 16.2 100
u 2
Ho HO+e 12.61 138
2 2 .
cu, b CH, + 13.12 138
4 4 e L ]
cu,’ cH, + e 14.39  2p. 138
cH, + e 9.95 138
+
CH2 CH4 + e 15.6 Ap.
cut C.H +e 10.51 138
2H4 254 .
+
C,H, CH, +e 13.93  ap. 138
+
cznz C2H4 + e 13.5 Ap. 138



