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ABSTRACT

Jon-molecule reactions have been studied using a novel high
pressure mass spectrometer employing crossed electric and
magnetic fields for ion trapping. These studies have been supple-
mented by ones undertaken using trapped ion-ion cyclotron resonance
(ICR) spectrometry.

Reaction rate constants at low ion energies have been
measured in many systems, and compare favourably with results of
other studies. Correlations of measured rates with theoretical
models have characterized certain features of ion-neutral collision
processes. Comparisons between chemically similar systems have
also provided information about these encounters.

Internal excitation of reactant ions has been shown to induce
thermodynamically disallowed'reactions. Evidence suggesting the
participation of vibrationally excited ions reacting at different rates
than their ground state counterparts is presented.

The formation and lifetimes of excited intermediates in
ethylene and methanol has been investigated in detail. Relative rates
of collisional stabilization of (C5H9+)* by inert gases have been deter-
mined and compared with similar processes in neutral systems.
Stabilization of (C5H9+)* by ethylene itself exhibits different character-

istics than those of inert gases.
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The equilibrium constant of a reversible ion-molecule
reaction has been measured at two temperatures and used to deter-
mine the enthalpy and entropy change for the process.

The rates of various thermoneutral proton and charge-transfer
reactions have been measured using trapped ion-ion ejection ICR
spectrometry. This has enabled a detailed characterization of the
collisional phenomena in these systems.

The kinetic energy distribution of CH3+ arising from ionization
of methyl halides has been determined using ICR spectrometry and

photoionization spectroscopy. Inferences about the nature of the

dissociative states are presented.
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CHAPTER 1

Introduction

The study of ion-molecule reactions in the gas phase is a
venerable one, dating back at least as far as J. J. Thomson's early
studies of positive rays in his parabolic mass spectrometer.1
He noted various effects attributable to secondary processes, such
as the formation of new ionic species corresponding to no known
molecular species, as well as the appearance of certain diffuse lines
and bands in his spectra. In particular he observed a species having
m/e = 3 in the products of a discharge in hydrogen. Subsequent
investigations by other workers 2B identified this entity as H3+ and

ascertained that its mode of formation was via the reaction

+

H + H,L, —> H + H. (1)

Reaction (1) is an example of a proton or hydrogen (hydron) transfer
reaction, perhaps the most extensively studied type of ion-molecule

reaction. Its general form may be written as
A + BHY — s AH" + B. )

Through the years prior to about 1950, there were few direct
investigations of ion-molecule reactions. Investigators were
primarily concerned with developing the analytical aspects of mass

spectrometry, and compiled a large amount of useful information



concerning such properties of isolated gaseous ions as ionization
potentials, ionic heats of formation and electron affinities. Conse-
quently they directed considerable effort towards avoiding conditions
that would lead to secondary ion formation.

Two primary methods of ascertaining whether an observed
ion was indeed the result of an ion-molecule reaction were employed.
The first involved monitoring the pressure dependence of the various
ion intensities; secondary ion currents depended on the square of the
pressure while primary ion intensities varied linearly with pressure.
Thus early workers used as low a pressure as was compatible with
their signal-to-noise requirements, to avoid the appearance of
secondary ions. Another, less convenient, method involved variation
of the path length traversed by the ions on their way to the exit of the
ion source. While primary ion intensity is independent of this
length, secondary ion abundances will vary directly with path length.

6 described a third method

In 1951, Washburn and co-workers
for the supression of secondary ions from mass spectra. This
method makes use of the fact that the reaction probability of an ion
decreases as its residence time in the source decreases. Thus
Washburn and co-workers found that by raising the ion-repeller
voltage in the source, they were able to reduce the secondary ion

abundance. This method forms the basis of many of the quantitative

methods of the determination of rate constants.



Despite these precautions and endeavours, some interesting
and important reactions were discovered, particularly ones resem-
bling Reaction (2). For example, Mann, Hustrulid, and Tate7

observed the formation of H,0" via Reaction (3).
HO0" + HO — H 0" + OH (3)

while the interesting ion CH,, formed by Reaction (4), was first

documented by Tal'roze and Lyubimova g
CH} + CH, —— CH,” + CH;. (4)

In recent years, ion-molecule reactions have been the object
of intensive study, both because of the many applications of a
knowledge of this subject and because of their importance in basic
chemistry. It has long been recognized that such a type of reaction
is of considerable importance in many gas-phase processes such as
radiation chemistry, electric discharges, and flames. Information
on ion-molecule reactions has led to a vastly improved understanding
of the earth's atmosphere, particularly the upper regions. 9 The
duplication in the gas phase of certain "classical' liquid phase
organic reactions such as nucleophilic displacement reactions and
acid-catalysed dehydration of alcohols 10 has produced a better
realization of the effects of solvation upon these reactions.

Ion-molecule reactions are also very amenable to detailed
investigations of the elementary processes of molecular dynamics.

While early investigators used only the previously mentioned



techniques of pressure or repeller voltage variation, there is now a
wide variety of sophisticated experimental procedures at their
disposal. These are discussed in Chapter 3. Equally important,
there are theoretical models available with which to interpret the

experimental results, and these form the basis of the next chapter.
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CHAPTER 2

Theoretical Models of Ion-Molecule Reactions

The progress of an ion-molecule reaction can be divided into
two steps, namely, the formation of the ion-molecule complex [ABY],

and secondly, its subsequent dissociation into products
A" + B—» [AB'] —= C" + D. (1)

While other theoretical treatments do exist, : the most
commonly employed description of the first step was originally formu-
lated by Gioumousis and Stevenson, & who applied Langevin's deriva-
tion3 of the classical collision cross section of a charged particle
moving in a neutral gas to ion-molecule reactions. The derivation
and result have been well presented in numerous reviews 4 and will
only be sketched here.

The model assumes that the potential energy function describing
the interaction between an ion and a neutral molecule with no dipole

moment is

Vir) = =2 (2)

where e is the charge of the ion, a is the electric polarizability of
the molecule and r is the distance between the ion and molecule.
The resulting particle trajectories are of such a form that within a

critical impact parameter b, = by(g), where g is the relative velocity,



the ion will always spiral into the molecule and undergo a "hard"
collision. Defining o(g) as the collision cross section and setting
a(g} = b, (g), there results

o(g) = 2—15;3{%)1/2 (3)

where p is the reduced mass of the ion-molecule pair.

This represents a velocity dependent ion-molecule collision
cross section. If it is assumed that all hard collisions inevitably
lead to reaction, 0(g) may be treated as a reaction cross section.
This assumption eliminates any possible dependence of the reaction
cross section on the energy distribution between the internal coordi-
nates, and precludes any requirement of interaction between the
internal coordinates of the reactants. In addition, this assumption
implies that no activation barrier to reaction exists.

The reaction rate constant k is defined as
k = (g0(g),, (4)

where the average is taken over the entire range of ionic and molec-
ular velocities. Since the quantity go(g) is independent of g, the

averaging is straightforward, and there results

K =2neJ_%:. (5)



Equations (3) and (5) have been used extensively to interpret
jon-molecule reaction data, both at thermal energies and at the higher
energies employed in the repeller field studies discussed earlier.

At thermal ion energies, Equation (b) has had good success in
reproducing experimental rate constants for simple systems involving
no large geometric changes or other complicating effects. .

In cases where the neutral molecule has a dipole moment Ky
an additional important term appears in the ion-molecule attractive

potential, which then becomes

o B el cos@v
Vi) = "22 . D (6)
¥ & r

where 6 is the angle between the dipole and the radius vector between
the particles. Using the simplifying assumption that the dipole always
aligns itself with the ion field, Moran and Hamill 2 have shown

the cross section to become

2Tle | [@ HD |
el =l Y

&

o(g) =

At thermal velocities, Gupta et al. 6 have shown that the rate constant

then is

2lle 1
o - ’ o D
kK = 2ile 0 i 5

where kB is the Boltzmann constant.

1/2 .
21 )
T _kBT 2 (8)




This model accounts for the substantial increase in cross
section for polar molecules often noted at low energies, though
quantitatively its results are inevitably too high. A more elaborate
treatment using computer simulation of the particle trajectories has
been developed by Dugan and Magee. 7

Under certain experimental conditions, particularly those
where a beam of ions is injected into a reaction chamber, the
determination of the reaction rate constant is difficult and impractical.
In this case, the reaction cross section 0 (g) is usually determined.
Many reactions have been found that obey the simple dependence of
reaction cross section on energy given in Equation (3) over a consider-
able range of energies. However the simple form has two drawbacks.
At very high energies, it is seen that the Langevin cross section
would become less than the hard sphere collision cross section, 0,
and it is in this energy region that interpretation of the cross section
in Equation (3) as a reaction cross section breaks down. In addition,
many other reactions have been found that display a more complex
behaviour even at lower energies. This has led to numerous attempts
to modi_fy Equation (3), first by introduction of the hard sphere cross
section, 0y, atlarge energies, and also by introduction of certain

5,8, 9

arbitrary reaction probabilities. These efforts have not

received widespread usage.
The experimental results presented in this thesis were all
obtained under quasi-thermal conditions where electric fields influ-

encing the ion velocities were low. The simple Langevin treatment
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should approximate the rate constant for simple systems. For more
complex systems having numerous reactive channels, the Langevin
rate gives, of course, only an indication of the encounter rate
between the ion and molecule. There are a variety of different
theoretical approaches that attempt to provide a detailed descripfion
of the fate of the intermediate complex thus formed.

The most detailed of these are the phase space theory of

10,11 ;4 other related statistical approaches. b8y 10

J. C. Light
The basic postulate of these theories is that in the initial formation
of the complex, it loses much or all information about its initial
states, and that the probability of a product is then governed mainly
by the amount of phase space available, consistent with conservation
of energy and angular momentum. This approach is valid if the
complex is long lived and if translational-vibrational energy exchange
occurs. For ion-molecule reactions this is probably the case, as
strong attractive forces exist. Unfortunately, there is no straight-
forward procedure for extending these statistical treatments to
molecules of more than two atoms. For more complex molecules of
chemical interest, less vigorous approaches are required.

The quasi-equilibrium theory (QET) of unimolecular fragmen-
tation of polyatomic ions is such an approach. This theory was
originally deri.ved14 for the unimolecular dissociation of molecules
which were excited by electron impact. Thus it predicted the

fragmentation pattern of a molecule-ion as a function of electron

energy. The fundamental assumption was that the ion was formed by
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vertical ionization, but that there followed a period of time where
this initially localized excitation energy was redistributed over
various other degrees of freedom, including the one which corres-
ponded to the eventual dissociation.

Clearly the theory can be extended to the situation where the
initial excitation energy is due to the collision of an ion with a neutral
to form a randomized complex of significant lifetime. Dissociation
then occurs unimolecularly.

The decomposition is accomplished by the transiation of the
intermediate along the reaction coordinate to an activated state, and
then on to products. The rate constant for the decomposition of a
molecule by this mechanism is simply the ratio of the number of
possible ionic states in the activated configuration to the number of
states of the intermediate. State densities are generally calculated
from formulae that use continuous functions as an approximation to
the number of discrete levels.

For an intermediate having various modes of decomposition
(including the route returning to the starting materials), this calcu-
lation would be undertaken for a variety of activated configurations,
one for each dissociative channel. Each activated complex is
characterized by its own geometry, its own set of vibrational
frequencies and by its own potential energy, €,. In a calculation for
the relative probabilities of each channel, the density of states in the

intermediate cancels out.
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Five pieces of information are thus required before the QET

can be applied to obtain relative rates:

(1) The geometry of the various activated complexes and the
selection of the reaction coordinates for each dissociative
mode. This is the major area of uncertainty in the
successful application of the theory.

(2) The state density functions for each complex.

(3) The activation energy for decomposition of the inter-
mediate, €,, for each complex.

(4) Thevibrational frequencies of each activated complex.

(6) Thetotal available energy E.

The reaction intermediate is assumed to be the most stable ion
structure with the correct formula. ¥ibrational frequencies for ions
are almost unknown, so the vibrational frequencies for the corres-
ponding neutral molecules must be used instead. The vibrational
frequencies in the activated complex are generally regarded as
unchanged, except fbr the degrees of freedom involved in the reaction
coordinate. Reasonable guesses are made for these frequencieé.
Benson15 has given some general principles for neutral transition
states that can be followed. The density functions are usually
calculated using one of a variety of classical approximations. L8

The activation energy €, is estimated from appearance potential
measurements, while the energy E is obtained from thermochemical
considerations, assuming, again, the most stable possible chemical

structure for the intermediate,
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While the successful application of the QET requires the

L7 T

arbitrary assignment of numerous parameters. Buttrill
recently shown that it is possible to obtain good agreement with
experiment when determining the ratio of the rates of two different
reactions arising from the same intermediate, even when few
arbitrary frequency assignments are made. His analysis accurately

predicted isotope effects in ion molecule reactions, and is the most

successful application of QET to date.
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CHAPTER 3

Experimental Techniques of Studying Ion-Molecule Reactions

There are a large number of excellent and very comprehensive
reviews that discuss current experimental techniques used to investi-
gate ion-molecule reactions. Lyl Consequently this chapter will
provide only a cursory review that describes the general features of
some apparatuses rather than detailed experimental techniques. The

types of results obtained will also be considered.

1. Single Source Mass Spectrometers

Until rather recently, only conventional single source mass
spectrometers were available for studying ion-molecule reactions. 4
In these studies, three types of measurements are generally
employed:

(1) variation of ion intensity with pressure,

(2) variation of ion intensity with electric field in the

ionization chamber due to the ion repeller, and

(3) measurement of the appearance potentials of the

various ions.

In general, the pressure variation is used to differentiate
primary from secondary from tertiary ions, and in cases where ion
residence times can be estimated, rate constants can be determined.
Repeller field data is also utilized to separate reactants from

products and, in addition, affords some insight into the kinetic energy
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dependence of the reaction. Appearance potential measurements are
used, in favourable cases, to ascertain the identity of the reactant
ion responsible for a particular product.

While lacking much of the sophistication of the more recent
instruments to be described later, these techniques have provided the
bulk of ion-molecule reaction data. Recently improved techniques of
differential pumping have permitted very high source pressures to be
reached. At these pressures, reaction times and ion kinetic energies
are ill-defined. Consequently, meaningful rate constant measure-
ments are difficult to make. However, in some cases; it is now
possible to investigate systems under -conditions more closely

4,5

approximating those present in high pressure radiolysis. In

addition, interesting thermodynamic data on ionic solvation has been
obtained at high pressures. 6,7 Finally, Field8 has devised systems
where methane is present at a pressure of more than one torr, and
to which traces of other compounds are added. The dominant ion
under these conditions is CH;, which is then able to donate a proton
to the trace component. In most cases, this results in a degree of
fragmentation of that substance similar to an electron bombardment
cracking pattern, but differing in detail. This process has been
named chemical ionization, and is an important application of ion-
molecule reactions to structure analysis.

While most mass spectrometers continue to use electrons
emitted from a hot filament as the source of jonization, some investi-

9,10

gators have employed particles emitted from radioactive
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materials to ionize the gas. This avoids the difficulties arising from
pyrolysis of the gas on the hot filament surface. One drawback of
this form of ionization is that it is impossible to vary the ionizing
energy, which is usually very high. This precludes appearance
potential measurements.

Many investigators have employed the direct ionization of
gases by photons in ion-molecule reaction studies.ll’ L Photo-
ionization has several important advantages over ionization by electron
impact:

(1) Pyrolysis of the gas on the filament is avoided.

(2) Excellent ionizing energy resolution is achieved.

In favourable cases, it is possible to se.lectively ionize
a molecule into a certain state or group of states and
study the dependence of rate constants on internal

13,19 wpie te maueh more diffenlt for slestron

energy.
ionization, as the energy spread is larger.

(3) Ionization cross sections just above threshhold are
much higher for photoionization than electron impact
ionization.

(4) There is no electron space charge effect, and there is
no need for a collimating magnetic field.

The primary difficulties associated with the photoionization

technique are:

(1) Photon beam intensities are lower than electron beam

intensities,
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(2) It is more difficult to change the energy of a photon
beam than an electron beam.

(3) Photon beams are inconvenient for negative ion studies.
Negative ions can be produced by dissociation of a
molecule into two oppositely charged fragments, but
the cross sections for these processes are generally low,

There are a variety of pulsed ion sources that have been

devised that permit an accurate determination of reaction times and
enable almost field free conditions to exist during the reactive period.
The instruments are designed to reduce the energy of the reactant
ions, thus circumventing one of the primary objections to conven-
tional mass spectrometric investigations. One instrument having
this capability was constructed in these laboratories as part of this
program of research, and will be described more fully in later
chapters. Another such instrument is the trapped ion ICR cell
discussed later in this. chapter.

Ryan and Futrell 14

have built a pulsed instrument where ions
are allowed to react under the influence of a small dc field for a
selected time. The reaction is then quenched by application of a
large repeller pulse supefimposed on the dc repeller field. The
delay time between the ionization pulse and the quenching pulse can be
related to the average kinetic energy possessed by the ions during
reaction. In this way, the reactions of a nearly monoenergetic packet

of ions having a controllable and well-defined kinetic energy can be

studied. The energy range extends from about .1 to 1.5 eV. Their
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results indicated that the rate constants for proton transfer in systems
with no dipole moment (CH,, C,H,) were dependent of ion velocity, as
predicted by the Langevin theory. Proton transfer rates in systems
having a permanent dipole moment (H,0, NH,;, HCl) obeyed the
formulation of Moran and Hamill outlined in Chapter 2.

Harrison 15

has developed an ion source where positive ions
are trapped in the space charge potential of a low energy, high current
electron beam. Positive ions are formed by a short ionizing pulse
burst and allowed to react for a variable reaction time. They are

then extracted by application of a large dc repeller field. Ion energies
in this source have been estimated to be about .5 eV. Typical
reaction times are 0-2 msec, and typical pressures are about .1 to

.3 microns. Secondary, tertiary and quaternary products can
easily be observed. Rate constants are determined by monitoring
relative ion abundances as a function of reaction time.

Tal'roze 16

has constructed a similar apparatus where trapping
is achieved in the region between an outer cylinder and an axial
wire, held at a lower voltage than the cylinder.

One of the newest and most versatile single-source techniques
for studying ion-molecule reactions is based on the phenomenon of
ion cyclotron resonance (ICR). A schematic of a ICR cell constructed

by Varian Associates 17

is provided in Figure 1. Ions are formed in
the source region by electron bombardment from a hot filament and
are drifted down the cell in the ~y direction through the resonance or

detection region to an ion collector measuring the total ion current.



20

Figure 1
Schematic drawing of the ICR cell.
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The drift motion arises from the action of crossed electric and
magnetic fields; the drift velocity in the crossed field geometry is

given by Equation (1)

Vp = 9}5@- (1)

where E is the strength of the static electric field. Gaussian units

are used throughout this analysis. Typical drift velocities are

around 10* cm/ sec, corresponding to ion transit times of about 1

msec. The ions are detected by their power absorption from an rf
electric field applied in the resonance region at the cyclotron frequency

of the ion, w This frequency, given in Equation (2), is dependent on

e
the mass and charge of the ion

w, = —. (2)

With a fixed observing frequency, a spectrum linear in mass is
obtained by sweeping the magnetic field. Ionic abundances are
determined by the magnitude of the power absorption, as detected by
a marginal oscillator. Trapping voltages are applied to the sides of
the cell to confine the ion motion in the z direction, but do not
seriously alter the drift motion of the ions. A more comprehensive
review of the principles of ICR spectrometry has been given by

Beauchamp. =
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The ICR mass spectrometer has two features making it well
suited to the study of ion-molecule reactions at low pressures.
First, since the ions have a long transit time, reactions producing
secondary ions are readily seen at rather low pressures. Typically,
pressures less than .02y are sufficient to observe reactions like
those in Chapter 1. Tertiary and higher order reaction products are
detectable at higher pressures. The drift time can easily be varied

in a quantitative fashion to permit the determination of rate constants.19

Alternatively, the pressure can be varied to yield this information. aD
Secondly, the possibility of simultaneously irradiating the ions
with two or more oscillators provides a sensitive probe for coupled
chemical reactions. In this double resonance technique, 18 one rf
oscillator is set at the cyclotron frequency of a given ion and a
second, variable frequency oscillator is swept as an analyzer. In
this way, the effect on the remainder of the mass spectrum of trans-
lationally exciting a particular ion may be directly observed. If two
ions are coupled as reactant and product of an ion-molecule-reaction,
the only requirement for an effect to be observed is that the rate
constant be a function of ion velocity. While not predicted by the
Langevin theory, this is nevertheless often the case. Accordingly,
complex reaction sequences may be unravelled. This technique has
also been used to selectively eject an ion from the system to deter-
mine its contribution to the products in the mass spectrum. al
Quantitative determinations of the effect of ion velocity on rate

constants have also been made using double resonance. A
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Recently a number of novel trapped ion ICR cells have been

3, e In the one currently in use in’our laboratory, a short

devised.
pulse of ions is formed in the source region of the conventional cell
by appropriately pulsing the electron energy. The ions are then
trapped in this region for a known and variable reaction time 7 and
are then ejected by allowing them to drift into the resonance region
in the normal fashion, where they are detected. Trapping is effected
by application of the appropriate dc voltages on the various plates of
the cell. Trapping times as long as 10 seconds have been achieved,
and times of 500 msec are routinely used with no significant ion loss.
At pressures between 107° and 107° torr, secondary and tertiary ions
are thus readily seen. The variation of ion abundances with 7 yields
ion-molecule reaction rate constants for near-thermal ions directly.
Rate constants determined by this method have agreed well with
determinations by other techniques. The possibility of exciting or
ejecting certain ions using the trapped ion technique still exists.
Trapped ion ICR techniques were employed for some of the studies

described in later chapters. A more complete description will be

found there.

II. Tandem Mass Spectrometers

The techniques discussed in this section permit the study of
ion-molecule reactions under conditions quite different from those
previously described. Here, a nearly monoenergetic, mass selected

beam of ions is either passed through a gas filled collision chamber
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or allowed to intersect a beam of molecules of a known species.

The primary and secondary ions emerging from the collision region
are energy and mass analyzed before detection. In many cases, the
angular distribution of scattered ions can also be determined by
rotation of the entire product ion analysis system. A schematic
diagram of an ideal experimental arrangement employing a collision
chamber is provided in Figure 2.

The advantages offered by the use of beam techniques are
important and several in number. Foremost among these is the ease
of selection of the incident ions, eliminating the difficulties from
interference of other primary ions that are present in single source
experiments. The separation of the ion source and the reaction
region also permits difference gases to be used in each. Furthermore,
various gases can be used in the source to produce ions of a given
type but in various energy states. For example, the populations of
O* ions in the S, D and °P excited states are different, depending
on whether the ions originated from CO or CQ,. 25

Another important advantage is that the energy of the primary
beam is readily selected. The present lower limit of attainable ion
energies is about 1 eV in the laboratory frame of reference, meaning
that thermal conditions cannot be duplicated by beam techniques.

In favourable cases, however, where a heavy ion collides with a
light molecules, the energy in the centre of mass frame is nearly

thermal. The possibility of determining the angular and/or the

kinetic energy distribution of the producfs means that a great deal
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Figure 2
Schematic drawing of an "ideal" single-beam static gas
apparatus for the study of ion-molecule reactions.
The energy analyzer, mass analyzer and ion detector may

be rotated as a unit about the centre of the collision region.



i0}0819Qq uo]
J9zfjpuy SSDI

19zApuy AbBisu3z
uoibay wuoisl)|09

al
VN
V3
49

10199j]9g ssoly uo] Kiowid SWId

al VIN v3 40 Sud7 SIWId 934N0Sle
'pIDOY uo[ ,
1o SU04499|3
SD9

19JUL
Sb9



28

can be inferred about the reaction mechanism and energetics.

For example, Henglein26

has used the simple apparatus
consisting of an energy analyzed primary beam reacting with mole-
cules in a field-free collision chamber. The forward scattered ions
were velocity analyzed in a Wien filter. Systems under investigation

included hydrogen atom transfer reactions such as
Art 4 H, —— ArH' + H (3)
N, + Hb —— NH' + H (4)

The experimental results for primary ion energies above
20 eV were well predicted from a stripping model, in which the
primary ion reacts only with one atom of the molecule, leaving the
other atom unperturbed. For example, in Reaction (3), if the original
velocity of Ar" were V,, then by conservation of momentum, the
velocity of ArH" is predicted to be . 976 V,. The experimental
velocity was close to this and verified the applicability of the model.

Instruments having a collision chamber where the product ion
beam is detected in a direction transverse to that of the primary ions

have also been constructed. Lindholm 27

has used such an apparatus
to study charge-transfer processes, particularly those involving
production of fragment ions via dissociative charge transfer from
pre-selected ions. The dependence of the fragmentation pattern on
the excitation energy of the parent molecular-ions was studied.

Proton and hydride transfers were also observed. Transverse
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instruments of this type strongly discriminate against ions with a
velocity component along the direction of the primary beam. This
renders them unsuitable for heavy particle transfer studies, unless
appropriate extraction plates are used. 48 Use of extraction voltages
precludes any meaningful kinetic energy analysis of the products.

Futrell and co-workers 29

have devised an extremely versatile
longitudinal beam instrument. It has been used to investigate isotope
effects in reactions with known ionic species, to measure reactive
cross sections for a large variety of processes as a function of
impact ion energy and to study the conversion of the translational
energy of primary ions into internal energy. For example, in
ethylene =0 they examined the reactions of the parent molecule and
its deuterated analogue with C2H4+, C2H3+, C2H2+, and C2H+. Relative
cross sections for each product channel arising from these primary
ions were determined. The variation of product ion abundance with
the pressure of ethylene in the collision chamber was used to identify
the reaction order of these ions. In addition, C.H, ions were
produced in the collision chamber by charge-transfer reactions
between ions of appropriate recombination energy and ethylene. Ion-
molecule reactions of C,H," with C,H, were then induced by elevating
the collision chamber pressure. Finally, reactions between ethylene
and C,H', C,H.", and C,H;", which are major second-order reaction
products in ethylene, were investigated. They were produced using
l-butene and neopentane in the primary beam source. The results of

these experiments served to elucidate many of the ion-molecule
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reaction processes in ethylene. A lifetime for the (C4Ha+ )* collision
complex was also estimated.

These examples illustrate the kind of detailed information
available from collision chamber-beam instruments. Angular distri-

putions have also been mapped, particularly for systems involving

heavy ion impact on light molecules. Mahan and co~workers 51 have
mapped the angular dependence of product ion intensity from
Reaction (5) at incident beam

NS + D —— N,D" + D (5)

energies between 35 and 120 eV. The kinetic energy of the products
at each angle was also measured. The results manifested scattering
in the direction of the ion and generally suggested a spectator stripping
mechanism with some backward scattering by a rebound mechanism.
The reaction was found to be translationally endothermic, with much
of the relative kinetic energy of the reactants being stored as internal
energy of the product ions.
Wolfgang and associates e have also studied this system
using a crossed beam apparatus and lower incident ion energies.
Their results were in harmony with those of Mahan et al., though at
low incident energies the reaction was found to release kinetic energy.
The measurement of the angular distribution of product ions
clearly provides much information about the dynamics of ion-molecule
reactions. Thus, product ions having an isotropic angular distribution

indicate that the reaction intermediate has a lifetime of at least a few
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=10

rotational periods (107 sec). Pronounced forward scattering
suggests a stripping mechanism, while backward scattering implies
rebound mechanisms, generally occurring at small impact |

parameters.
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Chapter 4
Design, Construction, and Principles of Operation of the

High Pressure Mass Spectrometer

This chapter describes the design, construction, and
principles of operation of a high pressure pulsed mass spectrometer
that has been built in these laboratories as part of the present

program of research.

I. General Description

The instrument is comprised of a specially designed trapped-
ion source and a quadrupole mass spectrometer. Ions are formed in
the source by a pulsed electron beam and are trapped by a combi-
nation of electric and magnetic fields for a known and variable
reaction time. They are then ejected by application of a suitable
ejection pulse and pass through a series of collimating electrostatic
lenses before entering the mass spectrometer. The mass filtered
ion current is amplified by an electron multiplier and this signal is
fed to a preamplifier and then finally to a boxcar integrator for final

processing.

II. Construction of the Spectrometer

II-A. Ton source and lens elements. The ion source is
sketched in Figure 1. The filament is a rhenium ribbon (. 030" wide,

.0012" thick) and is mounted on a rectangular boron nitride block
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Figure 1

The Ion Source

F -- Boron nitride filament block
P1 -- Anode plate
P2 -- Control plate
P3 -~ Electron-entry plate
P4 -- Ion-exit plate
P5 -- Drawout plate
S -- Ion energy screen
SS -~ Shielding screen
BN -- Boron nitride mounting discs
V -- Vespel mounting brackets
GI -~ Gas inlet tube
PG -- Pressure gauge tube
FL -- Conflat flange (A2)
EL -- Electrical feedthrough
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which is supported on plate P1. The block is designed to permit easy
access to the filament, in the event that filament replacement is
required. Two circular plates, each consisting of a.030" copper
base which is silver coated and rhodium flashed, are interposed
petween the filament and the high pressure chamber. A specially
machined Vespel (A1) bracket, which is clamped onto the gas inlet
tube, holds the plates in position. These plates control the electron
current into the chamber. The cylindrical reaction chamber has a
stainless steel outer can, to which are welded the gas inlet (3/16"
diameter) and pressure gauge (1/4" diameter) tubes. Inside the can,
and electrically insulated from it, is a cylindrical copper mesh

(40 mesh), also silver coated and rhodium flashed. The screen is

1 1/2" long and 3/4" in diameter. This mesh has an electrical
connection to it, and controls the energy of the ions with respect to
the quadrupole filter. Trapping plates are mounted on the ends of
the chamber on boron nitride discs, so that the entire cavity has no
signficant leaks apart from the electron entrance and ion exit
apertures in the centre of these plates. The boron nitride discs also
support the screen described above. Mounted on the ion exit disc is
a draw out plate, shaped in the form of an inverted cone. A 90%
transparent gold screen covers the electron entry aperture to prevent
penetration of the electron pulsing potentials into the reaction
chamber. Table I gives the pertinent aperture dimensions for each

of the five plates.
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Table I

Aperture Dimensions in the Ion Source

Plate Commonly used name Diameter of central hole
(mm)
P1 anode 3
P2 control 2
P3 electron-entry 1
P4 ion-exit 2,5
P5 drawout 2.5
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The entire ion source is supported on the gas inlet and pressure
monitoring tubes, which are welded to the rear flange. A Varian
eight pin feedthrough (A2) is also attached to this flange and provides
electrical connections to the seven elements (two connections are
needed for the filament) of the source. The entire source is very
sturdy and can easily be disassembled.

There are five identical cylindrical stainless steel collimating
lenses located directly beyond the ion source. They are 1 1/2" long,
with an inner diameter of 1/2" and an outer diameter of 15/16".

The gap between successive lenses is 1/2'" and the distance between
the final plate of the source and the first lens is 1/4". The lenses
rest on two long ceramic rods which are held in place by two mounting

rings that fit inside the inner wall of the vacuum housing. Three

rods connect the two rings to maintain rigidity. One ring has three
trapped screws that abut against the inner wall of the vacuum
housing. These are provided to align the lens assembly. Figure 2
illustrates the lens assembly.

- II-B. Modifications to the quadrupole spectrometer. After

AN AANAAANANAANAANLALA ANSEANANANAAASASAN,

passing through the lens system, the ions enter an EAI Quad 250B
(A3) quadrupole mass spectrometer. This spectrometer was used
as supplied, except that a 3/4" hole was drilled in the back of its ion

source to permit entry of the ion beam.
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Figure 2

Collimating Lens Assembly

Figure (2A) ~- Side view
Figure (2B) ~- End view

L -- Lens

C -- Ceramic rod

R ~- Support rod
MR -- Mounting ring

S -- Alignment screw
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II-C. TIon source magnets. The ion source is mounted on a
4 1/2" conflat flange and is enclosed inside a -stainless steel tube

having an outer diameter of 2" and a length of 6". Surrounding this
tube are three permanent torroidal magnets (A4) and two aluminum
support discs. Three long bolts, extending between the aluminum
plates, surround the magnets and keep the entire assembly, comprising
the magnets and the two plates, rigid. Since proper orientation of the
magnets is critical for the successful operation of the ion source,
special care was taken to design a mechanism to orient the magnets.
Three equally spaced bolts extend radially inward through the centre

of each aluminum end plate, and abut ' against the outer wall of the
vacuum housing. Reorientation of the magnets is effected by appro-

priately retracting or extending particular bolts. Figure 3 is a sketch

of this arrangement.

II-D. Vacuum housing and related aspects. Figure 4is a
sketch of the entire vacuum system, including the gas inlet system
and the pressure measuring apparatus, An NRC (A6) pumping stack,
consisting of a 15 CFM roughing pump, a 1200 liter/sec oil diffusion
pump, a chevron cyrobaffle, a gate valve, as well as assorted rough-
ing valves, vent valves and pressure gauges provides the bulk of the
pumping to the system. In addition, a 50 liter/sec Varian ion pump

‘is connected directly to the housing surrounding the quadrupole rods
and serves to keep the rods and the electron multiplier at a low

pressure. As the clearance between the spectrometer and its housing
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Figure 3
Magnet Assembly

Figure (3A) -- End view
Figure (3B)-- Side view

P -- Aluminum end plates
M -- Magnets
B -- Bolts surrounding magnets

AB -- Alignment bolts
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Figure 4
Sketch of Vacuum Housing and Related Aspects

part Hamis mgglrll?;cfu?x?er
CM Capacitance manometer Ab
CT Chevron cyrobaffle cold trap A6
DP Diffusion pump A6
GV ~ Gate valve . A6
1G Ionization gauge A6
1P1 Spectrometer ion pump A2
IP2 Manometer ion pump A2
LV Sample leak valve AT
M -Ton source magnets A4
R1 System roughing pump A6
R2 Sample roughing pump A8
S Ion source -
SP Spool piece -
TC1 Foreline thermocouple gauge A6
TC2 System thermocouple gauge A6
TC3 Sample foreline thermocouple gauge A9
Vi Diffusion pump roughing valve A6
V2 System roughing valve A6
V3 Foreline vent valve Al0Q
V4 System vent A6
V5  Gas inlet valve All
V6 Sample roughing valve All
v Source-manometer valve Al2

V8 Manometer equalization valve Al2
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in the region near the spool piece is very small, this pump makes

only a small contribution to the evacuation of the spool piece and ion
source. The gas inlet system uses a Granville Phillips (A7) variable
leak valve to regulate the flow of sample gas into the reaction chamber.
Appropriate roughing valves are located as shown in Figure 4, and

the system has its own roughing pump. A thermocouple gauge
monitors the sample foreline pressure,

The accurate measurement of the pressure in the reaction
chamber is of critical importance for reliable determinations of rate
constants. An MKS (AS) capacitance manometer was used for the
present investigations. The reference side of the manometer was

kept at a pressure of less than 107° torr by a 1 liter/sec ion pump.

1. Vacuum and Pressure Considerations

The reaction chamber is differentially pumped, with gas
entering through the gas inlet and effusing through the small holes in

the trapping plates.

The conductance of these two holes may be estimated from the

empirical equation L
C = 60 1/sec (1)

where C is the conductance and d is the diameter of a hole in inches.
The total conductance of the two holes is thus calculated to be . 70

1/sec.
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Now if the pressure in the chamber is P,, and the external
pressure is P, then the net flow of gas molecules through the

orifices is
C(P, - P,) particles/sec. (2)

This flow is balanced by the pumping action of the diffusion pump.
The pumping action is defined by the equation .

- dp,

S
@& = v (PP x

where S is the pumping speed, V is the volume to be exhausted and

B is the ultimate low pressure attainable. The number of particles

pumped every second is :gtgl V. At equilibrium, the amount of gas

pumped is equal to the amount of gas flowing through the orifices

a»,

V| = C@, - Py. (4)

Using Equation (2), Equation (4) becomes
C(P, - P,) = S(P, - Pg).
Assuming P, >> P, and P, > P g We have thus
P,/P, = S/C. | (5)

Equation (5) indicates the extent of differential pumping that can be

achieved.
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The effective pumping speed S off of the pumping stack is
reduced from its nominal value of 1200 liter/sec because of the
non~infinite conductance of the cold trap. The conductance of this

trap has been rated at 950 liter/sec. Since

— =+ G, (6)

Seff - Snominal

it is therefore concluded that S . = 550 liter/sec. In addition, the
spool piece has only a finite conductance, reducing the pumping speed
at the reaction chamber even further. The conductance of this portion

of the system may be estimated from Equation (7), L
liter/sec (7)

where H is the length of tubing in inches and d is its diameter in

inches. This works out to about 200 liter/sec. The effective pumping
speed near the source is thus approximately 200 1/sec. From

Equation (5), it is seen that
P,/P, ~3X10%, (8)

It should be remarked that this ratio is a lower limit, as the
pressure outside the reaction chamber will clearly be dependent on
the distance from the cell. At large distances from the source, the
pressure differential will be greater, as the pumping speed at these

points is larger than that calculated above.



The pressure in the source, P,, is measured by a capacitance
manometer that is connected to the cell by a 10 inch section of 1/4"
tubing. The conductance of this tubing, unfortunately, is rather low.
It may be calculated from Equation (7) to be about . 15 liter/sec,
which is comparable to the conductance of the electron entry and ion
exit apertures. There thus arises the question as to whether the
manometer will measure a true pressure.

An answer may be proposed by ascertaining the nature of the
gas flow inside the chamber. - If the gas flow through the apertures
is viscous flow, then there would be a wide distribution of pressures
throughout the entire volume of the chamber, and pressures measured
at the manometer would differ from those in other regions of the cell.
However, in molecular flow, the number of bimolecular collisions is
insignificant compared to the number of molecular collisions with
walls. In this case, there is no pressure differential throughout the
entire source-manometer assembly. Two criteria have been estab-
lished2 to define molecular flow through an aperture of diameter D.

These are

P,D <6 pin

¢ > D/3

where £ is the mean free path. For air, these criteria are met at
source pressures less than 50 u. Since source pressures never
eéxceeded 10 u in any studies reported in this thesis, evidently the

manometer reading will accurately reflect the source pressure.
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It remains to define the permissible valves of P, and P,.
The primary consideration is that the ions do not suffer a collision
as they travel towards the rods. The time T for a typical ion of mass
25 amu to traverse a distance L of 20 cm with an average energy E of

50 eV is

= L
= T ¥ 10 usec. 9)

<t

The time between collisions of an ion with a neutral at thermal energy
is

_ 2 _ 1
Vihermal a GVthermal

(10)

where £ is the mean free path, ¢ is the collision cross section and n
is the pressure of the neutral gas. Cross sections may be derived

from the Langevin formulation, but are certainly less than 100 A
Accordingly, the times T and t for various pressures are as given in
Table II. There it is seen that for source pressures less than 30 u,

the probability of a collision of this kind occurring is less than .01.

IV. Electrical Components

IV-A. Filament power supply and emission regulator.
The filament power supply is a Kepco JQE6-10M (A13) model with

an output range of 0-6 volts DC and 0-10 amps. The power supply
may be programmed to provide regulation of the filament current.
An emission regulation circuit was designed and constructed for this

purpose,
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Table II

Characteristic Times at Different Pressures %

p, (torr) P, (torr) T (usec) t (msec) Probability of

collision
3% 107° 10”7 10 600 . 00001
3% 10°* 167" 10 60 . .0001
3x107° 10° 10 6 .001
3% 1072 1™ 10 .6 .01

4 Quantities P,, P,, T, t defined in text.
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An understanding of this circuit requires first a cursory
knowledge of the general principles of power supply regulation.
Most modern operational power supplies can be treated as a simple
high gain, three terminal amplifier. If this amplifier is provided
with an input and feedback impedance (Rin and Ry), as in Figure 54,

then the equation of output in terms of input is simply

B o= B »ain, | (11)

This equation demonstrates how the output voltage will track the input
signal.

One of the very important features of operational amplifiers
is that the point X is very close to ground potential. This called a
virtual ground. It is fruitful to describe operational amplifiers in
terms of input currents rather than voltages. Since point X is at
virtual ground, the input current I, is simply E; /R;,. Therefore,

from Equation (11)

Eout = Tin® Bg- (12)

For emission regulation, the input current must reflect the
emission characteristics. This is done by passing the emission

current, i,, across a resistor Re to produce a voltage ie Rgo. As the

e?

emission resistor Re is usually large, the voltage ie Re is not
immediately suitable for programming, since the input impedance of

the amplifier, Ry,, is considerably smaller than R,. This problem is

iny
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Figure 5

Elements of the Emission Regulation Circuit

Figure 5A -- Operational amplifier
Figure 5B -- Impedance transformer

Figure 5C -- Basic emission regulation circuit
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circumvented by employing another amplifier as an impedance
transformer or voltage follower, & as in Figure 5B. An impedance
transformer simply repeats the input signal but renders it suitable
for programming by reducing the output impedance of the system.
Employing an input resistance Rin, A the programming current Ip

is then

I, = —°%, | (13)

This current is then added to another current, IB’ produced
from a variable DC voltage, aE, where 0 < a =1
L, =, (14)

B Rin, B

The difference between these currents becomes the input programming

current of the amplifier

. = _¢E L Re . (15)
s Rin,B Rin,A

The final circuit is given in Figure 5C. The output voltage supplied

across the filament is then

E = wa'E - ieRe R
=
Rin,B  Rin,A

o (16)

It is seen that should the emission current unaccountably increase,

E, is correspondingly reduced. In this way, the emission current is
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regulated. A desired increase or decrease in i, is effected by

e
jncreasing or decreasing c.

A schematic of the complete emission regulation and filament
power circuit is given in Figure 6. The principles of operation are
identical to the simplified case discussed above. A 22.4 V battery is
included in the circuit to keep the anode at a more positive potential
than the filament at all electron energies. The ammeter A reads the
current I A which can be directly related to the emission current
using Equation (13). Three different emission resistors R, are
employed to provide differing degrees of programming sensitivity.
Good emission regulation has been achieved for currents ranging
between . 01 pA and 10 pA.

The Kepco power supply has a current-limit mode which
defines the maximum safe filament current (presently set at 4.5 A).
If the programming circuit produces a signal demanding a filament
current greatér than 4.5 A, the current limit mode disables the
programming capability and maintains the current at 4.5 A until the
programming overload ceases.

IV-B. Plate and lens potentials. An electrical circuit was
designed and constructed to supply voltages to the various elements
of the source and lens assembly. A variety of pulsing circuits were
used, as well as standard potentiometric circuits supplying dc
voltages. |

The electron current from the filament into the chamber is

controlled by a control plate. The voltage on this plate is pulsed
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Figure 6

Emission Regulation and Filament Power Circuit

Circuit elements shown inside shaded box were part of the
Kepco Power Supply. Connections were made to these elements
using nine terminals mounted on the rear of the supply. The
internal programming input (terminals 3, 4, 5) was disabled to
permit remote programming.

Circuit element Name mgfﬁ?; (ftl?; a1
A 1557/15 amplifier Al4
E 22.4 V battery AlS

PS1 19 V power supply Al6
PS2 15 V power supply AlT
PS3 15 V power supply AlT7
R1 20 M resistor

R2 500 K resistor

R3 50 K resistor

R4 5 K resistor

R5 1 K potentiometer

R6 10 K resistor

R7 6 K resistor

R8 6 K resistor
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petween a negative value (with respect to the filament potential) that
prevents the beam from entering the chamber, and a positive value
that permits electrons to pass into the cell. These pulses are
supplied by one of two possible circuits, depending on whether the
filament bias is above or below ground. Under most operating condi~
tions, the bias of the screen is set at +50 V, as this ion energy
ensures the best transmission of ions through the lens system to the
quadrupole. In situations when the electron energy is to be greater
than 50 eV, the filament potential must then be negative.

Figure TA sketches the pulsing circuit used in this case.

At low electron energies the filament is at positive potentials, and
the control circuit of Figure 7A is unsuitable, as electrons are
repelled at all voltages. In this case the circuit of Figure 7B is
employed. Both circuits use a negative going input pulse supplied by
an external pulse generator.

Ions are ejected from the chamber by simultaneously reducing
the ion exit and drawout plate potentials from VT to a lower value.
The pulsing circuit for this uses a negative going input pulse supplied
by a pulse generator. Figure 7C gives a schematic of this circuit.

The remaining elements have variable dc voltages supplied by
standard potentiometric circuits. Originally cathode follower circuits
Wwere used, but no operational change was observed when these
circuits were replaced by the simpler potentiometric ones. Alternate
members of the lens assembly are shorted together, with three

elements having a variable negative voltage and two having a variable
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Figure 7

Pulsing Circuits

Figure 7TA -- Emission current pulsing circuit used
for high electron energies (>50 eV).

Figure 7B -- Emission current pulsing circuit used
for low electron energies (< 50 eV).

Figure 7C -- Ion ejection pulsing circuit.
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positive voltage. Table III lists the range of voltages available for
each element. The performance of the circuits is more readily
evaluated when describéd in terms of commonly used parameters,
such as the electron energy, ion energy, and trapping voltage.

Table IV shows the range of available voltages for these par<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>