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Abstract. 

The work presented herein revolves around the design, installation, testing, 

and use of a new flowing afterglow-selected ion flow drift tube (F A-SIFDT) at the , 

xv 

University of Canterbury. This is the latest in the series of FA and SIFT apparatus that 

have been installed at Canterbury. 

The second chapter contains a detailed description of the new instrument. Also 

present is a description of the characterisation of the of the new FA-SIFT in particular 

a comparison of two different types of venturi inlet, viz. an annulus and a hole type 

injector. The performance of both of these types of venturi inlet with respect to 

pumping efficiency, signal transmission, dissociation of weakly bound cluster ions, 

and the isomerisation of ions during injection. Despite the greater mechanical 

complexity ofthe annulus injector it is concluded that the annulus injector is slightly 

superior to the hole type injector, predominantly when the injection of ions needs to 

be at low energy. 

Next a new application ofthe SIFT, namely its use in the real time detection, 

identification and quantification of trace components in gas samples, is presented. 

This technique has only recently been developed by overseas researchers and its use at 

Canterbury has been facilitated by the new F A-SIFDT. The technique has been 

applied to several systems: the analysis ofthe changes in the largest trace components 

of human breath (ammonia, acetone, isoprene) during exercise; the monitoring of 

breath concentrations of organic solvents following exposure; and the headspace 

analysis of the gases emitted by soil following fertilisation with an artificial urine 

solution. 

The reactions ofH3 +, N2H+, and H30+ with thirteen different hydrocarbons 

have been investigated. The rate coefficients and product distributions of these 

reactions were investigated in order to obtain a better understanding of exothermic 

proton transfer reactions. The H3 + was generated in two different manners in an effort 

to get accurate data about the products of proton transfer from ground state H3 +. As 

expected, in most cases where the proton transfer was exothermic a rate coefficient 

just less than the collision rate was observed. The reactions became more dissociative 

as more energy was placed into the collision complex with the channels that 

predominated usually being between 100 and 200 kJ mor l exothermic. 
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The proton affinity of cyanogen (C2N2) has been investigated using the 

F A-SIFDT. The new value has been detennined using the equilibrium method with 

reference to the C2N2/C2H2 and CH3Cl/C2N2 cycles. The new value is 651±2 kJ mor l
, 

some 24 kJ mor l less than the previously tabulated value. The reactions of methylated 

cyanogen were also investigated with the intention of determining the methyl cation 

affinity of cyanogen. Instead it has been determined that the CH3 +.C2N2 adduct is 

strongly bonded, a characteristic that has previously been observed for alkyl 

ion-cyanide functionality type adducts. 

Two classes of reaction relevant to the lower cosmic ray-induced ionosphere 

of Saturn's largest moon Titan have been investigated. The first class is the 

bimolecular reactions of the N/ and N/ ion species with a range of hydrocarbons 

likely to be present in Titan's atmosphere. These ionic species will be formed deep 

into Titan's atmosphere by the termolecular association ofN+ and N2+ (the primary 

ions formed in Titan' s atmosphere) with nitrogen. The association reactions of some 

of the terminal ions in Titan's atmosphere, viz. H30+, HCNH+ and C-C3H/, with 

methane, ethylene and acetylene in the presence of both helium and nitrogen bath 

gases. The termolecular reaction rate coefficients are greatly enhanced in the presence 

of a nitrogen carrier gas. Preliminary results of an investigation into the structure of 

the HCNH+.C2H4 and HCNH+.C2H2 adducts is also presented. 

The termolecular association of the CH2CHCN+ and CH2CHCNW ions 

derived from acrylonitrile with neutral acrylonitrile have been investigated over a 

wide range of pressure in both the SIFT and an ion cyclotron resonance (ICR) mass 

spectrometer. This has enabled the pressure dependence of these two reaction to be 

experimentally investigated and theoretically modelled. In the non-protonated case 

(CH2CHCN+) there is a competition between termolecular association and 

bimolecular reaction to give CH2CHCNH+. The reaction is observed to pressure 

saturate without a complete conversion to termolecular kinetics, an assumption made 

by the commonly used single-well model for association. A different, double-well, 

association mechanism is proposed for this reaction and modelled theoretically giving 

an acceptable fit. The CH2CHCNH+/CH2CHCN system shows only termolecular 

kinetics and is well modelled by a single-well model. 

Work begun by earlier researchers at Canterbury on the reactions of ionic 

species with neutral carbon atoms has been continued. However an effective method 



xvii 

for fonning neutral carbon atoms has still not been found. The ultraviolet photolysis 

of carbon suboxide (C30 2) was hoped to solve this problem, however the wavelength 

of photolysis used was too long to get any significant C atom production. A vacuum 

UV flash system may be required. 
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Chapter 1 

The motivating factors behind the study of ion-molecule 

chemistry. 

Section 1.1: Ions in physical systems. 

§ 1.1.1: Introduction 

On first glance at the topics covered in this work, it may seem to the reader 

that these have been chosen in an almost random manner. What relationship could the 

analysis of trace gases in the human breath possibly have to the ionosphere of Titan? 

Yet in a very real sense there is a continuous chain of events, researchers and 

experimental apparatus that connects one to the other. The thread that links them is 

ion-molecule chemistry, but the spur that has driven research in ion-molecule 

chemistry along is the desire to understand the regions around us in which gas phase 

ions are observed. 

Essentially any region of gas that interacts with radiation is a region in which 

gas phase ions can be observed. In the terrestrial atmosphere the ionosphere is 

generated by the interaction of radiation of UV and other wavelengths impinging on 

the Earth's atmospheric envelope. Indeed the same type of process generates 

ionospheres around other bodies in the solar system that possess a dense enough 

atmosphere. In interstellar space, in particular in the diffuse and dense interstellar 

clouds, stellar UV and cosmic rays ionise the simple chemical species that are 

abundant in these regions and thus initiate a complex web of ion-molecule chemistry. 

It may seem that the results of studies in ion-molecule chemistry (and the 

results of experiments in other branches of physical chemistry) simply produce 

nunlbers that have no direct relevance to the physical world. When one looks at the 

final resting place of the output of much of this sort of work, e.g. compendia of rate 

coefficients and product distributions such as those complied by Anicich 1 and 

Ikezoe 2, it is easy to forget that most, ifnot all, of these chemical reactions were 

studied because of some physical observation of the presence of ions in a real system. 

In the following sections I will endeavour to present some of these observations and 
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to show a little of where ion-molecule chemistry has come from. The work presented 

in the following Chapters covers a wide range of the applications of ion chemistry and 

hopefully gives some hint as to where ion-molecule chemistry, at least at the 

University of Canterbury, is going. 

In some of the gaseous regions referred to above, the ion chemistry involves 

both positive and negative ions. However, due to the focus of the remainder of the 

present work towards cations, the observation and reactions of anions will not be 

discussed in much detail. The bias towards positive ion chemistry exists not only in 

this thesis but across the whole of the ion-molecule literature, with several times more 

positive reactions having been studied than negative ion ones (see for example the 

compendium of Ikezoe 2). A probable reason for this bias is that natural processes 

create positive ions more readily than negative ions leaving electrons as the negative 

charge carriers in many systems. 

Section 1.2: Planetary ionospheres. 

§ 1.2.1: Earth. 

In 1901 Marconi succeeded in receiving a radio signal that had crossed the full 

width of the North Atlantic, from Newfoundland to Cornwall. Subsequently several 

other researchers repeated this unlikely observation 3. It was soon realised that the 

radio signals were being reflected from a conducting layer in the Earth's upper 

atmosphere. The density of electrons and ions in this region of the atmosphere is 

sufficiently great that it affects the propagation of radio waves passing through it 4,3, 5. 

Indeed, due to the empirical nature of the early studies of the ionosphere, this ability 

to alter the progress of radio waves that pass through this region in space has 

essentially become the definition of an ionosphere, both on Earth and for other bodies 

in the Solar System. 

During the course of the early study ofthe ionosphere (using a technique 

known as a radio ionosonde 6, which was essentially observing reflected radio waves) 

it was realised that there was not a single conducting atmospheric region, but several 

"layers". The first layer found was termed the E layer being situated approximately 80 

km above the surface of the Earth. Above this another, weaker, layer was observed 
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and this was tenned the F layer. A sketch of the altitude profile of the various "layers" 

observed in the Earth's ionosphere is shown in Figure 1.1. 

o 
1000 Plasmasphere 

300 

n 

200 

100 E Soft X·Rays 

Cosmic Rays 

1010 1011 1012 

Electron Density 

Figure 1.1: The altitude profile of the regions of the Earth) s ionosphere. Adapted 

from Reference 4. 

These "layers" are not really separated layers of ion and electron density. In the 

Earth's atmosphere there is only one definite peak of charge concentration which is 

around the F2 region. Instead the individual radio wave reflections observed arise 

from changes in the charge gradient, which affect the propagation of the radio waves 

differently. Thus these layers are more correctly thought of as broad regions ofthe 

atmosphere where the charge conditions are relatively similar. The regions are the 

result of the fact that different sources of ionisation are more, or less, effective at 

different altitudes. 

The ionosphere is not a stable entity either, it changes with latitude, time of 

day, and in response to events in the sun. For example the charge maximum in the F2 

region (which is also the charge maximum in the total ionosphere) can shift between 

200 and 400 km above the Earth's surface, depending on the level of solar activity. 

The reason for this is that the ionisation is almost totally a result of radiation 

impinging on the atmosphere and the sun is obviously the major source ofradiation in 

the Earth's region of space. In the upper atmosphere (above 90 km) solar X-rays and 
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vacuum UV photons ionise and dissociate H, He, 0, N2, and 02 to produce the initial 

ions in this system. Because of the low atmospheric pressure, electrons are the only 

carriers of negative charge above approximately 80 km. Lower down in the 

mesosphere and stratosphere, the plasma is of the ion-ion type as electron attachment 

to electronegative neutral species becomes increasingly important and the ionosphere 

becomes characterised as an ion-ion plasma. An example of this type of reaction is 

shown in Reaction 101. 

02 +electron + M => (101) 

k = 1.4xlO-29 cm6s-I 7,4 

Here the ionisation is also caused predominantly by different means as the high 

energy UV radiation is absorbed higher in the atmosphere. In the D region most of the 

ionisation is caused by two specific selective photoionisation mechanisms in which 

solar UV penetrates below 90km through "windows" in the terrestrial absorption 

spectrum 11. The most important mechanism is the almost resonant ionisation of 

neutral NO molecules by solar Lyman-a radiation at 121.6 nm. 

NO + hV121.6 => NO+ + electron (102) 

The other main source of photoionisation is the ionisation of excited metastable 

oxygen molecules (02cr~g)) by Lyman-f3 radiation at 102.6 nm. 

=> O2+ + electron (103) 

Even lower in the atmosphere, in the C layer of the ionosphere, the majority of the 

ionisation is caused by the particle cascade initiated by the collision of cosmic rays 

with atmospheric gas molecules. Because of the magnetic field of Earth, ionisation 

caused by charged particle bombardment is much more effective at the higher 

latitudes where the shielding effect is less. The ion concentration 90 km above the 

surface is approximately 1 part per billion (Ppb) and this decreases with decreasing 

altitude. The absolute ion concentration changes by about an order of magnitude from 

90 km down to the surface, but the increasing density of the other species means the 

relative proportion of ions decreases much more rapidly. At the surface, ions are 

present at ~1 part in 1016. 

With this understanding of the atmospheric ionisation processes it was 

believed that the ions most likely to be present were simply those derived from the 

major atmospheric constituents N2 and 02. This suggested that the main ions would be 
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N 2 +, O2+, N+, and 0+ and that at lower levels NO + would also be seen as a result of 

secondary chemistry of these ions with the abundant N2 and 02 molecules. However it 

was not until rocketry advanced enough that mass spectrometers could be carried 

directly into the upper atmosphere that these observations could be tested. In the years 

after the Russian launch ofthe Sputnik satellite, research into the properties of space 

and the upper atmosphere blossomed. The United States Air Force was particularly 

interested in the properties of the ionosphere because of the inflp.ence it had on their 

radio communications and in the early 1960's began a programme to measure 

atmospheric ions in situ using mass spectrometry 8. A few years earlier (in 1958) Paul 

had described the construction of the R.F. field quadrupole mass spectrometer 9,10 

which, with its mechanical simplicity and fast time response, was ideal for rocket

borne experimental studies. On the 31 st of October 1963 a Nike-Cajun rocket canied 

the first successful flight of a mass spectrometer up to 112 km, with data being 

collected from 61 to 112 km 8. A diagram of the mass spectrometer housing and pump 

is shown below. 
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Figure 1.2: Schematic diagram of the first pumped rocket-borne mass spectrometer 

used to study ions in the Earth's ionosphere, Diagram pom Reference 8. 

The quadrupole is evacuated and sealed prior to launch and when the desired altitude 

is reached, the tip is blown off to open the mass spectrometer to the air. The ion 
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entrance orifice was biased slightly negative relative to the potential of the rocket skin 

in order to attract positive ions into the spectrometer. In order to keep the pressure in 

the quadrupole container low enough for the quadrupole mass spectrometer to 

operate, the pumping cones are coated with zeolite and cooled to liquid nitrogen 

temperature. This cryo-pumping is quite adequate to pump the small amount of air 

that enters the system at the heights involved. So confident were the team ofNarcisi et 

at.8 that they lmew which ions they would see (and so limited was the time available 

for experiment) that the mass scan only ranged from 10-46 amu, followed by a step to 

masses 1,2, and 4 and finally a measurement of all ions above mJz = 38. Because of 

the speed of the rocket, no time could be afforded to scan across regions of the mass 

scale where no ions were expected. 

Above 82 kill the expectations proved to be largely correct, NO+ and 02+ being 

the major ions observed. Below this height however the major ions observed were mlz 

= 19,37 together with other masses higher than the scan range of the mass 

spectrometer! This single result essentially "kick started" the whole field of ion

molecule chemistry. The ions observed were soon understood to be H30+ and 

H30+.H20 8,11,3 . Later H30 +.2H20 and higher clusters were also identified. The 

problem with these observations was providing an explanation for the initial 

formation ofH30+. Although the direct formation reaction:, Reaction 104, though it 

was lmown to be rapid at the time, it was considered unlikely to be the source for the 

observed H30+, This is due to the fact that the water concentration in the mesosphere 

(and below) is not high enough to effect complete conversion of any H20+ formed to 

H30+ before the H20+ undergoes charge transfer with the more abundant 02 (Reaction 

105). 

(104) 

=> (105) 

k= 3.30xl0-10 cm3s-1
. 

The possibility that the signals were the result of outgassing from the rocket was 

investigated and discounted, although outgassing was found to be the formation 

mechanism of the small amount ofH20+ observed. 

At approximately the same time Eldon Fergusson, Ali Schmeltekopf, and Fred 

Fehsenfeld of the Environmental Sciences Service Administration (ESSA) Aeronomy 
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Laboratory (now lmown as the National Oceanic and Atmospheric Administration, 

NOAA) in Boulder, Colorado began experimental work with a flowing afterglow 

(FA) apparatus 12,13,14. This instrument (shown in Figure 1.3) allowed the study of 

the rate coefficients and product distributions of ion-molecule reactions to be 

efficiently studied. 
Roots 
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Figure 1.3: A schematic diagram o/the layout of the original flowing afterglow 

instrument. 

The active atmospheric ion program encouraged a massive growth in the laboratory 

study of ion-molecule chemistry 15,16 and in the understanding of ionospheric 

processes. Soon after the first rocket flights the rate coefficients for the important 

processes in the upper atmosphere had been measured. By 1971 the mechanism and 

reactions responsible for the formation of the cluster reactions had been elucidated. 

Two main reaction schemes were found, one starting from O2+ and the other 

beginning with NO+ 8,11,17,18. These schemes are shown below. 

02+ + 02 + M => 0/ + M 

04+ + H2O => 0/.H2O+02 

0/.H2O+H20 => H30++0H+02 

=> H30+.0H+02 

H30+.0H + H2O => H30+.H20 + OR 

H30+.H20 + H20 + M=> H30 +.2H20 

(106) 

(107) 

(108a) 

(108b) 

(109) 

(110) 
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NO++N2+ M <=> NO+.N2+M (111) 

NO+.N2 + CO2 => NO+.C02+N2 (112) 

NO+.C02 + H2O => NO+.H20 + CO2 (113) 

NO+.H20 + H20 + M => NO+.2H2O+M (114) 

NO+.2H20 + H20 + M=> NO+.3H2O+M (115) 

NO+.3H20 + H2O => H30+.2H20 + HN0 2 (116) 

The equilibrium reaction between NO+ and nitrogen (Reaction 111) is essentially 

driven by the high concentrations of the N2 molecule present in the atmosphere 

despite the fact that the bonding is very weak. Then successively more strongly bound 

molecules are added until the NO+ series of hydrates is able to shift to the water series 

in Reaction 116. 

The development of the selected ion flow tube (SIFT) in the mid 1970's by 

Adams and Smith 19,20 gave another significant boost to the field of ion-molecule 

chemistry. One of the major problems with the FA was that the reactant ions had to be 

generated within the same flow tube as was used for investigating the reaction under 

study. Consequently contamination from other species (e.g. the neutral precursor for 

the ion, other fragment ions, photons and metastable neutrals) was commonly 

observed in the reaction region, complicating the analysis of the system under study. 

The SIFT technique utilises a remote ion source and thus overcomes many of these 

problems. Several good reviews of both the FA and the SIFT technique have been 

published over the years 21,22,23,24 and more details on both techniques are given in 

Chapter 2, so little else will be said here. 

§ 1.2.2: Extraterrestrial ionospheres. 

Ionospheres have also been observed on other planets and on planetary 

satellites in the solar system. In most cases the ionospheres have not been directly 

sampled, but instead the structure has been observed by using the technique of radio 

occultation with an unmanned space probe 25,26. In this technique the radio signals 

from the probe are observed from Earth as the passage ofthe probe takes it behind the 

planet being observed. A diagram showing two different types of radio occultation 

experiments is shown in Figure 1.4. 
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Figure 1.4: Two different types of radio occultation, one grazing, and one passing 

directly behind the planet. The solid lines represent the times that it is possible to 

receive radio signals from the probe. If the probe is viewed as travelling right to left, 

the right hand side is referred to as an ingress occultation and the left hand side is an 

egress occultation. 

The radio waves thus pass through a section of the atmosphere and their path is 

altered (refracted) by the presence of neutral and charged particles in the atmosphere. 

A radio occultation is able to observe electron densities down to a level of 100 to 

1000 electrons per cm-3
, depending on the wavelengths of the radio waves used 26. 

Neutral constituents of the atmosphere can be detected in a conceptually similar 

manner by using visible or UV light. From these measurements of electron (and 

correspondingly ion) density, as well as a knowledge of the neutral composition of the 

ionosphere at the height observed, models of the ionospheric chemistry of these 

satellites can be generated. 

The ionosphere of Venus 5, 27 is probably the best studied, after that of Earth, 

as the Pioneer-Venus Orbiter (PVO) 28, 29 spent approximately 14 years orbiting and 

studying the Venusian atmosphere and ionosphere. On board was a neutral and ion 

mass spectrometer (Pioneer-Venus Orbiter Ion Mass Spectrometer PVOIMS) which 

passed through the upper atmosphere many times 30. The PVOIMS has provided in 

situ data on the ionosphere of Venus. However the ionosphere of Venus has been 
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found to be very dependent on solar activity, which changes the ionosphere's 

morphology radically. During one period of maximum solar activity, the path of the 

PVO took it right through the ionosphere down to an altitude of ~200 Ian. When solar 

activity is at a maximum the ionosphere can extend up to 800 Ian above the surface 

from a base at approximately 130 km. By contrast when solar activity is at its lowest 

the ionosphere of Venus shrinks down to a thin band around between 130 and 300 

Ian. In the years of solar minimum, the PVO was operating in a much higher orbit and 

thus no in situ data is available on the solar minimum ionosphere of Venus. 

Earth and Venus are of similar size and composition and Venus is only slightly 

closer to the Sun. Somewhat surprisingly then the Venusian atmosphere is very 

different to that of Earth. Venus suffers from a runaway greenhouse effect that has left 

it with an atmosphere which is 96.5% CO2 and only 3.5% N2 31. The main ions 

observed by the PVOIMS were 0+ and 02+, with the minor constituents C+, CO2+, 

NO+, N+, He+, and CO+ (and the isobaric N/), comprising less than 10% of the total 

ion density. The initial ionisation of the Venusian atmosphere (from both 

photoionisation and photoelectron impact ionisation) creates mainly CO2 + and 0+ as 

can be seen in Figure 1.5 (reproduced from the work of Nagy et al. 32). These primary 

ions are what one expects from the neutral densities in the region in which the 

ionosphere is established. The neutral gas densities detemiined by the PVO neutral 

mass spectrometer are shown in Figure 1.6, which is adapted from the work of 

Niemann et al. 33. 
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Figure 1.5: The initial ions produced by both photo ionisation and photoelectron 

impact ionisation on the atmosphere o/Venus. 
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Figure 1.6: The neutral concentrations determined in the upper Venusian atmosphere 

determined by the neutral mass spectrometer aboard the PVo. 

The major ion-molecule reactions are shown below. 

C02 + + 0 => 02+ + CO 

=> 0+ + CO2 

0+ + CO2 => O2+ + CO 

CO+ + CO2 => CO2+ + CO 

C+ + CO2 => CO++CO 

[0.60] (117a) 

[0040] (117b) 

(118) 

(119) 

(120) 

From the known reaction rate coefficients of these, and other more minor reactions, 

(and a basic model of the ion diffusion in the atmosphere of Venus) a model was 

constructed that gave very good agreement with the data returned by the PVOIMS 

instrument passes on the solar maximum ionosphere 32,34. The reactions shown above 

are also believed to be the most important reactions for the ionosphere of Mars, which 

has not yet been studied as extensively as that of Venus. The anticipated similarity of 

the Martian ionosphere is due to the fact that Mars has a similar neutral composition 

in its ionosphere to that of Venus. 

The ionospheric structure of Saturn and Jupiter has been measured by radio 

occultation techniques. The Pioneer and Voyager spacecraft have visited these planets 

and have shown that both planets have a large amount of structure present in their 
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ionospheres 5,35. The most common ion formed in both ionospheres is H2 + as atomic 

and molecular hydrogen are the most common neutral species in these atmospheres. 

At high altitudes, where the relative amounts of atomic hydrogen are greater, Reaction 

121 is important. At lower altitudes Reaction 122 fOlIDS H/. 

H/ +H => H+ + H2 (121) 

H2+ + H2 => H3+ + H (122) 

The rate of electron recombination is still under discussion 36,37,38 however it will 

playa large role in the lower altitude regions ofthe Jovian and Saturnian ionospheres 

where H3 + is an abundant ion. The ion-molecule chemistry of H3 + with the 

hydrocarbon molecules present in the lower ionospheres of these planets will also 

become important. Methane, acetylene, ethane, and benzene were all seen in the 

atmosphere of Jupiter prior to the Galileo entry probe. These neutrals provide the 

potential for extensive hydrocarbon chemistry, begun by the protonation of these 

neutral molecules by H3+ (for details of this class of reactions see Chapter 4). 

The satellites Titan (Saturn) and Triton (Neptune) have also been shown to 

have ionospheres 35. The Cassini-Huygens 39,40 mission will encounter Titan and 

Saturn in 2004 and will make many observations ofthe ionosphere of Titan, including 

an entry probe. Chapter 6 of this thesis includes reactions that are relevant to the 

lower ionosphere of Titan. 

Section 1.3: The interstellar medium 

§ 1.3.1: Ions in the interstellar clouds. 

Another major boost to the field of ion-molecule chemistry was the discovery 

of ions in the interstellar clouds (ISC). These vast regions of locally higher gas 

densities are spread throughout the galaxy and stretch between the stars. Obviously 

because they are so far from Earth there have never been any in situ (i.e. mass 

spectrometric) studies of these regions but they have been extensively studied using 

spectroscopic techniques. By observing the ISC, in both emission and absorption over 

a range of frequencies from radio to gamma waves, a large range of neutral and ionic 

species have been identified. The scientific discipline of observing these regions is 
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commonly refers to as radio astronomy. A selection of the molecules observed in both 

the diffuse and dense ISC is shown in Table 1.1. 

Molecules Ions 

H2 H2O 1 and c C2H CH3C02H CH+ 

CH C2H CH2CN C2HsOH SO+ 

OH HCN CH2CO CH3OCH3 HCO+ 

CN HNC C4H C2HsCN N2H+ 

CO H2S HC3N HC9N H30 + 

SO NH3 CH3NH2 HCIIN H2CN+ 

Table 1.1: A selection of molecules and ions observed in the diffuse and dense 

interstellar clouds using spectroscopic techniques. Data taken from References 11, 

41, and 42. 

In order to understand why ion-molecule chemistry is important to the 

interstellar medium (ISM) and ISC in particular, it is first necessary to give an 

introduction to these regions of space, as the conditions are so different to those 

experienced anywhere within the terrestrial environment 11,37,41,42. There are two 

major classes of ISC, dense and diffuse, and they have quite different physical 

conditions and chemical malee-up. 

In the diffuse clouds there is not a large amount of dust present and therefore 

light can penetrate the clouds. This has two major consequences: first they are easier 

to observe as visible absorption spectroscopy can be performed by using background 

stars as light sources; and second, the chemical species are in more simple forms than 

those observed in the dense clouds as UV radiation dissociates molecules (and that of 

other wavelengths). Thus in the diffuse ISC the most common species are 

approximately equal amounts of molecular and atomic hydrogen. The gas densities 

are quite low (~ 102 molecules cm-3
) but the high radiation flux penetrating throughout 

heats them to temperatures of up to 100 to 200K. Ionisation in these regions comes 

mostly from the UV photons that are ubiquitous throughout them. 

The dense ISC or "molecular clouds" contain much higher densities of gas 

(~104_106 molecule cm-3
) and are largely composed of molecular hydrogen, helium, 

and dust grains. These dust particles shield the centres of these clouds from the 

destructive UV radiation, and thus larger molecules can be formed in these regions. 
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Dust also shields the clouds from the heating effects of radiation and consequently the 

temperature is much lower, in the realm of 10 to lOOK. Ion chemistry here is initiated 

by the ionisation of the main components by cosmic rays which can penetrate further 

through the shielding dust than do photons. 

The question that remains is how molecules as large and complex as some of 

those seen in Table 1.1 are made in such a hostile environment. Most chemical 

reactions will stop almost completely at the temperatures encountered in the 

molecular ISC because, despite the fact that they are exothermic, they have activation 

barriers somewhere on their potential energy surfaces (PES). The reactions which 

form the molecules observed in the ISC also need to proceed with very high 

efficiencies as, due to the low gas densities, collision events are relatively rare. Ion

molecule reactions fit both of these requirements. The ion-induced dipole attraction 

between a cation and a neutral molecule means that the entrance to the PES is 

attractive even at low temperatures and many exothermic ion-molecule reactions 

occur with a rate coefficient that is limited only by the collision frequency. It is now 

generally accepted that ion-molecule chemistry provides one ofthe major 

mechanisms for building up molecules in the ISM. Other processes that are believed 

to be responsible for the formation of interstellar molecules are radical-neutral 

reactions and heterogeneous catalysis on the surface of the dust grains 41. The neutral 

molecules observed in the ISC which are the result of ion-molecule chemistry corne 

from the neutralisation of cations (through collisions with electrons), a process that is 

often dissociative. These cations have been built up in a step-wise fashion through a 

sequence of many steps from the simple neutral components that are seen in the 

young ISM 11,37. 

Exploring the reactions that are likely to occur in ISC has driven ion-molecule 

chemistry into new regions. The ion chemistry of hydrocarbons, previously only 

important in flames, has become very important as cloud modellers try to obtain 

pathways for forming the hydrocarbons observed in the ISC 43. Chapter 8 of these 

thesis reports an attempt to measure one of the last remaining important reactions, 

Reaction 123, which is expected to begin the chain of reactions leading to larger 

hydrocarbons. 

H3++ C => 

=> CH2++H 

(123a) 

(123b) 
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=> 

=> 

CH2++H 

CH3+ + H 

(124) 

(125) 

The CH+ ion has been directly observed in diffuse ISC 44. The next logical step in the 

chain shown above, the reaction of CH3 + with hydrogen, is not a rapid bimolecular 

reaction. Instead in the pressure range used in several of the ion-molecule reactors a 

slow termolecular reaction, Reaction 126, is seen. 

CH3 + + H2 + M => CH5 + + M (126) 

Here the third reaction body (M) removes energy from the collision complex and 

stabilises it towards dissociation. 

In the ISC the gas densities are so low that a process such as Reaction 126 is 

extremely unlikely which could leave the models with 'bottlenecks' in the chain of 

reactions that forms the larger molecules observed in the ISC. However in the ISC the 

initial collision complex will have much less energy content (and hence a longer 

lifetime) because the conditions are much colder than those experienced on Earth. It is 

proposed that in the ISM, certain of these collision complexes will live long enough 

that they will be able to radiate some of their excess energy away as photons and thus 

b 'l' h I Th' . fi d t d" . . 283 284 45 sta 1 Ise t emse yes. IS process IS re erre 0 as ra zatzve assoczatlOn ' , . 

Consequently reaction studies of termolecular associations, which measure how easily 

the collision complex can be stabilised by the removal of energy by a third body, are 

regularly used as an indicator of the effectiveness of radiative association in ISC. Both 

termolecular and radiative associations will be more efficient when the collision 

complex is less susceptible to unimolecular dissociation and therefore the 

experimentally-accessible termolecular associations are investigated in place of the 

radiative associations which are almost impossible to study experimentally. Both 

types of association reaction will also be temperature dependent and as a result, a 

number of variable temperature techniques have been developed over the years e.g. 

VT-SIFT 21,22,24, CRESU 46,47. A desire for a fuller understanding of the mechanism 

by which association reactions (and especially termolecular reactions) operate has 

fuelled studies of many association systems. One such system, that of non-protonated 

and protonated acrylonitrile ions (CH2CHCN+ and CH2CHCNH+) reacting with 

neutral acrylonitrile, is presented in Chapter 7. 
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Section 1.4: Trace Gas analysis. 

§ 1.4.1: A novel application of ion-molecule chemistry. 

During the last few years a new mission has been driving the accumulation of 

large databases of ion-molecule reaction rates. These rate coefficients are being used 

for the analysis of trace volatiles in environmental air or in breath samples using the 

new SIFT-MS 48,49,50,51 or PTR-MS 52,53,54,55 techniques. Both of these techniques 

are chemi-ionisation techniques that, unlike conventional MS-based chemi-ionisation 

techniques, make use of the ion-molecule kinetics to allow quantification of the 

amounts of volatile species present in the gas samples. Experiments with the 

SIFT-MS technique have been undertalcen at the University of Canterbury and as 

these are more fully explained in Chapter 3 of this thesis they will not be repeated 

here. Instead, an example from results that have been presented previously in the 

literature will be shown in order to highlight the importance of understanding the 

underlying ion-molecule chemistry. It has been shown previously that there are large 

amounts of nitric oxide (NO) released from bacterially-infected urine that has been 

aCidified 56. The NO results from the large levels of nitrite formed from the bacterial 

reduction of the nitrates normally present in the urine. When these nitrites are 

acidified they produce nitrous acid which will subsequently decompose to give NO 

and water. The most likely decompostion reaction (in a sealed vessel) is shown in 

Reaction 127. 

=> (127) 

Using SIFT-MS Smith and Spanel 57 have shown that this nitric oxide can be reacted 

with 0/, to give NO+ and a small amount of the first hydrate NO+.H20. 

O/+NO => NO++02 

NO+ + H20 + M => NO+.H20 + M 

(128) 

(129) 

As the analyses are performed on gases present in the headspace above urine (actually 

urine heated to 40°C to enhance volatilisation of the volatile compounds) there will be 

large amounts of water vapour in the sample. Levels of up to 25 parts per million 

(ppm) of NO were seen in the headspace above urine which had bacterial infection. 

These were several times greater than the normal levels which were less than 5ppm 57. 

It was also possible to directly detect the nitrous acid (HN02) in the headspace 

gas over the infected urine samples. 
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=> 

=> 

NO+ +2H20 

NO+.H20 + H20 

(l30a) 

(l30b) 

No rate coefficient has yet been reported for Reaction l30, so this cannot be used 

currently to quantify the amount of nitrous acid present but it is still a good qualitative 

indicator. Note also that when analysis of NO concentrations is perfOlmed using an 

02+ precursor (Reaction 128 shown above), gas phase nitrous acid is also included in 

the analysis as both neutral reactants give a NO+ product. 

O2+ + HN02 => NO+ + (02 + OH) (l31) 

In another experiment 58 Smith and Spanel have shown that patients with 

bladder or prostate cancer have formaldehyde present in the headspace of their urine. 

It has previously been shown that formaldehyde is emitted from celiain type of tumor 

cells in vitro. Formaldehyde also has a higher proton affinity (PA) than water so the 

reaction ofH30+ with formaldehyde should proceed rapidly to give protonated 

formaldehyde, H3CO+. 

H30+ + H2CO => H3CO+ + H20 (l32) 

The difference between the two PA values (PA ofH2CO - H20) is only ~22 kJ mor l 

and the reverse reaction could influence the measured values. This is an example of 

the way in which a good knowledge of the possible ion chemistry is essential when 

using SIFT -MS, and is a reason why the SIFT -MS technique will spawn many more 

investigations of ion-molecule reactions. The rate coefficient for Reaction l33 (the 

reverse of Reaction l32) has now been found to be very low, k ~ 5xl0-13 cm3s-l (near 

the limits of accurate determination for the SIFT technique), and as such will not 

affect the values measured for formaldehyde concentration greatly. 

H3CO+ + H20 => H30+ + H2CO (l33) 

However another reaction that will affect the measured values was found. This 

reaction was the association of the H3CO+ ion with water as shown below. 

(l34) 

Reaction 134 is very similar to the association reactions that are known to occur with 

the H30+ precursor ions (such as reaction l35). 

(l35) 

Reaction 135 is a reaction first investigated due to its possible relevance to the D 

region of the ionosphere and the two reactions in fact occur with similar rate 

coefficients. In a normal analysis, the upper hydrates ofH30+ would be included in 
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the primary ion count as well as they can also react with the neutral species under 

investigation. In this system however the most likely reaction of these upper water 

hydrates can proceed in both directions. 

(136) 

The levels of water vapour will be higher than those of the formaldehyde so that even 

though the reverse reaction is slower it will still be important and will effectively 

convert "product" counts into "reactant" counts. This has lead to a simple correction 

for Reaction 134, viz. that only H30+ and H3CO+ are counted as the loss processes for 

both of these ions with water are of similar magnitudes and should thus effectively 

cancel each other. 

Many other medical topics have been investigated using SIFT-based trace gas 

analysis techniques. These topics range widely and include: the changes in breath 

composition with diet, and fasting 59; the differences in breath between smokers, non

smokers, and people exposed to second-hand smoke 60,61; and the breath ammonia 

levels of patients with renal failure 62. A wide range of non-medical applications have 

also been investigated including food odours and freshness 53, 63, and environmental 

air analyses where decaying or wounded plant material is present 53,64. These new 

studies have provided impetus for the investigation of many new ion-molecule 

reactions. 

As remarked above, this Chapter is intended to give the reader some idea of 

the stories behind the collection of rate coefficient and product distribution data which 

will be presented later and to show why the chosen reactions have been studied. This 

is not to imply that research conducted purely for interest is not valid, but merely to 

show the linking thread between the individual Chapters of this work. 
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Chapter 2 

Experimental: The design, commissioning and testing of 

the FA-SIFDT. 

Section 2.1: Introduction. 

§2.1.1: The lineage of the CanterburyFA-SIFDT. 

The results reported herein were mainly obtained using the newly constructed 

Flowing Afterglow / Selected Ion Flow Drift Tube (F A-SIFDT) at the University of 

Canterbury 65. This instrument, which traces it's lineage back to the selected ion flow 

tube constructed in this department in 1982-85 66,67, began construction in 1996 just 

prior to the commencement of this work. The design, relocation and commissioning 

ofthis apparatus comprised a large part ofthe work in the first year of my PhD, with 

additional modifications and testing continuing throughout my term of study. 

The original selected ion flow tube (or SIFT) instrument at Canterbury is 

described in the work of Knight 66, Petrie 68, Wilson 69, Scott 70 and Fairley 71. The 

current instrument is designed to address several limitations of the previous SIFT 

apparatus and to institute some new features that have been developed since the 

original SIFT was commissioned. The following chapter will outline the essential 

features of the new apparatus including the important differences from the earlier 

model SIFT and present some data that show the enhanced utility of the new 

instrument. Following the convention begun by Fairley 71 the current instrument will 

be designated by the terms F A-SIFDT or FA-SIFT and the previous one will be 

termed the SIFT or SIFDT. 

2.2: Physical description of the FA-SIFDT apparatus. 

§2.2.1: An introduction to the F A-SIFDT. 

A schematic diagram of the FA-SIFT is presented in Figure 2.2. When Figure 

2.2 is compared with the diagram of the earlier SIFT (Figure 2.3), the major 
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differences are obvious. A flowing afterglow ion source and the associated pumping 

lines, chamber, controls, and other accessories have been added. The quadrupole mass 

spectrometer chambers are pumped by an increased number of much higher speed 

diffusion pumps. The major motivating factor in the upgrade to a FA-SIFT was to 

increase the magnitude of the ion signals and the mass selectivity of the source and 

detection regions. We hoped to achieve this improvement both by increasing the gross 

number of ions available and by decreasing the losses of desired ions within the 

quadrupole mass spectrometer regions by such causes as unreactive scattering. The 

improvement was to be achieved through the incorporation of a flowing afterglow ion 

source and by decreasing the pressure in the vicinity of the quadrupole mass 

spectrometers. 

A flowing afterglow (FA) source has previously been incorporated as the ion 

source of three other SIFT type apparatus; those of Smith and Adams at 

Birmingham 72, Bohme at York 73 and Bierbaum at Boulder 74, 75. The fIrst two 

instruments in this list were not entirely successful and we have not borrowed heavily 

from them, though they established the practicality of using a F A as an ion source for 

a SIFT. The Canterbury FA-SIFDT is most similar to the Boulder apparatus, which is 

the only apparatus of these three still in current use. During construction we had 

access to the schematics of the Boulder FA -SIFDT and consequently many sections of 

our FA source are based on very similar principles to theirs. We are indebted to 

Professor V. Bierbaum for the use of these schematics. 

Figure 2.1: A picture of the current FA -SIFDT instrument installed at the University 

of Canterbury. 
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Figure 2.3: A schematic diagram a/the previous SIFT installed at the University of 

Canterbury. 

§2.2.2: The Flowing Afterglow (FA) Source 

The genesis of the FA/SIFT can be traced to the original NOAA flowing 

afterglow constructed in Boulder Colorado in the late 1960's and prior to that to the 

flow tubes used in studying the optical emissions of afterglows 13,14. The development 

of the flowing afterglow was motivated by a desire to study the ion chemistry 

occurring in the Earth's upper atmosphere and greatly advanced our understanding of 

ion-molecule type chemical reactions. However, in many systems it becomes very 

difficult to extract good kinetic data or accurately determine products using the FA 

technique. This is essentially due to the fact that in the reaction tube there is always a 

mixture of ion species and neutrals. In a 'normal' experiment not only will the 

reactant and product ions and the reactant neutral be present but also He + ions, 

electrons, photons, and the neutral species from which the reactant ion was generated. 

These factors produce spurious ions in the reaction region which, when mass analysed 

and counted, may obfuscate the determination of the reaction rate coefficient and the 

product distribution. 
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The SIFT technique of Smith and Adams was developed to overcome this 

problem by having the ionisation source spatially separated from the reaction 
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tube 19,20. In their technique the ions are mass selected after they leave the source but 

before they enter the reaction tube allowing only one ion mass to enter the reaction 

tube. This arrangement greatly simplifies the analysis of the reaction system as in the 

reaction region there are no ions other than the reactant, no photons or electrons, and 

no neutral gases other than the reagent and the unreactive carrier gas. However in this 

move towards a 'cleaner' reaction signal ion count was sacrificed. Traditionally SIFT 

instruments use a high or low pressure electron impact source and the Canterbury 

SIFDT had the option of both of these 70. The high pressure/low pressure ion source 

results in one of the 'weaknesses' ofthe SIFT technique as they; 

• are unable to produce large counts of some ions, 

• can only produce ions that are derived directly from a neutral precursor; e.g. the 

molecular ion or the products formed from it by fragmentation, 

• often produce many fragment peaks further reducing the amount of the desired ion 

available, 

• are poor sources of cluster ions and other weakly bound species. 

• produce non-thermal ions. 

• require frequent cleaning. After a period of use the ion source has a tendency to 

accumulate an insulating film on the repeller and Einzellens extraction assembly. 

This means higher voltages are required to transmit the ions and the propensity to 

dissociate or excite the ionic species is exacerbated. 

It was with these limitations in mind that we decided to construct a FA ion 

source. The strengths of the FA lie in its ability to produce large thermalised ion 

signals and that the ion chemistry in the tube is well understood. The flow tube is 

therefore an ideal source for producing large signals of a wide range of different ion 

types. With appropriate design even ions that have no direct molecular precursor can 

be formed through multi-step syntheses in the FA tube. As mentioned earlier, three 

other groups have utilised a FA source with a SIFT, the Smith and Adams group 72, 

D.K. Bohme's group 73, and the Bierbaum group 74,75. The first two of these, though 

effective, had problems with generating large counts of certain types of ions. The 
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Bierbaum group redesigned their flowing afterglow to maximise the transmission of 

ions and to allow multi-stage ion syntheses to be performed, producing a widely 

applicable instrument. We have followed some of the principles they established. 

The ion signal delivered to the SIFT reaction tube depends on a complex mix 

of factors, the ionisation source, the flowing afterglow geometry, the quadrupole 

transmission and the Venturi injector. The remainder of this chapter is set out in such 

a way as to follow the path of an imaginary ion, from formation to detection. 

The major design considerations in the construction of Canterbury's FA 

source were maximising the ion signal for a wide range of ions. The design allows for 

differing sources of ionisation within the flowing afterglow tube and minimises 

diffusive losses while retaining the ability to perform multistage reactions to fonn 

more exotic ion species. The variable length flow tube, moveable ioniser, and a high 

speed roots blower pump similar to that utilised by Bierbaum et al. 74 enabled us to go 

some way towards achieving that goal. Ignoring for the moment the method of 

ionisation, which will be discussed later, the most important consideration in any FA 

is the ion loss processes. The main loss process for ions in any flow tube is diffusive 

loss to the walls. The fraction of ions lost to diffusion in the flowing after glow 

reaction tube at any point z downstream from the ionisation source is described by the 

following ratio; 

(2.1) 

Here [A+]o is initial ion signal [A+]z is the ion signal z cm downstream from creation, 
-

D is the diffusion coefficient, p is the average pressure in the tube, v is the average 

flow velocity, and a the radius of the tube. Thus to maximise ion current transmitted 

to the quadrupole region, and thence to the SIFT reaction tube, this fraction must be 

maximised. All the factors apart from D relate to the physical dimensions of the 

flowing afterglow, and so are design considerations. The diffusion coefficient is a 

property of the buffer gas and the plasma formed within it. Theoretically one could 

choose a buffer gas in the flowing afterglow that had a lower diffusion coefficient, but 

for reasons of purity and reactivity only a few may be utilised, namely nitrogen, 

hydrogen, argon and helium. The diffusion can theoretically be slowed by the addition 

of an electron attaching gas, eg SF6 which converts the electrons to negative ions 72,76. 
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In this work however, the addition of SF 6 did not produce a significant advantage in 

any of the systems studied. 

In an afterglow of ions and electrons the positive ions undergo diffusion 

characterised by the ambipolar diffusion coefficient, Da 12. Ambipolar diffusion is 

governed by the mobility of the electrons that is high due to their small size and mass. 

The electrons diffuse towards the walls rapidly producing a charge imbalance near the 

axis of the tube. The plasma's desire for charge neutrality thus pulls the positive ions 

outward at an enhanced rate. Sulphur hexafluoride has a large electron capture cross 

section and thus becomes the predominant negative charge carrier in plasmas to which 

a trace is added. Thus the electrons no longer control the rate of diffusion. The 

addition of an electron attaching gas should also increase ion signals by reducing the 

rate of ion-electron recombination, which is about two orders of magnitude higher for 

electrons and ions than it is for polyatomic negative and positive ions. 

From inspection of equation 2.1 it can be seen that a short, wide tube with a 

high pressure fast flowing buffer gas would produce the highest [A+]z/[A+]o ratio, thus 

potentially delivering the greatest ion signals to the FA nose cone, but other 

considerations prevent the use of such a tube. If we also hope to use the tube for 

multi-step syntheses then there has to be enough spatial separation between successive 

inlets to allow for mixing and reaction to occur before the next step. This means that 

the buffer gas flow cannot be too fast and the tube cannot be too short. The flow 

velocity is essentially determined by the pumping speed generated by the roots blower 

providing that the pumping lines between the pump and the flow tube do not limit the 

flow. As the pumping speed is a measure of the amount of gas moved per unit time, 

then a higher buffer gas velocity can be achieved by reducing the tube diameter which 

reduces the "gas load" on the pump. Increasing the pressure in the FA may also create 

problems in the ion selection areas, as an increased flow tube pressure also results in 

an increase in the quadrupole chamber pressure thus reducing the transmission of the 

mass filter. To reduce the transmission of neutral gas from the source flow tube into 

the chamber the diameter of the exit orifice in the FA nose cone may be made smaller, 

but this results in a concurrent reduction in ion transmission. 

Thus one can see that the physical dimensions are a compromise between 

several factors in an effort to obtain maximum ion signals for a wide range of ion 

types. The Canterbury FA source is depicted schematically in Figure 2.4. The flow 
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tube itself is constructed of 47.5 mm internal diameter (i.d.) stainless steel tubing and 

can be varied in length between 25 and 70 cm. This variation is achieved by having 

three modular tube sections, each 150mm long, attached to a single fixed section 250 

mmlong. 
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Figure 2.4: A schematic diagram of the Canterbury FA ion source. Also shown are 

the two most common ion generation methods and the changes in geometry necessary 

to use each. 

All three of the modular sections can be removed, except when the moveable ioniser 

is in use. In this case at least one section must remain as the helium inlets for the 

moveable ioniser are mounted in one of the extension pieces. The fixed section of the 

FA source is made from two concentric pieces of tube; the inner one is the same 

internal diameter as the modular sections and is the flow tube proper, while the outer 

one is ~125 mm i.d. and allows for efficient pumping of the canier gas away from the 

nose cone. The inner tube extends to within ~50 mm of the nose cone plane providing 

a region for the canier gas to be pumped away from the selection region entrance 

orifice without inducing severe turbulence. This nose cone is also constructed from 
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stainless steel taking the form of a cone with a 135° internal angle. The end ofthe 

cone is blunted to mount a thin (0.285 mm) molybdenum disk that contains the 2 mm 

diameter hole to the ion selection chamber. The nose cone and molybdenum disk are 

electrically insulated from the rest of the FA source and the ion selection box and are 

usually biased to approximately +20-30V. They are not however insulated from each 

other, a measure which Smith and Adams 72 suggest could give greater transmission, 

though this modification may be made at a later date. 

The FA source is pumped by an Edwards EH 1200 roots blower with an 

Edwards E2M 80 backing pump (3024 Ls-1 for air at 0.3 mbar) connected to the outer 

tube of the FA source via ~4.85 m of 125 mm i.d. aluminium tubing and ~45 cm of 

100mm Ld. stainless tubing. This tubing has bellows sections connected to the gate 

valves on each end to prevent vibration transmission. Above the roots blower is a 

Consolidated Electronics 6" pneumatically operated valve. Isolating the FA source 

from the pumping line is an Airco Temescal FIG 5010-R 4" manual gate valve. The 

pressure in the FA can be altered within the range 0.1-1 Torr. 

§2.2.3: Ionisation Sources 

Microwave Discharges 

Three sources of ionisation have been used in the FA source during the course 

of this work, a microwave discharge on a Pyrex tube, a movable electron impact type 

ioniser and a glow discharge. The microwave discharge is the most commonly used 

source due to its ease of use, versatility, and cleanliness. Several different microwave 

discharge tubes have been used in this work, but all consist of a microwave generator 

operating at ~2.5 MHz, a discharge head and a piece of 12 mm outside diameter (o.d.) 

Pyrex tube. The catTier gas is passed through the piece of tube which is surrounded by 

the discharge head just prior to its entry into the flow tube. In the following work two 

different microwave generators have been used to power the discharge head, an EMS 

Microtron 200 and an EMS Microtron 200 Mark 3. We have also used two different 

types of dischat'ge head. Using the terminology ofFehsenfeld et al. 77 one is a type 5 

cavity with tuneable frequency and coupling while the other is closer to a type 4 

cavity with only tuneable coupling. The former cavity was preferred but was at times 

used to generate atoms at one of the downstream neutral inlets (see chapter 8) 
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necessitating the use of the other cavity of the FA. Though the microwave discharge is 

a simple, effective, source of ionisation it does have one major drawback; it generates 

photons along with the ionisation as a result of forming an afterglow type plasma. 

Because along the axis of the quadrupole there is line of sight from the FA to the SIFT 

reaction tube, these photons can pass right through to the SIFT reaction tube where 

they cause several problems. The Y -shaped entry to the SIFT flow tube prevents these 

photons from directly reaching the particle multiplier (a problem in early FA 

instruments). However some photons can generate ions (usually He+) which react 

with the neutral reactant to produce spurious ion peaks. In most cases this is not a 

major problem as the photo ionisation signals are much less than those resulting from 

the injected ions. Signals resulting from photo ionisation are easily identified by 

electrically gating the ions off inside the ion selection box, which obviously has no 

effect on those ions generated in the reaction tube by photons. However these photon

induced ions can be a problem when the ion signal of a desired ion is low or when 

nitrogen was used as a carrier gas in the SIFT tube. These photons are also a problem 

at times during trace gas analysis as the level of neutral 'impurities' in the flow tube is 

higher due to the admission of environmental air into the tube. In the course of the soil 

nitrogen experiments (Chapter 3 §3.4.2) a constant background signal at mlz = 30 was 

observed. The signal was not due to direct photo ionisation of nitric oxide but was 

instead a result of reactions involving nitrogen and oxygen atomic ions. In these cases 

the discharge was placed off axis with a Wood's hom 70 light trap between the 

discharge cavity and the FA to trap photons and prevent them from being reflected 

into the FA itself. This arrangement is shown in Figure 2.5. 

Figure 2.5: A picture of the microwave discharge head and a Wood's Horn light trap 

on the FA ion source. 
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Moveable Ioniser 

Another available "dark" ionisation source is the moveable ioniser. This 

ioniser is essentially an electron impact type source mounted on a stainless steel tube, 

which is in tum sealed into the vacuum by a Cajon O-ring seal. This arrangement 

allows the ioniser to traverse the length of the flow tube though it cannot pass the 

moveable inlet without venting the system and disassembling parts of the FA. A 

schematic of this ioniser is shown in Figure 2.6. 
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Figure 2.6 A cut away diagram (above) and picture (below) of the moveable ioniser 

used in the FA ion source. 
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The main body is made from polyetheretherketone (PEEK), an easy to machine 

temperature resistant polymer. The filament is a piece of 0.18 mm (0.007 ") thick 

rhenium ribbon spot welded onto 3 .15rnrn tungsten rods. Current to the rhenium 

ribbon filament causes heating and it becomes sufficiently hot for the emission of 

electrons to occur. The current to the filament is supplied by a custom built regulated 

supply and is typically around 2rnA. A fine stainless steel mesh is mounted 

downstream from the filament. This mesh is grounded and electrons are extracted 

from the filament by biasing it to approximately-80V which makes the grounded 

mesh positive with respect to the birth potential ofthe electrons. 

Because the helium is not introduced through the ioniser as in the microwave 

discharge ionisers, one of the FA flow tube extensions has been modified to facilitate 

the introduction of helium. This particular extension has three 'shower-head' type 

inlets evenly spaced around the outside of the tube section 25rnrn downstream from 

the upstream end-plate, as shown in Figure 2.4. These inlets direct the helium in all 

directions and assist in a rapid transition to laminar flow. The modified tube section is 

of necessity the most upstream of all the sections comprising the FA tube when the 

moveable ioniser is in use. 

Hollow Cathode 

The last type of ioniser that has been employed in this work is, at the time of 

writing, still being refined. This ioniser is a glow type discharge much like a hollow 

cathode 24,78,79. It is powered by a variable voltage (up to +400V), 50 rnA custom 

built power supply to generate an electrical breakdown between the two cylindrical 

electrodes. The discharge itself consists of two cylindrical stainless steel electrodes 

approximately 10 rnrn apart in a 14mm outside diameter Pyrex tube. The electrodes 

are placed into the flow of the F A carrier gas in an arrangement much like the 

microwave discharge. The carrier gas is partially ionised this gas as it passes through 

the electrical breakdown between the electrodes. 

Initial indications, from the measurement of the ion cunent that reached the 

molybdenum disk at the end of the SIFT reaction tube, were that the hollow cathode 

was a very effective source of ionisation. The ion current was about 3 times as much 

current as any other source (~70 pA to the SIFT nose cone Mo disk). However almost 

all this ionisation was in the form of He + ions and these ions could not be effectively 



Chapter 2: Experimental Section 2.2 Description ofthe F A-SIFDT 31 

utilised in the FA. When neutral reactant gases were introduced to the FA, the ions 

remained mostly He + and did not react with the introduced neutrals to any great 

extent. The ions thus produced were also mostly unaffected by the upstream 

electrostatic lensing and quadrupole mass filter. This behaviour suggests that the ions 

formed are very energetic and retain excess kinetic energy through to the ion selection 

region, despite the large number of stabilising collisions that occur in the FA. The 

energy imparted to the ions produced by this source effectively negates one ofthe 

FA's main advantages, the ability to create thermal ions, and thus this source is 

impractical in its current form. Altering the distance between the electrodes (and thus 

the electric field in the breakdown region) may allow the source to produce more 

thermalised ions as presumably the ions are gaining energy in the region of the glow 

lmown as the cathode fall. Currently approximately 200 V are required to maintain the 

. discharge in a helium carrier gas which gives a large field gradient around the 

electrodes. Further work on the geometry to attempt to minimise this voltage may be 

beneficial. Greater relaxation of the ions could also be achieved by having a longer, 

higher-pressure section of flow tube between the glow discharge and the ion selection 

region and the effects of this also need to be investigated. Despite the current 

problem, this form of discharge remains a promising source of ionisation. 

Two inlets for the neutral ion precursor gas to the FA reaction tube are 

commonly used. The first is a point source type inlet made from syringe tubing that is 

~1 mm downstream from the end of the flow tube i.e. ~ 50 mm from the molybdenum 

disk. The connection to the MKS 122A-00010AB 10 Torr absolute manometer is in 

the same plane as this inlet. The second inlet is a backwards facing ring-type inlet 80 

which can traverse almost the whole length of the tube, (it is stopped ~30 mm from 

the upstream end plate) and is a similar design to that on Bohme et al's 73 FA -SIFT. 

This moveable inlet is sealed into the tube with a Cajon O-ring type fitting and its 

position is able to be adjusted without breaking vacuum to the FA tube. Another inlet 

(of the point -source rather than ring type) is available 35 mm from the downstream 

end of the tube section that mounts the helium inlets used with the moveable ioniser. 

This inlet has not seen much use in the current work due to the fact that the moveable 

ioniser has not been routinely used. 

The newest modification to the flowing afterglow has been the provision of a 

vacuum lock for the insertion of a heated solids probe. A flange was added to the 
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outer skin of the FA tube approximately 60 mm (from the centre ofthe hole) upstream 

of the plane of the molybdenum disk and a hole drilled through the inner flow tube 20 

mm (from the centre) from its end in line with the new flange. The Kratos heated 

solids probe passes through a vacuum lock mounted on the flange into the vacuum to 

introduce the vaporised solid directly into the carrier gas stream. This arrangement has 

allowed the introduction of acceptably large counts of relatively non-volatile 

molecules such as naphthalene (CIOHIO) (very high counts available), anthracene 

(C14HIO), fluorene (C13HIO), and phenanthrene (C14HIO). A trace of phenanthrene 

introduced by this manner with the probe at 130°C is shown in Figure 2.7. 
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Figure 2. 7: A mass spectrum of the ions observed in the SIFT reaction tube after 

ionisation of phenanthrene in the FA using the heated probe at 132°C. 

Problems with thermal loading ofthe probe by the helium carrier gas cause the 

heating controller to not operate quite as designed. As a result the upper temperature 

limit on the Kratos controller needs to be consistently over-set when temperatures 

above ~ 100° C are desired. 
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§2.2.4: The ion selection region. 

The next section of the SIFT that the ions enter is the ion selection region. The 

ion selection region is a stainless steel box that houses the electrostatic lens arrays and 

the quadrupole mass filter. It also provides suppOli for the Venturi and the flow tubes. 

The design considerations for this region are to maximise the transmission and control 

of the ions with electrostatic lenses while achieving the lowest possible pressures 

around the lenses and quadrupole mass filter so that the reduction in transmission 

caused by unreactive scattering of the ions is minimised. The general arrangement 

(shown in Figure 2.8) consists of three Einzellens clusters, two upstream of the 

quadrupole mass filter assembly and one downstream of it. 
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Figure 2.8: The schematic arrangement of the lenses and quadrupoles in the ion 

selection box. 

The stainless steel vacuum chamber housing the ion selection region components is 

fabricated from 25mm thick steel plate. It is 400 mm long in the direction of flow, 420 

mm across and 210 mm high. Because of the reasonably large orifices to both the FA 

and SIFT reaction tubes (each 2mm in diameter to regions of ~0.5 Torr) the gas load 

into this chamber is high. Therefore a large, high speed pump is required to maintain a 

low operating pressure for optimum quadrupole operation. The Canterbury SIFT uses 

a Varian VHS-400 10" diffusion pump (10,000 lS-l He) backed by a Leybold-Hereaus 
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Trivac D65B rotary pump (18 IS-I). All diffusion pumps utilise Dow Corning DC 705 

silicone diffusion pump oil. The VHS-400 diffusion pump is topped with a custom 

made liquid nitrogen trap that is of a similar design to the Varian 361 series of 

cryotraps. The trap is fitted with a louvre-like baffle that means there is no optically 

direct path from the pump to the chamber. The baffle is thermally connected to the 

donut shaped liquid nitrogen reservoir to enhance trapping of diffusion pump oil and 

other condensables. The trap contains approximately eleven litres of liquid nitrogen 

and has a holding time of approximately six hours. The pump is able to be isolated 

from the box via a Temescall0" pneumatic gate valve. This pneumatic valve is 

connected to the system protection circuit that is described later (§ 2.4.5). 

To further improve the operation of the Extrel model 7-270-9 quadrupole, it is 

differentially pumped by a Varian VHS-6 150 mm (6") diffusion pump (2400 L S-I, 

air) backed by a Leybold-Hereaus Trivac D30A rotary mechanical pump (12.7 L S-I). 

This differential pumping is achieved by mounting the quadrupole in a side-arm (a 

piece of 150 mm (6") stainless steel tubing that projects into the ion source box) and 

allowing the 150 mm diffusion pump to evacuate the area around the quadrupole rods 

directly through several ~25 mm slots in the cylindical quadrupole case. Two Teflon 

supports (one on each end of the quadrupole case) locate it within the side-arm as well 

as electrically insulating it and proving a rough vacuum seal. These supports are 

sealed with O-rings to the quadrupole case and are simply push-fitted into the 

side-arm. Thus most of the pumping power from the 150 mm diffusion pump passes 

through the area around the quadrupole rods where a lower pressure will malce the 

most difference to performance. 

The VHS-6 pump is separated from the quadrupole via a Vacuunl Research 

Company 6" pneumatic valve and a Varian model 316-6 liquid nitrogen trap to the 

VHS-6 diffusion pump. Problems have been encountered with the Varian trap in that 

its holding time for liquid nitrogen was only one hour. Most of the experiments 

reported in this work were made without lN2 in this trap. Pumping to the quadrupole 

rods themselves is achieved through several ~25mm wide slots cut into the 

quadrupole case. These slots allow the full effect of this diffusion pump to reach the 

regions where lower pressures most improve quadrupole transmission, around the 

quadrupole rods and the entrance and exit apertures. 
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A typical operating pressure of ~ 1 x 10-5 Torr is maintained in the ion selection 

chamber when ~0.5 Torr of helium is present in each of the reaction tubes. An 

ultimate pressure of ~5xl0-7 Torr is achievable with no gas load and after several 

hours pumping to thoroughly degas all the wall surfaces. The pressure in the box is 

routinely measured with an HPS cold cathode gauge connected to an HPS model 421 

cold cathode gauge microcontroller and a Bayard-Alpert type ionisation gauge also. 

The differential pumping of the quadrupole assembly lowers the pressure within the 

quadrupole by about a factor of ten relative to the pressure in the ion selection 

chamber. The pressure in this side arm is measured using a Bayard-Alpert type 

ionisation gauge situated at the pump end of the 6" arm. The Vacuum Research 

Company 6" pneumatic valve is also connected to the protection circuit (see § 2.4.5.). 

The Einzellens system is designed to maximise both the transmission of ions 

and the pumping efficiency around each lens cluster. To this end the two lens 

assemblies closest to the quadrupole (labelled LC2 and LC3 in fig 2.8) are made with 

36 - 4 rum holes drilled through the stainless steel to make them more transparent to 

pumping. A central ring of solid material is left around the central aperture to ensure 

that the electrostatic field is perturbed by the minimum amount. These two lens 

clusters are of very similar construction, each lens being constructed of 1.6 rum thick 

stainless steel with a 15.9 rum diameter central hole and an outside diameter of71 

rum. The insulating stand-offs are made of Teflon in both cases and are on a pitch 

circle of 30 rum radius, however the spacing between each lens is 10 rum in the case 

of LC2, the cluster upstream of the quadrupole and 22.5 mm in LC3, past the 

quadrupole. LC 1, the Einzellens system inside the FA nose cone is of quite different 

construction due its position relative to the FA. Because the aperture in the FA nose 

cone molybdenum disk is quite large (2rum diameter), the local pressure in this region 

will be much greater and the need to have fast efficient pumping is accentuated. Most 

of the ions that will eventually be transmitted by the quadrupole are those that already 

have trajectories near the central axis of the quadrupole. Therefore it is essential that 

this near axis path be cleared of gas particles quickly to minimise the losses to 

unreactive scattering. To this end, the first lens ofLCl is a skimmer type lens that is 

designed to split the outer component of the neutral flow off and hinder gases further 

from the axis from diffusing back in. The conical shape also helps get some electric 

field projection into the region ofthe molybdenum disk and aids in breaking down the 
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plasma sheath over the hole in the molybdenum disk. This skimmer lens is 14.7 mm 

long tapering from an internal diameter of approximately 25 mm at the back to 4 mm 

at the apex. The plane of the apex sits approximately 2 mm back from the 

molybdenum disk in the FA nose cone. The remaining two lenses are essentially 

stainless steel toroids, internal diameter 25.4 mm and external diameter 41.0 mm. 

These lenses are evenly spaced 19 mm apart from each other (and the front lens of 

LC2) on Macor™ ceramic stand-offs. The Extrel quadrupole is operated with 

electrostatic lenses in both the entrance and exit apertures (which are the mounting 

plates for the ELFS system supplied with the quadrupole, though the system itself is 

not used). 

§2.2.S: The Venturi Injector. 

The final electrostatic lens available is the Venturi plate itself. The Venturi 

plate is able to act as an electrostatic lens as it is electrically isolated from the 

surrounding plate. This insulation is achieved by placing a thin Teflon disk between 

the Venturi inlet plate and the mounting flange and Teflon washers under the eight 

mounting cap screws (for details of the arrangement of the Venturi inlet see section 

2.5 later). The holes for these cap screws are also clearanced to prevent the plate and 

the screws from making electrical contact. Finally, the internal radius of the hole in 

the mounting plate 0.002" greater than that of the outside diameter of the Venturi inlet 

plate. Thus, when properly situated, the Venturi plate has 0.001" clearance all around 

it. One peculiarity of this system is that the Conflat™ seal on the tube side of the 

Venturi plate cannot be assembled using a copper gasket. The stress involved in 

tightening the stud bolts down onto a copper gasket causes the plate to defOlm 

sufficiently for an electrical short to develop between the inlet and mounting plates. 

Instead the seal is made using a teflon gasket of similar design to the usual copper 

one. 

The Venturi injector is in some ways the core of any SIFT instrument. It is the 

component that marries the mass specificity of the quadrupole with the easily defined 

kinetics of the flow tube. Without the Venturi's ability to prevent backstreaming, the 

mass selection process could not work efficiently. Details of the performance and 
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specifics of the standard annulus (or NOAA) Venturi and an alternate hole-based 

Venturi are given later in this chapter. I will give a brief overview here. Traditionally 

the SIFT at Canterbury have operated with a type of Venturi that operates by injecting 

the helium bath gas through a narrow (about 0.001") circular annulus mounted in the 

wall of a cone that extends outwards from the inlet to the ion source region. This type 

of inlet is commonly referred to as a NOAA Venturi after the group that pioneered its 

use 81,82. In the upgrade described in this chapter this type of injector was retained but 

in a modified form. A second annulus was added further downstream in the cone with 

a radius similar to that of the flow tube. This annulus is much wider than the inner 

one, at 0.016", and as such is non-critical. This means it does not create a barrel shock 

like the narrow annulus and does not act as a Venturi injector. This outer annulus is 

designed to allow the introduction of a larger amount of carrier gas without the 

problems of turbulence that are sometimes associated with critical Venturi inlets. The 

flow of gas through the outer annulus should also help speed up the transition from 

turbulent to laminar flow by enclosing and smoothing the shock cells from the inner 

annulus 74,72. 

§2.2.6: The Reaction Flow Tube. 

The flow tube is essentially the same as that described in Petrie's thesis 68 with 

the only modifications being those necessary to facilitate the interfacing between the 

tube and the newly constructed ion source and detection chambers. The upstream Y

piece is stud mounted off the ion source box with the Venturi inJector plate mounted 

off one mm and a blanlc plate of identical thickness mounted off the other. The plates 

are sandwiched between the box and the flow tube with an O-ring on the box side and 

a Conflat™ seal on the tube side. 

There are three neutral inlets available into the SIFT reaction tube. The middle 

inlet, at 71 cm from the plane ofthe SIFT nose cone orifice, has been modified to 

enable trace gas analysis to be carried out (see Chapter 3). This ring type inlet is 

connected via a length of heated W' stainless tubing to a bellows valve. The bellows 

valve is connected to a section of 25 gauge stainless steel hypodernlic tubing. This 

tubing, which is 50 mm long and has a small internal diameter, provides a restriction 
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to the free flow of gas through it into the tube and is in essence a calibrated leak. The 

magnitude of this leak has been both theoretically and experimentally detennined, 

details of which can be found in §3.3.2. 

The other two neutral inlets are used to introduce neutral gases during reaction 

studies of ion-molecule systems. The inlet furthest downstream is 83 cm from the 

SIFT nose cone and the upstream inlet is 44 cm. Both are ring type inlets as described 

in the work of Up schulte et al. 80, with gas introduced in the opposite direction to the 
.. "~'~~\:~" -, 

can-ier gas flow. This design helps to enable rapid mixing of the neutral into the 

can-ier and reduces the magnitude of the 'end con-ection' 80. The most downstream 

inlet is the one usually used for kinetic investigations and the flow of gas through this 

inlet is controlled by a Duniway Stockroom variable leak valve (#7023, very similar 

to the Varian valve used further upstream). The inlet furthest upstream has a very 

similar valve attached, in this case manufactured by Varian and Associates (Model 

#951-5100). Each valve is set up identically, so as to minimise the dead volume past 

the leak valve 68. Pressure measurement in the reaction tube is accomplished by a 

Baratron™ 10-Ton- absolute capacitance manometer (Model #221AHS-A-10) that is 

attached to the flow tube via a curl of 0.25" copper tubing. This tubing connects to a 

port upstream from the SIFT nose cone which is placed approximately in the centre of 

the reaction region and as such reads the average pressure for this region. This 

Baratron ™ can also read the pressure in the glass gas handling line. 

The downstream end of the reaction tube has been modified to include a 

section of flexible bellows tubing to minimise the transmission of vibration from the 

mechanical pumps to the other components of the system. This bellows is 

approximately 80 mm long and 148 mm in diameter. A section of stainless steel tube 

concentric to the bellows but inside it is press fitted into the Conflat type flange that 

attaches the bellows to the reaction flow tube. This tube has the same internal 

diameter as the reaction tube and finishes approximately 40 mm from the 

molybdenum disk of the downstream nose cone. The bellows is bolted to the detection 

chamber and sealed with two concentric O-rings. The tube has been levelled and 

squared relative to the support frame using jacking bolts incorporated in the ion 

source chamber. 

Previously the reaction tube was connected to the analyser region by a solid 

conical shaped piece of stainless steel. This essentially acted as an adapter between 
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the 77 mm diameter of the reaction tube and the ~150 mm diameter of the cylindrical 

tee housing the analyser region (i.e. the downstream QMS and the pmiicle multiplier). 

Because the new FA-SIFT was designed to increase the pumping around the 

quadrupoles this arrangement has been abandoned and replaced instead with a new 

analyser chamber (see §2.2.7). 

§2.2.7: The drift tube. 

A major focus of Dr. David Fairley's PhD. thesis was the installation of a drift 

tube (DT) into the SIFT and FA-SIFT 71, The DT allows the collision energy of the 

ion with the bath gas and the neutral reactant in the flow tube to be varied, a feature 

that was exploited in this work. The DT is unmodified since its installation by Dr. 

Fairley and as it is well described in sections 2.2 and 2.5 of his thesis 71 it will not be 

discussed further here. 

§2.2.8: The Ion Analysis and Counting Region 

The next section of the F AlSIFDT apparatus is the ion analyser region, 

containing the SIFT nose cone, the pumping pOli for the reaction tube blower pump, 

the analyser quadrupole mass spectrometer, the particle multiplier and the associated 

diffusion pumps. This is another section of the FA-SIFT that is significantly different 

from the earlier SIFT. The analyser chamber has been increased in size to allow the 

blower to more effectively pump away the carrier gas from the front of the nosecone. 

The size of the nose cone has been expanded and the angle at the front increased to 

reduce pumping restrictions around the quadrupole mass filter. The pumping in the 

chamber itself has also been increased by adding a second diffusion pump. The 

particle multiplier has been moved forward in an effOli to increase the detection 

efficiency. These modifications are all intended to increase the transmission of ions 

and the sensitivity of their detection. 

Physically the analyser chamber is of similar construction to the selection 

chamber at the upstream end. It is made of20 mm thick stainless steel plate and is 303 

mm in length and breadth and 345 mm high (all dimensions extemal). The lid is 
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usually a stainless steel plate and sealed with an O-ring however an interchangeable 

25 mm thick perspex lid was used during some of the reaction studies. The perspex lid 

had no noticeable deleterious side effects. The steel analyser chamber has four ports 

around the side and one on the bottom (see Figure 2.2 for a schematic); the first of the 

side ports is the flow tube entry port connected via a bellows section described in 

§2.2.5. Opposite this is the nose cone entry port. The nose cone is mounted on an 11" 

ASA flange and enters at the rear of the chamber. The nose cone flange is sandwiched 

between two AcetaFM plates that electrically insulate it from the analysis chamber on 

one side and the downstream pumping tee on the other. Each flange is sealed with 

O-rings and clamped together with studding mounted in blind holes in the chamber. 

On the side ofthe analysis chamber closest to the gas handling line a 50-pin vacuum 

electrical feed-through is mounted which supplies all the electrical connections for the 

drift tube. Each of the 50 rings in the DT connects back trough this feed-through to 

the voltage divider. There is also a 2 %" Conflat type connector on this face that 

contains the vacuum feed-through for the molybdenum disk bias voltage. Finally, 

opposite these feed-throughs is the pumping port for the Japan Vacuum Equipment 

(JVE) model PMB-020 Roots blower and its model PKS-030 backing pump. This port 

is 152.4 mm in diameter and has a 6" stainless steel elbow welded onto it. Supported 

above this elbow is a JVE 6" manually operated gate valve (model VGH-06). The 

gate valve is connected to the JVE roots blower via approximately 6.6 metres of 6" 

aluminium tubing and a JVE model VLP-08 high vacuum pneumatic valve. The 

analysis chamber and flow tube are pumped by the JVE Roots blower pump when 

helium is flowing, but the manual gate valve is closed when helium is not flowing. 

The analyser chamber also connects directly to the SIFT flow tube via a 25 mm by 

pass line and a bellows valve. When helium is flowing in the SIFT reaction this 

bellows valve must be closed. At other times it is normally left open at all other times 

to allow the two VHS-4 diffusion pumps to evacuate the analyser chamber. 

As stated earlier in this section the nose cone is mounted on studs at the back 

of the analysis chamber. The nose cone is designed to pare away the helium flow and 

sample the central section of the ion swarm without inducing turbulence in the 

sampling volume. The nose cone itself is a 211 mm long piece of 152.4 mm (6") 

diameter stainless steel tube with a conical section welded on the end. This cone has 

an internal angle of 1260 and ends in an approximately 40 mm diameter circular plate. 
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A molybdenum disk (diameter 40 rom) is attached to the end plate. The molybdenum 

disk is screwed into an annular piece of PEEK plastic (38 rom diameter) which fits 

into a groove in the front of the nose cone and is screwed into the nose cone itself. 

The PEEK thus acts both as a mounting material and as an electrical insulator as the 

nose cone and the molybdenum are floated to different potentials. The molybdenum 

disk contains the entry orifice for the downstream quadrupole, which is 0.46 mm 

(0.018") in diameter. The back ofthe disk has been machined out in the vicinity of the 

orifice to reduce the thickness of the channel that the ions have to pass through. The 

back of the nose cone front plate has a 9.5 rom diameter hole bored through the 

centre, the downstream side of which opens out into a cone. This allows the front 

skimmer lens from the downstream quadrupole to project to within approximately 

1 rom of the back of the Mo disk in the SIFT nose cones. 

The SIFT nose cone contains the analyser quadrupole which is the reason why 

the nose cone was made oflarge diameter (6") tubing. Previously the i.d. of the nose 

cone was only just larger than the o.d. of the quadrupole case. As the diffusion pumps 

were (and still are) mounted behind the quadrupole it was thought that a pressure 

gradient existed between the apex of the nose cone and the rear of the quadrupole. 

The new lensing and nose cone angle have also increased considerably the area 

around the tip of the nose cone available for pumping. The area just behind the nose 

cone orifice is subjected to the greatest gas load and a special effort was made to 

increase the pumping speed in this region. 

To further increase the pumping speed a second 10 cm Varian VHS-4 oil 

diffusion pump (pumping speed 1,500 L S-1 He) was added to the existing Varian 

VHS-4 diffusion pump. Having two pumps, each with it's own backing pump (Welch 

Scientific Company Duo-Seal model 1397 two stage mechanical pumps), effectively 

double the pumping speed of the F AlSIFDT in the analyser region. The two diffusion 

pumps are mounted together on a 6" Y-piece which is welded to the 150 mm (6") tee 

that contains the particle multiplier. This tee served the same purpose on the original 

SIFT. 

The Welch backing pumps have been modified in the course of this work. 

These pumps were manufactured with single phase electrical motors but these didn't 

have enough torque to reliably tum the pumps over when oil had pooled into the 

vacuum chamber. This "vacuum-locking" occurred regularly after the pumps had 
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been sitting idle for a day or more. The single phase motors have been replaced with 

Jivh Dah Electrical and Industrial Company Ltd 1 ~ horsepower 3 phase motors which 

have performed without problem. 

The quadrupole mass filter sits inside the nose cone supported on four legs 

screwed into the bottom of the quadrupole case. These legs are tipped with nylon 

screws that insulate the quadrupole case from the nose cone and allow the length of 

each leg to be adjusted independently. The quadrupole is secured into the nose cone 

via an insulated retaining strap that screws to the back of the nose cone flange. Proper 

alignment of the quadrupole relative to the hole in the molybdenum disk is essential. 

Because of the nature of quadrupole mass spectrometers, ions that have a starting 

position away from the axis of the quadrupole are less likely to be transmitted even if 

they are the correct mass to have an otherwise stable trajectory. The trajectory of an 

ion entering the analyser region should also be parallel to the axis of the quadrupole or 

it may strike one of the rods. To minimise both these undesirable effects it is 

important that the quadrupole be mounted centrally and square inside the nose cone. 

In early attempts the quadrupole was positioned so its axis was in line with the nose 

cone orifice by using a laser mounted off the front of the nose cone. However this 

procedure was cumbersome and the molybdenum disk was found to not always screw 

on centrally. We now find it easier to achieve a satisfactory alignment by eye. The 

legs of the quadrupole are set so as to make the top of the quadrupole case square to a 

flat surface. The quadrupole is then slid into the nose cone and the legs adjusted until 

the pinhole of light admitted by the hole in the molybdenum disk is central. To aid in 

this line up one should look at the ring of reflection that is observed to surround the 

hole when the assembled quadrupole and nose cone are viewed from the particle 

multiplier end of the nose cone. The ring is continuous when a satisfactory alignment 

has been achieved. The reflection has a crescent shape when the hole in not central. 

A three-element Einzel type lens system is mounted on the front of the 

quadrupole to focus the ions into it. The first lens is a skimmer lens like the first lens 

behind the FA nose cone. This lens is 21.7 mm in length tapering from ~20 mm at the 

back to a 3 mm aperture at the apex. The tip of the skimmer sits < 0.5 mm behind the 

molybdenum disk. The next two lenses are the top-hat type lenses that were used in 

the previous SIFT. These lenses are all spaced approximately 7 mm apart. The 
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quadrupole has been described by Scott 71 and has one of the ELFS lens suppOlis (the 

upstream or front one) still mounted as a focusing element. 

After mass selection by the quadrupole the ions are detected by a particle 

multiplier (De-Tech Model 203 for most of the work). The mounting for this is the 

same as the original SIFT except that the stud length was lengthened during the 

course of the work to decrease the distance between the quadrupole and the particle 

multiplier. The spacing has been reduced by 10 mm to approximately 15 mm. The 

reason for this change was an attempt to detect more of the ions that exit the 

quadrupole with divergent trajectories. Count pulses from the particle multiplier are 

passed to an Advanced Research Instruments Company (badged by Modern 

Instrumentation Technologies Incorporated) model F-I00T 

preamplifier/discriminator, which outputs ~30 ns wide TTL pulses. This in turn is 

connected to the PCL-812PG lab Card (via 50Q termination to prevent ringing and 

the subsequent double counting of pulses) and the home-built pulse counter/ratemeter. 

The data acquisition and analysis is handled by this computer and has been previously 

described by Fairley 71 and Scott 70. The new software for trace gas analysis is 

described in §3.3.4. 

Section 2.3: Standard operating conditions and currents. 

§ 2.3.1: Operating pressures. 

Below are recorded a list of 'standard' operating conditions for the injection of a 

simple ion produced with helium in both FA and SIFT flow tubes. These pressures are 

for operation without any liquid nitrogen in the cold trap above the 6" diffusion pump 

and after sufficient pump down period. 

Region Without He flowing With He Flowing 

FA Flow Tube As Ion Source Box 0.35 Torr 

SIFT Flow Tube As SIFT Nose Cone 0.50 Torr 

Ion Source Box ~5xl 0 -7 Torr 1.4xlO-5 Torr 

Source Quadrupole ~7xlO -7 Torr 1.8xlO-6 Torr 

Inside SIFT Nose Cone ~8xlO -7 Torr 9.5xlO-6 Torr 

Table 2.1: Standard aperatingpressures/ar the University a/Canterbury FA-SIFDT 
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§2.3.2: Ion Currents 

The ion current at various lenses within the system is commonly used as a 

diagnostic during tune up to ascertain how well the system is set up. For an O2+01' 

H30+ ion with a count rate of approximately 100,000 cps the appropriate values are: 

(A) Quadrupole Lens 1 

(B) Venturi plate 

(C) SIFT molybdenum disk 

50-70 nA 

10-15 nA 

~22pA 

The labels A, B, and C refer to the points labelled on Figure 2.2. 

Section 2.4: Ancillary Systems. 

§2.4.1: The Glass Gas Handling line. 

When the SIFT was moved from room 126 to room 148, it was decided to 

rebuild the glass gas handling line rather than attempt to move it. This glass line is 
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Figure 2.9: A schematic diagram of the glass gas handling line used on the 

Canterbury F A-SIFDT 
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designed to allow gases and vapours to be introduced into the SIFT. The main 

difference between the current glass line and the previous one is the move from a two 

manifold system to a single manifold one. The gas line has always been designed in a 

modular way, with a separate section available for each neutral inlet position along 

the SIFT flow tube. Each section can be individually isolated from the diffusion 

pumping (a custom-built two-stage glass diffusion pump backed by a Alcatel model 

2004A mechanical pump). The manifold connects the pumps to each section. 

Reducing the number of manifolds from two to one makes more space available on 

the gas handling line. A diagram of the basic layout is shown in Figure 2.9 below. The 

glass flow line and components are mounted on an aluminium tubing framework that 

is constrained within a steel frame. 

Most of the gases used are stored in removable glass bulbs that are connected 

to the line with B 14 ground glass joints. Other commonly used gases, e.g. oxygen, 

nitrogen, and argon are stored in SL glass bulbs that are integral to the glass line. 

The glass line has essentially been totally rebuilt a second time during my 

period of study as a result of problems with the original batch of vacuum taps. These 

G E taps were found to have intermittent leaks through the seal between the key and 

the barrel, they have subsequently been completely replaced with Kontes or Youngs 

brand taps. 

§2.4.2: The Component Support Frame 

The support frame was the only component of the F A/SIFDT that had been 

completed when I began my studies. Its design and construction where overseen by 

Dr. Paul Wilson. The frame is constructed of steel box tubing with the flow tube, 

quadrupoles and associated vacuum cans mounted on top and the diffusion pumps 

hanging below it. The major components are mounted on wheeled trolleys that sit 

atop the L-shaped frame. These trolleys are made in two pm1s with each part having 

an orthogonal set of wheels. This allows adjustment of the position of the components 

in the plane. Most of the components are also mounted on four pieces of threaded rod 

to allow adjustment of height, yaw and pitch. 
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§2.4.3: Pump Room layout and Backing Line Construction 

The original SIFT was not a particularly comfortable instrument to operate. 

The major problem was the heat and noise generated by the mechanical pumps which 

were in close proximity to the operator. In the interests of operator comfort all the 

mechanical pumps for the F A-SIFDT were placed in a separate room. Previously only 

the JVE blower pump had been so isolated. The 'pump room' is adjacent to the room 

housing the SIFT and the vacuum lines between the mechanical and diffusion pumps 

pass through the walL This arrangement has noticeably reduced the noise and heat 

around the F A-SIFDT. 

All the mechanical pumps used to back the diffusion pumps are mounted on 

box steel frames via rubber anti-vibration mounts. These frames are bolted to the 

floor, so the anti-vibration mounts are necessary to prevent vibration transmission to 

the surroundings. The roots blower pumps are also mounted in this room, again via 

anti-vibration mounts to steel frames bolted to the concrete floor. The JVE blower and 

backing pump assemblies have oil drip trays built into the frame. Provision has also 

been made for oil drip trays on most of the other frames supporting mechanical 

pumps. 

A side effect of this desire for physical separation between the operator and 

the mechanical pumps is that the vacuUm lines between the mechanical and diffusion 

pumps are necessarily elongated. This extra length presents a problem by reducing the 

pumping speed of the mechanical pumps to the backing port of the diffusion pump. 

Long pipes can act as an impedance to flow. A reduction in the pumping speed 

delivered to the diffusion pump can compromise the performance of the diffusion 

pump. The impedance of a tube (U) is calculated by Equation 2.2, and the pumping 

speed (S) calculated using Equation 2.3 83,84. 

ffD4 -

U = 128171 P 

1 1 1 -=-+L-
S' So Un 

(2.2) 

(2.3) 

Where D is the pipe diameter, 17 is the viscosity of the gas being pumped, 1 is the pipe 

length, and p the average pressure in the tube. Sf is the pumping speed after the 



Chapter 2: Experimental Section 2.5 Venturi injectors 47 

restrictions, So the initial pump speed, and Un refers to the impedence of the individual 

tube sections. Thus the pumping lines could not contain long sections of restriction 

and the way to avoid this is to use large diameter tubing. In this work the vacuum 

lines were constructed from 100 mm o.d. stainless steel tubing with large conductance 

elbows of the same diameter where necessary. The diameter was only reduced down 

for the connections to the pumps at each end. These connections are the same line 

diameter as the earlier SIFT (112" o.d.). The most restrictive pump line still transmits 

70% of the pump speed to the diffusion pump backing port which is sufficient speed 

to exceed the inlet speed required for the VHS-400 pump to which it is connected. In 

addition each backing pump line has a glass volume of not less than two litres built 

into it to prevent oil from entering the pump line proper in the event of a "suck back". 

Finally all the pump exhausts connect via a manifold that is either connected to the 

departmental fume cupboard system to prevent the build-up of potentially harmful 

vapours in the laboratory. 

§2.4.4: Carrier gas flow systems for the two flow tubes. 

The carrier gas system is essentially the same as described by Fairley 71. Two 

molecular sieve towers with cryogenic jackets are situated in the pump room. The two 

molecular sieve towers allow the independent cryo-scrubbing of the carrier gas supply 

to the FA and SIFT flow tubes when the need arises. Flow to the FA flow tube is 

metered via a MKS model 1179A14CS1BV-SPCAL mass flow controller (MFC), 

which is calibrated for helium and has a maximum flow of 10,000 sccm. The carrier 

gas for the SIFT flow tube is metered by a Tylan FC 261 flowmeter. Both of these 

metering devices are only calibrated for helium, though they can be used with other 

low mass gases, e.g. H2. When gases other than helium are used the Tylan controller 

must be manually recalibrated with a bubble flowmeter. Other carrier gases like argon 

or nitrogen can be metered into either tube via an appropriately substituted MKS 

1179A14CSIBV. This is identical to the MFC attached to the FA source (ie 10,000-

sccm maximum flow) but it is calibrated for nitrogen. 
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§2.4.5: The SIFT System Protection Circuitry. 

Because the operation of the quadrupoles, the particle multiplier, and the 

diffusion pumps at elevated pressure can seriously damage them, circuitry designed to 

prevent their operation when pressures are above the norm have been integrated into 

the start up control panel. This circuitry includes several 'interlocks' to prevent 

operator damage to the system. The water must be on and flowing before the backing 

pumps will operate and in turn the backing pumps must be on before the diffusion 

pumps or any of the electronic will switch on or the pneumatic valves open. The cold 

cathode gauge is the pressure-sensing element that triggers if an over pressure occurs. 

A flow meter in the cooling water lines senses the water flow and temperature sensors 

are mounted on each diffusion pump. Any elevation in pressure or temperature above 

a certain limit will shut the pneumatic valves and remove power from the electronics 

and the diffusion pumps. Note that the system only measures the pressure in the ion 

selection chamber, so it is possible to have an overpressure in the downstream 

analysis and detection region without an automatic shut-off. 

Section 2.5 Venturi injector performance comparison. 

§2.5.1: An introduction to Venturi injectors. 

The relative performance of the two most common different types of Venturi 

injector, the annulus (NOAA) type and the hole (Birmingham) type, has been the 

subj ect of discussion in the literature for quite some time and several papers have 

been published comparing them 82,85. The Venturi nozzle is perhaps the most critical 

component in the development of the SIFT technique in that it allows a quadrupole 

mass filter to operate in a low pressure region between the higher pressure of the ion 

source and the reaction flow tube. This selection quadrupole essentially defines a 

SIFT as it allows ions of a single mass to be transmitted into the reaction tube. The 

role of the Venturi injector is to facilitate the transmission of ions against a pressure 

gradient, from the sub-millitolT ion selection region to the flow tube, which typically 

operates in the region 0.3-0.5 TOlT. 

The first SIFT constructed by Smith and Adams in Birmingham used 12 1 mm 

diameter holes spaced evenly around a 20 mm circle 86. However when a SIFT was 
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constructed at the National Oceanographic and Atmospheric Administration 

laboratory (NOAA) in Boulder, a new type of injector was used. This consisted of a 

single narrow annulus concentric with the ion inlet aperture and set into the wall of an 

inverted cone that began at the ion inlet aperture. The walls of this cone typically 

make a 45° angle with the flow axis 81. In both the hole and annulus injectors the inlet 

works by having a high flow of gas pass through a small cross sectional area which 

creates a barrel shaped shock wave. This shock wave is basically a region of much 

higher local pressure and prevents gas outside it from easily diffusing back into the 

ion source. The injected ions travel along the centre of the 'barrel' and thus traverse 

into the flow tube without having to pass a severe pressure gradient. 

Without a Venturi injector, gas would flow back from the high pressure flow 

tube region to the ion selection chamber (known as backstreaming). These carrier gas 

molecules would have a high velocity in the reverse direction to the ion stream and 

would thus undergo energetic collisions with the individual ions in this stream. These 

collisions would not only deflect ions away from the ion inlet aperture but their 

energy could also dissociate and in some cases isomerise the ions. The increased 

pressure in the ion selection region would also compromise the performance of the 

quadrupole. Later Venturi injectors have incorporated a second non-critical inlet with 

a proportion of the carrier gas flow being diverted through this inlet. The second inlet 

is designed to minimise the appearance of shock cells, which are areas of pressure 

disturbance further down the flow tube than the primary barrel shock. These shock 

cell were identified by Duprerat et al. 82 and are likely to markedly increase the 

unfavourable interactions between carrier gas and ions. The process of injecting an 

ion against a pressure gradient is always going to be an energetic process and one can 

only hope to minimise this. It is the comparison of energy transfer during the injection 

process between the two types of inlet that this next section is concerned with. 

The SIFT at the University of Canterbury have traditionally used a single 

annulus type injector and this has been carried through to the F A-SIFDT, though a 

second larger non-critical inlet has been added. In the following discussion; the term 

inlet will be used to refer to a single annulus or array of holes while injector will refer 

to the combination of two separate inlets, either of hole or annulus type. Two different 

inner inlets were constructed in the course of this work both of which are shown in 

Figure 2.10. The annulus inlet is the same as that used for all other work in this thesis 
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and is constructed of stainless steel, the hole inlet was only used for the comparison 

presented in this section and was thus made of brass which was easier to machine. 

Outer Inlet 

Helimn!injected 
into floiv tube at 

these points. 

t i i 
;..:-,/I,-~....J ____________ -L~~==~ 

Locating Ring for Hole Iujector 

Inner Inlet Annulus injector IImer Inlet Hole Injector 

Annulus Injector Hole Injector 

Figure 2.10: The two types of inlet used in this section. The annulus inlet on the left 

and the hole inlet on the right. The same outer non-critical inlet was used in both 

systems. 

The dimensions of each injector are compared in Table 2.2. 

Type 'Orifice' 'Orifice' area 'Orifice' 'Orifice' to 1011 

dimensions (mm) (mill) diameter (mm) Elltrance 

Aperture 

Separatioll (mm) 

Annulus Inner Annulus width, 0.695 8.70 3.2 

0.025 

Hole Inner 12 hole, 0.25 0.695 4.25 3.0 

diameter 

Annulus Outer Annulus width, 47 37.1 14.2 

0.4 

Table 2.2: Characteristics of the inlets used in this study. 

The cross sectional area for gas injection is identical for both types of hmer inlet so 

some sort of direct comparison should be possible. The performance as a pump or 

'Venturi effect' (He), ion transmission efficiency (0/), the transmission of weakly 

bound cluster ions (H30+.H20), and the extent of isomeric conversion (C3Ht) are 
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compared for the two different inner inlets, as the partitioning of can'ier gas between 

inner and outer inlet is varied. 

The experimental set-up was similar for all the experiments. The appropriate 

ilmer inlet was mounted in the injector, and then the helium was introduced at a 

pressure of approximately 0.35 Torr. The inner and outer inlets (which are 

interconnected in nonnal operation) were isolated from each other. In this test, the 

outer inlet was fed by the Tylan™ mass flow controller (MFC) and the inner inlet was 

fed by a MKS 10,000 standard cubic centimetres per minute (sccm) MFC. This MFC 

was the same one that is usually used to control the flow of helium to the FA which 

necessitated the use of a smaller MKS model 1 159B-05000SV -SPCAL 5,000 sccm 

helium calibrated MFC in the gas line to the FA. As a result the highest pressure 

attainable in the FA was less than usual. For some of the tests the pressure was lower 

than ideal e.g. for the termolecular reaction fonning the H30+.H20 ion (Reaction 201) 

where the reaction rate increases with bath gas pressure. 

H30+ + H20 + M => H30+.H20 + M (201) 

In reaction 201, M represents a third collision partner and is most commonly the 

carrier gas, He. In these cases the FA pressure was raised by 'throttling' the FA 

blower by partially closing the gate valve between the FA and the blower to limit its 

pumping speed. The total pressure in the reaction flow tube was generated by 

adjusting the flow through the Tylan and MKS MFC, i.e. by altering the partitioning 

of the total flow of can'ier gas between the inner and outer inlet. 

§2.S.2: 'Venturi' Effect 

The 'Venturi' effect or pumping performance of each of the two inlets was 

assessed. Ideally a Venturi inlet should act in a similar way to a pump pulling gas into 

the flow tube. At worst it should prevent gas from moving from the flow tube into the 

ion selection region. To ascertain how effectively each of the two inlets perfonned 

this task, all the pumping from the ion selection region (both the 6 and 10 inch 

diffusion pumps) were closed off using the gate valves. Next helium was run through 

the reaction flow tube at various partitioning ratios and the pressures in the source and 

flow tube regions were recorded. The reaction tube pressure was recorded as usual 
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with the 10 Ton Baratron™ pressure transducer that is attached to the glass line. Note 

that the ion selection region was never designed to run at the pressures that were 

achieved during parts of this experiment and we were out of the range of both the cold 

cathode and the ionisation gauge devices. To overcome this problem the FA was also 

isolated and the pumping by-pass to the ion selection box was opened, thus allowing 

the FA pressure transducer to be used to measure the pressure in the ion source box. It 

was necessary to run the helium for a minute or more when the flow was changed 

radically to establish stable pressures in both regions. 

The results are shown below in Figure 2.11, following the convention of 

Dupeyrat et al. 82 PI refers to the reaction tube pressure and P2 the ion selection region 

pressure. PI was maintained at approximately 0.35 Torr throughout all experiments 

this pressure corresponds to a flow of ~ 142 STP cm3 S·I. 
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Figure 2.11: The pumping efficiencies of the two inlet types tested as the proportion 

of the helium passing through them is varied 

The higher the ratio PI /P2 then the more effective the inlet is as a pump. The value of 

the ratio is a measure of how much backstreaming occurs from the reaction tube into 

the ion selection region. Two things are immediately apparent from the Figure. Firstly 

the annulus is a more efficient pump and has less backstreaming than the hole 

injector. The annulus injector has a maximum PI /P2 of ~ 7 while that for the hole 
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injector is less than 1.5. Secondly, although both the inlets' Venturi effect are 

markedly altered by the partitioning ratio, the positions of maximum pumping 

efficiency are at different ends of the graph. The annulus inlet performs quite 

adequately with all the helium passing through the inner critical inlet while the hole 

inlet requires a significant proportion to be directed through the outer non-critical 

inlet. It is also worth noting the vales ofP1/P2 achieved by Duprerat et at. with their 

injectors, their NOAA II annulus type injector had a P1/P2 ratio of ~5 at ~ 140 STP 

cm3 
S-l (though it increases slightly after this) while their hole injector had a ratio of 

around 1.2. This is in reasonable agreement with the results seen in the current 

system. 

§2.5.3: Transmission efficiency 

In order to gauge the effectiveness at passing ions as the partitioning ratio was 

altered, a signal of O2+ was established and the effectiveness of transmission through 

each inlet was observed. The 02+ ion was chosen as it is easily formed in large 

number densities simply by allowing a small flow of air to enter a helium afterglow 

through the inlet directly in front of the FA nose cone. In all cases the helium 

afterglow was generated by the action of a microwave discharge on the helium carrier 

gas. The results ofthis experiment are presented in Figure 2.12. It should be noted 

that the magnitude of the change in ion signal is normalised to the ion signal achieved 

when all the helium was passed through the inner inlet. The numbers for the two 

different experiments thus cannot be directly compared against each other. Both inlets 

achieved similar magnitudes of ion signal when they were operated at their optimum 

pru1itioning ratio. 

What can be compared however is the range of ratio that each inlet spans. It is evident 

that the performance of the hole injector is much more dependent on the outer inlet. 

The hole injector requires approximately 75% of the carrier gas to pass through the 

outer non-critical inlet to achieve its maximum performance, whereas the annulus 

injector is at almost peak performance with all the helium passing through the inner 

critical inlet. This result is entirely consistent with the smaller amount of 

backstreaming found with the annulus injector. 
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Figure 2.12: The variation in relative O2+ ion count with helium partitioning ratio .. 

The count ratio is, in each case, normalised to the O2+ signal recorded when 100% of 

the helium was flowing through the inner inlet. 

A comparison should be made at this point between our results and those of 

Fishman et al. 85 who performed a similar experiment with 0+ ions. For their hole 

type injectors designated Pitt-B, and Pitt-C, they found that their maximum signal 

intensity correlated with maximum backstreaming. For Pitt-D, which is most like our 

hole injector, they saw little correlation between transmission and backstreaming. The 

results of Fishman et al. at a glance appear somewhat counter-intuitive, as one would 

expect ions to be injected most easily when the amount of back streaming and the 

associated turbulence in the flow tube was at a minimum. The enhancement in ion 

signals we observed were similar in magnitude to that repOlied by Fishman et al., but 

there was no correspondence between the maximas in the ion signals (i.e. the 

transmission) and the pumping efficiency in their experiments as there was inthose 

perfonned at Canterbury. The reason for this lack of correspondence may lie in the 

type of ion and ion source used. Unlike our experiment the SIFT used by Fishman et 

al. SIFT used a Brinks type electron impact (EI) source 87 to generate an atomic ion 

when they performed this experiment. The rise in ion counts observed by Fishman et 

al. may bear little relation to the efficiency of the Venturi.at transmitting ions as the 

performance of their ion source (which is contained within the ion selection chamber 
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in their system) may alter as the pressure in the ion selection region varies as a result 

of backstreaming. 

§2.5.4: Cluster Ion Dissociation. 

The H30+.H20 ion was generated from a flow of water into a helium buffer 

gas in the FA. The most effective method of generating this ion was to 'throttle' the 

blower pump to the FA, raising the helium pressure and thereby increasing the rate of 

the termolecular reaction which forms H30+.H20. 

H30+ + H20 + He => H30+.H20 + He (201) 

The FA was configured for use with a microwave discharge and at its minimum 

physical length. Water was admitted through the moveable inlet set at its most 

upstream position (see section 2.2.2) to maximise the time for Reaction 201 to occur. 

The H30+.H20 ion was extracted from the FA (using a FA nose cone voltage 

of22.5V for both inlets), mass selected and injected. The ratio ofH30+ to the total 

counts of the hydronium ion and its first water cluster was evaluated at each flow 

using the analyser quadrupole. 
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Figure 2.13: The variation in the extent of dissociation of the H30+.H20 cluster ion 

with the ji-action of the helium passing through the inner inlet. 
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Again one finds that although both injectors are quite capable of performing the task 

adequately i.e. injecting the cluster ion with minimal break up, however the variation 

with partitioning ratio is quite different (see Figure 2.13). 

The performance of the annulus injector is relatively invariant in the regions 

where the pumping efficiency graph (Figure 2.11) indicates the inlet is acting 

effectively as a Venturi. In this region the maximum dissociation is approximately 

12%. The extent of dissociation rises when less than 15% of the helium passes 

through the inner inlet. The injector is not operating as a Venturi in this region as 

Figure 2.10 shows that as the ratio P2/Pl is below 1 here. The minimum dissociation 

of around 7% occurs when approximately 85% of the helium flows through the 

critical inlet which is close to the position of the maximum in pumping efficiency. 

Above this flow the transmission of both the clustered and unclustered ions begins to 

drop, though not as much as observed for the hole injector. 

For the hole injector however, there is a marked change in the extent of 

dissociation as the partitioning ratio is varied. Again this change approximately 

parallels the pumping efficiency, which indicates that the pumping efficiency is a 

good indicator of the amount of turbulence and shock cells in the flow tube itself. The 

minimum amount of cluster dissociation (approximately 7%) occurs with around 

10-15% of the helium flow directed through the critical inlet. The maximum 

dissociation level however is now almost 50%, which means that the count rates for 

the H30+ and H30+.H20 are essentially equal. However when greater than 75% of the 

flow was directed through the inner annulus the counts dropped rapidly. In this region, 

the total signal (H30+.H20 and H30+)was less than 500 counts per second (cps) 

dropping further to only several tens of counts above 85%. At the lower percentage 

flows up to 5000 cps were observed. It is apparent that in the regions where the 

pumping action of the Venturi is in effect negative, (i.e. the ratio P2/Pl is less than 1) 

the injector transmits ions poorly. Further under these conditions the injection process 

is a very energetic process in that the cluster ions dissociate. Presumably the increased 

dissociation is due to the onset of non-laminar flow in the section of the tube 

immediately downstream of the injector and the formation of shock cells. 

The dependence of the extent of dissociation upon the energy of extraction 

from the FA was also investigated by altering the voltage applied to the FA nose cone. 

This dependence was only investigated for the annulus injector. It was found that 
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dissociation could be essentially reduced to zero «5%) when the FA nose cone 

voltage was 18 V. However at this lower voltage the ion signal was reduced as the 

number of ions with sufficient translation energy to traverse the plasma sheath was 

also reduced. The nose cone voltage of22.5 V used in the previous experiments was 

therefore a compromise between sufficient ion counts to give reasonable statistics at 

most of the flow points measured and the extent of dissociation. In practice when 

wealdy bound species are being injected there is always a trade off between ion signal 

and the extent of dissociation. This was always a problem in the original SIFT as the 

initial ion signals were usually lower than in the F A-SIFDT. In the new instrument we 

can afford to inject at lower energies that result in less dissociation as the initial ion 

signal from the FA is usually much higher than in the earlier SIFT. 

§2.5.5: Isomerisation ofC3H5+ upon injection; the 2-propenyl and allyl 

cations. 

In addition to the dissociation of ions , discussed in 2.5.3, another indicator for 

gain of internal energy during injection is the process of isomerisation. The energy 

barrier to isomerisation on a potential surface obviously varies for different ionic 

species but it can be quite low for some species. Sufficiently low for the isomer ratio 

to change as a result of the injection process. The C3HS + ion is such a species, it is 

known to have two low energy forms, the 2-propenyl and allyl cation. The global 

minimum on the C3H/ surface is the allyl structure, CH2CHCH/, with the 2-

propenyl structure, CH3CCH2+, 33 kJ morl higher in energy 88. The barrier between 

the two species is calculated to be 75 kJ mOrl. Fairley and co-workers 88 showed that 

it was possible to generate only the 2-propenyl cation in the SIFT flow tube via proton 

transfer from H30+ to propyne. The formation of a single isomeric structure is a 

consequence of there being only a small difference in proton affinity between allene 

or propyne and water. Consequently insufficient energy is deposited in the newly 

formed ion during proton transfer to surmount the barrier on the potential surface. 

However when C3Hs + was formed in the F A source the ion, after inj ection into the 

SIFT reaction tube, was always found to have the allyl structure. Isomeric conversion 
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from the 2-propenyl to the allyl structure is presumably due to isomerisation using 

energy gained during the injection process. 

58 

The isomeric structures of C3H5 + may be distinguished by the rate coefficient 

for their reactions with methanol. The 2-propenyl cation reacts with a rate coefficient 

of 1. 7x1 0-9 cm3s-1 while the allyl cation was found to have a rate coefficient of 

7.3x10-10 cm\-l. In the current experiment, the 2-propenyl cation was formed in the 

F A via the reaction of H3 0 + with propyne and then inj ected through both the hole and 

annulus inj ector at a range of partitioning conditions and energies (FA nose cone 

voltages). In all cases the transmitted C3H5 + ion was observed to react with methanol 

in a manner that suggested that it was primarily or exclusively the allyl cation. 

The fact that isomerisation occurs during the injection process further 

emphasises the finding that the injection process is necessarily an energetic one. The 

isomerism observed here is however not necessarily solely a result of energy gained 

during the injection process ions may also gain energy as a result of the electrostatic 

lens in the injector cluster and from the passage from the FA source to the ion 

selection region. Unlike the H30+.H20 case, ions that gain energy as a result of 

electrostatic sources will not be rej ected by the upstream quadrupole, as they have the 

same mlz ratio regardless of whether they have been isomerised or not. The properties 

of this plasma sheath appear to be the most poorly characterised of any element in the 

FA-SIFT. Investigation suggests that the transition through the sheath will always be 

an energetic process. However the failure to transmit the 2-propenyl structure only 

into the SIFT reaction tube doesn't hamper operation of the FA-SIFDT greatly. Ions 

can usually be formed in the SIFT reaction flow tube by the reaction of a suitable 

precursor ion and a neutral introduced at the most upstream neutral inlet. 

Section 2.6: Reagents and Physical conditions. 

Reagents used are as described previously 71 with the following exceptions. 

Some of the acrylonitrile used was obtained by Reidel de Haan AG. Fluorene, 

anthracene, and Phenanthrene were supplied by Dr. M. Vala. N-butane and iso-butane 

(instrument grade) were supplied by BOC gases. Cyclopropane (99%+) was supplied 
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by Aldrich. Dimethylether (99%+) was obtained from Aldrich. Deuterated ethylene 

(min 99 atom %) was obtained from Isotec Inc. (Matheson). Sulphur dioxide was 

supplied by BDH. Allene was obtained from Alphagaz. Propyne was obtained from 

Scott Specialty gases. Krypton was sourced from Alphagaz. 

Carbon sub oxide was prepared using a method only slightly modified from that first 

presented by Miller and Fately 89. This method is more fully described in Chapter 8 

(§8.2.1). 

All liquid reagents were purified by multiple freeze-pump-thaw cycles. 

The carrier gas most commonly used was British Oxygen instrument grade 

helium (stated purity 99.99%) though a few reactions used zero grade helium (purity 

99.995%). These gases were routinely further purified by passage through a molecular 

sieve trap immersed in liquid nitrogen. When nitrogen was used as a carrier in the 

SIFT flow tube, British Oxygen zero grade quality nitrogen was used (purity 

99.998%). Further purification was achieved by passage through a dry ice/actone 

mixture. When hydrogen was used as the carrier gas in the SIFT flow tube, British 

Oxygen zero grade (purity 99.995%) was also the purity of choice. However due to its 

intermittent availability, at times technical grade hydrogen was used (no stated 

purity). For the FA, technical grade H2 was the most common choice when hydrogen 

was used as a bath gas. 

Collision rate coefficients were calculated using the parameterised method of 

Su and Chesnavich114 for reactants with a dipole moment and Langevin theory for 

those with no dipole moment. Dipole moments and polaris abilities were obtained 

from the C.R.C. Handbook of Chemistry and Physics 90. Ion and neutral energetics 

were obtained from the Posion program 91 and from the National Institute of Standard 

and Technology Chemistry Webbook 92. 

Rate coefficients determined in this work are considered to have an 

experimental uncertainty of ± 20% for permanent gases and ± 30% for vapours, 

unless otherwise mentioned. Product distributions are considered accurate to within 

±20%. 
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Chapter 3 

Trace Gas Analysis: A novel use for a Selected Ion Flow 

Tube. 

Section 3.1: An overview of trace gas analysis with the SIFT. 

§3 .1.1: Introduction. 

One ofthe ~problems' that has often had to be considered in the analysis of 

SIFT results is the presence of trace impurities in the carrier gas. Indeed it is common 

practice to pass the carrier gas through a cryo-trap in order to further purify it. In a 

typical commercially supplied cylinder as used at Canterbury University, these 

impurities are at the parts per billion by volume (Ppb) level. Even at these low levels, 

in systems where the injected ions react with the most common impurities (nitrogen, 

oxygen, and argon primarily) they can cause significant interference if they are not 

filtered out. 

It seems likely that the SIFT method for trace gas analysis was born from 

these observations. Trace gas analysis using a SIFT is, essentially, a new way of using 

chemical ionisation (CI) to determine the nature of the impurity species in a mixture. 

Conventional chemical ionisation has been used for at least 20 years now in mass 

spectrometry to identify the components of both gaseous and liquid mixtures taking 

advantage of the 'softer' ionisation conditions available as compared to EI. Usually 

the instrument used for this type of CI has been a standard mass spectrometer with a 

slightly modified electron impact (EI) source. In many cases these ion sources were 

capable of operating in both CI and EI modes. So then, why use the SIFT -MS or other 

SIFT based technique? The great advantage of SIFT -MS is the availability of a single, 

selectable, ion precursor or chemi-ionisation agent. The SIFT-MS user can tailor the 

ion chemistry to detect only certain components in a mixture e.g. the trace volatile 

organic compounds (VOC) in breath or the combustion products in vehicle exhaust. 
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§3.1.2: Chemical Ionisation vs. Electron Impact Ionisation. 

Consider first the reasons why we should desire to ionise trace gaseous 

components with a CI system. Both EI and CI will effectively convert a trace neutral 

species into an ionic one. This is all that is required for the ions to be effectively 

characterised and detected by any of a range of mass spectrometric techniques. It is 

the nature of these ionic species, however, that differentiates the techniques. 

Conventional EI often suffers from the disadvantage that significant fragmentation of 

the trace species occurs, especially if that species is a complex organic molecule. The 

pattern of these break-up, or fragment, ions produced by EI is also often strongly 

dependent on the energy of the electrons used for ionisation, which can further 

complicate the spectrum. When the analyte is a mixture of organic compounds the 

overlap of these individual fragmentation patterns creates an extremely complex 

spectrum that makes the identification and quantification of the individual species 

difficult. 

By contrast when CI techniques are used instead, the ionisation occurs via ion

molecule reactions, a reaction path that is usually of lower energy than EI (often 

referred to as 'softer' ionisation). The precursor ions react with the sample via either 

charge transfer (dissociative or non-dissociative) or proton transfer reaction to give 

ions which are indicative of the trace species. Even in the most energetic of these 

systems the amount of dissociation is generally less than that which would be 

observed should EI be used for the same system. Thus, ionic precursors can be chosen 

that give products with much less fragmentation, making the identification and 

quantification ofVOC a much simpler task. An example of this is shown in Figure 3.1 

where computed mass spectra are compared for EI and CI via charge transfer (02+) 

and proton transfer (H30+). 

In traditional CI mass spectrometry 93 a reagent gas mixture is added to the 

source at pressures 103 to 104 times greater than that of the sample to be analysed. 

This reagent gas mixture will, under EI conditions, produce almost exclusively the ion 

desired to be used as a CI precursor. Common ionic precursors are sourced from such 

gas mixtures as pure methane (which produces approximately equal amounts of CH5 + 

and C2H5 +), 10% N20/H2 mixtures (which produce NO+) or 10% XlH2 mixtures (X 

may be N2, C02, N20, CO and predominantly produce XH+). 
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Figure 3.1: A comparison of the observed spectra from EI (red bars) and CI (02+ 

(green bars) and H30 + (yellow bar)) on acetaldehyde (C2H40). The EI spectra is 

obtained from data on the NIST web-book 92 and uses 75 e V electrons. 

Mass spectrometry, be it CI or EI, has three basic roles: molecular weight 

determination; structure elucidation; and quantification. In conventional CI the fITst 

role is usually achieved through non-dissociative proton transfer giving the MH+ ion. 

This usually overlaps with the second role, as a rough determination of the proton 

affinity of the unknown species when combined with the molecular mass, will often 

give information about the nature of the unknown. The third role, quantification, is the 

hardest to perform by any technique. Ideally the unknown is ionised by a known 

reaction to produce an ion or ions that are not isobaric with any of the other ions 

produced in the ion source. This is often not achievable, so CI has been combined 

with gas chromatographic methods to allow separation of the mixture. An internal 

standard is often added to help correct for any handling losses caused by the 

separation procedures. 

In breath analysis as well as other trace sample analyses, further complications 

can arise from interference from the sample matrix. For breath analysis this matrix is 

air and thus any ions that react with the major components of air (N2, 02, C02, Ar) 

will be unacceptable precursors, because the secondary reactions of the ions produced 

with the trace neutral species will have to be considered. Pressure effects further limit 

traditional CI techniques as MS instruments do not operate at pressures greater than 

approximately one millitorr. The partial pressure of the actual sample being analysed 
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is even less due to the excesses of reagent gas required to generate the 

chemi-ionisation precursor. The physical accuracy limits of MS-based CI techniques 

are thus quickly encountered. This has led towards a push to attempt to create higher 

pressure analysis techniques e.g. atmospheric pressure ionisation mass 

spectrometry 93, or ion mobility spectrometry 94,95,96,97. However both ofthese 

techniques directly ionise the atmospheric sample and consequently the ensuing ion 

chemistry is complex to model. 

The application of SIFT techniques to the analysis of trace gaseous 

compounds eliminates several ofthese problems. Due to the preselection by a 

quadrupole mass filter, the precursor ions are easily varied and extremely pure. In the 

SIFT techniques the ion source and reaction regions are physically separated and 

reaction with the ion source gas is thus not possible. These factors simplify the 

analysis as all ionic products can be regarded as originating from the reaction of a 

single ion species with the VOC (or other trace components) from the air sample. 

Selecting a precursor ion which does not react with the major components of air can 

reduce matrix effects. One can also reduce the problems of interference from isobaric 

ions by changing the selected precursor ion. This can be carried out on a much shorter 

time scale in a SIFT apparatus than in a conventional chemi-ionisation system (for 

which ion source 'memory' effects often cause problems) making SIFT-based 

analysis a more practical method for structure determination of unknown VOC. The 

ion reaction region in the SIFT usually operates at approximately 0.5 Torr and is quite 

distinct from either of the quadrupole mass filters. Therefore higher sample flows can 

be used safely. This eliminates many of the problems associated with traditional MS

based gas analysis as no sample separation or preconcentration is required. Conditions 

in the spatially separated reaction region are well defined, which makes accurate 

modelling and deconvolution of the ion chemistry much simpler. The reaction time 

can be determined accurately from the lmown gas velocity, which when combined 

with the rate coefficient (easily measured for almost any gaseous neutral in the SIFT) 

gives an accurate measure of the amount of neutral present without the need for any 

calibration or internal standard. 
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The SIFT is so ideally suited to trace gas analysis that two apparently similar 

but fundamentally different trace gas analysis and quantification teclmiques have 

grown from it. The first of these is the proton transfer mass spectrometry (PTR-MS) 

technique developed by Lindinger and his co-workers 52,53,54,55. This technique is 

most suited to quantification of trace species in environmental air and is not as well 

suited to the identification of unknown species as SIFT-MS. As the name implies, this 

technique relies on proton transfer from either H30+ or NH/ to detect the neutral 

species. The NH4 + precursor ion is most commonly used to aid in the separation of 

isobaric ions from different neutral compounds where the difference in proton affinity 

between H30+ and NH4 + can introduce differences in reaction chemistry. These 

differences in reactivity can help elucidate the neutral structures. The reason for these 

choices of precursor ions will be given later (Section 3.2). PTR-MS is built around a 

flow/drift tube and is capable of quantifying concentrations of certain high-mass 

organic species down to the level of tens of parts per trillion (ppt) 53. This high 

sensitivity is achieved by having a high precursor ion count and by using the gas to be 

analysed as the carrier gas. A high ion current, approximately a few million counts per 

second (cps), is achieved by a marriage between a hollow cathode ion source which 

produces large ion currents and a driftlflow tube which reduces diffusive losses. A 

schematic diagram of the PTR-MS apparatus is shown in Figure 3.2. 

The relative kinetic energy in these PTR-MS experiments, i.e. the energy of 

interaction between the ionic reactants and the neutrals embedded in the carrier gas, is 

dependent on the drift velocity of the ions (Vd). This relative kinetic energy is derived 

from the steady-state velocity achieved when the acceleration provided to the ions by 

the electric field is matched by the retarding effects of collisions with the 

neutral 21,97,98,. The average kinetic energy acquired from the electric field is a 

function ofthe ratio EIN, where E is the electric field strength and N is the buffer gas 

density. The energy of interaction between ions and reactant neutrals can then be 

calculated from the well-known Wannier equations (Equations 3.1 and 3.2) 98. 

M v 2 M v2 

KE. = (3/2)k T + B d + 10/1 d 
Ion b 2 2 (3.1) 
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(3.2) 

In these equations KEion is the ionic kinetic energy, KEcm is the kinetic energy 

in the centre of mass frame between ionic and neutral reactants, Mr and Mion are the 

respective masses of reactant neutral and ion, kb is the Boltzman constant, and T is the 

temperature in degrees Kelvin. 

pump pump 
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Figure 3.2: A schematic diagram of the proton transfer mass spectrometric method 

for analysis of trace gas components developed by Lindinger et al. Diagram fi'om 

Reference 54. 

In most cases the Lindinger group uses an EIN value of ~ 130 Td (1 Td = 1 Townsend 

= 10-17 cm2V-1s-1
) which gives KEcm values of about 0.25 eV. The Lindinger group 

maintains that this energy is a compromise between preventing the formation of 

cluster ions and not excessively promoting any dissociative reaction channels. Cluster 

ions pose a problem for both of the SIFT-based trace gas measurement systems as 

they react with the neutrals present but do not necessarily give the same products as 

the unclustered ions. 

The second technique is essentially the method employed at the University of 

Canterbury. In this Section a broad introduction to the technique will be presented. 

Specific details pertaining to SIFT-MS at Canterbury can be found in the 

Experimental section of this chapter. This second method is much more similar to 
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standard SIFT techniques and has been named selected ionflow tube mass 

spectrometry (SIFT-MS) by its creators David Smith and Patrik Spanel 48,49,50,51. The 

mechanical modifications to a FA/SIFT instmment to allow it to perform trace gas 

analysis by this method are minimal, requiring only the slight modification of one 

neutral inlet. A small leak of ambient air or breath gas is admitted directly to the flow 

tube through this inlet allowing the trace components to react with the ions in the flow 

tube. The flow rate of this leak directly related to sensitivity of the method. The 

greater this flow the greater the sensitivity of the technique. However, unlike the 

Lindinger PTR -MS technique where the sample mixture is the flow tube carrier gas, 

the carrier gas in SIFT-MS is helium. Hence the flow of the sample gas can not be 

permitted to exceed a few percent of total flow rate in the reaction tube (essentially 

the helium flow) or it will introduce turbulence into the flow of carrier gas thus 

altering the ion mobilities and dynamics. The magnitude of this leak can either be 

variable, using a mass flow controller to measure and stabilise it, or fixed, by using a 

small length of capillary tube to conductively limit the amount of gas passing into the 

SIFT. This inlet is a standard upstream-facing ring inlet 80 and is usually placed 

significantly further upstream than the inlet used in SIFT kinetic studies (~90cm cf. 

~45cm for the inlet usually used for kinetic studies at Canterbury). This allows 

additional time for the ions to react with the trace neutrals and this increases the 

sensitivity as the ratio i{R+}/[R] is increased. This ratio represents the sensitivity of 

the technique, the more ions (i{R+}) produced per neutral molecule ([RD, the lower 

the limit of detection becomes for a certain initial ion current. A fast reaction between 

precursor ion and neutral will also increase this ratio. 

Ions are created in a microwave discharge which in the Smith and Spanel 

instmment acts on a moist air/argon mixture. This allows simultaneous creation of the 

three ions most commonly used in the technique, viz. H30+, NO+, and O2+, Section 3.2 

contains a detailed discussion on why these particular ions are used. The ion count is 

typically of the order of no more than several hundred thousand counts per second, so 

as not to age the particle multiplier too rapidly. If greater sensitivity is desired (and 

appropriate ion sources can be engineered) the signal may be increased up to the 

limiting count of the particle multiplier (~1,000,000 cps). Using the SIFT-MS ion 

source, precursor ions can be switched rapidly allowing the different chemistry of the 
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three available precursors to be exploited for rapid product identification e.g. between 

consecutive breaths. 

The maj or modifications required in converting a standard SIFT to trace gas 

analysis are in the area of the computer interface. Rapid computer control of the 

quadrupoles and rapid count collection is vital to the success of the method. The only 

physical restriction on the time required for data analysis is the flow speed of the 

carrier gas, which takes about 10 ms to cover the 90 cm reaction length. Thus if the 

computer is capable of driving the quadrupole across the range of masses rapidly and 

the pulse counting system is effective, data analysis can proceed essentially in real 

time, allowing for example the time profile of a single breath to be observed. Figure 

3.3 shows the computer control of the downstream quadrupole during the 

measurement of ~ single concentration point. 

, , , . , , , 

, . , , . . , , , , 

Secondary ion # 1 
(CH3)2COH+ / 

----------------: 
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HO+ 
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Secondary ion #2 
(CH3)2COH+.H20 

Figure 3.3: A time profile of the 'mass scanning' procedure used at the downstream 

quadrupole during a trace gas analysis. The example used relates to the measurement 

of acetone using an H30+ precursor. The ions monitored are the primary (H30+) and 

the two products ((CH3hCOF and (CH3hCOF.H20). 

At each mass in the 'scan' the ion counts are recorded. When the counts of the ionic 

precursor( s) and all the ionic products of the reaction between the precursor ion( s) and 
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a single neutral have been recorded, the concentration of that species in the air sample 

can be calculated. 

§3.1.4: On the calculation of the amounts of trace species in air. 

The application of the selected ion flow tube to trace gas analysis is essentially 

a reversal of the usual mode of operation. In normal operation one determines the 

flow of neutral gas necessary to remove a certain fraction of the initial ion count and 

by obtaining several such points it is possible to calculate the rate coefficient. In trace 

gas analysis, the ion counts of the primary (precursor) and secondary (product) ions 

are still measured but in this case the amount of neutral gas is not known. Instead, 

provided the rate coefficient is known, one can derive the trace gas concentration 

from the observed product ion signals .. 

As in normal operation, in SIFT-MS the ions are convected along the flow 

tube in a flow of carrier gas, usually helium, which is moved by the action of a high 

speed Roots-blower type pump. The velocity of this gas (Vg) can be accurately 

determined from the carrier gas flow rate <Dc, the p\essure Pg, the tube diameter D(, 

and the temperature Tg (K) using equation 3.3. 

<D c 4 Tg 
v =------

g P 1CD 2 273 g t 

(3.3) 

The ion velocity however is greater than this carrier gas velocity, due mainly to the 

effects of diffusion. Under typical experimental conditions this ion velocity (Vi) is 

around 1.5 times the gas velocity (Vg) 21. This value has been experimentally 

determined for the Canterbury SIFT to be 1.50 71
• The reactant gas, i.e. the trace gas 

within an air or breath sample, enters the tube at some known finite distance, 1, from 

the sampling nose cone through an inlet in the flow tube. The gas must then mix 

throughout the carrier gas in order to allow it to react with the precursor ion. This 

introduces a correction factor as mixing does not occur instantaneously and so the 

reaction length is usually represented as (1+8) where 8 is an 'end correction'. From 

this distance (1+8) and the ion velocity (Vi), a reaction time t can be calculated. 

1 + 8 
t=-- (3.4) 
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In the SIFT technique the number density of the ions is always very much less than 

the number density of the neutrals so that the kinetics are pseudo first-order 21,48 i.e. 

dNi =-Nk[A]-N Di 
dt I I A2 (3.5) 

Here Ni is the number density of the primary ions in the flow tube, k the rate 

coefficient for reaction of this primary ion with the trace gas and [A] is the number 

density of this trace gas. The second term is a diffusion correction term. If one ignores 

the diffusion term from this equation it can be easily integrated. 

f = fo exp (-k[A]t) (3.6) 

Where f is the signal of the precursor ion with the trace species present in the tube and 

fo is the same signal without the trace species present. The error introduced by 

neglecting the diffusion losses is not as great as it would first appear, as both the 

primary and product ions have this loss. Thus only the differences in diffusion 

between the two species is important. This difference is usually small in SIFT-MS 

applications as the precursor and product ion masses, and hence their diffusion 

coefficients (Di and Dp), are usually similar. If then the formation of product ion 

counts (P) is regarded as the only loss process then this value can easily be calculated: 

P = fo - f 

or P = fo - (fo exp(-k[A]t)) 

(3.7) 

(3.8). 

The ratio of these two values (both of which are measured in a standard trace gas 

experiment) is then, 

P fo -fo exp(-k[A]t) 
= 

f fo exp(-k[A]t) 
(3.9) 

and therefore P = f 0 (1- exp( -k[ A]t) 
f fo exp(-k[A]t) 

(3.10). 

This equation in turn simplifies to: 

P 1- exp(-k[A]t) 
= 

f exp( -k[A]t) 
(3.11). 

When k[A]t« 1 (note rate coefficients are always less than ~5 x 10-9 cm3s·1
) 

Equation 3.11 above can be further simplified to 

P 
I=k[A]t (3.12). 
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Note that strictly I is the initial precursor ion count (prior to reaction with the trace 

species), however experimentally it is recorded after reaction. This places an 

experimental limit on the levels of trace gas that can be analysed using the SIFT-MS 

technique as the precursor ion should not be depleted by more than 10%. Equation 

3.12 can be modified to account for differential diffusion to Equation 3.13, 

P = k[A]td
p I 

(3.13) 

where dp is the differential diffusion correction term. Note that this differential 

diffusion term can also be determined theoretically 48 but is experimentally usually 

close to unity for the reasons that are noted above. Equation 3.13 can be rearranged to 

give the number density of the trace gas. When this new equation is expanded to 

allow for multiple ionic precursors and products it can be expressed as; 

(3.14). 

Where P n represents the ion counts of the nth product and In represents the ion counts 

of the nth precursor ion, and kn is the rate coefficients for the reaction of nth precursor 

with the trace gas. For this analysis to be valid, one must make the assumption that the 

primary ion count is not significantly decreased by reaction with the trace gases, i.e. it 

is assumed that lin approximates the initial precursor ion count. This assumption 

places an upper detection limit on the technique. Also note that the correction for any 

possible secondary reaction is simple, the ion products of the secondary reaction are 

simply included in the sum of the product ions. There is thus no need to know a rate 

coefficient for the secondary process as the secondary reaction cannot create or 

destroy ions. To calculate the partial pressure ofthe trace gas (Pa) we need to know 

the flow ofthe carrier, <Dc, and the flow rate of the 'leak' to the atmosphere, <Ds. 

Pa (3.15) 
Pat/nos (<Dc+<Ds) 

Ptube <D 
s 

Here the ratio Pa / Patmos represents the partial pressure of the trace gas under study and 

kb is the Boltzman constant. Taken together Equations 3.14 and 3.15 are the heart of 

calculating partial pressures from the SIFT-MS technique. 
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Section 3.2: The Chemi-ionisation precursors. 

§3 .2.1: The function of the chemi-ionisation precursors. 

The choice of ionic precursors used for trace gas analysis is one of the most 

critical factors. In order to be useful as a precursor, an ion species must react rapidly 

with the trace species while not reacting at all, or at worst extremely slowly, with the 

major components of atmospheric air or breath i.e. N2, O2, CO2, Ar and to a certain 

extent water. Ideally the reaction process should be a simple one, giving ionic 

products that will allow unambiguous identification of the VOC. One early system 

used Xe + ions 55 which have an ionisation potential (IP) of 12.13 eV, less than the IP's 

of all the major air constituents except oxygen (IP = 12.07 eV). Kr+ and Hg+ 49 have 

also been used as chemi-ionisation precursors and this technique has been applied to a 

commercial instrument. These precursors are not ideal however as they will react with 

some of the major atmospheric gases, Reactions 301 and 302 are the main examples. 

Xe+ + 02 => O2+ + Xe (301) 

k = 1.1 X 10-10 cm3s-1 

Kr+ + C02 => CO2+ + Kr (302) 

k = 6.0 X 10-10 cm3s-1 

The trace gas analysis system developed by Smith.and Spanel uses three 

separate precursor ions. Having three possible chemi-ionisation agents allows not only 

accurate quantification ofVOC but also aids in the identification ofthese trace 

species. In cases where interference from an isobaric ion prevents accurate 

quantification with one precursor, switching to a different chemi-ionisation precursor 

will often solve the problem. 

An example of this is the analysis of isoprene (in the possible presence of 

methanol) with a H30+ precursor 99. Reaction 303 gives a product at mlz = 69 

exclusively, making for apparently easy identification of isoprene. However when 

Reaction 304 occurs concurrently, the protonated methanol product can further cluster 

with two water molecules from the air to produce another mlz = 69 product also. The 

reactions of higher hydronium ion hydrates, H30+.H20 and H30+.(H20)2, with 

methanol will also contribute to this interference. These higher hydrates are always 

present in H30+ analyses due to the termolecular association of the hydronium ion 

with moisture in the air or in breath samples. 
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=> C5H9+ + H20 (303) 

k = 1.5 X 10-9 cm3s-1 

=> CH30H2+ + H20 (304) 

k = 2.5 X 10-9 cm3s-1 

To avoid an overestimation of the quantity of isoprene present in a sample, 0/ is the 

precursor of choice for isoprene analysis rather than H30+. Molecular oxygen ions 

charge transfer to isoprene, giving the molecular ion at mlz = 68 and dissociative 

products at mlz = 67 and 53, masses to which no other lmown VOC makes a 

significant contribution. 

The following sections will discuss the reason for the choice of these 

particular ions and their common modes of reactivity. Smith and Spanel have begun 

to develop an extensive library of the reactions of these three ions necessary for trace 

gas analysis. So far the neutral species studied have included a range of alcohols 100, 

aldehydes 101, amines 102,103, aromatic and aliphatic hydrocarbons104, aromatic and 

aliphatic halocarbons 105,106, carboxylic acids 107, ethers 108, esters 107, ketones 101, 

organosulphur molecules 109, sulfides no, and thiols 110. 

§3.2.2: H30+ precursor ions. 

The most common mode of reaction for protonated water ions is proton 

transfer. Water has a well defined proton affinity (PA) of 691 kJ mor1, which is 

greater than that of any of the major components in air 11l (see Table 3.1) so it will not 

transfer a proton to any of these species. 

Major air components Proton affmities (leJ mor l
) 

691.0 

540.5 

493.8 

421.0 

369.2 

Table 3.1: The relative proton affinities of the major species present in environmental 

air or breath. Values from Reference 111. 
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However, relative to most organic species (with the exception of a few small 

hydrocarbon species) water has a low P A, so that reaction with these species via 

proton transfer is p01?sible. An interesting peculiarity of proton transfer reactions is 

that when they are exothermic they almost always proceed at or close to the collision 

rate 112, 113. This fact has simplified the determination of the rate coefficients necessary 

for trace gas analysis considerably as in most cases Smith and Spanel have injected all 

three ions and assumed that, where energetically allowed, the H30+ reaction proceeds 

at or close to the calculated 114 collision rate 102. It is necessary to make the 

assumption of collision rate proton transfer as many of the VOC studied are derived 

from liquids with low vapour pressures and thus cannot be introduced into the SIFT 

easily at accurately measured flows. In most cases this proton transfer is non

dissociative, that is the product of the reactions has a mlz value ofM+ I where M is 

the neutral VOC mass. Thus the use ofH30+ is a relatively simple method for 

accurately determining the molecular mass of a species as the {M+ I} + ion is usually 

the highest mass ion observed. The H30+ ion is often used as the first resort for mass 

determination of an unknown species. However, H30+ is essentially unable to detect 

alkanes containing less than six or seven carbon atoms because oftheir low P A. 

H30+ however does react with water, albeit by slow sequential association 

reactions, to give H30+.(H20)n. SIFT-MS analysis of humid air or breath will give 

cluster ions of up to n=3. These association reactions can introduce some errors into 

concentration determinations as they represent an additional primary ion loss process. 

They also often react via a switching type mechanism 99 introducing additional ion 

products into the mix. These effects can be partially corrected for by including the 

primary and product hydrates into the respective ion count totals but this slows the 

data analysis and introduces uncertainty as to whether all relevant ions have been 

included. Smith and Spanel now perform the initial studies for each new neutral in the 

presence of varying levels of water 58,99 to ensure that these effects are adequately 

accounted for. 

Some functional groups are exceptions to this generally simple reaction mode 

ofH30+. Reactions with aliphatic alcohols are one example, where the loss ofa water 

molecule is a common reaction course. Reaction 305, where C3H70H is I-propanol, is 

an example of this. 
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=> 

=> 

C3H/ +2H20 

C3H90+ + H20 

[0.90] (305a) 

[0.10] (305b) 

Certain aldehydes and carboxylic acids also display a similar channel e.g. 1-pentanal, 

1-hexanal, and butyric acid. Another exception to these generally simple proton 

transfer reactions is that some small amines give NH4 + as a minor product, which can 

complicate the simultaneous analysis of ammonia concentrations with H30+. In 

practice however H30+ is a poor choice for ammonia analysis as the presence of the 

large adjacent mlz = 19 peak from the primary H30+ ions interferes significantly with 

an accurate determination of the number of counts in the mlz = 18 chmmel. Certain 

halogenated compounds have been shown to eliminate the corresponding halogen 

acid. Sulfides and thiols show a marked propensity to associate with water, although 

this is often in competition with proton transfer. Finally, ethers often show 

hydrocarbon 'elimination' where one of either R or R' is eliminated as a neutral from 

the R-O-R'H+ intermediate. The unique reaction processes that occur when certain 

functional groups are present in a molecule are often useful in determining the nature 

of the VOC under study. 

§3.2.3: O2+ Precursor ions. 

The 02+ chemi-ionisation agent is used as often as H30+. As mentioned earlier 

it is the reagent of choice when isoprene is to be detected in breath and is also the 

preferred ion for the quantification of ammonia. Thus the 02+ ions sees use in many of 

the routine breath analyses. The reactions of O2+ are characterised by charge transfer, 

often dissociative, as 0/ has an ionisation potential (IP) of 12.07 eV, significantly 

greater than most VOC. In smaller, less complex molecules a non-dissociative 

channel is often observed, as is the case for extremely stable molecules like aromatic 

compounds. The reaction rate coefficients of 02+ are in the most part, like those of 

H30+, close to the Langevin collision rate, though the very low mass hydrocarbons 

provide notable exceptions. 

The 'cracking-pattern' given by 0/ chemi-ionisation can, in combination with 

a molecular mass determination using H30+, be used to determine which structural 

isomer of a compound is present. An example of this from the literature is 
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2-pentylamine and 2-methylbutylamine, both amines having the molecular formula 

C5H13N 103. Their respective structures are shown in figure 3.4. 

2-methylbutylamine 2-pentylamine 

Figure 3.4: The structures a/two C5H13N isomers, 2-methylbutylamine and 2-

pentylamine. 

Both ofthe structures react with H30+ to give mass 88 and 18 ions, C5HllNH3 + and 

NH4 + respectively with only slightly different branching ratios. Their reactions with 

O2+ however reflect the difference in the structures. 2-methylbutylamine 

predominantly produces CH2NH2 +, eliminating C4H9 via cleavage between C-l and 

C-2 (the carbons a and B to the amine group). 2-pentylamine on the other hand 

produces C2H4NH2+, which again represents cleavage at the bond between the carbons 

a and B to the amine functionality. 

§3 .2.4: NO+ Precursor ions. 

The reactions ofNO+ are characteri~ed by one or more of three possible 

channels, charge transfer, termolecular association, or hydrogen atom abstraction. 

Nitric oxide has an IP of 9.26 e V which is significantly lower than that of 02+' 

Accordingly when charge transfer is possible from NO+ it is less energetic and 

therefore less dissociative than the corresponding charge transfer from O2+, 

When charge transfer is not possible the other products are often seen, but not 

always. NO+ is a less ideal precursor ion for many VOC as it does not react with all of 

them. This non-reaction is most marked for the smaller VOc. Analysis using NO+ is 

further complicated by the fact that NO+ can retain internal energy, The higher energy 

states are not effectively quenched by helium but are, however, quenched by air. NO+ 

precursor ions produced from a microwave discharge acting directly on a dry air 

carrier are ideal for trace gas analysis. An example of the effect of internal energy on 

the products ofNO+ reactions can be found in the paper by Fairley et al. 115 who show 
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that internal energy can open up previously endothermic charge transfer and 

dissociative charge transfer channels. 

H-atom abstraction is predominantly seen for alkanes, aldehydes, amines, 

ethers and alcohols and a similar process resulting in an HN02 product is observed for 

some carboxylic acids. A process similar to this latter one results in the formation of 

RN02 neutral products with some esters. Halogen atom abstraction is also seen in 

some halogenated aromatic and aliphatic species. The association products are most 

common when the neutral reactant is a ketone 

Section 3.3: Experimental considerations. 

§3.3.1: Modifications to the SIFT apparatus. 

The only significant modification necessary to perform trace gas analysis with 

the University of Canterbury's flowing afterglow selected ion flow tube using the 

SIFT-MS technique was the modification of the middle neutral inlet. The minimal 

number of modifications required was partly due to the fact that the Canterbury SIFT 

already possessed an ion source capable of producing high ion counts in the form of 

the FA. The ion count requirements may present problems for other more 

conventionally designed SIFT apparatuses, requiring a re-design of the ion source 

section. The middle ring-type inlet was previously attached to the glass gas-handling 

line via a variable leak valve but this attachment has been completely removed. 

Instead a length of 114" stainless steel tube now runs from the ring inlet back to a 

bellows-type onloffvalve. This valve connects to a 50 mm length of25 gauge 

(0.01" i.d.) stainless steel capillary tube that conductively limits the magnitude ofthe 

'leak' from ambient air into the SIFT. The whole assembly is heated to approximately 

130°C with resistive heating tape. This elevated temperature prevents deposition of 

water and trace species onto the tubing walls. 

§3.3.2: Capillary flow rate calibration. 

The flow (or leak) of the air sample into the flow tube is conductively limited 

by the small piece of capillary tubing open to the atmosphere. This provides a high 
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restriction to flow into the tube that is constant and reproducible as long as the 

pressure on both sides of it remains reasonably constant. The magnitude of this 'leak', 

though small, provides some restriction to the sampling time that is possible from 

vacuum tight closed containers. 

The value used for the sample flow in the following work has been determined 

experimentally using the capacitance manometers usually used to measure flows for 

kinetic investigations. The largest available calibrated volume was used and the inlet 

connected to the glass line by way of a short length of plastic tubing. The flow was 

measured with and without helium flowing in the reaction tube, but the small 

difference in pressure between the two methods was found not to make a significant 

difference (as would be expected from the applicable equations, see below). The flow 

value thus determined was 3.4 ± 5% Torr L S·l. The actual average of all the flows 

thus determined (3.351 Torr L S·l) was entered as the flow through the capillary in all 

the following work. 

Calculation of the sample flow rate using Equation 3.16, Poiseuille's law, and 

Equation 3.17 yields 4.28 Torr Ls· l which is slightly higher than the experimentally 

determined value 83,84. This suggests that there is a small additional restriction in the 

capillary. 

U = ffR4 P (3.16) 
8ryL 

(3.17) 

Here U is the conductance, Q the throughput, R the radius of the tube and L its length. 

The viscosity of the gas passing through the restriction (air in this case) is 11 and p is 

the average of pressure PI (atmospheric) and P2 (tube pressure). The experimental 

result here is obviously the more accurate, as only small differences in the syringe 

tube from the ideal would affect the result greatly. As such the degree of agreement 

between theory and experiment is heartening. 

§3.3.3: Reaction length determination. 

The reaction length for the trace gas inlet also needs to be determined before 

trace gas analysis and quantification can be performed accurately. The physical 
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distance between the plane of the trace gas inlet and the molybdenum disk is 

approximately 73 cm but the effective reaction length is quite different from this. In 

this case the 8 correction factor not only accounts for the physical mixing distance but 

is also used to correct for several other factors which arise because the drift tube is 

installed in the flow tube. The drift tube insert is approximately 67 cm long and has an 

internal diameter of 60.3 mm as opposed to the 73.2 mm i.d. ofthe main flow tube 71. 

This means that the end correction (8) must also account for a ~6 cm-Iong section of 

the tube which has a different internal diameter and the possible occurrence of 

turbulence at the point where the flow tube diameter changes. 

To establish the correction factor several calibration reactions (whose rate 

coefficients are well known) were performed. The correction factor is obtained by 

comparing the physical length to the reaction length required to get the literature rates 

for the calibration reactions. The usual calibration reaction of Ar+ + O2 was used at a 

pressure of 0.470 Torr (close to the standard trace gas mode operating pressure) and a 

reaction length of94.6 cm was determined. A separate determination at 0.370 Torr 

found a reaction length of 100.0 cm, an increase of 5.7% from the higher-pressure 

regime. This result confirms that the end correction is at least partly the result of 

turbulent flow in the reaction region, as the other factors included in 8 should be 

pressure insensitive. Reactions 306 and 307 were also evaluated using both the 

upstream trace gas inlet and the downstream 'kinetics' inlet with similar rate 

coefficients being obtained at both inlets. 

H30+ + CH30H => CH30H2+ + H20 

k = 2.5 X 10-9 cm3 S·l 

=> 

k = 2.0 X 10-9 cm3 S·l 

(306) 

(307) 

The reaction ofH30+ + HCN was also investigated but problems with adsorption on 

to a new section of glass tubing prevented accurate rate coefficient determination in 

this case. Small effects from this problem were also seen in Reaction 306, although 

they did not affect the rate coefficient significantly in the latter case. The SIFT -MS 

technique as a whole has been validated by Spanel and co-wokers 51 using a motor 

driven syringe to provide a constant flow into a stream of gas. 
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§3.3.4: An introduction to the trace gas analysis program suite. 

The programs used for trace gas analysis data collection and analysis at the 

University of Canterbury are, like those designed for Idnetic investigations, written in 

Borland PascaFM by Patrik Spanel. In the following section I will give a short 

introduction to the two programs that are used for trace gas analysis, the Multitrace 

Recorder, and the Multiscaling Mass Scope. For a similar introduction to the kinetics 

suite see the PhD. Thesis of Fairley 71. 

The program that sees most use during trace gas analysis is the Multitrace 

Recorder. This program 'scans' the downstream quadrupole mass filter in the manner 

shown in Figure 3.3, thus counting both the precursor and product ions. The nature of 

this scan is determined by selecting the appropriate trace species and precursor from 

the "Select Molecules" dialog found in the "Options" pull down menu. This option 

accesses the H30P.txt file that contains all of the data required for data collection and 

concentration determination of the desired species. An example, for the monitoring of 

acetone with an O2+ precursor is shown below. 

acetone(02 +) 

1 precursors 

32 2.8e-9 1.0 

2 product 

43 1.0 

58 1.0 

The first line contains the title that will appear in the list of molecules available. The 

third line has the mass of the precursor ion, followed by the rate coefficient for 

reaction between the precursor ion and the neutral. The last entry on this line is a 

multiplicative factor that allows correction for either differing diffusion rates for 

different ion masses or for mass discrimination by the analyser quadrupole. The 

products are then entered - 43 and 58 represent the mass of the two products formed 
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in this reaction. They are again followed by correction factors as in the third line. In 

most of the work presented in this chapter the correction factors were 1.0 as there was 

essentially no mass discrimination from mlz = 19 up to approximately mlz = 100. 

When the "acetone(02+)" line is selected in the "Select Molecules" dialog it will 

place masses 32, 43, and 58 into the mass programmer function. This function can be 

called up by pressing the F6 key and allows the operator to fine-tune the position of 

the peak maximum. It contains all the masses to be counted. 

Pressing the space bar starts a trace first bringing up a box which allows the 

parameters for the trace to be set. The "sample flow" box contains the flow through 

the capillary which is usually unchanging at 3.351 Torr L S-l. The "ppm" box is an 

on/off flag and determines whether the program displays the concentrations (as ppm 

or ppb) or the raw number of counts. The "time primary' and "time products" are the 

amount oftime for which the precursor and product ions are counted respectively. 

Normally these are set at 2e-2 seconds for precursor ions and 0.2 seconds for the 

products, though a time on the products of 0.15 s is often used during breath analysis 

to allow better time resolution during each breath. The "Points" box is the number of 

experimental points that are displayed at one time i.e. how many points will be taken 

and stored before the system begins to over-write earlier points. Files can be saved 

storing all currently viewed points, and later retrieved using the "File" pull down 

menu. In order to get ppm values from a retrieved file the ppm tag must be set to 1 in 

the "Analysis" dialog in the "Options" pull down menu and the correct molecule(s) 

must be selected. If this is not done only the raw number of counts will be displayed. 

The Multitrace Recorder is designed for the quantification of known 

molecules and is the most accurate available method for doing this. However, when 

the gas sample contains unknown species, a mass scan is needed to ascertain at what 

mass(es) the products are. The Mass Scope program included in the kinetics suite 

could be used for this, but as the peaks from trace elements are invariably at low 

levels this program is not always ideal. With the original Mass Scope it is often hard 

to determine whether a particular peak is noise or real. In order to help the operator in 

making this decision a different program is usually used to make these mass scans. 

The program of choice is Muliscaling Mass Scope. With this program several 

traces can be performed and the average of all these traces displayed and recorded. 

Signal averaging in this way should reduce the magnitude of all 'noise' counts as 
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noise counts should not be present at the same position in successive scans. The 

averaging procedure will therefore reduce the magnitude of each noise count. 

Products, even small ones, should be present on each scan and thus averaging will 

give an accurate indication of how many counts are present in a product channel. The 

number of traces to be averaged is set in the "Scan MS" window with the "Multitrace" 

setting. Other than this all the settings are identical to the kinetics suite mass scope 

program. Mass scans are usually viewed on a semi-logarithmic plot in trace gas 

analysis to enable small products to be seen easily. The Mass Scope will display a 

semi-logarithmic plot if the control and enter keys are pressed concurrently or if "Log 

Scale" is selected from the "View" drop down menu. 

Section 3.4: Results. 

The results presented in the following sections are preliminary with most of 

them being relatively recent pieces of work. This is not an indication that trace gas 

analysis has been undertaken at the University of Canterbury only in the last year or 

so, but instead it is an indicator of the learning curve that several researchers here 

have collectively traversed. The following results show that, at least for simple trace 

gas systems, analyses have become routine and that there exists a promising future for 

trace gas analysis using the University of Canterbury F AlSIFDT. 

§3.4.1: Breath Analysis. 

Among physicians there are many individuals who are known for being able to 

'smell' a patiicular disease. In uncontrolled diabetes, where blood levels of acetone 

can soar, a fruity sweet smell is often observed on the patient's breath 116. This is a 

telltale indicator to doctors able to smell acetone at low levels. Observations similar to 

these have been made since the time of the ancient Greeks, yet in order for breath 

testing to be an effective diagnostic tool, analytical techniques must be able to 

progress far enough to take the element of the "trained nose" from the equation. 

At the alveolar interface only a thin layer separates the air in the lungs from 

the blood in the surrounding capillaries. VOC will diffuse from the higher 
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concentration region to the lower. This diffusion will occur from the blood to the 

breath in cases such as ingested alcohol, or vice versa in situations where atmospheric 

VOC concentrations are high e.g. where large amounts of volatile solvents are used. 

This two way interface is obviously necessary in order for the lungs to function and it 

means that the breath can be used as a simple, rapid, test for the presence of trace 

compounds in the blood. 

Even those VOC originating in the blood may have different origins: some are 

directly ingested compounds e.g. ethanol from alcoholic drinks or sulfide compounds 

from garlic 53, some result from the degradation of ingested compounds in the 

digestive tract e.g. methanol from the digestion of fruit pectin 52; while others are 

formed by metabolic pathways, e.g. pentane from lipid peroxidation 48,117. In many 

cases a VOC observed in breath will have multiple formation pathways contributing 

to the observed concentration. However when a disease process takes place it is 

possible for the breath concentration of certain VOC to alter markedly and provide a 

gaseous indicator to the disease. Medical science already uses several breath tests to 

monitor certain conditions, especially diseases of the stomach, intestine and colon. 

One example is the bacteria helicobacter pylori which is strongly implicated in 

the formation of peptic ulcers and chronic gastritis 116. One of the enzymes present in 

this bacteria is a urease, an enzyme which is not usually present in humans. Urea 

introduced to the body will be metabolised by the urease, producing carbon dioxide. If 

the urea is 13C-labelled the ratio of 13C02/2C02 in the dosed patient's breath will be 

radically changed and this can be detected. There are commercially available 

modified MS or GC-MS apparatus that are designed to carry out this task. 

Why then is breath analysis not used more commonly in diagnosis? It would 

seem an ideal technique as it is non-invasive, painless, and in almost all cases breath 

is an abundant, easily available commodity. In the past the main problem has been the 

sampling of the breath. GC-MS usually requires preconcentration step(s) to remove 

the major air components, in many cases sampling the sum of several breaths. This 

trapping has some inherent problems, the greatest being that it discriminates against 

some compounds, however for most GC-MS processes it is a necessary evil. Two 

trapping methods are commonly used in breath sampling, cryogenic and adsorptive 

trapping. In cryogenic trapping the breath passes through a section of tube that is 

cooled, usually by immersion in liquid nitrogen, which captures the volatile 
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breath sample. All in all the SIFT is ideally suited for the analysis of breath, from 

either human or animal subjects. 

84 

A typical breath trace is shown in Figure 3.5, this trace shows the gases 

ammonia, isoprene, acetone, using an O2 + precursor and is an example of the output 

from the Multitrace Recorder. 
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1800 p=0.490 fc=1930 fr= 3.35 

1600 

1400 

1200 

1000 

800 

600 

400 

200 

O~------------------~ 
2 4 6 8 101214161820222426283032 time rsl 

Figure 3.5: An example of a standard breath tracefrom a human subject. This trace 

shows the output of the Multitrace Recorder operating in ppm = 1 mode (see section 

3.3.4 for an explanation), analysing breathfor ethanol (red), isoprene (purple), 

ammonia (green), and acetone (blue) some time after a subject has had an alcoholic 

drink. The values are in parts per billion. 

The rapid sampling time of the SIFT-MS technique means that time resolution within 

a single breath is possible and the rise and fall present on each breath in the ppb trace 

above represents a genuine physiological effect. Only the air in the base of the lungs, 

the so-called alveolar air, is in equilibrium with the blood and in each breath there is 

an amount of air that is sitting in the upper respiratory tract which is expelled first. 

This 'tidal' air receives trace gases by diffusion from, and mixing with, the alveolar 

air thus the concentration of trace species rapidly increases as the expired air is 

sourced from deeper in the respiratory tract. The concentration then reaches a steady 

state representing the alveolar concentration. Then as inhalation begins this level is 

diluted as external air is drawn into the mouth. 
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Two specific examples of applications for SIFT -MS to the analysis of trace 

gas components in breath will be shown. Both are still in the investigative stages at 

present but the results presented adequately show the potential of the teclmique. 

§3.4.1.1: Changes in the major trace gases on breath during exercise. 

85 

This work was inspired by results presented in a 1998 paper by Lindinger, 

Hansel and Jordan 53. Two traces were presented showing the levels of isoprene and 

acetone in the breath of a single human subject who cycled at a moderate rate for 

approximately four hours. In this time the breath acetone level was observed to rise 

sharply, continuing to rise until a sugar solution was fed to the subject. The breath 

isoprene level dropped soon after the start of the exercise and remained low 

throughout returning to a level similar to the initial one very soon after the termination 

of the exercise. An initial spike in the isoprene concentration was also observed over a 

short time scale, perhaps ten minutes. 

It is of interest to know whether these effects show up in all humans and/or 

whether there are significant variations with factors like diet or fitness. With these 

questions in mind we proceeded to conduct the monitoring of several subjects 

undergoing physical exercise in two separate experiments. Although this work is not 

yet complete the results presented here demonstrate the applicability of the SIFT 

technique to sports physiology and give some tantalising hints that the whole story 

has not been told by the experiments of Lindinger et al. 53 

Acetone 

The first experiment was performed with nine subjects, seven of whom ran 

around the campus (returning to the laboratory at approximately ten to fifteen minute 

intervals for sampling) and two of whom cycled on static resistance devices. 

Unfortunately, mainly due to pre-existing injuries, only five ofthe rumlers actually 

completed the targeted amount of exercise (approximately one hour) and this 

seriously limits the conclusions that can be drawn from this study. The trace species 

ammonia, acetone, and isoprene were observed before, during, and after exercise for 

these five subjects and an 02+ precursor was chosen. The results for ammonia show a 

degree of experimental scatter which is much greater than for either of the other two 
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trace species. This is probably due to the breath sampling method employed. As the 

sample inlet is routinely operated at,...., 130°C each athlete was provided with a piece of 

polyvinylchloride tubing that, once pushed onto one side of the trace gas inlet, 

provided a room temperature interface. Each athlete used their own single tube 

throughout the experiment and it appears that these tubes gained a background level 

of the more polar trace species (ammonia, and (to a lesser extent) acetone). Thus the 

values recorded represented not only the endogenous production of these species but 

also included an exogenous source as well. This effect manifests as experimental 

scatter. The more recent experiments have used disposable breath tubes (actually 

pieces of standard plastic (polyethylene) drinking straws) and the subjects are 

instructed to draw breath back through the straw as they inhale. These measures seem 

to minimise the build up of trace species on the walls of the sampling tube and 

provide more reliable levels for breath ammonia. A similar effect was seen to an even 

greater extent in another experiment where the sampling tube was left attached to the 

inlet throughout the experiment. The problem was extreme enough in this case that 

large droplets of water were observed in the PVC tube. As can be seen in Figure 3.6, a 

pattern is visible in the isoprene trace but the ammonia and acetone traces have so 

much "noise" superimposed on them that no clear pattern can be discerned. 
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Figure 3.6: A plot of concentration versus time for ammonia, acetone and isoprene on 

the breath of a subject cycling on a stationary bicycle. Note the pattern visible in the 

variation of isoprene levels but the almost random scatter of the acetone and isoprene 

results, this is due to problems with adsorption onto the walls of the sampling tube. 
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The initial breath acetone levels in the subjects were between 100 and 600 

ppb, a range that is quite normal for healthy subjects 59. Acetone production in the 

body is a complex subject as it is strongly diet dependent. The overall feeding level of 

the body will affect acetone levels, which rise by factors of two to three as the body 

becomes starved 59. The ingestion of garlic has also been shown to dramatically 

increase breath acetone levels 53. Given the short time scale of the experiment, these 

dietary effects are unlikely to affect the acetone concentration during the experiment. 

In most cases, once exercise was started the acetone concentration in the subject's 

breath remained at the same level as measured prior to the commencement of the 

exercise for an induction period before it began to rise. Neither of the cyclists showed 

any rise, which is probably related to the insufficient amount of exercise that they 

performed during the test. The results from a selection of the subjects (who all 

exercised for approximately equal times) are shown in Figure 3.7. It can be seen that 

the patterns for acetone rise are different but that all subjects show a rise in acetone 

near the end of exercise. 
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Figure 3.7: The profile of acetone concentration with exercise time for several 

subjects in the first study. Exercise (running in all cases) was begun at time = 0 and 

finished at approximately time = 75 min (dashed line). 
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The rise in acetone observed is consistent with physiology ll8. As the body exercises 

the energy is drawn more extensively from fatty acid catabolism. This may be because 

the short-term energy reserves (glucose, glycogen, and phosphocreatine) become 

locally depleted and the body has to shift its metabolism to other, more available, 

sources. 
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Figure 3.8: The formation route for ketone bodies. 
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The predominant energy reserve in the human body is in the form of fat, mostly 

triacylglycerols. When these triacyglycerol molecules are metabolised they can yield 

up to three fatty acids (long chain linear saturated carboxylic acids). These fatty acids 

are metabolised to produce acetyl-CoA. Coenzyme-A (CoA), a molecule built up of 

3',5'-adenosine bisphosphate, pantothenic acid and p-mercatoethylamine, is prosthetic 

to many enzyme reactions and aids in certain enzymatic reactions by activating acyl 

groups. Most of the acetyl-CoA produced enters the tricarboxylic acid (TCA) cycle 

where it is oxidised to carbon dioxide. The energy evolved by this process is trapped 

into one of several molecules which are subsequently used to power the body. Some 

of the acetyl-CoA formed this way though gets diverted into another pathway, the 

formation of the so-called 'ketone bodies' (acetoacetate, acetone, and 

p-hydroxybutyrate) as is shown in Figure 3.8. The conversion of acetyl-CoA to 

'ketone bodies' is especially apparent during periodds of fasting or starvation due to 

the build up of acetyl-CoA in the body 289. 

The formation of ketone bodies occurs mainly in the liver mitochondria and 

from here acetoacetate and p-hydroxybutyrate are transported to other organs where 

the reverse process (i.e. converting acetoacetate and p-hydroxybutyrate to acetyl

CoA) provides significant metabolic energy. Acetone is essentially a by-product of 

this process being formed by non-enzymatic decarboxylation of acetoacetate. Ketone 

bodies are an easily transportable form of the energy derived from fatty acid 

metabolism as they can move through the circulatory system without the need for 

complexation with serum albumin or other fatty acid-binding proteins. Thus the blood 

concentrations of these ketone bodies will drastically increase as fatty acid catabolism 

becomes a more significant source of energy for the body. The rise in acetone will be 

especially marked as, unlike acetoacetate and p-hydroxybutyrate, acetone is not 

metabolised at other parts of the body for energy. 

Smith and Spanel have previously observed this effect in human subjects who 

undergo long periods of fasting 59. Without feeding, the body exhausts its short term 

energy supplies and has to convert to fatty acid catabolism. It is well known that 

during periods of extreme starvation ketone bodies are one of the major energy 

sources for the brain. Another interesting observation is the recovery of acetone levels 

in the work of Lindinger et al. 53. approximately one hour after the subject ingested 
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60g of glucose the level of acetone peaked and began to drop. Presumably this is the 

result of the body switching away from fatty acid catabolism as its primary energy 

source, returning to the now available glucose. Subsequently the production rate of 

acetone will drop below the loss rate and the reservoir of acetone in the blood stream 

will begin to deplete. This is entirely parallel to the observation of acetone in the 

breath of patients with type I diabetes mellitus. In these patients, increased 

glucogenesis consumes oxaloacetate, rendering the TCA cycle less effectivethus 

forcing the body to switch to the formation of ketone bodies and results in high 

acetone levels. 

In the second exercise study three subjects cycled at a constant pace for an 

hour. Many of the sampling problems had been resolved by this time and it was easier 

to sample the subjects at the appropriate time as they were no longer running in a 

remote location. Instead a stationary exercycle (Weider XR660) was set up adjacent to 

the SIFT to collect a breath sample and the subject needed only to slow down, step 

off, breathe two or three times and then return to exercise. This gave much more 

satisfactory results and the traces show a reduced scatter because of this. The three 

acetone traces for the different subjects (the precursor ion was again O2+) are each 

shown in Figure 3.9. 
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Figure 3.9: The acetone traces for the three subjects who participated in the second 

exercise study. The dashed line indicates the end of the exercise 

One can easily see that the levels of acetone have not yet begun to rise significantly. 

Only one subject (subject 1) shows the beginnings of a rise which suggests that the 
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level of exercise was such that the body had no need to switch to fatty acid catabolism 

for energy so that the levels of acetyl-CoA and ketone body formation never rose 

significantly. It appears therefore that a similar experiment of a longer duration would 

be the ideal follow on to this work. 

Isoprene 

The isoprene traces appear to confirm some parts of the Lindinger experiments 

yet they do not completely agree. In the first experiment the scatter in experimental 

values is especially noticeable with some of the traces having a somewhat wave-like 

appearance. The initial values were between 50 and 150 ppb and again this seems to 

span the normal range, with the younger subjects generally having lower levels. 

Spanel et al. 99 report a mean value of 83 ppb with a standard deviation of 45 ppb. 

This trend for younger subjects to have lower isoprene levels has also been observed 

by Lindinger et al. 53 although they report values far higher than any value we have 

observed, with some levels greater than 600 ppb. The overall trends of the Lindinger 

experiment have been reproduced in that the levels of isoprene drop when the exercise 

is well established, in some cases there may be a later rise but the traces are not 

conclusive. 
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Figure 3.10: The isoprene traces for the two subjects in the first exercise experiment 

that were monitored more regularly at the start of their exercise. 



Chapter 3: Trace Gas Analysis Section 3.4 Results 92 

Two subjects were monitored every minute for the first three minutes in an attempt to 

reproduce the initial spike in isoprene concentration observed by Lindinger and in 

these experiments the spike appears to be present. (These two athletes did "step-ups" 

and ran on the spot to cause an initial rise in heart rate.) Their plots are shown in 

Figure 3.10. 

The second exercise experiment appears to confrrm that the breath 

concentration of isoprene drops during exercise although the results are not so 

conclusive as before. Again no significant rapid recovery is observed. These traces are 

shown in Figure 3.11 . 
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Figure 3.11: The isoprene traces for the three subjects who cycled for an hour in the 

second exercise study. The dashed line indicates the end of the exercise. 

It should be noted however that there is no longer an initial rise visible, though this 

again may be related to the level of exercise performed in this experiment. 

The origin of isoprene in the human body is not conclusively known, though it 

is probably related to the isoprenoid biosynthetic pathway. Its formation is defmitely 

endogenous but whether the formation is enzymatic or non-enzymatic is unclear. 

Several studies have looked at breath isoprene and pentane in situations where the rate 

of lipid peroxidation is expected to be elevated. Pentane is known to be produced by 

this peroxidation, as are several other hydrocarbon species, however isoprene has not 
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been observed to follow the same trends as pentane. This suggests that enhanced 

peroxidation (most probably ofisopreneoid compounds) is not a mechanism for the 

formation of isoprene which lends credence to an enzymatic process of formation. 

Lindinger et ai. have also studied the formation process by PTR-MS 52, looking for 

the C5 allylic alcohols that would be a precursor in a non-enzymatic formation route 

for isoprene, but they found no evidence for these allylic alcohols. 

It may be that the changes seen occurring in isoprene levels with exercise are 

more consistent with physical changes than biochemical ones. Isoprene is not very 

soluble in water or blood so the blood/breath ratio will strongly favour gas phase 

isoprene. As well as keeping the overall level of isoprene in the body low this will 

mean that isoprene will be more rapidly lost from the body when the breathing rate 

and heart rate are elevated. This happens during exercise and this will deplete the 

levels of isoprene in the body if the rate of loss exceeds the rate of production. The 

initial spike observed in isoprene may be a result of an initial heart rate rise without a 

concurrent rise in breathing rate. If this is the case more blood flows through the lungs 

during each inhalation period and therefore more isoprene crosses the blood/gas 

membrane. Thus each exhalation has a higher isoprene concentration. The absence of 

a spike in the cycling studies (as distinct from mnning) may be indicative of a more 

gradual start to the exercise allowing the body to adjust the heart and breathing rates 

concurrently. 

Once the breathing and heart rate have settled into an exercise rhythm the 

breath concentration will level out, albeit at a lower level. When exercise is stopped 

one would expect the concentration of breath isoprene to rise again, but how rapidly it 

rises will depend on the relative values of production and loss. The Lindinger results 

suggest that re-equilibration occurs rapidly which indicates that the breath values 

essentially represent the entire endogenous production. If however the body is acting 

as a store for isoprene, even if only at a low level, the recovery time may be greater as 

the body will be depleted of isoprene after the exercise. The loss rate will be 

concentration-dependent, increasing as the blood concentration increases. If the 

production rate was only slightly greater than the loss rate at the blood isoprene 

concentration after exercise it may take some time for the equilibrium to be 

re-established. 
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Ammonia 

Ammonia is formed in the body as a result of protein metabolism or as a result 

of the metabolism of skeletal muscle. It has been shown that during an incremental 

exercise program there is an increase in blood ammonia levels 119, 120 Ammonia is 

toxic to the body and is usually converted to urea and excreted. The results for 

ammonia in this study are far from conclusive, but one observation is immediately 

obvious, the levels of ammonia in the breath did not significantly increase in any of 

the subjects. The results from the second exercise study is shown below. The initial 

rise visible in two of the subject below was also seen in one of the two subjects who 

did step-ups in the first study. 
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Figure 3.12: Breath ammonia concentrations for the subjects in the second exercise 

trial. 

Two conclusions can be drawn from this observation. The fust is that protein 

metabolism is not a significant source of energy during exercise. Smith and Spanel 

have shown that the breath ammonia concentrations of people who have consumed a 

protein meal rise markedly 59, which confirms that there is no problem in detecting 

this change in metabolism with the SIFT -MS technique. 

The protein is hydrolysed in the body to its constituent amino acids which are 

converted in the liver to their corresponding a-keto acids by an aminotransferase. 

This liberates the ammonium ion, NH4 +, which is then either lost via the breath as 
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ammonia or converted to urea and excreted. One can conclude from the absence of an 

increase in breath ammonia that in these experiments sugars and fatty acids were the 

main fuels for the subject's bodies. 

The other pathway that produces blood and breath ammonia is the metabolism 

of skeletal muscle via the purine nucleoside cycle. The second conclusion which can 

be drawn from the ammonia profiles is that the exercise subjects are not burning 

muscle for energy. This is not unexpected due to the relatively moderate nature of the 

exercise. The purine nucleoside cycle has the net effect of converting aspartate to 

fumarate plus NH4 + thus when it is operating we should see a rise in breath ammonia. 

The aspartate formed is subsequently converted to citrate which is used to replenish 

the TCA cycle. Usually the TCA cycle operates without requiring this top-up 

mechanism. However during periods of strenuous exercise, side reactions can deplete 

the cycle thus impairing the ability of the body to provide energy for the necessary 

metabolic processes. The citrate provided by the destruction of skeletal muscle can 

help to replenish this deficit. The conversion of aspatate to fumarate occurs via the 

deamination of adenosine monophosphate (AMP) to inosine monophosphate (IMP) 

which in tum liberates N~ + to the blood. The IMP then condenses with the aspartate 

to form an intermediate which liberates fumarate and regenerates the AMP. A new 

paper by Ament et al. 119 has studied the relationship between breath ammonia, blood 

ammonia, and blood lactate. The method used for determining breath ammonia was 

crude and involved simply trapping all of the expired base in a dilute sulphuric acid 

solution. Each subject underwent graded exercise, essentially stationary cycling where 

the workload gets steadily greater as time progresses, until exhaustion. It appears that 

the blood ammonia concentration cOlTelates with blood lactate formation (see figure 2 

in Reference 119). It is known that in graded exercise there is a sudden onset of blood 

lactate accumulation and thus there is also a sudden onset of breath ammonia rise. 

Ament et al. showed a rise in ammonia level of a factor of approximately 10 which 

was coincident with the beginnings of exhaustion and usually occUlTed when the heart· 

rate had exceeded ~ 130 min-I. This behaviour was not replicated in the present study 

and it thus seems likely that the subjects never reached a level of exhaustion where the 

purine nucleoside cycle was required to replenish the body's citrate stores. Testing 

using a more strenuous exercise regime seems the next logical step for this work. 
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It has been shown in these studies that SIFT-MS is a rapid and useful 

teclmique for monitoring the changes in expired breath gases in persons undergoing 

physical activity. The rough trends with time for acetone and isoprene levels have 

been repeatably shown, though there is significant scatter between subjects. The 

trends in breath ammonia are less certain due to the experimental difficulties 

encountered with the sampling tubes and the likelihood that there is little or no change 

under the current exercise regime. Further experiments of longer duration and/or at 

higher work rates would be the next logical steps in order to further elucidate the 

trends. It would also be prudent to try and confirm the relationship between blood 

lactate and expired ammonia as the body approaches exhaustion as this could provide 

a non-invasive method for determining the onset of blood lactate accumulation. The 

blood lactate concentration is commonly used by exercise physiologists to gauge 

fitness and exhaustion. A non-invasive indicator would almost certainly be of interest 

to them. At the same time it would also be interesting to monitor breath pentane and 

ethane, although these molecules may only be quantifiable as a sum of several 

different hydrocarbons due to the dissociative nature of the reactions of 02+, the only 

precursor that can detect these small saturated hydrocarbons. These marker molecules 

should enable one to track the levels ofperoxidation in the body. 

§3 .4.1.2: Accumulation of Solvents into the human body from polluted 

environmental air. 

The two-way membrane in the lungs which allows oxygen to pass from the air 

to blood also allows VOC to pass from the air i!lto the bloodstream. This is a concem 

when the VOC are toxic, as many ofthe solvents and reactants used in industrial 

processes are. The cumulative exposure to these VOC is a serious concem to workers 

and their employers. The SIFT is an appropriate tool for the monitoring ofVOC in the 

work place environment, as well as in the workers who are exposed to these 

substances. It is capable of easily, quicldy and accurately measuring both the workers' 

breath solvent level and the solvent concentration in their environment. 

The results presented in this section are an example of the above and they 

relate to the solvent exposure received by persons around a room in which a 
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polyurethane floor sealing compound has been used. The polyurethane studied used a 

solvent mixture that is relatively common for this type of application and contained a 

mixture of predominantly C9 aromatic hydrocarbons (mostly mesitylenes, or 

trimethyl benzene isomers), C8 aromatics (xylenes), and a small amount of butyl 

acetate. The mesitylenes and xylenes are also used as solvents in other industries and 

industrial processes. Both solvents are strong irritants and can be toxic with high 

continued doses. 

There have been several previous studies of exposure to both of these solvents 

which have usually been performed by tracking the breakdown products in urine. 

Blood samples have also been used. There have been no previous attempts at 

quantifying the breath concentrations of these solvents. 

The SIFT-MS mass spectrum collected for an air sample taken above a floor 

being sealed with the polyurethane is shown in Figure 3.13. 
signal (cps) 
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Figure 3.13: The mass spectrum produced by sampling air from an evacuated glass 

bulb that was opened above a floor that had been sealed with a commercially 

available polyurethane several hours prior to sampling. 
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This was obtained using an H30+ precursor and the major trace peaks observed are at 

mJz = 107, 117, 121 and 135. Smith and Spanel 104 have shown that H30+ transfers a 

proton to both xylene and mesitylene at the collision rate giving their respective 

protonated ions at mlz = 107 and 121. The reaction ofH30+ with butyl acetate has not 

been studied previously but the reaction of ethyl acetate has been reported 107. The 

reaction ofH30+ and ethyl acetate gives only the protonated neutral with a rate 

coefficient that is similar to the Langevin rate. From this it seems likely that the 

mJz = 117 ion is due to protonated butyl acetate with the ion at 135 anm being the first 

cluster of this ion with water. The presence of a clustering reaction implies that this 

ion is unlikely to be a hydrocarbon species as these do not usually associate with 

water. An experimental measurement of the rate and products confirmed the presence 

of the 117 amu ion and also found a product at 61 amu (CsHsO/) which was also 

seen in the spectrum ofthe air above the floor. This helps to confirm this assignment. 

The Multitrace Recorder was then configured to monitor the C9 aromatics 

(mesitylene) and the C8 aromatics (xylene) and samples using other evacuated bulbs 

were made in collected locations. The building in which the vapour was collected has 

nine floors, many of which are connected by partially open ducting. The initial 

interest in the solvent vapour levels came as a result of complaints about 

contamination in a staff common room, one floor below the rooms that were being 

sealed. The levels in this room were found to be 1500 ppb (1.5 ppm) for both xylene 

and mesitylene. This is compared to the levels found in the room being sealed of 91 00 

ppb of xylene and 7500 ppb ofmesitylene. This indicates that quite a significant 

amount of the organic vapour moved between rooms and floors and shows that 

persons other than the contractor applying the polyurethane sealant may receive doses 

of the solvent. 

The contractor also consented to give us breath samples before and after the 

sealing of a room floor. These samples however could not be obtained on a single day, 

the 'before' was separated by a day from the 'after' sample. The results are further 

complicated by the fact that although the particular operator sampled apparently does 

not usually work with a filter mask, on the day that we obtained the 'after' sample he 

did. Models of breath trimethylbenzene suggest that the results taken at the end of a 

working day are most indicative of that day's exposure 121, Thus if the mask is 

effective it will effectively invalidate the' after' result as one may see a more 
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significant level as a result of previous exposure (i.e. the body background) than from 

that days exposure. The results obtained were xylene: 220 ppb both before and after 

and mesitylene: 45 ppb before and <15 ppb after. It appears that the mask has been 

effective in minimising exposure as the levels after exposure are similar or less than 

those ostensibly obtained before solvent exposure. The results also indicate that the 

xylenes have a longer lifetime within the body, as the breath solvent ratios are less 

than 1 : 0.2 (xylene:mesitylene) compared with exposure ratios (assuming the room 

concentrations are indicative) of approximately 1 : 0.82. The' after' ratio may have 

been affected by the filter mask which may not filter out the two solvent components 

to an equal extent but this is only exacerbating an already apparent effect. 

In a separate experiment two volunteer subjects were confined in a room in 

which the air had been in contact with large flat trays of mesitylene and xylene. Both 

subjects were male aged between 25 and 35 with no known previous exposure to 

either of the solvents. Unfortunately the temperature could not be well regulated in the 

exposure room so the solvent concentration varied significantly with time. To correct 

for this, samples of the room air (collected in an evacuated glass volume) were 

collected and analysed every half hour during the exposure. After exposure the breath 

concentrations of both xylene and mesitylene were monitored in the subjects until 

they reached background levels. The exposure profiles and the decay of the solvent 

concentration in each subject's breath are shown in Figure 3.14. 

Subject Parameter C8 Aromatics 

1 

1 

2 

2 

Total dose a 

Initial breath 

concentration b 

Total dose a 

Initial breath 

concentration b 

(xylene) 

13762 

527 

7387 

243 

C9 Aromatics 

(mesitylene) 

4776 

92 

1957 

29 

Table 3.2: The dose received and uptake/or two subjects exposed to a two part 

solvent mixture. 

a) Values in ppb hours. 

b) Values are alveolar concentrations in ppb. 
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Figure 3.14: The top plot shows the concentration of xylene and mesitylene measured 

at half hour intervals during the period in the exposure chamber during the time 

subject 1 was inside the chamber. The lower plot shows the semi-logarithmic plots of 

the breath concentration of the two solvents for subject 1 of the subjects. Here t=O 

corresponds to the removal of the subjects fi-om the exposure chamber after two hours 

inside. 
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From the half-hourly measurements an estimate of the 'total dose' of each 

solvent has been determined by integrating the area beneath the curve obtained by 

connecting the points obtained for atmospheric solvent concentration. This dose is 

reported as a value in "ppb hours". Table 3.2 shows this dose and the initial breath 

concentrations for both solvents in each of the subjects. 

The ratio (in units of hours-I) of initial breath concentration to 'total dose' is 

remarkably similar. The mesitylene ratio is -0.037 for subject 1 and -0.047 for subject 

2, similarly the ratios for xylene are -0.017 and -0.017. Note that the mesitylene ratio 

for subject 2 is only an approximate value as the total xylene exposure for this subject 

was not significant enough. However these results still suggests that the uptake of 

these species is approximately linear, i.e. the initial breath concentration is linearly 

dependent on the dose received. This is inconsistent with a report by Eide and 

Zahlsen 122 that the uptake of aromatics, specifically trimethylbenzene, is best 

described by a quadratic term. Of course there are not enough different concentrations 

present in this study to conclusively argue either case. Note also the apparently lower 

uptake ratio for mesitylene as opposed to xylene. Intuitively one would expect that 

these aromatics would behave similarly in the body as they only differ by one methyl 

group. The decay of breath solvent concentration after cessation of exposure has a 

roughly exponential decay with a semi-logarithmic plot yielding relatively straight 

lines. As can be seen from the semi-Iogaritmic decays presented in Figure 3.14 the 

slopes of these straight lines fall into two groups, both the xylene decays give 

exponential decay constants of approximately 25 min-I whereas the mesitylene decays 

have a slope of approximately 55 or 60 min-I. This suggests that the removal of 

mesitylene from the body is more rapid than that of xylene, even on a relatively short 

time scale. This may partly explain the lower uptake of mesitylene as the body may 

metabolise (and thus remove) it during the exposure time. An analysis of the 

metabolites of xylene and mesitylene excreted by the subjects would compliment this 

experiment. The extra oxidisable methyl group in mesitylene may account for the 

more rapid destruction. 

The SIFT -MS technique has demonstrated its applicability for the study of 

solvent exposure. The levels of exposure that can be monitored are much lower than 

those usually reported in exposure studies. Due to the rapid and non-invasive nature 

of the sampling technique it is simple to obtain a time profile for the breath, and 
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consequently blood concentrations of the molecule itself. With SIFT-MS there is no 

need to rely on degradation products from sources such as urine, where the result is 

time averaged, or to use invasive sampling methods as in blood testing. 

§3.4.2: Headspace Analysis: The gas phase emissions from fertilised soil. 

This section of work was conducted in conjunction with Michael Mautner, 

Robert Sherlock, and Tim Clough from the Lincoln University Soil Science 

Department. The aim was to ascertain if SIFT -MS could be used to quantify and track 

certain of the gaseous emissions from a block of soil to which a nitrogenous fertiliser 

was added. The fertiliser chosen was an artificial urine solution comprised mainly of 

urea (CO(NH2)2). This was prepared by dissolving 51.39g potassium hydrogen 

carbonate (KHC03), 18.33 g potassium chloride (KCl), 15.54 g potassium sulphate 

(K2S04), 55.10 g urea (CO(NH2)2), and 14.27 g glycine (CH2(NH2)COOH in two 

litres of de-ionised water. The initial concentrations were designed to approximate the 

dose received by a section of pasture urinated upon by cattle during grazing. This 

level of 'fertilisation' is frequently enough to kill off most ofthe plants in the affected 

area. 

When urea falls on to moist soil the chemical reaction between urea and water 

(Reaction 308) occurs 123,124. 

(308) 

This aqueous ammonia can then be liberated to the gas phase and is thus lost to the 

atmosphere where it no longer serves a useful purpose to the soil or those organisms 

that live in or on it. The soil is not usually capable of buffering the effect of this 

sudden influx of basic species and the pH of the soil rises rapidly to around 9. Loss of 

ammonia to the atmosphere also shifts the position of the NH3INH4 + equilibrium 

affecting the soil pH and other soil parameters and so an accurate quantification of 

ammonia loss is necessary. 

The NH4 + is also, over a much longer time scale, converted via nitrite (N02") 

to nitrate (N03") ions by enzymatic means within some of the soil microbes. During 

this processing it is possible that, as the pH drops, some of these nitrite ions will be 

converted to nitrous acid which can in turn be converted to NO and be lost to the 
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atmosphere. Other gaseous compounds (e.g. N20) can be formed but were not 

monitored in this study. 

Experimental 

103 

The experiment was designed to sample the gas evolved from a section of soil. 

To tIns end each sample consisted of approximately 200 cm3 of dry soil placed into 

the bottom of a sealable glass container of approximately one litre internal volume. 

The vessels are approximately 160 mm tall with the soil occupying the bottom 40-45 

mm. This leaves at least 0.75 litres of open head space above the soil. The soils were 

then watered with 100 ml of distilled water followed immediately after by 40 ml of 

the artificial urine containing 0.46 mol L-1 urea. The soils were then left, although the 

soil water level was maintained by watering approximately weekly, each time 

bringing the sample up to the same mass as it had been directly after the addition of 

the artificial urine solution. Sampling of the head space gas in the soil container 

occurred with a frequency that was intended to follow the total gas emission pattern, 

i.e. it occurred more regularly in the first few days and only sporadically after the first 

month. 

At each time point in the study ammonia, nitric oxide, and nitrogen dioxide 

were monitored using the SIFT-MS technique. Each soil sample was capped for a 

period of time that was less than that required for the headspace to reach equilibrium 

with the soil. That is to say the patiial volumes measured were predominantly due to 

the emission rate and were not strongly influenced by the adsorption rate of the soil 

sample or the enclosure. This time was usually five minutes (validation of this is 

shown in the results section following). The vessels containing soil samples were 

sealed with a screw down vacuum tight seal that had a rubber septum in it. This 

septum was pierced with an 85 mm long large bore needle, such that each head space 

gas sample came from the region of space approximately 30 mm above the centre of 

the soil block. The average total sample time was around 10 seconds and thus the 

pressure in the vessel was not significantly altered from atmospheric pressure during 

gas sampling. Multiple repetitions of each different sample type and blanks were 

measured at each time interval. 

Results 
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The first experimental task was to determine that the collection time of five 

minutes was outside the equilibrium region for both gases. Because of the higher 

solubility of ammonia in water, one would expect that the ammonia would reach 

equilibrium more rapidly than nitric oxide, but both gases were checked. Initial 

samples prepared by the addition of solid urea rather than an aqueous solution showed 

that after five minutes the ammonia system was close to equilibrium. This is shown in 

Figure 3.15, but note that the extrapolation to zero time intercepts the axis at a finite 

concentration. Whether this non-zero intercept represents a degree of non-linearity in 

the collection method (i.e. that the container alters the equilibrium significantly such 

that the emission rate is altered) or an initial amount of ammonia present in the 

collection vessel with the seal off is unlmown. The former effect is almost certainly 

present to some extent but is more likely to affect the times closer to equilibrium. A 

possible explanation is that the system approaches a value close to equilibrium in less 

than a minute but then takes several more minutes to finally reach it, with an attendant 

two fold rise in concentration of ammonia. This is unlikely. It seems more likely that 

it is the latter effect i.e. that the container is partially inhibiting air exchange with the 

surroundings even when uncapped. It is quite possible that equilibrium is established 

within the vessels before they are capped. 
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Figure 3.15: Two experiments showing the dependence of the observed ammonia 

concentration on the amount of time that the sample vessel was sealedfor before 

sampling. 
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Experimental considerations mean that it is necessary to have a reasonably large 

sample volume and this means that gas exchange with the surrounding air is not 

entirely unhindered. Thus in the regions where emission is high the current results 

more correctly represent an upper limit. 

105 

Nitric oxide collection time experiments conducted at the same time as the ammonia 

ones discussed above suggest that five minutes was also outside the equilibrium 

region for this gas. However the samples were measured only a few days after 

fertilisation and the amounts of NO formed were quite small. Later experiments, 

shown in Figure 3.16 and 3.17, show that the time taken for nitric oxide to reach 

equilibrium is indeed longer than that for ammonia. 
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Figure 3.16: Plots of observed NO concentration versus the time each sample was 

sealed for two different emission rates. These different rates were prepared by adding 

different concentrations of "urine" to the samples at preparation time. 

Together these graphs show that, at a five minute collection time, the 

headspace concentrations ofNH3 and NO are increasing linearly i.e. they represent 

emission rates. The corresponding graph for nitrogen dioxide was not able to be 

measured as the level ofN02 was never observed to be above a trace amount. 

Nitrogen dioxide was measured as it can be formed by the reaction of NO with 

oxygen from air, however this process does not appear to be significant in the current 

work. 
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=> (309) 

The termolecular rate coefficient for this process is 4x10-38 cm6s-1125
, and even if the 

maximum level of nitric oxide (5 ppm) was left in the one litre volume for the full 5 

minutes only 70 ppb ofN02 would be observed. Thus the levels ofN02 observed in 

the soil sample will be much less than 35 ppb, or lower than the accurate level of 

detection. 
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Figure 3.17: A range a/longer collection times/or a sample emitting nitric oxide. 

It was also found that the method, or more correctly timing, of preparation of 

the soil samples had an effect on the emission rates. When samples were prepared by 

the concurrent addition of water and "urine" solution the levels were much different 

from those observed when the samples were watered, left to stand for several hours 

and then feliilised. Two different sets of samples were prepared using each method, 

one using the same concentration of urea as above and another using urea that was 

half the concentration (see Figure 3.18). The headspace gas concentrations in all the 

samples were monitored several times over the course of two days. The observed 

ammonia gas concentrations of the concurrently watered samples were reproducibly 

lower than the pre-watered samples. Agreement between the two replicates prepared 

at each concentration and method was good except for the two, high concentration, 

sequentially watered samples, which had a spread of almost 50% at the peale In the 

dilute case the sequentially watered soil samples evolved approximately two and a 



Chapter 3: Trace Gas Analysis Section 3.4 Results 107 

halftimes as much ammonia as those watered concurrently. A similar comparison for 

the undiluted samples is complex due to the spread observed for the sequentially 

watered samples at this concentration. 

Presumably this difference in ammonia emission arises from differences in the 

local urea concentration and the urea disposition of the urea (i.e. the column density 

of soil the gas must pass through to be emitted) while the urea degradation takes 

place. The sequentially watered samples have a higher urea concentration at the 

surface of the soil as a result of less efficient mixing and thus give more gas directly 

to the atmosphere. Whether this means that the rate of gas emission is proportional to 

the local urea concentration or that passage through a soil layer results in the 

adsorption of the ammonia gas before it can be volatilised is unknown. 
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Figure 3.18: A comparison of sample preparation methods. The sample with black 

symbols were vllateredfour hours before "urine" was added, the red samples were 

watered concurrent with "urine addition". In each case the hollow samples are at the 

standard concentration, while the others are half as concentrated. 

The first iteration of these experiments involved four repeats of three sample 

types: blank, watered, soil, fertilised soil, and fertilised planted soil. Each was watered 

with 100 ml of water and 40 ml of the 0.46 mol L-1 "urine" solution at the same time. 

As mentioned earlier the urea concentration were great enough to cause 'bum-off of 

plant material and this killed all the grass in the planted sample within the first week. 
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The planted samples were replanted with approximately 14g of new, clean grass 26 

days later. This grass did not fare any better however and again died within a week or 

so. Whether the planted samples accurately reflect the influence of plant material in 

the soil is thus debatable. The initial rise in ammonia is shown in Figures 3.19. 
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Figure 3.19: The initial rise in ammonia concentration. The solid points are the 

unplanted replicates and the hollow points the planted ones. The error bars represent 

the high and low values measured 

Several replicates of this system have been prepared and the above profile has 

been found to be reproducible in most cases. The ammonia concentration at the peak 

however has not been as reproducible, due to factors beyond the scope of the current 

experiments such as temperature variations, soil type, and the mixing of the "urine" 

solution with the soil. 

Samples with varying concentrations of added "urine" were also prepared. In 

each case the total amount of liquid added was identical for each sample but the 

amount of the artificial urine solution added varied. The dependence of the ammonia 

emission on the initial amount of "urine" added is complex and is celiainly not linear. 

The emission rate is believed to be strongly dependent on such factors as the soil 

packing and the temperature. However that the time profile of the emission is very 

similar within this set of samples. This profile was observed to be reproducible for 

other similarly prepared replicates. 
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Figure 3.20: The heads pace concentrations of nit ric oxide throughout the experiment. 

The symbols (diamond, triangle, and circle) show the average value, with the errors 

bars showing the maximum and minimum values measured The grey triangles are the 

original samples without plants, the black diamond the original samples with plants, 

and the grey circles a later replicate of the without plantsamples. Note that in some 

cases the values became lower than zero when correctedfor the back ground NO+ 

levels, this is represented by error bars that continue to the X-axis. 

The profile of the NO emission is less clear. This is partly a result of 

instrumental background noise and partly because of problems with the samples. The 

noise was caused by the formation ofNO+ as a result of reactions in the reaction flow 

tube initiated by the action of trace energetic particles or photons leaking from the FA 

ion source. These particles react with the major components ofthe air in the reaction 

flow tube and result in the formation of small amounts ofNO+. This NO+ does not 

represent nitric oxide in the air and was found to be very variable. The most probable 

formation reactions are shown below. These ions (and atoms) are probably generated 

from photons or metastable helium atoms entering the primary (SIFT) flow tube. 
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Nitric oxide is generated by microbial means from the nitrates in soil. It is known that 

the microbes that create the nitric oxide are unable to operate at elevated pH 123,124, so 

one would not expect to see NO generation until after the bulk ofthe ammonia had 

been emitted. This is indeed the case with NO emission beginning approximately 350 

hours after the samples were prepared. By way of compariso~ the ammonia emission 

was almost totally complete by 250 hours. 

The dip in the emission rate from the planted samples at approximately 600 

hours after preparation is a result of these samples being replanted. Presumably this 

drop in NO emission is a result of disturbing the soil while replanting. The 

concentration of artificial urine initially added was sufficient to kill all the grass 

present in the planted samples. At the 600 hour mark they were replanted, although 

this grass again did not live very long. It is not surprising that the grass died off 

initially as the levels of "urine" added simulate a bovine urine patch which will often 

cause browning in field situations. There is another drop in the emission rates between 

the 1000 and 1500 hour marks. This is believed to be the result of a physical process 

viz a drying out of the soil samples. The period roughly correlates with a period of 

extremely hot weather during which the samples were not watered more regularly, 

resulting in dryer samples. This may have prevented the microbes from producing NO 

during this period, when the temperature normalised and hydration was restored 

emission recommenced. 

Confirmation of this explanation is provided by a later experiment (the black 

bars in Figure 3.20) which show an essentially flat concentration across this region. 
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Section 3.5: Conclusions. 

The modifications carried out to the F A/SIFDT at the University of 

Canterbury to enable analysis and quantification of trace components in air samples 

via the SIFT -MS method have been shown to be practicable and effective. Breath 

analysis has been performed and reasonable agreement with the results reported by 

other researchers has been achieved. Two specific applications of breath analysis have 

been investigated in greater depth than others. These applications are: the monitoring 

of solvent contamination in the breath of subjects exposed to solvent vapours; and the 

monitoring of the major breath gases of subjects undergoing physical exercise in an 

attempt to monitor the physiological changes occurring during this exercise. 

Headspace analysis of the gases emitted by a fertilised soil sample has also been 

investigated, particularly the time profiles of ammonia and nitric oxide. SIFT -MS has 

shown to be an easy and rapid method for following the changes in the emissions of 

these gases. 

The results presented in this Chapter are mostly of a preliminary nature and 

will require continued investigation to finalise them. However the SIFT -MS has been 

shown to be applicable to an amazing variety of applications and has an enormous 

potential to many industries. Therefore it should see increasing use at the University 

of Canterbury. 
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Chapter 4: 

Reactions ofH3+ ions with hydrocarbons: studies of the 

products of exothermic proton transfers. 

Section 4.1 Introduction. 

§4.1.1: H3 + in the galaxy. 

An understanding of the chemistry occurring in the interstellar medium (ISM) 

has been the motivating factor for many of the ion-molecule reaction systems that 

have been studied using the SIFT. The unique physical conditions present in the ISM 

mean that ion-molecule chemistry has been proposed to be one ofthe main routes for 

the formation of more complicated species in this medium 42. The ISM is a cold, 

disperse region where chemistry does not occur on a rapid time scale. Nevertheless in 

the centre of the cold dark interstellar clouds many polyatomic species have been 

observed. 

Any buildup of these more complicated molecular species must be balanced 

against their dissociation back to more simple species. This is reason why the more 

complex species are clustered in the dark interstellar clouds. There they are shielded 

by the surrounding dust particles from dissociation by photons and to a lesser extent 

by cosmic rays, allowing these molecular species to live long enough to react further. 

These ion-molecule reactions can build molecules of higher complexity, or if the 

reaction is extremely exothermic, cause fragmentation. In an exoergic reaction, the 

exoergicity, if it is larger than the bond energy, may ultimately cause bond rupture. 

Hence many products of these reactions are fragments of the original larger neutral. A 

process that effectively reduces the complexity of the species in the ISM. The 

breaking of these bonds and the relative kinetic energy between the fragments formed 

provides a sink for the excess energy. 

One of the prime chemical ion candidates for this role in the ISM is H3 +. This 

ion is an extremely energetic species and is ubiquitous in the ISM. H3 + is one of the 

ions to have been directly observed in interstellar space 126 and has also been observed 

in the Jovian auroral electrojets 127. Other likely candidates that might playa similar 

dissociative role are species such as He +, HeH+ and other high energy ions. 
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Section 4.2: Experimental 

§4.2.1: Methods used for the generation of the H3 + reactant ion. 

The H3 + ions used in this study were of necessity generated by two separate 

methods, as a single method could not be found that eliminated all possible sources of 

interference with the accurate measurement of the product ratios. The differences 

between the generation methods were quite radical; the first used a hydrogen carrier in 

the FA and a helium carrier in the SIFT reaction tube while the second reverses the 

order of these carrier gases. The former method represents the F AlSIFT operating in a 

'standard' manner, with the reactant ion being generated in the remote ion source and 

subsequently being injected into the main reaction tube. In the latter method the ion of 

interest (H3 +) is generated in the SIFT reaction tube via reaction of an injected ion 

with the hydrogen carrier gas. Hereafter the methods will usually be denoted by the 

type of carrier gas present in the SIFT reaction tube. 

In the first (helium) method the initial process is the ionisation of hydrogen in 

the FA to give H2 + followed by the rapid reaction between H2 + and hydrogen as 

shown below 1. Ionisation was usually provided by the linear geometry microwave 

discharge (see §2.2.3). 

=> (401) 

k = 2.0 x 1O-9cm3s-1
. 

Reaction 401 will be the primary formation method in the F A although there is also 

the possibility that the termolecular process, Reaction 402, generates some of the H3 + 

ions. This alternative reaction sequence is begun by the dissociative ionisation of 

hydrogen 2,128,129, Note that in the current arrangement it is more likely that the third 

body will be helium rather than hydrogen butthe kinetics for this process have not 

been measured with helium as the third body. The termolecular rate coefficient in 

helium will probably be slightly slower. 

=> (402) 

k3 = 3 X 10-29 cm6s'l . 

There are several problems however with this first method which arise mainly as a 

result of vibrational excitation of the H/. The H/ formed by Reaction 401 is mostly 

vibrationally excited, retaining some of the exothermicity of its formation reaction as 

well as gaining energy from excitation of the H2 + reactants and translational energy 
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from the collision process. Furthermore the vibrational quenching reaction between 

H3 +(v) and hydrogen is known to be slow 36, 37, 38,130,131. The estimated rate 

coefficients for this quenching process vary from 3 xl 0-10 to 10-12 cm3s-1, and are 

highly dependent on the initial vibrational state ofthe H3 +. Blakley et al. 131 give rate 

coefficients for quenching of the order of 10-11 cm3s-1 for H3 + with greater than ~3 

vibrational quanta and give values an order of magnitude lower than this for those of 

H3 + with v < 3. Gougousi et al. 38 however conclude that it is only the v]=l state that 

is slowly quenched. With the FA source at 0.5-0.6 Torr (hydrogen) these rate 

coefficients should still result in most of the H3 + exiting the F A being in the 

vibrational ground state. This however does not ensure that the ions in the SIFT flow 

tube are not internally excited as energy will be gained during the injection process 

(see §2.5.4 and §2.5.5). The most graphic demonstration of this is the observed 

presence of HeH+ ions in the flow tube. These ions can only be formed by Reaction 

403, which is endoergic by 244 kJ mor1 for the case when all the reactant H/ ions are 

in their ground states. 

H3 + (w:O) + He => (403) 

The amount ofHeH+ observed was highly dependent on the injection conditions. 

When higher voltages were used on the FA nose cone the ratio HeH+/H3 + increased. 

As a result of this, the injection conditions for H3 + were quite different from those 

reported almost anywhere else in this thesis, with the FA nose cone voltage being in 

the range + 12-17V and the venturi plate usually floated to + I OV or more. Because the 

remainder of the electrostatic lenses in the ion selection region are arranged in Einzel 

type clusters which do not significantly affect the kinetic energy of the ions, the 

potential gradient that the ions experience across the quadrupole region (between the 

F A nose cone and the venturi plate) provides most of their kinetic energy. Reducing 

this gradient leads to lower kinetic energies and therefore lower energy injection but 

also reduces the transmission efficiency. The quenching rate for vibrationally excited 

H3 + with helium as a collision partner will be less than that of hydrogen, especially for 

the higher vibrational states where symmetric proton transfer and vibrational

vibrational energy transfer between H3 + and H2 131, 132 may be important quenching 

mechanisms. Thus any energy gained will only be removed slowly. A good indicator 

of the vibrational state of the H3 + reactant is the reaction of H3 + with argon (Reaction 

404). 
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=> (404) 

This reaction is 52 kJ morl endothermic and will only occur when the ion has some 

degree of internal excitation. Only three vibrational states of H3 + do not have enough 

energy to overcome this endothermicity and will not transfer a proton to argon. These 

states are the ground state, the VI = 1 breathing mode, and the V2 = 1 bending mode. 

Accordingly if argon is added at the reaction inlet port, a good indication of the extent 

of vibrational excitation of the H3 + in the reaction region is found from the magnitude 

of the ArH+ signal. This test was performed several times and when the HeH+ 1H3 + 

ratio was at a minimum (i.e. well tuned inj ection conditions) excitation levels i.e. H3 + 

ions with V> 1, are generally less than 10%. 

A similar method to that presented above was used for generating the D3 + ions 

that were reacted with some of the smaller hydrocarbons. Due to the greater scarcity 

and expense of deuterium however, a helium carrier was used in the FA as well as the 

SIFT. A moderately large flow ofD2 was then introduced to the helium plasma at the 

FA nose cone and D2 + generated. Subsequently, by an equivalent reaction to Reaction 

401, D3 + was generated and injected into the SIFT reaction tube. One complication for 

a D3 + reactant is that D3 + and HeD+ (formed from energetic injection ofD3 +, see 

Reaction 403) are isobaric. Presuming that reaction of excited D3 + and any HeD+ with 

argon is still exothermic then by comparing the D3 + and ArD+ counts at high argon 

flows there is ~3% of these energetic ions present in the 6 amu signal. 

The second method used for generating H3 + was to inject a signal ofKr+ from 

the FA into a hydrogen carrier in the SIFT reaction tube 37,70,133. This approach has 

several advantages. As the H3 + is not directly injected through the venturi, it cmmot be 

excited by that process; the hydrogen carrier will in all probability be more effective 

at quenching any vibrationally excited H3 + ions; and finally, mld most importantly, the 

formation reaction is slightly endothermic and should only produce ground state H3 +. 

Excited H3 + can of course be formed from translational energy carried by the Kr +, but 

this effect is probably small. 

=> Kl'H+ + H + 37 kJ morl (405) 

k = 2.1 X 10-10 cm3s-l • 

=> H3+ + Kr -1.25 kJ mOrl. (406) 

k = 3.8 X 10-11 cm3s-l . 
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This procedure effectively eliminates any concern over vibrational excitation, 

although experimental verification is not possible due to the rapid exothermic reaction 

between ArH+ and the hydrogen carrier which regenerates H3 +. The drawback of this 

method is that reactions of product ions, from H3 + and the neutral, with the carrier gas 

(H2) can occur. Indeed due to the high number density of the carrier gas, even slow 

reactions (e.g. association reactions) can have a significant effect on the observed 

product distribution. The usual method used for determining the product branching 

ratio of a reaction (extrapolation to zero neutral flow) does not correct for the effect of 

the hydrogen carrier as the effect does not lessen with decreasing neutral reactant 

flow. Association reactions with the hydrogen carrier gas are especially problematical 

as they essentially reverse one of the major fates of excited hydrocarbon ions viz. H2 

loss. Thus the product distributions obtained in a hydrogen carrier are not always 

reliable. A combination of the two H3 + generation methods is necessary to accurately 

determine the product ratio for ground state H3+ ions in the SIFT. 

Krypton ions are not simple to produce in the FA. Their IP of 14.0 eV is 

considerably less than both that of helium as well as the energy ofthe helium 

metastables (He 2 3S = 19.82 eV) and thus Kr+ is not efficiently formed in the FA. In 

order to get reasonable counts of Kr + the krypton must actually be passed through the 

microwave discharge cavity. It was found that this method produced copious Kr+ 

counts, enough that the signal of H3 + was usually greater than 100,000 cps with the 

hydrogen carrier method. 

The isomeric structures of two of the product ions, C3H3+ and C3HS+, was also 

investigated during the course of the study. These investigations took place with a 

hydrogen carrier in the SIFT reaction tube. Although C3H3 + associates with hydrogen 

the association rate coefficient is very small. It has only been observed in the 

hydrogen carrier used in the current investigation. Other researchers 134 have shown 

the rate coefficient for both isomers to be less than 5x10-12 cm3s-1 (which corresponds 

to a termolecular rate coefficient of ~5x10-28 cm6s-1). Both C3H3+ and C3Hs+ can have 

two isomeric structures, the former has a linear and a cyclic structure, while the latter 

can take either the allyl or 2-propenyl form. For each ion it has been shown that the 

nature of the ion can be deduced from its reactivity with methanol 88,134. 

For the C3Ht ion, the linear C3H3+ was reported by McEwan et al. 134 to give 

both proton transfer and association while the cyclic form was essentially unreactive. 
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The rate coefficient for the reaction of the linear isomer was l.8xlO-9 cm3s-1
, but that 

may be slightly altered by the fact that investigation of the isomeric structures was 

performed in a hydrogen carrier as opposed to the helium one used by the original 

researchers. 

The two C3HS + isomers also have different reaction rates. The allyl cation 

(which is at the energy minimum) reacts at 7.3xlO-10 cm3s-1 giving mainly proton 

transfer (CH30H2 +) and hydrogen molecule abstraction (C3H7 +) while the 2-propenyl 

structure reacts at the slightly faster rate of 1.7xlO-9 cm3s-1 to give 70% proton transfer 

and 30% adduct formation (at ~0.5 Torr of helium) 88. This latter result is likely to be 

significantly affected by the presence of a hydrogen carrier gas. Because of that 

possibility, the rate coefficient for the product ion ofH30+ and propyne (known to be 

entirely the 2-propenyl cation) with methanol in a hydrogen carrier was investigated. 

This rate coefficient was fond to be 2.2xlO-9 cm3s-1
, slightly higher than that measured 

in helium. These rate coefficients were used to identify the isomeric nature of several 

of the C3H3 + and C3HS + products observed in this study. 

Section 4.3 :Results. 

§4.3.1: Reactions investigated. 

The reactions ofH3+, N2H+, and H30+ with a wide range of hydrocarbons have 

been studied in the current work. The hydrocarbons investigated were acetylene, 

ethylene, allene, propyne (methyl acetylene), cyclopropane, propene, propane, 

2-butene, n-butane, iso-butane, benzene, toluene, and methyl cyclohexane. Due to the 

fact that two different methods were used for generating H3 + ions, the reactions with 

H3 + have also been studied in two different carriers. It was assumed that the N2H+ and 

H30+ ions reacted identically in the different carrier gases. This should be a 

reasonable assumption as there should be no difference in vibrational energy present 

in these ions as they are formed by the same reactions in each ofthe carriers and any 

vibration as a result of reaction exothermicity should be as quenched effectively by 

either carrier. Previous experience suggests that ion excitation does not significantly 

. feature in the reactions ofN2H+ and H30+. The reactions of the three ions (H/, N2H+, 

and H30+) are presented in Tables 4.1, 4.2, and 4.3 respectively. 
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Table 4.1: Reactions of the H3 + ion with the given neutral molecules. 

Rate Carrier 

Neutral Coefficient a, b Gas Products Energetics C 

Acetylene helium C2H3+ 1.0 -471 

C2H2 

2.6 2.81 hydrogen C2H3+;C2HS+ d 1.0 -471 

Ethylene helium C2H3+ 0.60 -54 

C2H4 C2HS+ 0040 -264 

2.7 2.91 hydrogen C2H3 +;C2H/ d 1.0 -54 

Allene helium C3H3+ 1.0 -Ill or 

CH2=C=CH2 -223 

2.9 3042 hydrogen C3H3+ e 1.0 -Ill or 

-223 

Propyne helium C3H3+ 1.0 -218 

CHrC=CH 

3.0 4.22 hydrogen C3H3+ e 1.0 -218 

Cyclopropane helium C3H/ 0.35 -290 

C-C3H6 C2HS+ 0.60 -143 

C3H3+ <0.05 -85 

2.6 3.32 hydrogen C3HS+ 0.25 -290 

C2Hs+ 0.75 -143 

Propene helium C3HS+ 0.65 -181 

CHrCH=CHz C3H3+ 0.10 -52 

C2H3+ 0.25 -89 

3.1 3.73 hydrogen C3HS+ 0.70 -181 

CZH3 +;CzHs + d 0.30 -89 

Propane helium C3H7+ 0045 -203 

C3Hg CzHs+ 0.55 -175 

3.0 3.51 hydrogen C3H7+ 0040 -203 

CzHs+ 0.60 -175 

2-Butene helium C3H7+ 0040 -252 

CH3CH=CHCH3 C4H9+ 0.35 -226 

C2HS+ 0.25 -143 

2.8 4.18 hydrogen C3H7+ 0040 -252 

C4H9+ 0.35 -226 

C2HS+ 0.25 -143 

n-Butane helium C3H/ 0045 -173 

C4H lO C4H9+ 0.35 -l32 
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C2H5+ 0.15 -163 

C3H5+ 0.05 -110 

3.0 3.96 hydrogen C3H/ 0.45 -173 

C4H9+ 0.35 -132 

C2H5+ 0.20 -163 

i-Butane helium C3H7+ 0.50 -249 

C4H IO C4H9+ 0.30 -140 

C2H/ 0.20 -155 

3.0 4.01 hydrogen C3H/ 0.60 -249 

C4H9+ 0.35 -140 

C2H/ <0.05 -155 

Benzene helium C6H/ 1.0 -347 

C6H6 

3.3 4.41 hydrogen C6H/ 1.0 -347 

Toluene helium C7H9+ 0.75 -370 

C7HS C7H/ 0.20 -257 

C6H5+ 0.05 -105 

3.9 5.90 hydrogen C7H9+ 0.40 -370 

C7H7+ 0.50 -257 

C6H/ 0.10 -105 

Methylcyclohexane helium C7H 13+ 0.35 -245 

C7H14 C6Hll+ 0.20 -295 

C4H9+ 0.23 -83 to -238 

C4H/ 0.12 +35 to -87 

C3H/ 0.10 -79 to-163 

4.2 5.18 hydrogen C7H 13+ 0.60 -245 

C6H ll+ 0.25 -295 

C4H9+ 0.15 -83 to -238 

Table 4.1: Reactions of the H3 + ion with the given neutral molecules. 

a) Observed rate coefficient. Units 10.9 cm3s·l. 

b) Calculated collision rate using the method of Su and Chesnavich 114 or Langevin theory. 

c) The energetics for each observed product channel, in kJ morl. 

d) C2H3+ was observed to associate with hydrogen to give C2H5+' See text for fuller explanation. 

e) A C3H5 + product was also observed but this is believed to be the result of association with the 

hydrogen carrier. 
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Neutral Rate Coefficient a, 6 Products Energetics C 

Acetylene 104 1.20 C2H3+ 1.0 -157 

C2H2 

Ethylene ?d 1.25 C2H5+ 1.0 -193 

C2H4 

Allene 104 1.70 C3H5+ 1.0 -281 

CH2=C=CH2 

Propyne 1,5 1.74 C3H5+ 1.0 -276 

CH3-O=CH 

Propene 1,5 1,50 C3H5+ 0045 -110 

CHr CH=CH2 C3H7+ 0.55 -173 

Cyclopropane 104 l.34 C3H7+ 0.10 -290 

C-C3H6 C3H/ 0.90 -143 

Propane 0.63 1.41 C3H7+ 1.0 -79to-133 

C3Hg 

2-Butene l.3 1.61 C4H9+ 0.10 -193 

CH3CH=CHCH3 C4H/ 0040 -181 

C3H/ 0.50 -155 

i-Butane l.3 1,54 C3H/ 0.80 -94 

C4HlO C4H/ 0.20 -53 

n-Butane 0.98 1.52 C3H/ 0.75 -102 

C4H10 C4H9+ .0.25 -61 

Benzene 1,5 1.63 C~/ 1.0 -271 

C6H6 

Toluene l.3 1.83 C7H9+ 1.0 -306 

C7Hg 

Methylcyclohexane 1.7 1.87 C7H13+ 0.35 -174 

C7H14 C6Hll+ 0.25 -224 

C4H9+ 0.20 -12to-167 

C3H5+ 0.20 -69 

Table 4.2: The observed rate coefficients and products for the reactions ofN2F with 

the range of hydrocarbons investigated. 

a) Observed rate coefficient. Units 10-9 cm3s-1. 

b) Theoretical collision rate. Calculated using the method of Su and Chesnavich 114 or Langevin 

theory. 

c) The energetics for each observed product channel, in kJ mOrl. 

d) This rate coefficient could not be measured due to the mass overlap between product and 

primary 
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Neutral Rate Coefficient a, Ii Products 

Acetylene NRC l.34 

C2Hz 

Ethylene 0.06 d 1.43 CzHs+ 1.0 

C2H4 

Allene 1.7 l.39 CHzCHCH2+ 1.0 

CHz=C=CHz 

Propyne 1.8 1.97 C3HS+ 1.0 

CH3-C=CH 

Cyclopropane 1.6 1.53 C3H/ 1.0 

C-C3H6 

Propene 1.7 1.73 C3H7+ 1.0 

CHrCH=CHz 

Propane NRC 1.62 

C3HS 

2-Butene 1.5 1.87 C4H9+ 1.0 

CH3CH=CHCH3 

n-Butane <0.0033 e 1.77 C4H9+ ~70 

C4HlO C4HIO.H3O+ ~30 e 

i-Butane <0.004 e 1.79 C4H9+ f 

C4HlO C4HIO.H30+ (7) 

Benzene l.3 1.53 C6H7+ 1.0 

C6H6 

Toluene l.3 2.10 C7H9+ 1.0 

C7Hs 

Methylcyclohexane 0.71 2.22 C7H13+ 1.0 

C7H 14 

Table 4.3,' The observed rate coefficients and products for the reactions of H30+ with 

the range of hydrocarbons investigated 

a) Observed rate coefficient. Units 10-9 cm3s-1
• 

b) Theoretical collision rate. Calculated using the method of Su and Chesnavich 114 or Langevin 

theory. 

c) NR indicates no observed reaction. The upper limit for these rate coefficients is 5xl0-13 cm3s-l
• 

d) This value was only roughly determined as the reaction was not required to be accurately 

measured. The value obtained was in agreement with the literature value of 5.2xl0-11 cm3s- l
• 

e) These reactions involve termolecular associations and thus the rate coefficient and product 

distributions will be pressure dependent. Rates and products are given for a helium carrier gas 

at 0,485 Torr. 

t) See Text. 
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§4.3.2: Data Analysis. 

The reactivity of the H3+ and N2H+ ions with the trace neutral contaminants in 

the canier gases (particularly nitrogen and water) means that relatively extensive data 

analyses are required to extract accurate product distributions for the H3 + reactions 

from the raw data recorded. Indeed, this is one of the major reasons that the reactions 

ofN2H+ and H30+ were included in this study. In all cylinders of compressed gas that 

were used in this work, either helium or hydrogen, there were always trace amounts of 

neutral impurities present, mainly oxygen, nitrogen, and water. Even after the carrier 

gases are passed through a molecular sieve tower cooled to liquid nitrogen 

temperature, some of these impurities will pass through to the flow tube. Because of 

the rapid reactions which occur between H3 + and nitrogen (Reaction 407), H3 + and 

water (Reaction 408) and the similarly fast reaction between N2H+ and water 

(Reaction 409), 1 even trace levels of these neutral impurities cause significant 

impurity ion signals to be observed. 

(407) 

(408) 

=> (409) 

k = 2.6xl0-9 cm3s-l
. 

This is shown graphically in Figure 4.1 which shows a typical mass spectrum 

collected when H3 + ions are injected into a helium canier gas. As a consequence of 

the above, when studying the reaction of H3 + with a neutral molecule, the reactions of 

N2H+ and H30+ with the same neutral molecule are overlaid on the data obtained. This 

overlay must be removed before accurate product branching ratios for the H3 + reaction 

can be obtained. A similar complication is seen for the N2H+ data as some H30+ will 

always form by Reaction 409. In order to obtain accurate product distributions, all the 

data obtained in the cunent sections were impOlied into a spreadsheet program 

(Microsoft Excel™) and a 'conection' for product counts generated by these other 

(impurity) ionic reactants was subtracted from each product channel. In most cases 

this conection was simply the branching ratio for the specific product channel 

multiplied by the number of counts lost from the relevant primary ion (i.e. H30+ or 



Chapter 4: H3 + reactions with hydrocarbons Section 4.3 Results 123 

N2H+). That is the number of counts of H30+ or N2H+ reacted away at a particular 

flow was used as a measure of the number of counts of its products that will be seen. 

Where appropriate a correction for mass discrimination was also used. Expressed 

symbolically this is: 

Correction = (Branching Ratio (range 0.05-1.0)) x ([A]o - [A]x) (4.1). 

Here A is the primary ion (H30+ or N2H+), [A]o represents the average number of 

counts due to species A with no neutral flowing and [A]x is the number of counts at a 

particular neutral flow, x. 
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Figure 4.1: A mass spectrum of the ionic products that result from the injection of an 

H3 + ion signal into a helium carrier gas. The major secondary ions (H30+, N2F) are 

the result of exothermic reactions betvveen the injected H3 + ion and trace contaminant 

species in the carrier gas (H20 and N2). The more minor contaminant ions (HeF 

mainly) are the result of endothermic reactions, the rates of which are accelerated by 

energy gained by H3 + during the injection process. 

The one exception to this general rule occurred when a C2Hs + ion product 

featured in the reaction. In these cases there was a mass overlap between C2HS + and 

N2H+ at mlz = 29 and thus an expression for the number of counts ofN2H+ removed 
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by reaction of the 29 signal could not easily be generated from the difference between 

the initial and current ion counts at mlz = 29. For these reactions an estimate of the 

number of counts ofN2H+ was computed using the measured flow of neutral and the 

reaction rate coefficient for that neutral with N2H+ (measured separately). The 

expected number of counts ofN2H+ remaining (unreacted) was then subtracted from 

the mlz = 29 channel to give an estimate of the count rate due to the C2H5 + product 

channel. The difference between the computed "N2H+ counts remaining" value and 

the average "initial counts ofN2H+" value was used to correct any channels to which 

the products of the N2H+ reaction contributed. When the reactions ofD3+ were 

investigated, no data work-up was possible because of the nature of the reaction 

system and the desired information. The value of interest is the hydrogen to deuterium 

ratio in the product ions. As a branching ratio for the H:D transfer ratio for the DH20+ 

ion with the neutral reactant was not available, one must assume the ratio is not 

seriously affected by the source (or energy of the transfer) of the deuteron. An 

apparent shift towards hydrogen retention may be observed as a result of proton rather 

than deuteron transfer from the DH20+ ion. A relatively clean supply of helium was 

obtained for this experiment (mainly by baking clean the molecular sieves in the 

liquid nitrogen tower) so the levels of contaminant were low, as is shown in Figure 

1.0· 50.0; ts= S.Os; p=0.482Torr 

N
2
D+ 

8 10 12 14 16 18 20 22 24 28 28 30 amu 

Figure 4.2: A mass spectrum obtained after the injection ofD/ into a helium carrier. 

Note that both D3 + and HeD+ appear at 6 amu in this system. 
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§4.3.3: A note of the work of Aquilanti and Volpi. 

A significant number of the reactions of H3 + presented in this section of work 

have been studied as long ago as 1966 by V. Aquilanti and G.G. Volpi 135,136. This 

represents some of the earliest kinetic work on H3 + and consequently there are a few 

comments that now may be made about the work with the benefit of hindsight. The 

method used to form the reactant ions in this study is also quite different to any of 

those used recently and bears description. The ions under study were formed in an ion 

source chamber by bombardment with beta rays which were emitted by tritium that 

had been absorbed on to the chamber walls prior to the reaction. This chamber was 

filled with a dilute mixture of the reactant hydrocarbon in hydrogen (or deuterium) 

and the ion signals were monitored as the partial pressure of the reactant gas was 

varied. Ions were accelerated by a positive 'repeller' electrode from the ion source 

towards the sampling slit which led into the analyser tube of a mass spectrometer. The 

amount of neutral reactant was altered in successive experimental runs and a constant 

reaction time was assumed in order to obtain the kinetic information. 

The most striking difference between the results of Aquilanti and Volpi and 

current thinking is the model they used to interpret the observed ion signals. In their 

work, the formation of products from dissociative proton transfer is assumed to be 

influenced by a third body. That is, Aquilanti and Volpi believed that the collision 

complex lived long enough to undergo collisions with the third body. The less 

dissociative products in their view result from ions that have had a significant amount 

of energy removed by collision. A variation observed in the product distribution with 

pressure was taken by Aquilanti and Volpi to be proof of this model. In light of the 

current understanding of proton transfer from the H3 + ion, this variation would now 

seem to be the result of the presence of internally excited H3 + ions. The high pressure 

results of Aquilanti and Volpi (~O.3 Torr hydrogen) should be the most comparable to 

the results for ground state H3 + ions presented in the present work. Another factor that 

needs to be considered when comparing the current results to those of Aquilanti and 

Volpi, is that at no time is any mention of impurity ions made in either of their papers. 

It is possible that contributions to the product distribution from the reactions ofH30+ 

and N2H+ with the neutral reactant are included in their 'H3 +, results but this is not 

stated explicitly. Finally, the rate coefficients obtained by these workers were 
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typically around a factor of three lower than results obtained using more 

contemporary techniques. 

§4.3.4: Reactions investigated. 

Acetylene 

126 

The reaction of H3 + with acetylene is one of the simplest of all the H3 + reactions 

reported here. The proton affinity of acetylene is 641 kJ mor1, much less than water 

so no reaction between H30+ and acetylene was expected or observed. 

N2H+ has previously been shown to produce only C2H3 + 137 when reacting with 

acetylene with a rate coefficient of 1.4x10-9 cm3s-1. Further, the only product channel 

energetically available for the H3 + reaction is C2H3 + and this is indeed the only 

product channel that was observed in the helium carrier gas (see Reaction 410 a, b, 

and c). This observation is in accordance with the other studies reported for this 

reaction 98, 135, 137, 138. Using a D3+ reactant ion only C2H2D+ was observed as was 

expected. 

In a hydrogen carrier gas a C2HS + product ion was observed in addition to the 

C2H3 + ion. This C2Hs + ion is presumably the result of C2H3 + associating with the 

hydrogen carrier gas. This reaction (Reaction 41) has been reported previously to 

proceed with a rate coefficient of ~ 2x 10-29 cm 6 s -1 in hydro gen 2, which equates to an 

apparent bimolecular rate coefficient of ~3x10-13 cm3s-1 at the pressure of 0.350 Torr 

of hydrogen used in this study. 

=> C2H3+ + H2 + 222 kJ mor1 (410a) 

=> C2H/ + H + H2 - 211 kJ mor1 (41Ob) 

=> C2H+ + 2H2 - 360 kJ mor1 (41Oc) 

C2H3+ + 2H2 => C2HS+ + H2 (411) 

In the ICR work of Kim et al. 138 the endothermic channels 410b and 410c could be 

driven by internal excitation of the reactant ions and these were seen when excited 

ions H3 + were used as the reactant. 

Aquilanti and Volpi also reported a small amount of C2HS + at the higher 

pressures used in their study. This ion probably results from the same association 

reaction of C2H3 + with H2 as seen in the hydrogen carrier gas SIFT experiment, 

although the magnitude of association was less in their case due to the lower pressure 

(0.3 Torr in the Aquilanti and Volpi study against 0.5 Torr here). 
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The average rate coefficient determined in this study was 2.6x10-9 cm3s-1 

which is significantly lower than the average value of 3.2x10-9 cm3s-1 reported in the 

literature. It should be noted however that the collision rate for this process is only 

2.8x10-9 cm3s-1 which indicates that the rate coefficient has probably been previously 

over-estimated possibly due to the influence of vibrationally excited H3 + 

Ethylene 

The proton affinity of ethylene is 681 kJ mor l (10 kJ mor l less than that of 

water) and thus the proton transfer from H30+ to C2H4 is expected to be very slow. 

The rate coefficient for H30+/C2H4 was not accurately measured in the current study 

as it was not fast enough to feature in the H3 + data analysis. However the rough rate 

coefficient obtained (k = 6x10-11 cm3s-1
) is in broad agreement with the literature 

value of 5.2x10-11 cm3s-1 
1. The product for this reaction, C2Hs+, is consistent with the 

endothermic nature of the proton transfer. 

The reaction ofN2H+ with ethylene also leads solely to C2HS+' This concurrent 

reaction prevents an accurate measurement of the rate coefficient as both reactant and 

product occur at mlz = 29. However, as the PA of nitrogen is 494 kJ mor l 

(approximately 200 kJ mor l less than that of ethylene) the reaction is expected to 

proceed with a rate coefficient similar to the Langevin collision rate. 

Several other researchers have studied the reaction of H3 + with ethylene using 

a wide range of instruments. Fiaux et al. 139 using a tandem ICR, Kim et al. using an 

ICR 138 and Rakshit using a selected-ion drift-chamber 140 all report a collision rate 

value for the rate coefficient and a product distribution of approximately 70% C2H3 + 

and 30% C2HS +. The current study finds a branching ratio of 60% C2H3 + and 40% 

C2Hs + in a helium bath gas. 

Two other earlier studies also exist. The first of these by Aquilanti and 

Volpi 13S was performed in a modified mass spectrometer. In this paper the product 

distribution at the highest pressure was 30% C2H3 + and 70% C2Hs +, a result that is 

very similar to the raw results (i.e. those not corrected for the effect of H30+ and 

N2H+) obtained in the current study. The results obtained by these workers will also 

have association reactions with hydrogen overlaid. The other study, by Burt and 

co-workers 98, does not report a product branching ratio but their graphs show that 

C2HS + signal was higher than the C2H3 + signal, again probably as a result of its 
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formation via less exothermic reactions from impurity ions such as H30+ and N2H+. In 

other work by Smith and Futrell 145 the product ratios for KrH+ (P A Kr = 424.6 kJ 

mor l cf. H2 = 422.3 kJ mor l
) were 0.28/0.72 C2H5+/C2H/ in good agreement with 

the H3 + results. The similar product distribution from two different proton donors with 

similar P A values suggests that the initial processes are similar i.e. the transfer of a 

proton without the formation of an intimate complex. This result also suggests that the 

final fate of the ions is dependant on the initial energy of the transfened proton i.e. the 

P A of the neutral initially bound to it. Finally, this result indicates that any energy 

carried away by the reactant neutral is likely to be in the form of translational rather 

than vibrational energy as the results are similar despite the inability of krypton to 

cany vibrational energy. 

The product distribution observed here with the hydrogen bath gas showed no 

C2H3 + at all, indicating that this ion has all undergone association reactions with 

hydrogen to form C2HS +. This association reaction (Reaction 411) has been previously 

reported to proceed with a rate coefficient of ~2xl 0-29 cm6s-l in hydrogen, which 

equates to an apparent bimolecular rate of ~3xl 0-13 cm3s-l at the flow tube pressures 

used. With a rate coefficient of this magnitude total conversion of C2H3 + to C2Hs + 

would be expected in a reaction where the canier gas was hydrogen. 

As a result of reaction with D3 + three ions were 0 bserved, C2~D +, C2H2D + 

and C2H3 + showing that the C2Hs + and C2H3 + ions are both direct products of proton 

(or deuteron) transfer. The statistical ratio ofC2H/:C2H2D+ should be 2:3 but was 

observed to be closer to 1:2 indicating that the reaction favours deuterium retention 

somewhat. This isotopic ratio is consistent with the studies of Fiaux et al. 139 if it 

assumed that their relaxed H3 + results (i.e. those H3 + ions that have undergone the 

most collisions in the ion source of their tandem ICR) are the most comparable to our 

own. By altering the number of stabilising collisions that the H3 + ions receive Fiaux et 

al. have been able to investigate the effect of reactant ion energy on the isotope ratio. 

They found that the ratio varied from ~0.66 (i.e. statistical elimination) for highly 

excited H3+ ions down to ~0.50 for the 'relaxed' ions that had undergone many 

collisions in the source. They rationalise these results in terms, of the difference in 

zero-point energy between hydrogen and deuterium. Hydrogen has a larger zero-point 

energy than deuterium and this extra energy effectively lowers the activation energy 

banier towards the elimination of hydrogen atoms from a C2H4D+ complex. Similar 
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effects have been seen by Smith and Futrell (ref) in the decay of metastable C2RtD+ 

in a tandem ICR. The magnitude of the effect observed in the H3+ case is less than 

that observed for metastable ions and suggests that the dissociation of the C2H4D+ 

ions mostly occurs well above the threshold energy of the dissociation reaction. 

The average rate coefficient of2.7x10-9 cm3s-l for the reaction ofH3+ with 

ethylene is consistent with the previous investigations of this reaction and is close to 

the Langevin collision rate of 2.9x1 0-9 cm3s-l
. 

Allene 

The reactions of allene (or propadiene) have not been studied previously with 

either N2W or H3 +, however Fairley has looked at the reaction with H30+ 71. In both 

this earlier study and the current one the sole product observed was C3HS + at mlz = 41. 

Fairley showed that these C3Hs + ions exist entirely in the allyl structure, CH2CHCH2 +, 
which is the global minimum on the C3HS+ potential energy surface. The average rate 

coefficient for this process was found to be 1. 7x1 0-9 cm3s-l
. The polarisability for 

allene can be estimated from the work of Miller 141 and thus a collision rate coefficient 

for the process H30+ + allene can be found to be 1.39x10-9 cm3s- l
. The observed rate 

coefficient is slightly higher than this but not significantly enough to be concerning. 

The reaction ofN2H+ with allene is very similar to the H30+ reaction, giving 

only C3HS + as a product with a rate coefficient of 1.4x1 0.9 cm3s·l
• This result is 

somewhat surprising as the dissociative channel leading to C3H3 + is exothermic for 

both of the isomeric forms ofC3H3+. 

N2H+ + CH2=C=CH2 => C3HS+ + N2 + 281 kJ mor l (412a) 

=> c-C3H3+ + N2 + H2 + 152 kJ mor l (412b) 

=> CH2C=CW + N2 + H2 + 47 kJ mor l (412c) 

Note that channel 412a is assumed to produce the allyl structure as this is the global 

minimum. This product isomer has been seen to be produced in all cases where the 

energy available is greater than the ~75 kJ mor l barrier to interconversion which 

exists between the 2-propenyl and allyl cations 71,88. 

Reaction 413 was observed to proceed at 2.9xlO-9 cm3s·l
, which again is close 

to the collision rate of3.42x10-9 cm3s·l
. 

H3 + + CH2=C=CH2 => C3H3 + + 2H2 + 111 or 223 kJ mor l 

=> 

(413a) 

(413b) 
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=> 

=> 

C3H+ + 3H2 -296 kJ mor l 

C3H/ + H + H2 -45 kJ mor l 

(413c) 

(413d) 
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The energetics for the formation of the C3H3 + ion in channel 413a are not given above 

as it is not known which isomer is formed. For the linear isomer channel 413 a is 111 

kJ mor l exothermic and for the cyclic form it is 223 kJ mor l exothermic. The 

investigation of the reactivity of this C3H3 + ion with methanol gave a curved 

semi-logarithmic decay indicating that two isomeric species were present. A model 

using the rate coefficients from the paper of McEwan et al. 134 (see §4.2.1, final 

paragraphs) found that approximately 70% of the ions were the linear isomer and 30% 

the cyclic. This distribution favours the less exothermic product and indicates that in 

most cases where C3H3 + was formed from the reaction of H3 + and allene, the linear 

structure was retained. Presumably this is because there was no real driving force to 

form the energetically more favourable cyclic form, i.e. there was already enough 

energy to drive the reaction. 

Only channel 413a is believed to be a true primary product. C3Hs + was seen in 

the experiments using a hydrogen carrier and is probably the result of an association 

reaction. A small «10%) amount ofC3W (channel 413c) was seen in the helium 

carrier, but this is likely to come from the HeH+ impurity ion. If channel413c was the 

result of excited H3 + being present, the less endothermic channel 413 d would a seem 

more probable product to observe first. This was not, however, observed in any 

significant amount. 

Propyne 

Propyne (or methyl acetylene ) is a structural isomer of allene and its reactivity 

with all three ionic reactants is very similar to that of allene. Both H30+ and N2H+ 

give exclusively proton transfer as a product with rate coefficients of 1.8x 1 0-9 and 

1.5x10-9 cm3s-l respectively. The dipole moment and polarisability ofpropyne are 

known and the computed collision rate coefficients are: H30+, 1.97x10-9 cm3s-1 and, 

N2H+, 1.74x10-9 cm3s-l
. Both reactions thus proceed at just less than the respective 

collision rate coefficients, as expected for exothermic proton transfers. Fairley has 

shown that the C3HS + isomer formed by the low energy protonation (i.e. from H30+) 

of propyne is the 2-propenyl cation, which is not the global minimum on the potential 

energy surface 71,88. There is not enough energy available in the H30+/propyne system 
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to overcome the barrier between the initially fOlmed 2-propenyl cation to the more 

stable allyl cation. In the case ofN2H+ the C3HS + ion formed is almost certainly the 

allyl cation for both the propyne and allene reactions. 

The N2H+/propyne system was also investigated using the drift tube. As the 

voltage on the drift tube was increased, the C3H3 + ion was observed to increase from 

~3% at thermal energies up to 12% at -250V (i.e. 5 V cm-I
. at 0.34 Torr). This shows 

that despite the relatively small energy difference between N2H+ and H3 + (71 kJ 

mor I
), kinetic energy is inefficient at boosting the energy ofthe N2H+ ion up to that of 

the H3 + ion. It does however show that when N2H+ is supplied more energy the next 

channel observed is the same channel as that observed in the H3 + case, confirming that 

the difference between the two cases is predominantly energy and not some other 

factor. 

The reaction of H3 + with propyne gives, like that with allene, the C3H3 + cation 

as the sole product in a helium carrier. A small amount of energetically impossible 

C3H+ was also observed and this is again assigned to interference from the small 

HeH+ impurity. When a D3 + reactant ion was used, the ratio of deuteron loss to 

deuteron retention was approximately that expected from a statistical analysis of the 

system. The C3HS + cation was also seen in the hydrogen carrier from the H3 + reaction 

and this was probably formed from C3H3 + which had associated with the hydrogen 

(see the allene discussion above). The C3H3 +ion was, as in the allene case above, 

formed in two ismomeric structures, approximately 70% of the products were I-C3H/ 

and 30% C-C3H3+ 

Aquilanti and Volpi saw a mixture of C3H3 + and C3HS +, with more C3HS + 

forming as the pressure was increased. However, they also performed the same 

reactions with D3 + in a deuterium atmosphere and did not report a C3H3D2 + or 

C3H2D3 + ion which would be the result of dissociative deuteron transfer followed by 

an association reaction with deuterium. The fact that no C3HS+ is observed in the 

helium carrier and that it apparently represents only ~30% of the products in the 

hydrogen carrier, is strongly suggestive that C3HS + is not a primary process in this 

reaction. The only other explanation would require that the H3 + in the helium carrier is 

extensively excited, a possibility that has been discounted by the previous non

reaction ofthe H/ ions with an argon probe (see §4.2.1). 
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Propene 

The reaction of H30+ with propene proceeds at the collision rate (kexpt and kcoll 

= 1.7x10·9 cm3s·1
) and gives only C3H7+. This ionic product is the result of non

dissociative proton transfer and the reaction is 53 kJ mOrl exothermic if the product is 

the iso-C3H7 + ion. 

Propene reacts with N2H+ with an observed rate coefficient of 1.5x10·9 cm3s·l 

(kcoll = 1.5x1 0.9 cm3s·1) and gives two products, C3HS + and C3H7 +. 

N2H+ + C3H6 => C3H7 + + N2 + 173 kJ mOrl [0.55] (414a) 

=> C3HS+ +H2+N2+ 110 kJ mOrl [0.45] (414b) 

The C3HS+ ion above is assumed to be the allyl cation while the C3H7+ ion is assumed 

to have the iso-C3H7 + form, rather than the alternative cyclic or n-C3H7 + forms, as this 

is the lowest energy linear isomer. 

The behaviour of the N2H+/propene system was also probed using the drift 

tube feature of the FA -SIFDT. A plot of the product branching ratio against the drift 

tube voltage is shown below. 
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Figure 4.3: The variation of the branching ratio for the N2F /propene reaction as the 

voltage of the drift tube is altered. The blue line is the C3H/ ion, the grey line the 

C3H5+ ion and the red line the C2H3 + ion. The results were obtained in 0.34 Torr of 

helium. 
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When the results presented above are compared to the branching ratio for an H3 + 

reactant (see below) it is apparent that the voltage applied has narrowed the gap 

between the two observed distributions. Indeed the C2H3 + product that is not seen in 

the N2H+ reaction at thermal energies has reached ~ 12% by 275V, around one half of 

the value finally seen for the H3 + system. The C3HS + product is, as expected, 

becoming less important, while the C3H3 + one becomes conversely more significant. 

This appears to show that the difference between the N2H+ and H3 + reactions could be 

eliminated if enough energy could be placed in the N2H+ ion, indicating that the 

important factor in the dissociative fragments from exothermic proton transfer really 

is the energy of the reactant ion. 

The reaction of propene with H3 + again gives different product distributions in 

the helium and hydrogen carrier gases. 

H/ + C3H6 => C3HS+ + 2H2 + 181 kJ mor l 

=> C3H3+ + 3H2 + 52 kJ mor l 

=> 

(415a) 

(415b) 

(415c) 

The energetics shown above assume the allyl cation as the C3Hs + product. This has 

been experimentally verified using its reactivity with methanol. The C3H3 + ion formed 

here must be the cyclopropenyl radical as formation oflinear C3H3+ is 53 kJ mor l 

endothermic. 

The product ratios for this reaction were 65% (a), 10% (b), and 25% (c) in 

helium and 70% (a) and 30% (c) in a hydrogen carrier. There are two possible reasons 

for the difference in the C3H3 + branching ratio. Firstly it could be a is a result of the 

C3H3+ ion formed associating with the hydrogen carrier gas and giving C3HS+' 

Secondly, the least exothermic product (channel 415b) would be expected to be 

enhanced the most by internal excitation of the H3 + ion in a helium carrier. The 

reaction exothermicity (59 kJ mor l
) is less than that observed for most authentic 

product channels observed elsewhere in this study. To answer this question one must 

examine the D3 + results. 

With a D3 + reactant, the C3HS + and C2H3 + products both give hydrogen to 

deuterium ratios (e.g. C2H3 +:C2H2D+ ratio for the C2H3 + product) that are close to the 

statistically expected ratio. The C3H3 + ion however, is found to strongly favour 

deuteron loss. Statistically a C3H3+:C3H2D+ ratio of 4:3 is expected, instead the ratio 

observed is ~ 10: 1. As C3H3 + cannot be formed directly from the DH20+ impurity this 
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ion should result from deuteron transfer from D3 + (and would be expected to show the 

statistical distribution) unless it is not a primary product of the D3 + (or H3 +) reaction or 

the reaction mechanism is different from the others. Significant loss of the transfened 

deuteron will only occur if the collision complex has insufficient lifetime to make all 

the protons and deuterons equivalent. This is likely to result from highly energetic 

proton or deuteron transfer implying that C3H3 + results from the more energetic 

impurity ions (mainly HeH+). 

Cyclopropane 

Spanel, Smith and Henchman 142 have previously investigated the reactions of 

cyclopropane with all of the ionic reactants in this study. Both investigations find that 

H30+ reacts at essentially the collision rate with cyclopropane to give C3H7 +. Spanel et 

at. obtained a rate coefficient of 1.5xl 0-9 while in the current study the rate coefficient 

was determined to be 1.6x10-9 cm3s-l
. The collision rate coefficient for this process is 

1.53xlO-9cm3s-1
• (It should be note that in Table 1 of Reference 83, the reactant 

labelled H20+ is in fact H30+). 

The N2H+ rate and product distribution determined here are also in good 

agreement with that of Spanel, Smith and Henchman who found that Reaction 415 

proceeded at 1.3x10-9 cm3s-l to give C3HS+ [0.80] and C3H/ [0.20]. The results for the 

cunent study are shown below. 

=> 

C3H/ + N2 + 290 kJ mor l [0.10] (415a) 

C3Hs+ +H2+N2+ 143 kJ mor l [0.90] (415b) 

k = 1.4xlO-9 cm3s-l
• 

The exothermicity of channel 415a can be reduced to 258 kJ mor l if the cyclic 

stmcture is retained in the C3H 7 + product. 

The agreement for the H3 + results between Spanel et at. 142 and the present 

work is satisfactory .. The rate coefficients are similar: kobsd = 2.6xlO-9
; 

kSpanel = 3.0x10-9
; kcoH = 3.32 X 10-9 cm3s-1 as are the product ratios in a helium carrier. 

The products seen in the Canterbury SIFT were C3HS + [0.60] and C2H3 + [0.40] 

agreeing with Spanel et at. who also reported 40% C2H3+ and 60% C3HS+. A small 

amount of C3H3 + [<0.05] was also seen in the helium canier. This is probably the 

result of excited H3 + ions as it has a relatively low exothermicity (85 kJmor l for the 

cyclopropenyl form) as compared to the other channels observed to occur throughout 
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this study and is also small. In a hydrogen carrier the ratio was observed to be C3Hs + 

[0.25] and C2HS+ [0.75]. This C2HS+ product is presumably entirely the result of the 

association of C2H3 + with hydrogen as direct fonnation of a C2Hs + product is 131 kJ 

morl endothermic. Thus the products can more correctly be written C3HS+ [0.25] and 

C2H/ [0.75]. 

The reason for the difference in product distributions between carriers is not 

apparent as in the hydrogen carrier the more dissociative channel has been enhanced, 

a reversal of expectations. A difference in the stabilisation of the collision complex 

between helium and hydrogen may exist for this reaction but few real conclusions can 

be drawn without the benefit of a theoretical study. 

H3+ + C-C3H6 => C3HS+ + 2H2 + 214 kJ mol·l 

=> C2H3 + + CH4 + H2 + 122 kJ morl 

=/=> C3H3+ + 3H2 + 85 kJ morl 

(416a) 

(416b) 

(416c) 

The C3Hs + ion here has been shown (by its reactivity with methanol) to be essentially 

entirely the allyl cation. 

Aquilanti and Volpi saw significant amounts of C3H7 + in this reaction, further 

strengthening the case that they did not consider the effects of other less energetic 

proton transfer processes in their data analysis. 

Propane 

Propane has a low proton affinity, 625 kJ morl, which makes proton transfer 

from water endothermic by 66 kJ mOrl. A very slow reaction ofH30+ was observed 

to occur, kexpt = l.4xl0·12 cm3s'I, giving C3H/. However only CP grade propane was 

available for these experiments so small impurities of propene or cyclopropane (which 

could both also give this product) in the reactant neutral cannot be ruled out. (In the 

analysis of the H3 + system H30+ was assumed not to react.) 

Despite being exothermic (from 79 to 133 kJ mor l depending on the C3H/ 

ion structure) the reaction ofN2H+ with propane was also rather slow, the average rate 

coefficient being 6.3 xlO' lO cm3s·l. The collision rate for this process is 1.41x10·9 

cm3s·1 and thus the observed rate coefficient is less than halfthat expected. The 

product of this reaction is C3H7+ as C3H9+ is not a stable ion however this does not 

prevent the reaction from being exothermic. The slow reaction rate seen with N2W 
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suggests that there is a barrier to formation ofthe C3H/ proton transfer product that is 

not represented by the LlHf values. 

The H3 + reaction proceeds rather simply giving C2H5 + and C3H7 + in roughly 

equal proportions in both helium and hydrogen carrier gases. 

H3 + + C3H8 => C3H7 + + 2H2 + 203 kJ mor l (417a) 

(417b) 

The C3H5 + ion above is assumed to be the allyl cation and the C3H7 + ion has been 

assigned the iSO-C3H 7+ form. 

The results obtained from the reaction of D3 + and propane are extremely 

interesting. The levels of deuteron retention were very low, the expected ratio of 

C2H/:C2H4D+ was 4:5 but the observed ratio was 3:1, C3H/:C3H6D+ should be 2:7 

and is greater than 4: 1. These results will be a result of the fact that C3H9 + is not a 

stable ions and thus the transferred deuteron does not have sufficient time to scramble 

before any elimination takes place. This would mean that the deuteron would be left 

still containing a significant amount of the energy that it entered the complex with. 

The presence of this energy means its departure is more probable as its bond to the 

complex is weaker. 

The results of Aquilanti and Volpi 135, 136 are similar for this reaction as they 

reported C2H/ [0.65] and C3H7+ [0.35]. In this case they were probably helped by the 

largely unreactive nature of the impurity ions that would have been likely to be 

present in their system. 

2-Butene 

2-Butene reacts rapidly with H30+ to give an ion at mlz = 57, C4H9+, which is 

simply the protonated neutral. The rate coefficient obtained was 1.5x10-9 cm3s- l
, 

marginally less that the collision rate of 1.87x1 0-9 cm3s- l
. 

Reaction 418 also proceeds with a rate coefficient that is marginally less than 

the collision rate. 

=> C4H9+ + N2 + 193 kJ mor l 

[0.10] (418a) 

=> C4H/ + H2 + N2 + 181 kJ mor l 

[0.40] (418b) 
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[0.50] (418c) 

The rate coefficient for the reaction of H3 + with 2-butene was found to be 

2.8x10-9 cm3s- l (cf. collision rate = 4.18 x 10-9 cm3s-l
) with three ionic products 

observed. 

=> C4H/ + 2H2 + 252 kJ mor l 

[0.40] (419a) 

=> C3H5 + + CH4 + H2 + 226 kJ mor l 

[0.35] (419b) 

=> C2H5+ + C2~ + H2 + 143 kJ mor l 

or => C2H5 + + C2H6 + 279 kJ mor l 

[0.25] (419c) 
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The neutral products in channel 419c are probably C2H4 and H2 rather than C2H6 as in 

most other cases in the current study at least one hydrogen molecule has been emitted 

in all channels. 

The 2-butene system ideally shows the products shifting towards the more 

dissociative ones possible as can be seen from Figure 4.4 below. 
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Figure 4.4: A graph of the observed product distributions plotted against the energy 

in the reactant ion (i. e. the neutral P A) for the reactions of H30+, N2F, and H3 + with 

2-butene. The intervening energies have been inte7polatedfrom the data obtained. 
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iso-Butane 

The proton affinity ofisobutane is quite low (678 kJ mor1) and thus the 

reaction with H30+ is slightly (13 kJ mor1) endothermic. The measured rate 

coefficient was 4.0 x 10-12 cm3s-1 (kcOll = 1.79 X 10-9 cm3s-1) which, in accordance with 

the small endothermicity of the reaction, is slow. The products of this reaction have 

not been positively identified. Along with the expected 57 amu ion (C4H9 +) this 

reaction apparently gives a mlz = 37 ion as one of its products and, judging from the 

lack of ion count balance, other ionic products also. The reason for the contention that 

there are other ion products is that fewer total counts are seen in the mlz = 19, 37 and 

57 ion peaks when the butane is flowing as compared to the "zero" flows where only 

H30+ is present. A likely candidate for the other, unobserved, ion product is the 

adduct, H30+,C4HlO (at mlz = 77), (see also the n-butane section below) which was 

unfortunately outside the scan range of the mass spectrum recorded when this reaction 

was investigated. 

The ion at mlz = 37 could be C3H+ (although no exothermic reaction between 

C4H9 + and butane that might give this product could be identified) or it may be 

H30+.H20 as a result of water impurities present in the butane gas sample reacting 

with H30+ via a termolecular process. The latter possibility is the more likely and 

means that the reaction rate reported here actually represents an upper bound. The ion 

counts in the 37 amu channel were generally less than 10% of those recorded for 57 

amu (which apparently does not represent all the ion products of the reaction between 

H30+ and i-C4H10) and thus the correction required is minor. 

The N2H+ reaction is much faster than the H30+ reaction and its rate 

coefficient was measured as 1.3xlO-9 cm3s-1. The products of the reaction were found 

to be C3H7+ [0.80], C4H9+ [0.20]. A C3HS+ [<0.05] channel was observed also but it is 

minor and so it is not considered to be a real product. Indeed as it is exothermic by 

only 31 kJ mor1 it may represent contamination from some more energetic ion. Two 

other ion peaks were also seen (27 amu (C2H3 +) and 39 amu (C3H3 +» both of which 

are endothermic, by 127 and 98 kJ mor1 respectively. This suggests that there was 

indeed a problem with trace amounts of more energetic ions. In fact both of these 

product channels would also be endothermic for an H3 + reactant (the N2H+ was 

formed in a hydrogen carrier so that H3 + contamination could be possible) meaning 

that they must be the result of an extremely energetic impurity ion. He + or HeH+ are 
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the most probable culprits and these may be formed by photoionisation or 

poorly-tuned injection conditions. Similar problems were observed for the N2H+ 

reaction with n-butane (see below). 
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For the H/ reactant ion the observed rate coefficient was 3.0xl0-9 cm3s- l 

which is close to the collision rate coefficient of3.96xl0-9 cm3s- l
. This reaction is an 

exception to the general observation which may be made regarding the rest of this 

study as the H3 + reactant ion product distribution is only marginally more dissociative 

than that found with N2W. 

H3 + + iSO-C4HlO => C3H7+ + CH4 + H2 + 249 kJ mor l (420a) 

=> C4H9+ + 2H2 + 140 kJ mol- l (420b) 

=> C2H5+ + C2H6 + H2 + 155 kJ mor l (420c) 

=> C3H5+ + CH4 + 2H2 + 102 kJ mol- l (420d) 

The energetics given above assume that the C4H9 + ion has the iso-C4H9 + structure 

rather than the more stable tertiary structure for which channel 420b would be 279 kJ 

mor l exothermic. The more stable tertiary ion structure was disregarded due to the 

amount of bond reorganisation required to form it. The C3H/ ion is in its most stable, 

iso-C3H/, form. 

When the H3 + ions were generated from the reaction of Kr + ions with the 

hydrogen carrier the product distribution was 60% (a), 35% (b) and <5% (c). In a 

helium carrier the ratios were 50% (a), 30% (b), 20%( c). Channel 420d also began to 

be observed in the helium carrier. Because the relative importance of the C2H5+ 

channel has also risen in the helium carrier it seems likely that there is a population of 

more energetic ions present for this reaction. It appears that the reactions involving 

butanes are very responsive to any extra energy in the reactant ions. The extra energy 

available in the H3 + can begin to give the C2H5 + ion and also the next available 

product C3H/. C3H5+ does not react with hydrogen and thus should be observed as a 

product in the hydrogen carrier if it was a true product of ground state H3 +. For these 

larger hydrocarbons where there are so many more energetically available channels 

the identification of the products of ground state H3 + becomes much more 

complicated as small amounts of excess energy can open up a new channel. 

n-Butane 
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The proton affinity of n-butane is not listed in the standard proton affinity 

tables (as compiled by Hunter and Lias 111) but, judging from its reactivity with H30+, 

it is apparently similar to iso-butane. The rate coefficient observed for Reaction 421 

was slightly lower than that seen for the similar reaction of iso-butane having a value 

of3.3x10-12 cm3s-l
. 

H30+ + CH3CH2CH2CH3 => 

=> 

(421a) 

(421b) 

Again ionic products other than the expected proton transfer were observed, at 37 and 

77 amu. As in the i-butane case above, the mlz = 37 product is probably H30+.H20 so 

the rate coefficient given above is an upper bound. The cOD'ection required for the 

increase in the apparent rate coefficient due to a slow reaction ofH30+ with water 

lowers the rate for Reaction 421 by approximately 10-15%. The ion observed at 77 

amu is the adduct formed by the association ofH30+ and n-butane and represents 

approximately 30% of all the products at 0.485 ToD' of helium. C4H9 + is the least 

dissociative product possible from proton transfer to C4HlO as C4HU + is not a stable 

ion and spontaneously loses a hydrogen molecule. 

The reaction ofN2H+ with n-butane proceeds slightly more slowly than does 

the similar reaction of iso-butane presented above (at 9.8x10-l0 cm3s-l
, see Reaction 

422 below). Two real products were seen, C3H/ [0.75] and C4H9+ [0.25]. Two other 

minor ion signals were also seen but no exothermic reaction could be found to 

account for them. These signals were observed at 27 and 39 amu. They are 

presumably C2H3 + and C3H3 + respectively but the reactions to form them from N2H+ 

are 53 and 190 kJ mor l endothermic. Assignment of the mlz = 27 ion as HCN+ 

requires an even more unfavourable reaction. The most likely explanation for these 

spurious ion signals is the presence of a highly energetic trace contaminant in the 

tube, perhaps He + or HeH+. Ill-tuned injection conditions or photoionisation could 

conceivably create these ions, or other similar species. Similar ion signals were also 

seen in the reaction ofN2H+ with iso-butane so it is unlikely that they are the result of 

a contaminant in the neutral reactant gas. 

N2H+ + n-C4HlO => C3H/ + C~ + N2 + 102 kJ mor l 

[0.75] (422a) 

=> C4H9+ + H2 + N2 + 61 kJ mor l 

[0.25] (422b) 
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k = 9.8xlO-IO cm3s-1 

The C3H/ ions above are assigned to the n-C3H/ isomer as the rearrangement 

required to reach the more energetically favourable iso-C3H7+ form was considered 

too extensive to occur. A similar case may be made for the C4H9 + retaining its normal 

form as well. 

Slightly different results were observed for the reaction ofH3 + with n-butane 

with the two different methods of ion generation. The general reaction is shown 

below. 

=> 

=> 

=> 

=> 

C3H/ + CH4 + H2 + 173 kJ mor l 

C4H9 + + 2H2 + 132 kJ mor l 

C2H/ + C2H6 +H2 + 163 kJ mor l 

C3HS+ + C~ + 2H2 + 110 kJ mor l 

k = 3.0x10-9 cm3s-l
. 

(423 a) 

(423b) 

(423c) 

(423d) 

When the H3 + ions were generated in the FA (i.e. when there was a helium carrier 

present in the SIFT reaction tube) the product ratio was approximately 45% (a), 35% 

(b), 15% (c), and 5% (d). In a hydrogen carrier the C3Hs+ (channel 423d) product was 

observed but was only ~ 1 % while the C3H/ product had risen by the 5% that this 

channel previously represented. Whether this difference is the result of lower energy 

H3 + ions being present in the hydrogen carrier or of the association of C3HS + with the 

hydrogen carrier to form C3H/ is however unknown. 

Benzene 

The reactions of benzene with all the ionic species investigated here have all 

been studied previously by Spanel, Smith and Henchman 142. The only ion product 

observed in all reactions by both this and the previous study was the protonated 

benzene ion (C6H/). The rate coefficients were all approximately equal to the 

collision rate. Spanel et al. began to see dissociative channels only when ArH+ was 

used. This ions has an extra 52 kJ mor l of energy above that ofH3 +. 

Toluene 

Toluene, like benzene, has an enhanced stability due to the aromaticity of the 

ring and as such its proton transfer reactions are generally less dissociative. H30+ 

reacts to yield only C7H9 +, which is simply the protonated neutral. The rate coefficient 
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for this process is 1.3x10-9 cm3s-1, which is surprising as this is somewhat lower than 

the collision rate of 2.16x1 0-9 cm3s-1. 

The protonated nitrogen ion reacts at a similar rate (l<expt = 1.3x10-9 cf kcoH = 

1.83x10-9 cm3s-1) and also gives C7H9+. A small « 5%) C7H/ channel was also 

observed. 

The reaction of H3 + with toluene becomes more dissociative, with a channel 

corresponding to methane loss also being observed. 

H3+ + C7Hg => C7H9+ + H2 + 370 kJ mor1 

=> C7H/ + 2H2 + 257 kJ mor1 

=> C6HS+ + CH4 + H2 + 105 kJ mor1 

(424a) 

(424b) 

(424c) 

In a hydrogen carrier the product distribution was found to be 75% (a) 20% (b) and 

5% (c) but in a helium carrier the results were closer to 40% (a) 50% (b) and 10% (c). 

There are two possible explanations for this observation. Either there was a minor 

amount of excited H3 + (and perhaps also HeH+) present in the helium carrier or that 

C7H7 + can associate slowly with hydrogen. Which explanation is correct is however 

unknown. 

The C6HS + ion product formed above (in 424c) was observed to associate with 

the hydrogen carrier to such an extent that there was no visible C6Hs + signal in the 

hydrogen carrier, instead C6H/ was observed and counted. The energetics above 

assume that the ion is in the cyclic form as no energetics for the acyclic form were 

available. Other work suggests however that the C6HS + product of significantly 

exothermic ion-molecule reaction is likely to contain both the cyclic and acyclic 

isomers 71,143 Giles, Adams, and Smith 144 show that one ofthe two C6HS + isomers 

associates with hydrogen much more rapidly than does the other isomer. In their 

experiments the fast reacting isomer was the predominant form and they tentatively 

ascribed the acyclic form to it. The case here appears to be similar as all the C6Hs + 

had become C6H 7 + by the end of the flow tube, indicating that a relatively fast 

secondary reaction is occurring. However Fairley 71 has re-examined the system and 

determined that the cyclic (phenylium) isomer is the faster reacting one. Hence we 

tentatively ascribe a predominantly cyclic stmcture to the C6H7+ ions formed in 

channel 424c. 

For both the N2H+ and H3 + reactions ions at other masses were also observed, 

primarily at mlz = 39. This corresponds to C3H3 + but the formation of this ion is not 
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energetically possible from either ion. It seems likely that there is an impurity in the 

toluene reactant used as the normally clear liquid had begun to yellow significantly. 

The nature of this impurity is however unknown. 

Methylcyclohexane 

The analysis of these H3 + reaction systems becomes more complex as the 

molecules get larger and the number of possible exothermic channels increases. It 

would appear that molecules of the size and complexity of methyl cyclohexane are 

approaching the limits of the product analysis method used in the current study. 

The reaction ofH30+ with methyl cyclohexane is quite slow, the rate 

coefficient was found to be 7.1x1 0-10 cm3s-l
. A comparison with the collison rate 

cannot be made, as the dipole moment has not been reported for methyl cyclohexane. 

A lower bound of ~2xlO-9 cm3s- l can be obtained for the collision rate by assuming 

that this dipole moment is zero. lfthe dipole moment oftoluene is substitued for that 

of methyl cyclohexane the collision rate is found to be 2.22x1 0-9 cm3s·l . The observed 

rate coefficient is thus less than one third of this lower estimate of the collision rate 

which suggests that this proton transfer is slightly endothermic. The proton affinity of 

C7H14 has not been reported due to the fact that C7H15 + is not a stable ion. Thus the 

major product observed in this reaction is C7H13 +. This product ion corresponds to 

proton transfer with accompanied loss of a neutral hydrogen molecule. 

N2H+ reacts with methyl cyclohexane more rapidly than does H30+, with the 

rate coefficient presumably being much closer to the collision rate. The 

experimentally determined rate coefficient was 1.7xlO-9 cm3s- l (kcoll=1.87x10-9 

cm3s)). The observed product channels are shown below. 

N2H+ + C7H14 => C7H13 + + H2 + N2 + 174 kJ mor l 

[0.35] (425a) 

=> C6Hl1+ + C~ + N2 + 224 kJ morl 

[0.25] (425b) 

=> C4H9+ + C3H6 + N2 + 12 to 167 kJ morl 

[0.20] (425c) 

=> C3H5+ + C4HlO + N2 + 69 kJ mor l 

[0.20] (425d) 
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The LlHfvalue for C4H9+ could range from 694 to 849 kJ mOrl depending on the 

isomeric form assigned for this ion and accordingly a range is given. In channel 425d 

the C3Ht ion is assumed to have the allyl structure and the C4HlO is the iso-form as 

these are in both cases the more stable structures. A very small amount of C4H/ 

«5%) was also seen. This channel is presumably a more dissociative form of channel 

425c) and is at most 16 kJ mOrl exothermic (for the most stable CH3CHCH=CH2 + 

structure, other structures are endothermic). It was discounted as not being an 

authentic product due to the very low level at which it was observed. 

The problems with the interpretation of this neutral reactant system really 

begin when the H3 + reaction is investigated. The difference between the product 

distributions observed when the H3 + ions are generated via the two available methods 

is more marked than that observed elsewhere in this study. The two distributions still 

broadly agree but the possible energy effects and hydrogen associations makes the 

accurate determination of the products of ground vibrational state H3+ complex. 

H3 + + C7Hl4 => C7H13 + + 2H2 + 245 kJ mOrl 

(426a) 

(426b) 

=> C4H9+ + C3H6 + H2 + 83 to 238 leJ mOrl 

(426c) 

=> C4H7+ + C3H6 + 2H2 + -35 to 87 kJ mort 

(426d) 

=> C3H/ + C4HS + H2 + 79 to 163 kJ mOrl 

(426e) 

In a helium carrier the product distribution is 35% (a), 20% (b), 23% (c), 12% (d), and 

10% (e). The ratio in a hydrogen carrier however is 60% (a) and 25% (b) and 15% (c), 

a small «5%) C3H7+ channel was also observed. The difference between the two 

distributions suggests that there is some energy effect present here. The amount of 

non-dissociative reaction (Channel 426a) is significantly greater in the hydrogen 

carrier than in the helium one and the other channels are correspondingly reduced. 

Channel 426d is perhaps energetically questionable and may not be seen in the 

hydrogen carrier due to association of C4H 7 + with hydrogen to give C4H9 +. However 
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the channel 426c (in hydrogen) is significantly less than the sum of 426c and 426d (in 

helium) with suggest that the H3 + has a small amount of internal excitation. 

It could also be possible (though it seems unlikely) that the hydrogen carrier 

gas alters the stabilisation of the initial collision complex. Another possibility is that 

an unobserved, energetic, contaminant ion was present. This seems unlikely as the 

mass scans went down to ~2amu, covering most ofthe other likely candidates. Thus 

the effects observed are probably due to differences in energy between the H3+ species 

generated via the two different methods. It is interesting to note that C3H7+ is seen in 

the H3 + case but that C3Hs + is seen in the N2H+ reaction. With most other neutral 

reactants the H3 + reaction has produced most of the species seen in the N2H+ reaction, 

especially those that are energetically marginal in the N2H+ case. 

A possible comparison from the literature comes from the work of Spanel et 

ai. 142 who have studied proton transfer from a range of ionic reactants to, among 

other things, cyclohexane. With H3 + they observed two channels, both dissociative. 

The branching ratio was 60% C6H1t (H210ss, 252 kJ mor1 exothermic) and 40 % 

C3H7+ (C3H610ss, 81 to 165 kJ mor1 exothermic depending on which C3H/ structure 

is assigned). 

=> 

=> 

C6HU+ + 2H2 

C3H7+ + C3H6 + H2 

[0.60] (427a) 

[0040] (427b) 

The reaction between methyl cyclohexane and H3 + (in helium) is not drastically 

different to this, with channels of similar exothermicity receiving similar amounts of 

the total products. That is, the exothermicities of channels 426a and 426b are of 

similar magnitude to that seen for channel 427a and between them they produce a 

similar amount of the total products. 

Reaction Mechanisms. 

In the reactions and discussions presented prior to this point little 

consideration has been given to the manner in which the observed ionic products have 

been formed. There has been an underlying assumption that the first step has been the 

transfer of a proton from either hydrogen, water, or nitrogen, but is this assumption 

warranted? In many cases the reaction products could be formed by another process. 

An example of this is the (M-l) amu products observed in many cases (where M is the 

atomic mass of the neutral reactant). These ions have been presumed to form via a 
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two-step process; proton transfer followed by the loss of a neutral hydrogen fragment. 

Direct hydrogen ion abstraction would give an identical product however. These 

reaction types are shown below. 

Proton transfer: 

XH+ + CxHy => C xH y+1+* + X (428) 

C xH y+t* => CxHy-t+ H2 (429) 

Hydride ion abstraction: 

XH++CxH y => C xH y-1++H2+X (430) 

One can also question whether the reactions take place in an intimately bound 

complex or whether the particles involved are transferred at longer distances. 

The isotopically labelled results obtained in this and other studies give the first 

clue. In the current work D3+ was reacted with several of the small hydrocarbons. The 

simplest piece of evidence garnered from these experiments was the almost complete 

lack of any products with two deuterium atoms present in the same ion. This finding 

is consistent with practically all other investigations that have attempted isotopic 

labelling 139, 290, 291, independent of whether the labelling was present in the reactant 

ion or neutral. That is to say that if H3 + 1D3 + was reacted with CxDy/CxHy at most one 

of the hydrogen isotopes from the reactant ion was seen in the ionic products. Only 

the very early work of Aquilanti and Volpi 135, 136 showed any evidence of ionic 

products with more than one label. However in their work these reactions that yielded 

multiply labelled ions were at extremely low levels and were likely the result of 

secondary reactions. This observation effectively rules out the formation of an 

intimate complex in the reactions of H3 + with hydrocarbons and thus the reaction must 

proceed by a different mechanism. 

The two prime candidates for this mechanism are a polarisation-stripping type 

proton transfer, where a loosely-bound moiety in which the hydrogen and the 

hydrocarbon retain their chemical identities is formed, and hydride atom abstraction. 

Also possible is an apparent hydride ion abstraction (as distinct from hydride ion 

abstraction). In this case the proton is transferred without randomisation of the energy 

involved is not randomised and the transferred proton is lost almost immediately. 

Apparent hydride abstraction is indistinguishable from hydride ion abstraction. 

Further decomposition of the ion formed from the unimolecular decay (Reaction 429) 

is also possible and certain reactions may also decay via the loss of methane 
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molecules. It is likely that when the difference in proton affinities between the proton 

donor and the hydrocarbon reactant is lower (i.e. the H30+ and some N2H+ reactions) 

it is not energetically possible to form dissociative products. In these cases the 

reaction will proceed by simple proton transfer. However that is not the case for H3 + 

IOns. 

The most basic difference between the two mechanisms is that with deuterated 

ions, proton transfer (even dissociative proton transfer) gives a possibility ofD being 

present in the product ions while there is no chance of this happening with a hydride 

ion (or apparent hydride ion) abstraction mechanism. In no case however, was some 

isotopic labelling of the product ions not observed; that is none of the reactions 

proceed solely via hydride ion abstraction. In reactions of ArD+ (P A argon = 369.2 kJ 

morl
) Smith and Futrell 145 found that CH3+ products in the ArD+ICH4 reaction and 

C2H/ products in the ArD+IC2H6 system showed higher HID ratios when excited ions 

were used than when the ArD+ had been relaxed by collision. This was interpreted as 

an increase in hydride ion abstractions (or apparent hydride ion abstraction) for the 

more excited ions. Similar behaviour was observed for the DtlC2H6 system also. 

These workers 291 also concluded that hydride ion abstraction (or apparent hydride ion 

abstraction) comprised 23% of the reaction for the D3 +IC2H6 reaction even when the 

ions had been significantly relaxed. This hydride ion abstraction would be expected to 

raise the HID ratio for the (M -1) products as no deuteron is transferred to those ions 

that undergo hydride abstraction. Smith and Futrell also found that hydride ion 

abstraction reduces further decay of the product ions as it does not deposit as much 

energy in them. 

An examination of the labelled results obtained in this study shows that all but 

the D3 + IC3HS system yield statistical loss of deuteration if the loss of a hydrogen 

molecule (be it H2 or HD) is assumed to come from an ion equivalent to the 

D+-neutral complex. Several conclusions can be drawn from this observation. The 

first is that the initial complex has a finite lifetime when a stable protonated ion exists. 

This lifetime must be longer than that required for isotope scrambling to take place. 

More will be said about the ion lifetime later in this section. Secondly, it can be 

concluded that a major part of the reaction proceeds via proton transfer. The statistical 

ratio of deuterium retention to loss for those ions with a stable neutral does not 

however necessarily mean that there is only proton transfer occurring. Smith and 
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Futrell 139, 291 have shown that the isotope ratio of the product ion usually drops with 

the excitation of the D3 + ions. This effect is probably due to the increased isotope 

effect as the larger zero-point energy ofH (and thus the increased ease oflosing H2 as 

opposed to HD) becomes more important. Hydride ion abstraction raises the isotope 

ratio and thus a statistical isotope ratio could represent a balance between these two 

effects. Alternatively, though unlikely in the light of the differences in isotope ratio 

with ion energy shown by Smith and Futrell, the dissociation may be happening at 

high enough energies that zero-point effects are negligible. A special case is that of 

propane for which the ion formed upon initial protonation, C3H9+, is not a stable 

species. In this reaction there is essentially no isotope scrambling with almost no 

deuterium retained in the products. The reaction mechanism in this case is probably 

much similar to the apparent hydride ion abstraction mechanism presented earlier. 

It is interesting to note that in many cases, a substantial amount of the product 

ions do not decompose despite having sufficient energy to do so. For example 25-35% 

of the products of the reaction of H3 + with cyclopropane remains as C3HS + despite 

dissociation to C3H3+ being 143 kJ mor1 exothermic. Similarly in the H3+12-butene 

reaction 35% of the ion products do not dissociate despite extremely exothermic 

competition channels (252 and 143 kJ mor1 exothermic). In the case ofthe 

cyclopropane, the absence of extensive fragmentation could be the result of 

participation by the hydride ion abstraction channel as Smith and Futrell 291 have 

shown that hydride ion abstraction apparently deposits less energy into the product 

ion than does proton transfer. This is however not the case for 2-butene. Therfore the 

bulk of the energy available from proton transfer must thus not be deposited in the 

protonated ion and thus must be carried away by the neutral species that transferred 

the proton, i.e. H2, N2, or H20. There are two major ways that the neutral species 

could carry this excess energy away; either through translational or vibrational 

excitation. One can compare the reactions of 02H+, KrH+ and H3 + (all of which have 

very similar proton affinities; 421.0, 424.6, and 422.3 kJ mor1 respectively) with the 

hydrocarbons (C:E-4, C2H4, C2H6) that have been studied by Smith and Futrell 292. In 

the most relaxed states the product ratios for all these ions are very similar. 

Vibrational excitation is thus not acting as an efficient method for removal of this 

excess energy as krypton is an atomic species and can not have vibrational excitation. 

It is thus likely that some of the energy difference between H3+ and the protonated 



Chapter 4: H3 + reactions with hydrocarbons Section 4.3 Results 149 

hydrocarbon is removed as relative translation between the hydrogen molecule and 

the protonated hydrocarbon ion. 

As mentioned earlier, the ion lifetime must be longer than that required for 

scrambling as relatively statistical isotope ratios are observed. Further information can 

be obtained from a comparison of the results of Smith and Futrell 139, 291. The product 

ratios in these experiments, obtained at low pressures «10-5 Torr), are very similar to 

the results obtained in the SIFT. Thus one can conclude that the lifetime of the excited 

ions, i.e. the time required for unimolecular dissociation, is less than the collision time 

for the SIFT at 0.5 Torr (~3 x 10-8 s). One must note however that there is increasing 

evidence that ion-neutral collisions are often 'weak' and thus many may be required 

to adequately remove the energy from the excited hydrocarbon ions. 

The reactions observed in this Chapter can thus be best characterised by a 

long-range proton transfer to form an excited ion that will subsequently decay in a 

time window of between the time required for proton shuffling and the collision time 

in the SIFT. In the more energetic reactions hydride ion abstraction is also possible. 

When no stable protonated ion exists, unimolecular decay will happen almost 

immediately. 

§4.3.5: HeW and He2W reactions. 

In an effort to explore an even wider range of proton transfer energetics the 

. reactions of HeH+ with some of the neutrals discussed above were also investigated. 

The reactions of the He2H+ ion were also investigated. As this ion forms via an 

extremely slow association between HeH+ and the helium carrier it is necessary to 

know the products of the reactions of HeH+ in order to correct the data. The P A of H2 

is 422.3 kJ morl while that of helium is some 245 kJ morl lower at 177.8 kJ mOrl. 

The reactions of HeW could therefore reasonably be expected to be even more 

dissociative than those ofH3+' The reactions of HeH+ with the hydrocarbons methane, 

acetylene, ethylene, propane and benzene were chosen for study along with several 

other non-hydrocarbon neutrals, viz hydrogen, argon, krypton, neon, ammonia and 

water. Previous investigations ofthe HeH+ ionic reactant have investigated its 
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reactivity with ethylene 145, hydrogen 146,147, laypton 147 and neon 148. A problem was 

encountered in the current study in that when the product distributions of the various 

reactions were analysed, significant amounts of apparently endothermic product 

channels were observed. 

As an example, in the reaction between HeH+ and water, both H20+ and H30+ 

were apparently observed to be products in approximately equal amounts. If these 

were both products of the reaction of HeH+ (believed to be the most energetic ion 

present) and water the reactions that would have to be occurring are shown below. 

HeH+ + H20 => H30+ + He + 519 kJ mor1 (431a) 

=> H20+ + He + H - 84 kJ mor l (431b) 

That is the process that gives channel 428b is 84 kJ mor l endothermic. As 431 b was 

apparently a significant product channel this suggests that there is a serious problem 

here. Initially it was thought that there was internal excitation present in the HeH+ ion 

i.e. a similar problem to that possibly present with H3 +. 

In this first investigation, the HeH+ ions were generated by admitting a very 

small flow of hydrogen into the FA close to the upstream end of the FA. This low 

flow generated H2 + which, in the absence of further hydrogen to react with (which 

would form H3 + rapidly), undergoes a slow reaction with the helium carrier 148. 

H2+ + He => (432) 

k = 1.35x10,10 cm3s'1. 

As the ions then passed through the venturi injector into the SIFT, the internal energy 

gained during injection could have been retained through to the reaction region if 

helium is ineffective at quenching vibrational excitation of the HeH+ ions. Smith and 

Futrell 145 have previously studied the reaction of HeH+ with ethylene in a tandem 

ICR. This instrument has a spatially separate ion source (in this case the ion source 

and selection region of a 1800 magnetic sector instrument) which, much like a SIFT, 

allows mass selection ofthe ion prior to its injection into the reaction region i.e. the 

ICR cell. As the ions were generated in a separate ion source the investigators had 

control of the ion source conditions without affecting the conditions in the ICR cell. 

They used this feature to monitor variation of the product distribution with respect to 

the average number of collisions in the ion source (the number of collision in the ion 

source was shown to correlate with the internal energy of the reactant ions). Thus they 
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essentially monitored the product distribution as the amount of internal energy in the 

reactant ions was reduced. The ratios they found are shown below in Table 4.4. 

However when this same reaction was observed in the present SIFT, using 

HeH+ ions generated in the FA, a significant C2H2 + channel was observed in spite of 

this being 143 kJ mor l endothermic. 

=> 

=> 

Product Ion 

C2H3+ + He + H2 + 290 kJ mor l (433a) 

C2H/ + He + H + 119 kJ mor l (433b) 

Excited HeW 

0.00 

0.55 

0.45 

Relaxed HeH+ 

0.00 

0.25 

0.75 

Table 4.4: The product distributions for the reaction of HeF with ethylene obtained 

by Smith and FutreZZ 145
. The ions were either in an excited state (no collisions in the 

ion source region) or a relaxed state (many collisions in the ion source region) before 

reaction occurred 

The experiments of Smith and Futrell showed that helium (they actually used a 5: 1 

mixture of He:H2 in their ion source) could quench excited HeH+ and that their 

excited HeH+ did not produce C2H2+' Thus it is unlikely that the problem in our 

experiments is the presence of an excited HeH+ fraction. 

In order to further check this suggested explanation the HeW ions were 

created in an alternative manner. In these experiments the FA used a hydrogen carrier 

and the H3 + ion was selected with the upstream quadrupole mass spectrometer. This 

ion was then injected into the helium carrier of the SIFT reaction tube at high energies 

(i.e. high voltages on the FA nose cone). A signal of HeH+ (as well as H3 +, H20+, 

H30+, and N2H+) was then observed. This method of forming HeH+ is essentially 

driving the endothermic reaction: 

H3+ + He => (434) 
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with the energy from the injection process. When ethylene was added to this system 

significant amounts of C2H2 + were still observed. 

Under these conditions another, poorly resolved, peak at mass 1.5 was 

observed on the injection scans. This mass is probably H+ at mlz = 1 as the low mass 

section of the scan appears to be slightly non-linear (for example H3 + occurs at 

approximately 3.4 amu). In the earlier experiments (when the HeH+ was generated 

from the FA), this non-linearity in the downstream quadrupole was not in evidence. In 

fact mlz = 5 apeared at approximately 4.7 amu, and so the scan of injected peaks 

(which was terminated at "1 amu" in each case) would only show part of the peak 

shoulder as the lowest mass accessed on this scan was 1 amu. A "peak" consistent 

with this expectation was apparent. The reaction of H+ with ethylene has not been 

measured previously but other H+ reactions predominantly give charge transfer and 

dissociative charge transfer. The reaction ofH+ and ethylene to give C2H2+ is 36 kJ 

mor1 exothermic and so is apparently possible. Thus it seems likely that the product 

distributions are being seriously affected by the presence of the H+ ion, which is 

probably being formed by "break-up" of the HeH+ ion during injection through the 

venturi orifice. As the amount of H+ present was not recorded during the 

determination of the product distributions they cannot be corrected for this 

interference. 

In the course of the reaction studies with the HeH+ ion another interesting 

species was observed in the SIFT flow tube. This was He2W at mlz = 9, a species that 

has only ever been observed once previously in flow tube experiments 146,149 in an FA 

at 200K. There are however several theoretical investigations ofthis, and higher, 

helium clusters. The weakly bound He2H+ species is formed from HeH+ by a 

termolecular reaction with the helium carrier gas. 

HeH+ + 2He => He2H+ + He (435) 

This process is believed to be termolecular as the ratio of He2H+ :HeH+ increases with 

increasing pressure. Adams, Bohme, and Fergusson 146, who have previously 

observed the ion, assigned a different formation process to it, namely the bimolecular 

Reaction 433. 

=> (436) 

As this previous observation occurred in a FA reactor it was impossible to separate 

Reactions 435 and 436. However in the current system there is no hydrogen present in 



Chapter 4: H/,reactions with hydrocarbons Section 4.3 Results 153 

the SIFT reaction tube which eliminates Reaction 436 as a possibility in our system. 

Reaction 433 may also produce the He2H+ ion in the FA apparatus used by Adams et 

al., however it would be in concert with Reaction 435. A number of theoretical 

investigations of He2H+ and higher helium clusters have also been made 150,151,152,153. 

If the reactions of HeH+ with various species are to be studied further in the 

Canterbury F A-SIFDT in the future, a better method for generating the ion would be 

to inject H2 + into the SIFT flow tube and to generate HeH+ from Reaction 432 with 

the (helium) SIFT carrier gas. It would be necessary to use a very small hydrogen 

flow into the FA to generate the H2 + ion current or H3 + would result. This is probably 

best done using a helium/hydrogen mixture. 

Section 4.4: Conclusions 

The rates and products of the reactions ofH30+, N2H+ and H3+ with a range of 

hydrocarbon reactants have been studied. In agreement with expectations the rate 

coefficients for almost all ofthe exothermic proton transfers were close to the limiting 

collision rate coefficients. The rate coefficients observed for many of the H3 + 

reactions were further from the collision rates than the others. It is not clear whether 

this is a real trend or the result of the fact that reaction rate coefficients as fast as these 

provide considerable experimental challenges to accurate measurement - especially 

when the reactants are condensable. The differences between the H3 + reactions 

performed using ions generated from a hydrogen carrier with krypton ions and those 

performed using injected H3 + ions were mostly minimal when the H3 + ions were 

injected at low energies. When low mass fragments were formed in the hydrogen 

carrier gas association reactions with hydrogen often obscured the branching ratios 

somewhat. 

In most cases it appears that dissociative channels only begin to become 

significant when the reaction exothermicities exceed 100 to 150 kJ mOr1. 

Consequently channels that occur by the elimination of stable molecules, mainly H2, 

CH4, C3H6 and C4H8, are favoured and quite commonly seen. The relative importance 

of these dissociative channels increases as the energy in the reactant ion increases, as 

would be expected. 
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The second most simple polyatomic ion, He2H+, has also been observed in the 

Canterbury SIFT at thermal energies. This ion apparently is formed via the slow 

association of the HeH+ ion with the helium carrier gas. The HeH+ ion was a minor 

contaminant in many of the H3 + reactions. The investigation of the reactions of He2H+ 

was hindered by the inability to inject the HeH+ ion without interference from 

another, highly energetic, ion which interfered with the determination of the product 

distributions for both HeH+ and He2H+. This contaminant ion has tentatively been 

assigned as H+. 
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Chapter 5 

The Proton Affinity and Methyl Cation Transfer 

Reactions of Cyanogen. 

Section 5.1: Introduction. 

§5.1.1 :Cyanogen. 

155 

Cyanogen (NCCN, denoted hereafter as C2N2) has long been considered a 

prime candidate for being present in interstellar clouds since molecules containing CN 

functionalities comprise a sizeable minority of all the molecules detected in the 

interstellar medium (ISM) 42. However, C2N2 itself has not been detected and will not 

be trivial to detect due to its symmetry and lack of a permanent dipole moment. This 

lack of a dipole moment makes it essentially invisible to the conventional radio 

frequency methods of detection 154, 155, 156. Cyanogen has however been detected in the 

stratosphere of Titan by the Voyager 1 space craft from the infrared spectrum of 

Titan's atmosphere 157. A likely precursor for cyanogen in the interstellar medium is 

the protonated form, HC2N2+ and thus almowledge of the proton affinity (PA) of 

cyanogen becomes important for interstellar modelling. The proton affinity is also 

relevant in modelling the ionosphere of Titan due to the abundance of ions that can 

potentially transfer a proton to it: e.g. HCNH+, C2H5+, H30+ (see Chapter 6 for further 

details on Titan's atmosphere and ionosphere). 

§5.1.2: Proton affinities. 

The proton affinity of a neutral species is a measure of its propensity to give 

up a proton (H+) upon reaction with another species 68,111, 158. For a species, X, the 

proton affinity of X is defined as shown in equation 5.1. 

(P A) X = L\Ho f (X) + L\Ho f (H+) - L\Ho f (XH+) (5.1) 

That is to say the PAis a measure of the enthalpy change in the reaction 

=> (5.2) 
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Thus the higher the proton affinity the more stable the protonated species is. Reaction 

5.1, or it's reverse, however, is very rarely directly measurable and ilHof (XH+) is 

only known for a selected few molecules 111. Experimentally proton affinities are 

usually determined by one of two methods, the bracketing or the equilibrium method. 

The equilibrium method relies on separately studying the rate of a reaction 

system like that shown in Equation 5.3 in both directions. The equilibrium method is 

usually the more accurate of the two methods. 

XH+ + B <=> BH+ + X (5.3) 

From these reactions the equilibrium constant and subsequently the enthalpy change 

can be determined. 

K= kf/kb (5.4) 

and ilGO = -RT in K (5.5) 

also ilGO = ilHO - TilSo (5.6) 

.. ilHo = -RT in (kr/kb) + TilSo (5.7) 

ilHo = PA(X) - PA(B) (5.8) 

This ilHO is equal to the difference between the P A of species X and species B 

(equation 5.8), which allows one to define the PA of X from the knownPA(B), the 

measured reaction rates, and an estimate of the change in entropy for the reaction. 

This entropy can be calculated from equation 5.6 and the gas phase basicity (GB) and 

proton affinity of the reference compound (B) as; 

and 

GB(B) = -ilGO( (B + H+) => BH+ ) 

P A(B) = -ilHO( (B + H+) => BH+ ) 

(5.9) 

(5.10). 

A comparison of the relative proton affinities of two compounds whose proton 

affinities differ by less than 20kJ mor1 is then easily made by establishing what 

species proton transfers to the other. By comparing a large range of different 

compounds, 'ladders' of proton affinities can be and anchored to a few reference 

compounds for which absolute proton affinities are known. 

The bracketing method 159 is most commonly used when one cannot find a 

convenient equilibrium system where the reaction coefficients are measurable in both 

the forward and backward direction. In the bracketing method one studies the reaction 

between the neutral and a selection of protonated ionic species with lmown P A values. 

From the presence or absence of reaction one can bracket the unlmown P A between 
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the reactive species with the highest P A and the unreactive species with the lowest 

P A. In essence the bracketing method relies on the fact that exothermic proton 

transfer reactions are usually fast i.e. proceed at or near the calculated collision 

rate 112, 113. Bracketing, however, can be prone to error as slightly endothermic 

channels may give an observable product and exothermic products may be masked by 

the presence of other, significantly more exothermic, channels. 

Section 5.2: The proton affinity of cyanogen. 

§ 5.2.1 :Previous measurements. 

The proton affinity of cyanogen has previously been measured by Petrie 160 on 

the first SIFT constructed at Canterbury University 66 using the equilibrium method. It 

has also been measured by others 159, 161 using bracketing methods. These results led to 

a tabulated value of 674.7 kJ morl 
lll. The spread in these experimental values is 

small « 5 kJ mor l
) and this would appear to indicate their accuracy. However high

level ab initio studies of C2N2 by Petrie 179 and Botschwina et al. 162 have produced 

results that while mutually consistent (655 and 657 ± 5 kJ mor l respectively) are 

irreconcilable with the experimental values. This has raised doubts about the P A of 

cyanogen. Several factors suggest that it may be the experimental value that is in 

error, but before mentioning these reasons it is necessary to give a short description of 

each of the experiments. 

The first, by Raksit and Bohme 159, was a SIFT bracketing study, which 

derived a P A for C2N2 of 678±8 kJ mOrl. This conclusion was based on the 

occurrence of fast proton transfer between S02H+ and C2N2 (Reaction 501) and the 

observation of a proton transfer channel in the reaction of protonated cyanogen with 

ethylene (Reaction 502). 

=> 

=> 

=> 

C2N2W + S02 

k = 8.2 X 10-10 cm3s-1 

C2H/ + C2N2 (0.70) 

C2N2H+.C2H4 (0.30) 

k = 5.6 X 10-10 cm3s-1 @ 0.20 Torr H2 

(501) 

(502) 
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These reactions bracketed the proton affinity between PA (S02) = 674.5 kJ morl and 

P A (C2H4) = 680 kJ mOrl. These proton affinity values are those listed in the original 

paper and have since been revised, though cunent tabulated III values would not 

significantly affect the conclusions of this experiment. However there is growing 

evidence 163 that the tabulated PA(S02) is seriously in enor (see Section 5.2.2.4 and 

5.2.2.5 for further discussion) 

The second investigation was undertaken by Deakyne et al. 161 on an Ion 

Cyclotron Resonance (ICR) Spectrometer. This bracketing experiment yielded a P A 

of 674±8 kJ morl in excellent agreement with that of Raksit and Bohme. A bracketing 

experiment was performed, as the reagent they believed most appropriate for an 

equilibrium study, ethylene, presented problems in the ICR. Protonated ethylene 

undergoes a rapid bimolecular reaction with neutral ethylene (Reaction 503) and 

makes the determination of the reaction rate with cyanogen especially difficult. 

C2Hs+ + C2~ => C3H/ + CH4 (503) 

k = 3.55 X 10-10 cm3s-1 6C 

The reactions ofCOSH+ (PA (COS) = 632 kJ morl), C2H/ (PA (C2H2) = 641 kJ 

mor\ and CF3CFOH+ (PA (CF3CFOH) = 670 kJ morl) with cyanogen were all 

found to transfer a proton. Also Reaction 502 was re-examined and the proton transfer 

confirmed. Double resonance 164 techniques confirmed the lillie between reactant and 

product ion in all reactions except that of protonated acetylene with cyanogen. These 

results bracketed the P A between 670 and 680 kJ mOrl. Though the authors claim to 

have obtained rough equilibrium values they do not report them. A theoretical value 

(MP3/6-31G**IIHFI6-31G**) of 668 kJ morl was also reported, suggesting the 

experimental value was perhaps a little high, but not grossly inaccurate. 

The third investigation was performed at the University of Canterbury by 

Petrie et al. 160 using the older version SIFT. This investigation was an equilibrium 

measurement with the equilbria involving C2N2, C2~, and CH3CI being investigated 

by measurement of the rates of proton transfer in both the forward and reverse 

directions. On the basis of these reactions C2N2 was assigned a PA of 674±4 kJ mOrl. 

Why then are the experimental results so different from those obtained from 

ab initio techniques? One point to note is the results of a recent experimental and 

theoretical study into the proton affinity ofCH3CI by Glukhovtsev et al. 165. Using G2 

theory and high-pressure mass spectrometry techniques these workers showed enors 
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in the proton affinities of several of the halogenmethanes. The authors of this study 

now recommend a value for the proton affinity of methyl chloride of 649.8 kJ mor 1 

over 30 kJ mor l lower than the longstanding tabulated value. This leaves the 

equilibrium study of Petrie et al. I60 with a serious inconsistency. Two proton 

equilibria were established in that study. The two proton transfer partners (CH3CI and 

C2H4) should therefore have proton affinities of similar magnitudes « ~10 kJ mor I
). 

However, with the recent lowering of the P A of methyl chloride this is no longer the 

case. Also two species with proton affinities slightly higher than ethylene have just 

had their P A significantly lowered as a result of new high-pressure mass 

spectrometric measurements of proton transfer equilibria 165. These new results and 

inconsistencies have motivated this new study into the proton affinity of cyanogen. 

§5.2.2: Experimental details 

The results presented below were obtained on the University of Canterbury 

F AlSIFDT at room temperature (295±10 K). For the protonated ions the moveable 

ioniser was the preferred source of ionisation. A hydrogen carrier was present in the 

FA source, and the H3 + ion formed then transferred a proton to the neutral species 

producing the protonated species of interest. The neutral precursor was invariably the 

non-protonated neutral and was introduced through the inlet closest to the FA nose 

cone. Helium was used as the bath gas in the SIFT flow tube at a pressure of 0.480 

Torr. 

§5.2.3: Results and Discussion. 

The rate coefficients and product distributions determined in the current study 

are shown in Table 5.1. 

Table 5.2 contains the gas phase basicities and proton affinities of the species 

involved in the determination. 
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Reactants Branching Rate Coefficients (x 10-9 cm3s-1
) 

Ion Neutral Products Ratio· keol 
b 

kobs k pT 

C1N2H+ + C2Hl 0.75 

C1H3+ C1N2 Adduct 0.25 1.6 1.1 0.83 

C2H3+ + C1N2 0.15 

C1N2W C2Hl Adduct 0.85 1.1 0.48 0.072 

CH3CIH+ C1N2 C2N1W + CH3CI 1.00 1.0 0.20 0.20 

C2N2H+ CH3CI CH3CIW + C2Nl 1.0 2.1 0.16 0.16 

SOlH+ C1Nl C1N1H+ + SOl 1.00 1.0 1.2 1.2 

C2N2H+ S02 Adduct 1.00 1.7 0.030 

C2H5+ C2N2 Adduct 1.00 1.5 0.31 

C2N1H+ C2H4 C2H5+ + C1N2 1.00 1.1 0.88 0.88 

Table 5.1: The rate constants and product ratios for the reactions relevant to the 

determination of the proton affinity of cyanogen. 

a) The product branching ratios were determined in 0.48 Torr of helium. 

b) Calculated using the parameterised method of Su and Chesnavich 114 for reactants with a 

dipole moment and Langevin theory for reactants with no dipole moment. 

Proton Affmity 

Species (Tabulated) a 

C1Nz 674.7 

CH3CI 647.3 

C1H2 641.4 

C2H4 680.5 

SOl 672.3 

Proton Affmity 

(Corrections) 

651.2 b 

627 C 

Gas Basicity a 

645.8 

621.1 

616.7 

651.5 

643.3 

Table 5.2: Proton affinities and gas basicities of species relevant to the determination 

of the proton affinity of cyanogen. 

a) PA and GB in kJ morl from Reference 111 (Lias et aI). 

b) This work. 

c) Theoretical value from Reference 163. 

Based on these results we calculate a value of the proton affinity of cyanogen at 

651.2 ± 2 kJ mOrl. This value is calculated using the ClUTent SIFT determination of 

the C2H2/C2N2 proton transfer equilibrium and a previous unpublished determination 

of the CH3Cl/C2N2 equilibrium by McEwan. The calculated thermochemical values 

for the proton affinity determination are shown in Table 5.3. 
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Reaction 

C2H2 + H+ => C2H/ 
CH3Cl + W => CH3ClH+ 

C2N2 + W => C2N2H+ 

C2H3+ + C2N2 <=> C2N2H+ + C2H2 

CH3ClH+ + C2N2 <=> C2N2H+ + 

CH3Cl 

-6.1 

-0.6 

-82 b 

-87 b 

_96 b 

-14 c 

-9 c 

-10.3 651.7 

-3.3 650.6 

Table 5.3: The thermochemical values used in the determination of the proton affinity 

of cyanogen. 

a) AHo, AGO, and the proton affInity are all measured in kJ mOrl. The AH values are calculated 

using AH = AG + TAS 

b) Calculated as stated in text below. Units are J mor1 
1("1. 

c) The sum of the ASO half reactions. The units are J mor1 K-1
. 

The ~SO values shown in Table 5.3 for the 'half-reactions" are calculated from the 

difference between the listed proton affinity and gas basicity 111 which in essence is 

how Lias et al. 's estimate of the change in entropy is found. These entropy changes 

have been calculated in order to reconcile the scales of proton affinity and gas 

basicity. The agreement between the two new estimates for P A(C2N2) is excellent. 

The acetylene!cyanogen proton transfer equilibrium. 

C2H3 + ions were formed by protonating acetylene in the FA source using 

hydrogen as a carrier gas. Proton transfer and adduct formation were observed in both 

directions. This is another example of the propensity of cyanogen to easily add alkyl 

group ions to itself. 

The methylchloride!cyanogen proton transfer equilibrium. 

The results presented for this reaction are essentially the same as those 

presented in Reference 198, but using a more current value for the proton affinity of 

methylchloride 165. These results are from an ICR experiment performed by McEwan 

some time ago that was not independently published. The system was partially 

investigated in the F AlSIFDT but the same problems with break up of the CH3CIH+ 

ion to CHCIH+ (Reaction 504) that caused problems for Petrie and co-workers 159 

prevented it from being fully explored. The close agreement between the ICR 
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determination of the P A of cyanogen and our SIFT determination suggests that there 

is no need to replicate the ICR results. 

CH3CIH+ => CH2CI+ + H2 

CH3CIH+ + C2N2 <=> C2N2W + CH3CI 

(504) 

(505) 

The reverse of Reaction 505 was however observed to give slow proton transfer and 

also a small amount (l0%) of adduct. The total observed rate coefficient was 2.2xlO-1O 

cm3s-l
• 

The ethylenelcyanogen proton transfer system. 

This proton transfer reaction (Reaction 506) was reported by Petrie et al. to 

apparently proceed measurably in both directions. 

(506) 

This observation appeared at the time to be in agreement with the methyl chloride 

result, but with the subsequent devaluing of the P A of CH3 CI is now in contradiction 

with it. Our new investigation finds that the sole product of the reaction between 

C2HS+ and cyanogen (Reaction 506 forward) is an adduct with a rate coefficient of 

3.1xI0-lO cm3s-l at 0.48 Torr of helium. 

(structure indeterminate) (507) 

Petrie et al. report a rate of 1.6xlO-1O cm3s-l
, primarily forming the adduct with a 

C2N2H+ product and up to 5% proton transfer. It seems now that the proton transfer 

was most likely from C2H3 + formed as a result of break up of the C2Hs + ion during 

injection into the SIFT tube or from C2H3 + formed in the source region and 

inadequately screened from the reaction flow tube by the injection quadrupole. These 

sources of interference have been eliminated in the new F AlSIFDT and no proton 

transfer was observed. For the reverse reaction of 506, proton transfer from C2N2H+ 

was the only observed product with a rate coefficient close to the Langevin collision 

rate. 

The sulphur dioxide/cyanogen proton transfer system. 

With a tabulated proton affinity of 672.3 kJ mor l (cf. PAlit(C2N2)=674.7 kJ 

mor\ S02 was an excellent candidate for establishing a proton transfer equilibrium if 

the tabulated value for cyanogen was correct. However as expected no equilibrium 

was observed, instead rapid proton transfer was only observed from S02H+ to 
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cyanogen (Reaction 508). This is not as the tabulated P A of S02 would predict and 

suggests that P A(S02) is in fact lower than that of cyanogen. 

S02H+ + C2N2 => C2N2W + S02 (508) 

Support for this lower sulphur dioxide P A (lower even than cyanogen) comes from 

recent theoretical work from Fairley and associates 163 who assign a PA of 627 kJ 

mor l to the trans OSOH+ structure at OK. This value is 24 kJ mor l lower than the P A 

of C2N2 determined here and suggests that proton transfer from S02H+ to C2N2 should 

proceed at close to the Langevin rate, as indeed it does. 

Supplementary proton transfer reactions. 

The reactions of several of the reference bases with each other were also 

studied. The results for this are presented in Table 5.4. These reactions provide further 

support for the lower theoretical P A(S02) proposed by Fairley et a1 163
• Reaction 509a 

efficiently transfers a proton from S02H+ to C2H2 while the reverse (Reaction 510) 

only produces CH2SOH+. 

S02H+ + C2H2 => C2H3+ + S02 (509a) 

=> CH2SOH++CO (509b) 

C2H3+ + S02 => CH2S0H+ +CO (510) 

Reactants Products Branching Rates (x 10-9 cm3s-1
) 

Ion Neutral Ratio a kco1
b 

kobs 

C2H3+ CH3CI CH3Crn+ + C2H2 0.75 2.5 1.1 

Adduct 0.15 

C3HS+ + HCI 0.10 

C2H3+ S02 CH2SOH++CO 1.00 2.0 1.2 

S02H+ C2H2 C2H3+ + S02 0.40 1.2 1.1 

CH2SOW+CO 0.60 

S02H+ C2H4 C2Hs+ + S02 1.0 1.2 1.0 

C2HS+ CH3CI Adduct 1.00 2.4 0.16 

C2H/ S02 Adduct 1.00 2.0 0.0088 

Table 5.4: The rate coefficients and products of the supplementary proton transfer 

reactions pe110rmed during this study. 

a) The product branching ratios were determined in 0.48 Torr of helium. 

b) Calculated using the parameterised method of Su and Chesnavich 114 for reactants with a 

dipole moment and Langevin theory for reactants with no dipole moment. 
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The products for Reactions 509 and 510, specifically the presence of a protonated 

product in Reaction 509 and the lack of one in Reaction 510, indicate that the proton 

affinity ofSOz is less than that ofCzHz (PA= 641.1 k] mor l
). This result is consistent 

with the observations from the cyanogen reactions (see Reaction 507 and Table 5.1). 

Also of note is the formation of the CHzSOH+ product from both directions in 

the CzHz/SOz system. This suggests that it is a very stable ionic product. The structure 

of this ion could be either of the isomers CHzSOH+ or CH3S0+ but theoretical 

results 166,167 suggest it is likely to be the protonated sulfine CHz=S=OH+. The ab 

initio calculations give .6.Hfvalues of739 k] mor l for CHzSOH+ and 838 k] mor l for 

CH3S0+. An ion of m/z=63 (the same mass as the CHzSOH+ ion observed in these 

reactions) has previously been observed to be formed from ionised 

dimethylsulphoxide (DMSO CH3-(S=0)-CH3). It was originally assumed that this ion 

was formed by the cleavage of one CH3 unit to give CH3SO+ and this is indeed the 

case for ions formed from high energy DMSO e.g. in the ion source of a conventional 

sector mass spectrometer 168,169. However when the ion is formed from DMSO ions 

dissociating in the field-free region, i.e. lower energy DMSO ions, the product has 

been shown by collisional activation spectroscopy in a mass spectrometer to be 

CHzSOH+ 167. As the SIFT operates at thermal temperatures and the ions involved in 

reactions are thermalised by collisions with the buffer gas particles in both FA and 

SIFT reaction tubes, it seems likely that the product formed in the CZH3+/S0Z and 

SOzH+/CzHz systems is CHzSOH+, perhaps by a cycloaddition mechanism like that 

shown in Figure 5.1. The second complex is similar to the electrostatic collision 

complex that will be formed initially in both Reactions 509 and 510. The presence of 

chmmel509b suggests that the proton transfer observed (Reaction 509a) probably 

occurs in an intra-complex manner i.e. after the formation of a collision complex and 

not one where the proton is transferred via a harpoon-like mechanism. 

HzC-CH+ 
H2CCH+ + S02 ----- I 1----- CH2SO.HCO+ ----- CH2SOH+ + CO 

O=S 0 

Figure 5.1: A possible reaction scheme for the/ormation of the protonated suljine 

product in Reaction 509. This scheme may also apply to Reaction 508b. 
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The observation of proton transfer from C2H3 + to CH3CI shows that the proton 

affinities of these two species are similar in accordance with the new P A of CH3 Cl. 

Investigations of the structure of the association ions formed 

Like the methylated ions discussed below the association products formed 

from the reaction ofprotonated cyanogen with a hydrocarbon (see Table 5.1) can be 

of two distinct forms, either a cluster type ion (where the individual moieties retain 

their own separate chemical identities), or as a covalently bound ion. The association 

products HC2N/.C2H2 and CH3C2N/.HCN were also investigated using the drift tube 

(DT). No fragmentation of these ions was observed with 250V on the DT at 0.48 Torr 

(i.e. 5 V cm-I
) which would indicate that they are relatively strongly bound. 

The reactivity of these adducts is partly consistent with a covalent structure. 

The adduct of protonated cyanogen and acetylene (denoted hereafter as C4N2H3 +) was 

formed in the FA, mass selected and then reacted with water vapour, propane, and 

methanol. No reaction was observed between the C4H3N/ ion and either propene or 

water. 

=> NR (513) 

Water has a higher P A than cyanogen and thus one would expect that if the C4N 2H3 + 

ion was a weakly bound cluster ion, a reaction would be observed (either proton 

transfer from the C2N2H+ moiety to water or a ligand switching reaction). This sort of 

reactivity was not found. Propane has a slightly lower P A than cyanogen so proton 

transfer would not be expected. However C4N2H4 has several stable neutral structures 

(both linear, NCCH2CH2CN, and cyclic) which could mean that the C4N2H3+ ion 

would extract a hydride ion from C3HS in order to stabilise its carbo cation and 

rearrange to one of these structures. As no C3H/ ion is observed, and indeed no 

reaction at all takes place, it is likely that the carbocation is already stabilised. A 

possible form for this stabilised ion is N=C-CH=N-C+ =CH2 where the adjacent 

heteroatom and double bond will spread the charge density. 

When methanol was the neutral reactant however, the reactivity appears to be 

consistent with at least a fraction of the product C4N2H3+ ions having an electrostatic 

structure (Reaction 514). 

C4N2H/ + CH30H => CH30H/ + C2N2 + C2H2 (514) 
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Methanol has a PA of 754 kJ mor1lll, so proton transfer from C2N2 could be 

expected. The semi-logarithmic decays of the mlz = 79 primary ion had a curved 

appearance indicating that two isomers were present in the reactant ion. The initial 

rate is approximately 5xlO-lO cm3s-1 and the rest of the curve is indicitive of an 

unreactive fraction (a little under half of the ions with a rate of 3xlO-12 cm3s-1). This is 

shown in Figure 5.2. The products observed were predominantly the result of proton 

transfer to methanol but a small amount of adduct was also observed. This suggests 

that both a covalent and electrostatic fraction is present in the C4N2H3 +. 

Signal (c s) 

k=1.56E-11 10=1562.41729 

0.05 0.10 0.15 0.20 0.25 0.30 Flow 

Figure 5.2: The semi-logarithmic decay observed when methanol was reacted with 

the C4H3N2 + ions generatedfrom the association OfC2H3 + and C2N2. 

Protonated methanol and the proton bound dimer of methanol were both observed 

indicating a proton transfer had taken place. These observations suggest that both 

electrostatic (i.e. capable of proton transfer to methanol) and covalent stmctures 

(unreactive) ofC4N2H3+ are formed in the reaction between C2H3+ and C2N2. 
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Section 5.3: Methyl Cation Transfer Reactions. 

§5.3.1 Methyl cation transfer reactions involving cyanogen. 

Another property of molecules which is conceptually similar to proton affinity 

is that of methyl cation affinity (MCA). This property is a measure of the relative ease 

with which a molecule will transfer a CH3 + cation to another molecule. The methyl 

cation affinity is defined as the enthalpy change for reaction 5.11. 

BCH3+ => CH3+ + B MCA(B) = ~H298 (5.11) 

Here B represents the entity (often referred to as a "base") for which the MCA is 

being determined. The MCA of a molecule usually correlates with its proton affinity 

and the intrinsic nucleophilicity of the atom to which the methyl cation is 

attached 170, 171 . 

Alkylated cyanogen ions have previously been observed to form effectively l72 

but the subsequent reactions of these species have not been investigated. McEwan et 

al. believe, however, that the adduct formed is strongly bound. The reactivity of these 

alkylated ions will be heavily influenced by the nature of the bonding between the 

alkyl cation and the cyanogen molecule. These alkylated ions may be able to transfer 

alkyl cations to other species and act as alkylating agents in the interstellar medium. 

Indeed the low P A of cyanogen suggests that alkylated cyanogen ions may be highly 

effective alkylating agents. Should this be the case it would suggest that the bonding 

is primarily electrostatic in character. Alternatively if, the alkylated cyanogen ions are 

strongly bound they would not readily transfer these cations. In this latter case the 

alkylated cyanogen ions would provide an effective starting point for rapidly building 

more complex species. 

Several of the reactions presented previously in Table 5.1 show association 

products. Reaction 507 is a good example of the formation of this type of adduct ion. 

Here the product of the reaction of C2HS + and C2N2 is quite possibly the alkylated ion 

CH3CH2NCCN. Similar behaviour was observed in the reaction of C2H3 + with 

cyanogen in this study and has also been previously observed for CH3 + ions reacting 

with cyanogen 159, 172. 

As previously stated,there is a general cOfllelation between PAs and MCAs. 

Such correlations are especially useful when series of related bases (e.g. a series of 

molecules containing an oxygen donor atom or a series of nitriles) are 
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compared 170,171 . In their 1990 paper, Deakyne and Mautner 171 show that the 

relationship between MCA and PAis reasonably linear for a series of CN type donors 

(see Figure 3 of that paper). From such observations it may reasonably be inferred that 

cyanogen, with its low PA, would be an effective alkyl donor. To explore this 

possibility the reactions of methylated cyanogen with a range of neutral molecules 

were investigated in the present study using the FA-SIFT. 

§5.3.2: Experimental conditions. 

The Canterbury FAlSIFDT is ideally suited to the study of this class of 

reactions as the alkylated ions can be easily formed in the F A and then mass selected 

by the upstream quadrupole. The products of these alkylated ions with neutral 

reactants added downstream in the SIFT flow tube can then be studied without 

interference from other species. The method of ionisation used in the flowing 

afterglow for these studies was, in most cases, the linear geometry microwave 

discharge. Methylated CH3NCCN+ ions were formed from the reaction of CH3 + with 

cyanogen (Reaction 510). The methyl cations were formed from the action of helium 

ions and metastables on a flow of methylbromide vapour that was added upstream of 

the point where the cyanogen was added to the FA. This two-step process allowed the 

methylated ions to be mass selected and directly injected into the reaction flow tube. 

§5.3.3: Results and Discussions. 

The products and rate coefficients of the reactions studied in this section are 

presented in Table 5.5. As may be seen in Table 5.5, no methyl cation transfers were 

observed from CH3NCCN+ to any ofthe neutral bases investigated. One possible 

exception to this general observation comes from the reaction between CH3C2N2 + and 

dimethyl ether. In this case a small (CH3)30+ ion signal was observed in the flow tube. 

However, as no methyl cation transfer was observed to species having higher MCAs 

(e.g. trimethylamine (CH3)3N for which MCA = 528 kJ mor1 (cf. MCA (CH3)20 = 

390 kJmor1) it seems likely that the small (CH3)30+ ion signal is not a result of the 

primary reaction process. It is likely the (CH3)30+ ions are formed from ions present 



Chapter 5 Proton affinity of cyanogen Section 5.3 Methyl cation transfer 169 

as a result of ionisation by stray photons entering in the flow tube. A possibility is 

Reaction 512, instigated by the ionisation of dimethyl ether in the SIFT reaction tube. 

(CH3)20H+ + (CH3)20 => (CH3)30+ + CH30H (512) 

The results in Table 5.7 are comparable as the methylated ion of (CH3)20 

which has a known low methyl cation affinity 158,171 of 390 kJ mOrl. (CH3)30+ shows 

no reaction with neutrals of similar MCA (CH3CN and CH3COCH3) but it has 

previously been shown to rapidly transfer a methyl cation to trimethylamine 171. 

Reactants Products kob' 
a 

keol 
a PA(Neutral) 

Ionic Neutral 

CH3NCCN+ C2H2 NRB 0.99 641.1 

CH3NCCN+ HCN CH3NCCN+.HCN 0.0062 3.2 712.9 

CH3NCCN+ (CH3hO CH3NCCN+.O(CH3)2 0.025 1.6 792.0 

CH3NCCN+ CH3CN CH3NCCN+.NCCH3 0.27 3.6 779.2 

CH3NCCN+ (CH3)2CO CH3NCCN+.OC(CH3)2 0.40 2.6 812.0 

CH3NCCN+ (CH3)3N CH3NCCN+.N(CH3)3 1.2 1.3 948.9 

CH3OH2+ C2N2 CH30H2 +.CzNz 0.08 1.5 

CH3BrCH3+ CZN2 NRB 1.1 

Table 5.5: The rate coefficients and products for the reactions studied during the 

investigation of the methyl cation affinity of cyanogen. 

a) Rate coefficients expressed in units of 10-9 cm3 
S-I. 

b) NR indicates that no observable reaction occurred. The rate coefficient thus has an upper limit 

of ~5xlO-13 cm3s-1• 

The lack of methyl cation transfer from these methylated cyanogen ions can be 

interpreted in two ways; either NCCN has a very high methyl cation affinity, or the 

ion formed from methylation of cyanogen is strongly (i.e. covalently) bound. In order 

to test the former of these possibilities the reactions of CH3BrCH3 + and CH30H2 + with 

cyanogen were investigated. CH30H2 + was formed by protonating methanol in the FA 

source and CH3BrCH3 + was conveniently formed from the association of CH3 + ions 

and CH3Br vapour used as a source for these CH3+ ions. If cyanogen has a high MCA 

then these alkylated cations should transfer their alkyl cations to it effectively. 

CH30H2+ has previously been shown by Karpas and Mautner 173 to effectively 

transfer CH3 + to species with relatively low MCAs (e.g. methanol, formaldehyde) and 

therefore should easily transfer CH3 + to cyanogen if it has a high MCA. No such 
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transfer was observed. Nor was any transfer observed from CH3BrCH3 +. The only 

product seen in both of these cases was an adduct. The lack of methyl cation transfer 

either to or from cyanogen suggests that there is a barrier to this type of reaction on 

the potential energy surfaces. This barrier will promote association-type reactions, 

consequently all the alkylated cyanogen ions observed in this study (and others 159,160, 

172) have been formed via an association mechanism rather than an alkyl transfer one. 

In a prior investigation of the CH3 + /C2N2 system McEwan et ai. concluded that the 

C3H3N/ ion formed via the association was strongly (i.e. <~150 kJ mor1) bound 172. 

They base this conclusion on the fact that association was observed even at pressures 

of ~lx10-4 Torr. This suggests that the formation of the C3H3N/ ion is highly facile, 

and indicates strong bonding. Similar behaviour has been observed for the 

CH3+/CH3CN 174,175,176, and CH3+/HCN 177, 178 systems, implying that the methyl 

cation forms a strong bond to the R-CN moiety in these. molecules. 

Although the CH3NCCN+ ion shows no reactivity through methyl cation 

transfer channels, it associates with lone pair donor "bases" to form much larger ionic 

species (see Table 5.5). In most cases however, these associations are not particularly 

efficient. An interesting trend is that the rate coefficients for these reactions increase 

as the P A of the base increases presumably because the P A of the neutral reactant also 

correlates with the strength of the CH3NCCN+-B bond. The collision complex 

between the methylated cyanogen ion and the neutral species is thus in a deeper well 

and consequently more energy is required to cause the complex to dissociate back to 

reactants. This increases the lifetime of the collision complex and thus increases the 

probability that the complex will be collisionally stabilised before it dissociates to 

reactants. In kinetic terms this is represented by an increase in the relative impOliance 

of the Pks[M] term in equation 5.12. 

kf + Pks[M] 
...... - [AB ]* )ilia (5.12) 

k -1 

§5.3.4: Supplementary methyl cation transfer reactions. 

The following reactions are included as they were begun under the auspices of 

this work. Subsequently they have become the core of a planned investigation of the 



Chapter 5 Proton affinity of cyanogen Section 5.3 Methyl cation transfer 171 

energetics of methyl cation transfer that will be continued by Drs. Mautner and 

Wilson. They also show that the inability to observe methyl cation transfer in the 

previous section from CH3NCCN+ was a result of the energetics of the system. The 

results are presented below in Table 5.6. 

Reactants Products kob: k b 
col 

Ionic Neutral 

(CH3)30 + (CH3)2CO (CH3)30+.(CH3)2CO 0.012 2.7 

(CH3)30 + CH3CN (CH3)30+. CH3CN 0.020 3.7 

CH3OCH2+ (CH3)2CO CH30CH2 +.( CH3)2CO [0.15] 0.69 

(CH)3CO+ + CH20 [0.85] 

CH3OCH2+ (CH3)20 CH30CH2 +.( CH3)20 [0.90] 0.14 

(CH3)30+ + CH20 [0.10] 

CH3OCH2+ CH3CHO CH3OCH2+.CH3CHO [0.90] 0.35 

(CH3)2COH+ + CH20 [0.10] 

Table 5.6: The results for those methyl cation transfer reactions not involving 

cyanogen that were investigated during this study. 

a) The experimentally determined rate coefficient. The unit are 10-9 cm3s·1
• 

b) The collision rates for each reaction, calculated using the method of Su and Chesnavich 114. 

The units are 10-9 cm3s·l
• 

(CH3) 30+ reactions 

The (CH3)30+ ion was generated from moderately high pressures of 

dimethyl ether added to a helium afterglow in the F A flow tube at the nose cone 

neutral inlet. 

Reaction with acetone 

The reaction between (CH3)30+ and acetone was found to give only an 

association product (Reaction 515a) despite the fact that the proton affinities of the 

various reactants would suggest that the methyl cation transfer reaction should 

proceed (PA ((CH3)20) = 792 kJmorl and PA ((CH3)2CO) = 812 kJmor1
). 

(CH3)30+ + (CH3)2CO => adduct (515a) 

=> (CH3)3CO+ + (CH3)20 (515b) 

At thermal energies the only product observed was the adduct (515a). This channel 

was found to proceed with an apparent bimolecular rate coefficient of l.2xlO-ll cm3s-1 
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at 0.49 Torr. The initial detenninations of this rate coefficient gave a curved semi

logarithmic decay but later investigations showed a straight decay. The curvature in 

the first attempts probably resulted from overlap between (CH3)30+ (61 amu) and 

photoionised acetone (59 amu as protonated fonn) as the resolution in the initial 

studies was very low. A low resolution was used in an attempt to minimise mass 

discrimination effects above 100 amu. Later the problem of mass discrimination was 

addressed by altering the lens and LiM setting neither of which compromise the 

resolution seriously. The proton bound dimer of acetone was observed and shown to 

be the result of photoionisation. This provides further evidence for the contention that 

protonated acetone was causing problems in the early rate detenninations. 

A small ion signal was observed at the correct mass to charge ratio to be the 

methyl cation transfer product (73 amu). This ion however, was found to be present at 

essentially identical levels with the primary ion gated off (this was achieved by 

reversing the polarity of the last electrostatic lens in the ion selection region). One of 

the reason for investigating these reactions is that it is sunnised that there is a barrier 

on the potential surface, preventing an otherwise exothennic methyl cation transfer 

from occurring. Thus the reactant ions were taken to an elevated "temperature" by 

placing a voltage on the drift tube. At these elevated energies (~50V, 0.49 Torr) the 

73 amu ion was visibly different with or without the primary ion signal, thus 

indicating that Reaction 515b was now occurring. 

Reaction with acetonitrile 

The rate coefficient for the reaction between (CH3)30+ and CH3CN is also 

very small, at ~2.0x10-11 cm3s-1
• The main product observed was the adduct at 102 

amu, however there may have been an extremely minor MCT channel. Like the 

dimethylether case this methyl cation transfer channel is most likely the result of some 

break-up or impurity ion rather than representing a genuine product channel. Due to 

the slow rate, the proton bound dimer (and logically the non-clustered, protonated 

fonn) of acetonitrile was observed to be a major contaminant ion. These ions were 

presumably fonned by stray photons entering the reaction tube. 
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CH30CH2 + Reactions. 

The CH30CH2 + ion (essentially methylated formaldehyde) was exceedingly 

easy to generate high counts. Dimethoxymethane was added to the FA at the nose 

cone inlet using a helium carrier and a microwave discharge as the source of 

ionisation. (The parent ion was even easier to generate with up to 250,000 cps 

observed at one time). 

Reaction with acetone 

In order to study the CH30CH2 +/acetone reaction, a mixture of acetone in 

helium was needed as the neutral flows of acetone required were too difficult to 

measure from pure acetone accurately. Two primary products were observed, mlz = 

73, corresponding to methyl cation transfer and the adduct at 103 amu. The product 

branching ratio favours methyl cation transfer but the traces recorded indicate that the 

adduct is actually the major product, further investigation of this system is warranted. 

The rate coefficient was found to be 6.9xlO-lO cm3s-1
• The mixture composition was 

determined by comparing the rate coefficient for the H30+/acetone reaction (using the 

mixture) with the literature rate coefficient for a pure acetone neutral reactant (klit = 

3.8x10-9 cm3s-1
). Note that this is only an apparent bimolcular rate coefficient due to 

the presence of an association channel. 

Reaction with dimethylether 

Adduct formation is the major product channel of the reaction between 

CH30CH/ and (CH3)20 . The rate coefficient was found to be 1.4x10-10 cm3s-1 at 

0.49 Torr (this rate coefficient is also an apparent bimolecular rate coefficient) with a 

product branching ratio of approximately 90% adduct and 10% methyl cation transfer. 

=> 

=> 

CH30CH/.(CH3)20 [0.90] (516a) 

(CH3)30+ + CH20 [0.10] (516b) 



Chapter 5 Proton affinity of cyanogen Section 5.3 Methyl cation transfer 174 

50000 

45000 

40000 Adduct 

35000 

30000 

25000 

20000 

15000 

10000 Methyl cation 

5000 
Transfer 

o~--------~-------~ 
k-.'~_--J(\~_~ __ -' 

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 amu 

Figure 5.3: The mass spectrum generated when a low flow of dimethylether is reacted 

with the CH30CH2 + ion. ' 

Reaction with acetaldehyde 

Both the adduct and methyl cation transfer products were observed in this 

reaction system as shown in Reaction 517. 

CH30CH2+ + CH3CHO => 

=> 

CH30CH/.CH3CHO [0.90] (517a) 

C3H70+ + CH20 [0.10] (517b) 

The rate coefficient was approximately 3.5xlO-1O cm3s-1 at 0.49 Torr. Small amounts 

of impurity ions at 45 and 43 amu were observed, presumably due to photoionisation 

of the neutral but neither these ions, nor a small amount of CH3 + (formed by break-up 

upon injection), will seriously affect the branching ratio. 

Section 5.4: Conclusions. 

The tabulated value for the proton affinity of cyanogen had been questioned 

by Petrie 179 after theoretical work suggested it should be ~20 kJ mor1lower. Thus the 
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proton affinity of cyanogen has been re-determined via the equilibrium method using 

the Canterbury SIFT. The value was determined through an investigation of the 

C2H2/H+IC2N2 reaction system in both directions. This new experimental 

measurement agrees well with a value determined using the kinetic data from a 

previous study of the cyanogen/methyl chloride equilibrium and the new value for the 

PA of methyl chloride 165. This study was reported in the previous work of Petrie et 

al. 160 and was investigated by McEwan using the ion cyclotron resonance instrument 

located at the Jet Propulsion Laboratories in Pasadena, California. The new P A value 

is 651 ± 2 kJ marl, significantly lower than the previous value of 675 kJ marl and in 

good agreement with the theoretical value proposed by Petrie 179. Further evidence has 

also been found for the lower P A for S02 proposed by Fairley et al. in a recent 

theoretical paper 163. 

Further a range of methyl cation transfer experiments have been investigated. 

It has been shown that methylated cyanogen does not undergo MCT with a wide 

range of neutral reactants. The methyl cation affinities of these neutral species span 

quite a range of values and thus the non-observation of methyl cation transfer 

indicates that C2N2 has a barrier to this type of reaction. Cyanogen has also been 

found to be unreactive with respect to methyl cation transfer with CH30H2 + and 

CH3BrCH3 +, both of which should be able to transfer a methyl cation to cyanogen 

even if it has a relatively low MCA. From these observations it has been surmised that 

there is a barrier to MCT on most potential energy surfaces involving cyanogen. This 

agrees with the work of McEwan et al. 172. Several other methyl cation transfer 

reactions have also been investigated. 

In the course of the above investigations it was noted that many of the 

reactions that were observed for the cyanogen ions involved the formation of an 

adduct. The reactivity of some of these adducts, primarily C2N2W.C2H2, was 

investigated. These investigations indicate that at least a portion of the adduct ions 

formed in this manner have covalently bound structures. 
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Chapter 6: 

Selected reactions relevant to the ion-molecule chemistry 

of the lower ionosphere of Titan. 

Section 6.1: A Tour of Titan and its Ion-molecule chemistry. 

In Greek mythology all the children of Uranus (heaven) and Gaea (earth) were 

known as titans. These titans rebelled against their forebears but were defeated when 

Saturn and his wife Rhea (also a moon of Saturn) banded together with their children 

(Zeus foremost among them) to combat them. Many of the moons of Saturn are 

named after these titans and the largest of them bears simply the name Titan, which 

has also come to mean giant. Titan is indeed a giant being the largest moon in the 

Saturnian system and the second largest satellite in the solar system, smaller only than 

Jupiter's Ganymede. Viewed from Earth Titan appears to be larger than Ganymede, 

due to the ~200km of impenetrable cloud that surrounds it. Its main claim to fame is 

that it is the only satellite in the solar system with a massive atmosphere, the pressure 

at its the surface is approximately one and a half times as great as that at the surface of 

our own Earth. Despite being discovered in 1655 by the Dutch physicist Christiaan 

Huygens, Titan remains a secretive giant and only recently has information about this 

satellite begun to leak out from behind the thick veil of haze cloud that surrounds it. 

As early as 1908, visual observations had hinted at this thick atmosphere and 

by 1944 absorption bands of methane had been observed by Gerard Kuiper 180, but it 

was the Voyager series of spacecraft that began the real study of Titan 181. When, in 

1980, Voyager 1 sent back the first close-up pictures of Titan, all that was visible was 

a featureless orange haze, totally obscuring the surface underneath. Spectrometers 

working in the ultraviolet region of the spectra gave more information, detecting 

emission lines from atomic and molecular nitrogen in the upper atmosphere, 

characteristic of nitrogen excited by electrons. Infrared measurements have since 

detected a variety of hydrocarbons and nitrogen-containing compounds. Methane has 

been found to be one of the major trace species. The composition of Titan's 

atmosphere as determined by the current best models is shown in Table 6.1. Fuller 

models, including altitude profiles, can be found in the work ofYung et al. 182 and 
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Keller et al. 183, and Yelle et al. 184, low altitude profiles can be found in that of Lara 

and co-workers 185. 

Constituent 

N2 

CH4 

H2 

CO 

CO2 

H2O 

C2H6 

C2H4 

C2H2 

HCN 

CzNz 

HCCCN 

Stratosphere 

(40-100 kill) 

<0.97 

1-3 x 10-2 

2 X 10-3 

6 X 10-5 

7-30 X 10-10 

< 1 X 10-9 

2 X 10-5 

4 X 10-7 

2 X 10-6 

2 x 10-7 

1-10 x 10-8 

1-10 x 10-8 

Thennosphere 

(3900 kill) 

> 0.97 

8 ± 3 x lO-z 

~ 1.5 X 10-3 

< 5 X 10-4 

Table 6.1: The detected constituents in Titan's stratosphere and thermosphere. Data 

obtained from References 182, 184 and 185. 

Obviously molecular nitrogen is the predominant species, however the range and 

amount of molecules containing carbon and nitrogen are great enough to develop 

complex atmospheric chemistry. The simple hydrocarbons, especially the abundant 

CH4, are converted into heavier, more complex species through photochemistry 182 

and ion-molecule chemistry. This is an essentially irreversible process. The continued 

presence of high levels of methane in Titan's atmosphere is one of the continuing 

mysteries of Titan. The atmospheric temperature near the surface of Titan is 

approximately 95 K,just five degrees above the triple point of methane (90.7 K) 184. 

Consequently methane oceans have been proposed to exist on the surface. Oceans of 

other liquid hydrocarbons or a mixture of hydrocarbons have also been proposed as 

the atmospheric models have evolved. 

Recently, however, astronomers have begun to observe Titan using longer 

wavelengths, near the infrared where there are several spectral 'windows' that allow 

observation of the surface. The major problem with this type of experiment is the 

presence of strong absorption features in this spectral region from methane. However 

narrow windows in the methane absorption spectrum around 1.5 to 2)-lm permit some 
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surface features to be seen. Ground based observatories and the Hubble Space 

telescope have been used to make observations of the surface and differentiated bright 

and dark features have been observed 187. 

Figure 6.1: The surface of Titan as viewed in the near IR by the Hubble Space 

Telescope. 

These dark features may arise from liquid hydrocarbons that have become 

concentrated in the low-lying regions. Alternatively they could be the result of the 

precipitation of dark material from the atmosphere (although the spectrum of the 

"thiolins" formed in the Miller type experiments 191 do not match the reflectivity of 
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the surface) which is continuously washed into the lower lying regions of the planet's 

surface by hydrocarbon 'rain'. Neither of these hypotheses have been confinned. 

In a roundabout fashion this brings us back to the haze clouds. All of the 

points mentioned in the above paragraph are essentially speculative as direct 

observation of the lower regions of Titan's atmosphere and the surface are difficult. 

Cameras operating in the visible region of the spectra can see only a continuous sea of 

orange cloud tops. The exact nature of these clouds has been a subject of debate also, 

though they are probably aerosols derived from the accretion of gaseous organic 

compounds 188. The main haze layer exists at altitudes ranging from 100-300 km 

above Titan's surface. The aerosols in this layer are probably formed at higher 

altitudes by aggregation and begin to 'rain out' towards the surface 189. These drops 

fall more slowly on Titan than corresponding rain drops on Earth (approximately six 

times slower) because of the lower gravitational pull and the droplets may evaporate 

as they near the surface. The orange colour of the clouds is proposed to arise because 

of some type of C-H-N polymers present in the aerosol clouds 190. Simulation 

experiments, similar as those first performed by Miller, where "Titan-like" 

atmospheres are subjected to continuous energy deposition have been shown to 

produce many of the species observed in Titan's atmosphere 191. A brownish red 

deposit of the walls on the experimental apparatus is also commonly observed. These 

deposits, called 'thiolins' by Carl Sagan, are polymeric nitriles and may be similar to 

the coloured compounds in Titan's clouds. 'Miller-type' experiments simulate the 

action of atmospheric energy sources such as photons, lightning, or other energetic 

particle collisions (e.g. cosmic rays and magnetospheric electrons from Saturn) on 

Titan's atmosphere. 

As early as 1973 Titan was envisioned as the target for an entry probe 192 and 

its extended atmosphere was seen as ideal for study by a fly-by spacecraft. Indeed 

most of the bodies within the Solar system with an appreciable atmosphere have 

already been investigated via mass spectrometric means. With the launch on October 

15 1997 of the Cassini/Huygens mission 39, 40, 193, Titan will hopefully be added to this 

list in 2004. The Cassini orbiter carries the Ion and Neutral Mass Spectrometer 

instrument (INMS) 194 and will pass through the upper atmosphere of Titan (the 

projected lowest pass is 950 km above the surface 40) allowing it to sample and 

characterise the neutral and ionic constituents of Titan's upper atmosphere. Also on 
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board the orbiter is the 350 kg Huygens probe which will descend through the 

atmosphere of Titan and land (or splash down) on the surface. The Huygens probe 

will utilise six scientific instruments on this descent including the gas chromatograph

mass spectrometer, which will sample and identify the neutral species in Titan's 

atmosphere, from 160 km to the surface 39, 40. Both of the Cassini mass spectrometers 

utilise similar quadrupole mass spectrometers and together they should allow 

characterisation of the ionic and neutral constituents over a wide altitude and pressure 

range. 

An understanding of the ion chemistry that occurs in a Titan-like atmosphere 

is not only important for modelling the ionospheres of Titan but is also required to 

help deconvolute the signals that will be returned by Cassini's mass spectrometers as 

they pass through Titan's atmosphere. Both mass spectrometers (INMS and GC-MS) 

use electron emission filaments near their entrances to ionise neutral species for study. 

As a consequence ion chemistry can occur in the throat of the mass spectrometer and 

may constitute a problem as the probe enters the high pressure region of Titan's 

atmosphere. 

As Titan is surrounded by a large gaseous envelope it is also possible for it to 

have an ionosphere. Indeed the radio occultations from Voyager 1 established that 

there is a region in Titan's atmosphere with several thousand electrons per cubic 

centimetre (though only an upper limit could be determined) 195. An ionosphere is a 

region in an atmosphere where there are enough electrons and ions to influence the 

propagation of radio waves through the atmospheric gas. In the case of the Earth the 

term usually refers to the region of the atmosphere lying at altitudes between 

approximately 50 km and one Earth radius (~6400 km). The Earth's ionosphere is 

divided into several layers based loosely on the electron density, with the ionospheric 

peak occurring at ~300 km above the planet's surface. At this point there are 

approximately 1x106 electrons per cm3 
196. The main ionisation sources for Earth's 

ionosphere are solar UV photons. 

The method for formation of an ionosphere in Titan's atmosphere cannot be as 

succinctly summarised. Titan is farther from the Sun so photons from the Sun do not 

dominate the formation processes quite as much. Also Titan, unlike Earth, has little 

intrinsic magnetic field so energetic charged particles can enter the atmosphere easily. 

Thus the ionisation source for Titan's ionosphere is supplied by a range of sources: 
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photons in the form of solar extreme ultraviolet radiation; electrons - both 

photoelectrons produced by this radiation and electrons trapped in Saturn's 

magnetosphere 197,198; and high energy cosmic rays e.g. stellar protons. Titan, much 

like the Earth's own satellite the Moon, is gravitationally locked so that it always 

presents the same face to Saturn 197. This means that the different portions of the 

atmosphere are subjected to different types of ionisation as Titan completes its 383 

hour (~16 day) orbit around Saturn. Figure 6.2 illustrates the different categories of 

physical condition that can exist for the different sections of Titan's atmosphere. 

Titan 

... To Sun 

Saturn 

Figure 6.2: A schematic diagram illustrating the different ionisation conditions Titan 

can experience during its orbit of Saturn. The field lines actually drape at right angles 

to the paper. Figure after Reference 197. 

Keller et al. 183,199 found that the major source of ionisation on the day-side was 

photoionisation, with photoelectron ionisation next in importance followed by 

magnetospheric electrons. On the night side magnetospheric electrons are of course 

the main ionisation source. 

A further possible source of ionisation is from cosmic rays 200,201,202,203. On 

Earth cosmic ray ionisation produces the base of the lowest level of the ionosphere, 

the D layer and continue producing ions right down to the ground. Cosmic rays, being 
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highly energetic, can penetrate deep into any atmosphere and on Titan can ionise and 

dissociate molecules down to the surface. The cosmic ray spectrum contains a range 

of species but a large fraction of the energy is carried by highly energetic particles. 

These particles are mainly protons, though 10-15% are alpha particles and higher 

nuclei 200. When these collide with other species, e.g. the neutral species in Titan's 

atmosphere, they produce electromagnetic and particle cascades that can ionise and 

dissociate molecules right down into the lower atmosphere of Titan. Thus in one 

collision a single high-energy cosmic ray distributes its energy among a number of 

lower energy secondary particles. Capone and co-workers 200 and Molina-Cuberos et 

al. 202 have shown that this produces another source of ionisation on Titan that peaks 

between 50 and 100 km above the surface, where the pressure is between 10 and 80 

Torr. This lower region of the atmosphere is not reached by any of the other sources 

of ionisation as the haze layer and the column density of nitrogen and other gases 

above it ensure that all the photons and electrons are absorbed far higher in the 

atmosphere. Nevertheless, Capone et al. have shown that cosmic rays can produce a 

significant ionosphere at lower levels in Titan's atmosphere. The main primary ions 

formed by cosmic ray ionisation are N+ and N2 + with the next most likely species to 

be produced CH4 +, CH3 +, and possibly Ar +, These latter ions are between 10 and 100 

times less likely to be produced than molecular and atomic nitrogen ions. Both model 

studies of the lower ionosphere conclude that Ar+ is a significant initial ion as they use 

neutral models 184,204 that contain up to 11 % argon in the atmosphere. The presence of 

argon in Titan's atmosphere is purely speculatory and has been advanced by several 

sources to account for the fact that the mean molecular ion weight in Titan's tail was 

greater than that of nitrogen. The Voyager mission found that the average molecular 

weight of the ions was between 28.3 and 29.2 amu, which suggests the presence of an 

appreciable fraction of a heavier weight component. The search for noble gases in 

Titan's atmosphere is one of the major scientific goals of the Titan encounters of the 

C .. H . . 3940 aSSlllI- uygens mIssIOn ' . 

In the course of this present work two categories of reaction which are relevant 

to the lower, cosmic ray-produced, ionosphere of Titan have been investigated. The 

first category includes the bimolecular reactions of the ions produced from the 

termolecular reactions of the primary nitrogenous ion Wand N2+) with nitrogen (i.e. 

N/ and N/) with the major trace constituents of Titan's atmosphere. The second 
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category considers the effect of a nitrogen collision partner on some of the 

termolecular association reactions that are likely to occur in Titan's lower atmosphere. 

Specifically, the association chemistry of the terminal ions in Titan's atmosphere, c

C3H3+, H30+, and HCNH+, with the major hydrocarbon constituents (CH4, C2H2, and 

C2H4) have been investigated. 

Section 6.2: Bimolecular Ion-Molecule Reactions in Titan's 

lower atmosphere; the reactions of the ions N/ and 
+ N4 . 

§6.2.1: Introduction. 

In almost all cases the ion-molecule chemistry in the ionosphere of Titan will 

be initiated by the ionisation of a nitrogen molecule. This, as shown in reaction 601, 

will create either a N+ or a N2 + ion. 

N2 + (hv, e-, or cosmic ray) => N/+e- (601) 

=> N+ +N +e-

These ions then react with other species to build up the more complex ions predicted 

to be present in Titan's ionosphere. When considering reactive collisions it has 

usually been assumed in the models that the neutral most likely to be most important 

is methane. However on a purely statistical basis it is far more likely that any ion 

formed will encounter a nitrogen molecule many times before a methane molecule is 

encountered. In the upper regions of the atmosphere the encounter with nitrogen 

results in an unreactive collision. However, both N+ and N2 + are known to exhibit 

termolecular association reactions with N2 47, 205-216ref (reactions 602 and 603). 

Therefore at higher pressures (i.e. lower in the atmosphere), these abundant collisions 

with nitrogen become reactive for both N+ and N2 + to form N3 + and N4 +. 

N++N2+M => N/+M (602) 

M = He k3 = 2.0 X 10-29 cm6s-2. 

M = N2 k3 = 5.0 X 10-29 cm6s-2. 
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=> N/+M 

M = He k3 ~ 2.0 X 10-29 cm6s-2. 

M = N2 k3 = 6.0 X 10-29 cm6s-2. 

(603) 

The rate coefficients given above for the N2 bath gas are from the literature 47,205 

while the association rate coefficients with a helium bath gas are those measured 

using the University of Canterbury SIFT. All of these values are measured at or near 

room temperature (~300K). The well depths for the N3 + and N4 + formation reactions, 

as calculated by previous theoretical investigations 217,218, are 361 kJ mor1 for N3+ 

and 106 kJ mor1 for N4 +. Considering that these are relatively strongly-bound species, 

the measured association rate coefficients are quite slow when they are compared to 

other association reactions where the products have similarly strong binding energies. 

The rates of association are, however, probably significantly slowed relative to others 

by the small number of degrees of freedom available in the association complex in 

which to distribute the collision energies. 

Reactions 602 and 603 are termolecular reactions; that is the rate is dependent 

on the concentration (or pressure) of not only the reacting species but also on the 

presence of a third body that carries away some of the energy involved in the initial 

collision complex. Thus these reactions will become more competitive with 

bimolecular reactions as one progresses deeper into Titan's atmosphere. Unlike 

bimolecular reactions, the rate coefficients of association reactions are markedly 

temperature dependent, becoming faster as the temperature drops due to the reduced 

energy carried into the initial collision complex by the reactants. The temperature in 

Titan's ionosphere is considerably lower than 300K (it is approximately 135K at the 

base of the upper ionosphere, 975 kID above the surface) and thus these reactions can 

reasonably be expected to be faster than the equivalent reactions at room temperature. 

Deep in Titan's atmosphere, where the pressure is high and the temperature low, a 

point will be reached where these association reactions will become competitive with 

bimolecular ion-molecule reactions. 

The temperature dependence of Reaction 603 has been previously measured 

by both Bohringer and Arnold 219 and Rowe et at. 47. They found the 

temperature-dependent termolecular rate coefficient to have the form k3 = 6.5 X 10-29 

x (300/T)1.77 cm6 
S-l from 20K upwards. This gives a rate coefficient for Reaction 603 

of 3 x 10-28 cm6s-1 at the temperature of Titan's lower atmosphere or an apparent 
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bimolecular rate coefficient of 6xlO-10 cm3s-1 at ~ 100 km above the surface. We have 

no reason to believe that the temperature dependence for Reaction 602 will be 

radically different from that for Reaction 603 above. Thus the formation of both N3 + 

and N4 + will be efficient at the temperatures and pressures corresponding to Titan's 

lower ionosphere. Figure 6.3 shows a model constructed by Anicich et al. 22o detailing 

the relative importance oftermolecular associatiolf versus the major ion loss processes 

for the nitrogen ions. These loss processes for N+ and N2+ are mainly electron 

recombination and bimolecular reaction with methane. 
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Figure 6.3: The relative importance ofF vs. N/ and N/ vs. N/ with altitude in a 

model Titan atmosphere. The hollow squares represent N2 + and the hollow triangles 

N4 +. Correspondingly the filled squares are F and the filled triangles are N3 +. 
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Another point of interest in the previous low temperature studies is the 

observation ofthe ions Nt and Ns+, i.e. higher cluster ions. The highest temperature 

total ion profile published by either of these authors is for 65K (from Bohringer and 

Arnold 219), at which temperature. At this temperature, the N 6 + ion may comprise as 

much as 25% of the total nitrogen ions. Although these higher cluster ions may also 

playa part in Titan's ion chemistry, they cannot easily be studied in the Canterbury 

F A-SIFDT. It might be expected that their reactivity should not be drastically 

different from that of the first cluster ion results that are reported here. 

Taking into account all of the factors presented above, the reactions ofN3+ and 

N/ can be expected to have an effect on the ion-molecule chemistry occurring in 

Titan's lower ionosphere. Other formation processes e.g. Reaction 604 may also 

contribute to the atmospheric concentration of these ions 70. 

N/ + N + He => N3 + + He (604) 

§6.2.2: Experimental. 

Both the N/ and N/ ions were formed in the flowing afterglow ion source. 

The ions were generated from an afterglow plasma created by the action of a 

microwave discharge on a pure nitrogen carrier gas. The discharge forms N+ and N2+ 

ions directly which then react with the nitrogen bath gas to subsequently form the N3 + 

and N4 + ions respectively. The carrier gas in the SIFT reaction tube was, as normal, 

helium and was usually present at 0.48 Torr. However all the reactions observed 

proceeded with purely bimolecular kinetics so the nature and pressure of the bath gas 

should be relatively unimportant. Throughout this section the reactions were 

performed at ambient temperature (295±5K). As all of the observed reactions are 

exothermic bimolecular reactions, the effects of temperature should be minimal. 

Bimolecular rate coefficients are usually temperature insensitive. However some 

reaction channels may be disfavoured at elevated temperatures 221 where large 

amounts of rearrangement are required to form the ionic products. 
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§6.2.3: N3 + Results and Discussion. 

The reactions of both N3 + and N4 + were investigated with the significant minor 

hydrocarbon constituents of Titan's atmosphere, namely CH4, C2H2 and C2H4 and also 

with HCN and 2-butene (C4H8). The results for N3 + are given in Table 6.2 along with 

the equivalent reactions ofN+ for comparison. 

Neutral 

Methane 

Acetylene 

Ethylene 

Products 

CNC+ + H2 +N2 

HCNH++C+N2 

0.95 481 

0.05 682 

0.90 517 

0.05 121 

0.05 68 

1.00 15 

Reaction Rates ~ equivalent 

Keol d 

0.058 1.1 

1.2 1.1 

1.1 1.2 

Products e 

CH3 + + NH (0.50) 

CH/ + N (0.05) 

HCN+ + H2 + H (0.10) 

HC~rH+ + H2 (0.35) 

C2H2+ + N (0.70) 

C2N+ + H2 (0.15) 

C2NH+ + H (0.15) 

C2H/ + NH2 (0.10) 

C2H/ + NH (0.25) 

C2H/ + N (0.35) 

HCN+ + CH3 (0.10) 

HCNH+ + CH2 (0.15) 

C2HN+ + H2 + H (0.05) 

1.2 

.1.5 

1.4 

2-Butene C4Hs++N+N2 1.00 151 1.3 1.4 ?g 1.8 

Hydrogen HCN2+ + N2 1.00 0.67 3.4 CW + N2 (0.35) 3.7 

Cyanide HC~ + N (0.65) 

Table 6.2 : The reactions of N3 + measured in the current study along with the 

corresponding ~ reactions, where available, for comparison. 

a) B R indicates the branching ratio of the reaction expressed as a fraction of the total ionic 

products when the neutral flow is extrapolated to zero. 

b) The enthalpy of reaction in kJ mOrl. The ~Hf (N3+) is assumed to be 1502 kJ mOr l ref. 

C) Experimental bimolecular rate coefficients expressed in units ofl 0.9 cm3 
S·I. 

d) Collision rate coefficients calculated by the method of Su and Chesnavich 114 for neutrals with 

a permanent dipole or Langevin collision theory. The units are identical to those used in c) 

e) The products of the reaction between the neutral and N+. Branching ratios are given in 

brackets. References primarily 1,222 and 223. 

f) Literature rate coefficients. The units are identical to those used in c). References as per e). 

g) No literature data exists for this reaction and the products were not determined in the course of 

the current experiments. 
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Methane 

In their laboratory study of the Earth's ionosphere Smith, Adams, and Miller 

have previously performed both the N+ and N/ reactions with methane 224. In the 

Canterbury SIFT we have observed two products in Reaction 605. 

N3+ + CH4 => H2CN+ + N2 + H2 + 481 kJ morl 

=> CH2NH2 + + N2 + 682 kJ morl 

k = 5.8 X 10-11 cm3s-1 

[0.95] (605a) 

[0.05] (605b) 

This is in excellent agreement with Smith et al., who saw the same two products with 

an identical branching ratio. Their rate coefficient of 4.8 x 10-11 cm3s-1 is in acceptable 

agreement with our value. The exothermicities shown assume that the product ions 

have the HCNH+ (605a) and CH2NH/ (605b) structures and further assume that .6.Hf 

for N3 + is 1502 kJ mOrl. This value has been determined by Maclagan 225 at the G2 

level of theory and is similar to the value for .6.HtCN3 +) of 1511 kJ morl determined by 

Haynes et al. from the bond dissociation energy 217, We assign the mlz = 28 product in 

Reaction 605a as HCNH+ and not N2 + (formed by dissociation of the N3 + ion), as a 

reaction channel forming N2 + is endothermic. 

Despite the fact that each individual channel is significantly exoergic the 

observed rate coefficient is much less than the Langevin collision rate of 1.1 x 10-9 

cm3s-l. A smaller rate coefficient may be indicative of a barrier somewhere on the 

potential surface. This barrier may either be in the entrance channel, preventing the 

collision complex from forming effectively, or in the exit channel to products, making 

the back dissociation channel relatively more efficient. 

By way of comparison, the reaction ofN+ with CH4 produces four ionic 

products at a rate that is very close to the Langevin rate (h = 1.4 x 10-9 cm3s-l
) as 

shown in Reaction 606 1,224,226. 

=> 

=> 

=> 

=> 

CH3+ + NH + 330 kJ morl 

HCNH+ + H2 + 854 kJ morl 

HCN+ + H2 + H + 134 kJ mor l 

CH/ + N + 197 kJ morl 

k = 1.15 X 10-9 cm3s-1 

[0.50] (606a) 

[0.35] (606b) 

[0.10] (606c) 

[0.05] (606d) 

The extra 365 kJ mor l available from the N+ reactant ion, as compared to the N3 +, 

appears to change the chemistry radically here. Evidently the slower rate for the N3 + 
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reaction is a result of a steric hindrance to reaction from the presence of the N2 

moiety, or, because channels that are exothermic for the N+ case are no longer 

available in the N3 + encounter. Any barriers to specific channels may be greater in the 

N3 + case than the energy available from the reactants. The major channel observed in 

the N+ reaction (hydrogen atom transfer, Reaction 606a) is endothermic for the N3 + 

reactant by 179 kJ mor l and charge transfer (reaction 606d) is also endothermic (by 

42 kJ mor l
). These changes are solely as a result of the lower ilHffor N3+ compared 

to ilHf for N + and this apparently leaves Reaction 605 with significantly fewer 

energetically available channels. There is some indirect evidence for an exit channel 

barrier to the formation of HCNH+. Reaction 606b represents only approximately one 

third ofthe collision rate (k606b = 4 X 10-10 cm3s-l
) despite being the most exothermic 

channel. The equivalent channel in the N3 + case is approximately seven times slower 

(k605a = 5.5 X 10-11 cm3s-l
) indicating that the slow rate is not primarily due to excess 

energy but, more probably, a lack of it in Reaction 605. 

Ethylene 

Here a single product is observed for the N3 + reaction, non-dissociative charge 

transfer occuring at a rate that is close to the Langevin rate (k = 1.1 xlO-9 cm3s-l
). The 

nature of the product was confirmed by the use of deuterated ethylene as the mlz = 28 

product could again conceivably be N2+ formed by dissociation of the N3+ ion. 

In the corresponding N+ reaction six products are formed as shown in Reaction 

607 222,227. 

N+ + C2H4 => C2Ht + NH + 437 kJ mor l [0.30] (607a) 

=> C2H/ + N + 388 kJ mor l [0.25] (607b) 

=> HCN+ + CH3 + 333 kJ mor l [0.15] (607c) 

=> C2H/ + NH2 + 412 kJ mor l [0.10] (607d) 

=> HCNH+ + CH2 + 592 kJ mor l [0.10] (607e) 

=> CH2CN+ + H2 + 839 kJ mor l [0.10] (607f) 

Again it appears that the extra energy available from the N+ ion opens several new 

channels although only channel 607c is actually endothermic for N3 +, In this case, 

unlike the methane reaction above, the lesser energy, or greater steric hindrance, 

available for N3 + does not appear to reduce the rate coefficient to any extent. 
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Acetylene 

The primary channel in this reaction (CH2CN+ formation) introduces a 

nitrogen atom into the product ion, a process that occurs in several of the N/ 

reactions. The minor ionic products of reaction, C2N+ and HCNH+, have also had a 

nitrogen atom introduced. 

The reaction exothermicities in Table 6.3 assume that the C2N+ product has the 

more stable CNC+ structure, which is equivalent to insertion of a nitrogen atom into 

the triple bond. The CC=N+ ion is also energetically possible but is exothermic by 

only 15 kJ mOrl. This product ion would result from end-on attack on the acetylene 

and for it to be the observed structure, there would need to be a barrier preventing 

rearrangement to the more stable CNC+ structure. However, as the reaction channel is 

only slightly exothermic this barrier would not need to be very large. 

The reaction ofN+ with acetylene 222 gives only one of the same products as 

N3+ (see Reaction 608). The primary product for Reaction 608 is charge transfer. This 

charge transfer product channel is 71 kJ morl endothermic from N3 +. 

N+ + C2H2 => C2H/ + N + 302 kJ morl [0.70] (608a) 

=> CHCN+ + H + 354 kJ morl [0.15] (608b) 

=> CNC+ + H2 + 484 kJ morl [0.15] (608c) 

The CH2CN+ product formed in the N3 + reaction is apparently stabilised by the 

molecular nitrogen fragment emitted by the N3 + ion. This neutral species can carry off 

some of the reaction exothermicity as translational energy and thus prevent the 

product from dissociating further. In a sense clusters (which N3+ can loosely be 

classed as) carry their own third body for association. When, as in the N+ reaction, the 

nitrogen molecule is not available, a hydrogen atom is split off the complex in order 

to carry the excess energy away (Reaction 608b). 

Hydrogen Cyanide 

The reaction ofN3 + with hydrogen cyanide yields a somewhat unusual 

product, HCN2 +, that has not previously been reported in the literature. 

N3 + + HCN => HCN/ + N2 (609) 

The corresponding reaction with N+ very efficiently forms HCN+, a process that is not 

energetically possible for an N3+ reactant ion (approximately 275 kJ mOrl 

endothermic). Recent investigations of the N+ and HCN reaction have also found a 
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CH+ product, representing approximately 35% of the product ions 222. This product 

was not observed in the N3 + reaction despite being 12 kJ mor l exothermic. 

The structure of the mlz 41 product formed in Reaction 609 is unknown but it 

could conceivably be of an azide-type structure. This raises the possibility that novel 

trace molecules could be formed in the lower regions of Titan's ionosphere. It is 

perhaps unsurprising that such a product is not observed in the N+ case as this reaction 

course would be equivalent to association. This association, though it is certainly 

energetically possible from N+, will be disfavoured when other facile, bimolecular, 

channels are available unless the HCN2 + ion is very stable. 

An upper limit can be placed on the value of ~Hf for HCN2 + from the occurrence of 

Reaction 609. It must be less than 1642 kJ mor l as the HCN/ product is apparently 

stable and formed efficiently. 

2-Butene (C4H8) 

This is a very simple reaction, the only product observed, charge transfer, is 

formed at the collision rate. The reaction with atomic nitrogen ions has not been 

previously examined for this neutral so an attempt was made to measure it. The rate 

coefficient was determined to be 1.8x10-9 cm3s·1 but large amounts of impurity ions 

formed in the reaction flow tube (NO+, H20+, H30+) prevented an accurate 

determination of the products or their branching ratio. Charge transfer is still 

apparently a product though it appears that the main product is at mlz = 41. This is 

likely to be C3HS +, which corresponds to the loss of a methyl radical. There may also 

be a channel at mlz = 55 which can represent the formation of C2HsCN+ (see the 

section on the N4 + 12-butene reaction for further discussion on this ion product). 

§6.2.4: N/ Results and Discussion. 

Results are given in Table 6.3 for the reactions ofN4 + with the possible neutral 

species in Titan's atmosphere investigated during this section of work. Also included 

for comparison are the same reactions where the N4 + ions are replaced by the N2 + 

speCIes. 
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Neutral Products Reaction Rates N/ equivalente 

BRa _LllJO b k"xpc kLd Productsf 

Methane CH/+2N2 1.0 1.1 1.1 CH/ + H2 + N2 (0.05) 1.1 

CH3+ + H + N2 (0.80) 

N2H+ + CH3 (0.15) 

Acetylene C2H2++ 2N2 1.0 0.92 1.1 C2H2+ + N2 (0.35) 0.4 

HCN+ + CH (0.05) 

N2H+ + C2H (0.60) 

Ethylene C2H/ +2N2 1.00 ~1.1 1.1 C2H/ + H2 + N2 (0.20) 1.3 

C2H3 + + H + N2 (0.50) 

HCN+ + HCN + H2(0.1O) 

HCNH+ + HCN+H(O.IO) 

N2H+ + C2H3 (0.10) 

2-Butene C4HS+ + 2N2 ? ~1.1 1.3 C3H3 + + CH3 +H2 +N2 1.3 

C3Hs + + CH3 + 2N2 ? (0.55) 

C3HS+ + CH3 + N2 (0.35) 

C3HsN+ + CH2NH2 

(0.10) 

Hydrogen HCN++2N2 1.00 2.6 3.2 HCN+ + N2 (1.0) 0.4 

Cyanide 

Table 6.3: The reactions ofN4 + measured in the current study along with a 

comparison to the equivalent N2 + reactions where available. 

a) B R indicates the branching ratio of the reaction expressed as a fraction of the total ionic 

products when the neutral flow is extrapolated to zero. 

b) The enthalpy of reaction in kJ mOrl. The LllJf (N4 +) is assumed to be 1243 kJ mOrl 
ref. 

C) Experimental bimolecular rate coefficients expressed in units of Ix10·9 cm3 
S·I. 

d) Collision rates calculated by the method of Su and Chesnavich 114. The units are identical to 

those used in c) (See footnote in previous table about Langevin rates. This should be the same) 

e) Rate coefficients, products, and branching ratios taken from the literature, primarily 1,222 and 

223. 

f) The products of the reaction between the neutral and N2+. Branching ratios are given in 

brackets. References as per e). 

g) Literature rate coefficients. The units are identical to those used in c). References as per e). 

The reaction enthalpies presented in Table 6.3 are subject to question as there is 

debate in the literature as to structure ofN/. Two different structures have been 
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postulated: a linear structure; and a slightly non-planar Z-shaped structure. Both of 

these structures are shown in Figure 6.4. 

Z-shaped 

Linear 
Figure 6.4: The two possible structures of the N4 + ion. 

The difference between the enthalpies of formation for N2+ and N/ is 260 kJ mor1 for 

Z-shaped N/ and 114 kJ mor1 for the linear isomer, with N/ always being the lower 

energy ion. At Hartree-Fock (HF) level the most stable N/ structure is the linear 

form 228,229, but when Moller-Plesset 4 (MP4) level calculations are performed the 

Z-shaped structure becomes the minimum 228. Experimental results are inconclusive 

but do not strongly support a Z-shaped minimum. Experimental determinations of the 

binding energy produce values ranging from 48 to 103 kJ mOr1228
, however it appears 

likely that a value between 100 and 120 kJ mor1 is reasonable 230. The HF optimised 

linear structure has a binding energy of approximately 120 kJ mor1 
229 while the 

calculation by Maclagan 225 gives a dissociation energy of 111 kJ mor1 at G2 level. In 

comparison the Z-shaped structure has a dissociation energy of258 kJ morl, also at 

the G2level of theory. This suggests that the linear structure approximates the 

experimental results more closely despite the Z-shaped structure being the minimum. 

Low temperature electron spin resonance (ESR) investigations 231 of the structure of 

the ions formed in an ionised flow of nitrogen gas also suggest that the linear structure 
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is correct. The N4 + ions studied were trapped in an argon matrix on a copper target at 

4K and should have retained their original structure. Further experimental work is 

needed to resolve this disagreement however as the possibility of a Z-shaped structure 

was not considered in any of the experimental investigations. 

Methane 

The product of the reaction between N/ and methane is simple charge 

transfer, this reaction occurs at close to the collision rate (kcoH = 1.07xl0-9 cm3s-I
). 

The corresponding reaction of molecular nitrogen ions proceeds at a very similar rate 

but the products are quite different (Reaction 610) 222,226. 

N/ + CH4 => CH/ + H + N2 + 117 kJ morl [0.80] (61Oa) 

=> 

[0.15] (610b) . 

[0.10] (610c) 

None of these dissociative channels are available to the N4 + ion if it is the Z-shaped 

isomer. For the linear structure the equivalent of channel610a is 3 kJmorl exothermic 

and channel b is also exothermic, by 132 kJmorl. Channel 610c is still endothermic 

(by 71 kJmorl). 

Ethylene 

As with the methane reaction, the product from the reaction ofN4 + with 

ethylene is solely the ionised hydrocarbon, formed at a rate approximating the 

collision rate. The rate shown in Table 6.3 is only approximate as there is a peak 

overlap between the reactant ion (N/ mlz= 56) and a secondary product ion (C4H/ 

mlz = 55). However the reaction with deuterated ethylene, which alleviates this 

problem, has a very similar rate coefficient (1.Ixl0-9 cm3s- l
) indicating that the rate 

coefficient for the non-deuterated case is acceptably accurate. The deuterated reaction 

also confirms the nature of the product, as a mlz = 32 ion is observed which can only 

be C2D/. The product observed in the non-deuterated reaction occurs at mlz = 28 

which could also possibly be the protonated hydrogen cyanide ion which could be 

formed by Reaction 611. HCNH+ formation is endothermic if one assumes the Z

shaped N/ structure but only just. For a linear N/ reactant the channel is 146 kJ 

mor l exothermic. 

HCNH+ + HCN + H + N2-4kJmorl (611) 
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The lack of a HCNH+ product gives some support for a Z-shaped structure, but this is 

far from a conclusive result. 

Again the N2 + reaction proceeds at a similar rate but in a more dissociative 

manner producing 5 products 223, C2H3+ + N2 + H [0.50], C2H/ + N2 + H2 [0.20], 

HNC+ + HCN + H2 [0.10], HCNH+ + HCN + H [0.10], N2H+ + C2H3 [0.10]. The 

HCNH+ product could also be C2H4+ as these products are isobaric and both 

energetically allowed. 

Acetylene 

The acetylene reaction is yet another case of an efficient charge transfer 

reaction from N4 +. The N2 + reaction 222 is again more complex with hydrogen atom 

transfer being the predominant product as shown in Reaction 612. 

N2+ + C2H2 => N2H+ + C2H + 210 kJ mol-1 

=> C2H2 + + N2 + 403 kJ mor l 

=> HCN+ + HCN + 147 kJ mor l 

Hydrogen Cyanide 

[0.60] (612a) 

[0.37] (612b) 

[0.03] (612c) 

The only difference observed between the reactions ofN2 + and N4 + with 

hydrogen cyanide is an enhancement in the rate of the formation of the HCN product 

for the reaction ofN/ (k=2.6x10-9 cm3s-1
) as compared to that ofN/ (k= 3.9x10-10 

cm3s- l
). The product, in each case, is simply charge transfer. The observed rise in rate 

coefficient is contrary to the change in the collision rate, which is lowered for the N4 + 

ion due to its increased mass. 

2-Butene (C4HS) 

The reaction ofN/ with 2-butene is the only N/ reaction for which we 

observed a product other than charge transfer. Here dissociative charge transfer causes 

the loss of a methyl radical giving C3HS + as an ionic product. The exact rate 

coefficient and product branching ratios for this reaction could not be determined due 

to a mass coincidence between C4Hg + and N4 +, the rate coefficient however is 

approximately 1.1 x 10-9 cm3s-l
, which is close to the Langevin rate. 

As there have been no previous investigations of the reaction ofN2+ with 

2-butene and so it has been examined in the course of this work. The rate coefficient 



Chapter 6: Titan's ion chemistry Section 6.2 Reactions ofN/ and N/ 196 

was found to be 1.3xl0-9 cm3s-I
, marginally greater that that determined for the 

reaction ofN/ with the same neutral, entirely consistent with theory. The products of 

the reaction are shown below (Reaction 613). 

N2 + + C4Hg => C3H3 + + CH3 +H2 +N2 

C3HS+ + CH3 + N2 

C3H3N+ + CH3NH2 

C3HsW + CH2NH 

[0.50] (613a) 

[0.35] (613b) 

[0.10] (613c) 

[0.05] (613d) 

These products are partially consistent with expectations, channel613b was observed 

with N/ and 613a is essentially a more dissociative form of this same channel. 

Apparently all charge transfer is now dissociative to give one of these products (613a 

and b), unlike the N4 + reaction where non-dissociative charge transfer is observed. 

Channels 613c and 613d are quite different to any channel observed with N/. The 

C4Hg + ion product was identified from curvature in the N 4 + decay, but no evidence for 

a mlz = 53 or 55 product is seen in any of the mass spectra taken during the 

investigation of the N4+ reaction. The product of Reaction 613d may be ethyl cyanide 

(C4H/ is another possibility) and that of 613c may be acrylonitrile. However a large 

H30+ impurity was observed when this reaction was being studied so these ions may 

be the result of protonation (i.e. C4HS + and C4H7 + for channels c and d respectively). 

Section 6.3: Some implications of the formation ofN/ and N4+ 

for the ion-molecule chemistry occurring in Titan's 

lower ionosphere. 

The relevance of the reactions ofN/ and N/ in Titan's lower ionosphere is 

dependent on two factors: the relative densities ofN/ and N/ (and higher nitrogen 

cluster ions) as compared to the non-clustered ions, and the differences in reactivity 

between the clustered and non-clustered ions. The latter has been highlighted in the 

previous sections but the implications for the major ion-molecule reaction channels 

occurring in the ionosphere of Titan will be discussed in this section. 
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As was discussed in §6.2, the formation of the clustered ions is highly altitude 

dependent. The deeper into the atmosphere one moves, the more efficient the 

termolecular formation reactions become and hence the greater influence the clustered 

ions will have. These ions will exert no great influence on the upper, photon-induced, 

ionosphere as the pressure at the altitude of this ionosphere (~1050 km) is too low for 

their formation to be competitive. Figure 6.3 shows the altitude profile of the relative 

amounts of atomic and molecular nitrogen ions and their respective first clusters with 

nitrogen (i.e. N3 + and N4 +). This model can be compared with the ion production 

models of Molina-Cuberos et at. 202 and Capone et at. 200 to show that at the peak of 

the ion and electron densities for the lower, cosmic-ray induced, ionosphere (around 

100 kID) the N3+ and N/ ions will predominate over N+ and N2+' Below this altitude 

one can expect higher clusters to become even more important as the pressure steadily 

increases and the temperature drops rapidly. The temperature falls from ~ 140K at 100 

kID to ~70K at the second thermopause (around 45 kID above Titan's surface). This is 

the minimum temperature experienced in the whole of Titan's atmosphere. Hence the 

relative amounts ofN3 + and N4 + are enough forthem to influence the ion chemistry in 

the lower ionosphere, but are differences in their ion chemistry sufficient to alter the 

types of ions that will be present in Titan's lower atmosphere? 

The most obvious differences in the ion chemistry are that both of the 

clustered ion species, N3 + and N4 +, react in a less dissociative manner than do their 

non-clustered counterparts, N+ and N2 +. The N3 + ion is also more effective at inserting 

a nitrogen atom into the ionic products than is N+. The two families of nitrogen ions 

will now be dealt with separately. A model incorporating some of this type of ion

molecule chemistry may be found in the work of Molina-Cuberos et at. 202. However 

this model includes only the reactions ofN3 + and N4+ with methane and not any of the 

more minor hydrocarbon components of Titan's atmosphere which are included in the 

experimental section of this study. Unlike these previous mathematical models the 

following discussion is purely qualitative. 

The major ion chemistry ofthese N/ ions is going to be influenced by what 

neutral species are present that the ion reacts rapidly with. In the upper atmosphere of 

Titan, the reaction ofN+ with methane is one ofthe more important reactions. Two 

major channels are available forming either CH3 + or a cyanide-containing cation 

(either HCNH+ or HCN+) in approximately equal fractions. These ions in tum lead (by 
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a series of further ion-molecule reactions) to the fOlmation primarily of C3HS + ions 

and the formation of protonated cyanopolyynes. The reaction ofN3 + with CH4 

however almost exclusively leads to HCNH+ which, at the higher pressures associated 

with N3+ formation, can associate efficiently with C2H2 or C2H4 (see section 6.4 for 

further details). Alternatively the HCNH+ ion can protonate certain molecules (those 

with higher P A than HCN). Chief among these molecules are water and the nitriles 

(e.g. CH3CN or HC3N). The subsequent reactions of these protonated species will, at 

low altitudes, be characterised by association reactions mainly with acetylene and 

ethylene. These association reactions can rapidly build up larger, more complex, 

molecules. 

The reactions ofN3 + with C2H2 and C2H4, while less important due to the 

lower mixing ratio of these neutral species, will also be important. The reactions of 

N3 + with acetylene will contribute further to the increase in nitrogen-containing 

species, producing nitrile ions. This is in contrast to the N+ + C2H2 reaction (Reaction 

608) which occurs at higher altitudes and produces ions that will result in higher 

hydrocarbon species. The reaction ofN3 + with C2H4 produces C2~ +, which can either 

undergo termolecular reactions (associating effectively with C2H4 2 and less 

effectively with CH4 201,222) or bimolecular reactions (with certain species like 

cyanoacetylene (Reaction 614)). 

C2~ + + HC3N => 

=> 

H2C3N+ + C2H3 

~CsW+H 

[0.85] (614a) 

[0.15] (614b) 

At higher altitudes, the reaction ofN+ with C2H4 (Reaction 607) not only produces 

C2H4 + but also produces C2H3 + (which is converted to higher hydrocarbons) and 

nitriles (whose chemistry is explained above). Thus it can be seen that N3 + has the 

effect of enhancing nitrile chemistry and producing products that are amenable to 

association reactions. 

The reactions ofN/ lead almost exclusively to charge transfer, which reduces 

somewhat the amount of nitrogen-containing ions when compared to the reaction 

chemistry at higher altitudes. Instead, most of the reactions ofN4 + investigated here 

will ultimately produce the C3HS + ion, which will then associate with acetylene 

molecules in a stepwise manner to form CsHs +, C7H7 + and higher hydrocarbons 222. As 

an example, when N/ reacts with methane CH4 + is first formed. CH4 + then reacts with 

a further C~ molecule to give CHs+, which can protonate many of the species with 
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lower number densities which will finally lead mainly to C3Hs +. A diverse range of 

other, minor, hydrocarbon ions will also be formed. In this respect the change from 

N2+ to N/ does not affect the initial products much. However due to the increased 

amounts of association that will occur in the regions where N4 + is formed, larger 

hydrocarbon species will be created. 

The CHs + intermediate in the processes outlined above can also be lost by 

forming a cluster with C~ or N2, albeit very slowly. This cluster will form 

predominantly in the region from 60 km down where the temperature is low and the 

pressure high. In this region the amounts of most neutral species are much reduced as 

they begin to 'freeze out' and this will further enhance cluster formation as there is 

less CHs+ loss 185. The reactions of the CHs+.CH4 species have not been modelled in 

the current literature models. As this cluster is very weakly bound (the termolecular 

formation rate coefficient at 300K is approximately 8 x 10-30 cm6s-1 221) the presence 

of another neutral methane molecule on the ion may not affect the reactivity ofthe 

cluster significantly. By way of comparison note that in all cases where a reaction 

occurred with N+ or N2 +, a reaction was also observed for N3 + or N4 + respectively 

(albeit giving different products). Thus Reaction 615 should occur as its counterpart 

Reaction 616 is observed to proceed at almost collision rate. The fraction· of CO is 

500 times less than that of CH4 but HCO+ is a terminal ion at these altitudes whereas 

CHs+.C~ is not. 

CHs+.C~+CO 

CHs+ + CO 

=> 

=> 

HCO+ +2CH4 

HCO++C~ 

k = 9.9 X 10-10 cm3s-1
, 

(615) 

(616) 

The fraction of CO in the atmosphere will be less drastically affected by the 

temperature change in Titan's lower atmosphere as it is still gaseous at the minimum 

temperature experienced in Titan's atmosphere. 
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Section 6.4: Termolecular Associations in Nitrogen; Relevance 

to Titan's Atmosphere. 

§6.4.1: Models of Titan's Ionosphere. 

Most of the models of Titan's ionosphere deal with the region around 1050 km 

above the surface. It is at this point that the electron density and ion density are 

greatest in Titan's atmosphere, as was shown by the Voyager 1 observations. The 

overall pressure in this region is well below 1 milliTorr (number density ~ lxl 08 cm"3) 

and thus bimolecular Idnetics will dominate. However, in the region much lower in 

the atmosphere (below around 350 km above Titan's surface) there is a significant 

amount of cosmic ray ionisation. In this lower region the influence of termolecular 

reactions will become much greater and may even compete with bimolecular 

reactions. When the reactant ion does not undergo any significant bimolecular 

reaction (the so-called "terminal" ions in the ionosphere) then termolecular reaction 

loss of these ions needs to be considered. It was with this in mind that an investigation 

of the termolecular kinetics for the association reactions of HCNH+, H30+, and cyclic

C3H3 + with the principal neutrals N2, C2H2, C2H4 and CH4 was carried out in the 

Canterbury F A-SIFDT. 

The majority of these reactions have previously been studied by Herbst and 

co-workers 232, however these reactions were performed in a helium bath gas. In most 

previous SIFT investigations of termolecular reactions, the nature of the bath gas has 

not been considered overly important due to the fact that these investigations were 

using the rates of termolecular association to model radiative association. In these 

cases only an indication of the lifetime of the initial collision complex is impOliant. 

However, it is well known in the ICR community that the nature of the bath gas has a 

significant effect on the termolecular rate coefficient and relative stabilisation 

efficiencies, Pre!' are routinely measured. A survey of the literature 2 shows that 

termolecular rate coefficients measured in a nitrogen bath gas are between 1.5 and 5 

times greater than the same coefficients measured in a helium bath gas. It was thus 

deemed prudent to perform a SIFT investigation of these rate coefficients in a 

nitrogen carrier. 
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§6.4.2: Experimental 

The association reactions reported in the following sections were performed 

using the University of Canterbury F A-SIFDT instrument. The carrier gas in the SIFT 

reaction tube was either helium or nitrogen depending on the desired third body for 

the reaction under study. Instrument grade helium was used as usual, and the nitrogen 

gas used was New Zealand Industrial Gases zero grade, purified by passage through a 

dry ice/acetone cryo-trap. 

All measurements were made at 295±5K and the pressure range was 

approximately 0.2 to 0.7 Torr for the rate coefficients measured in helium and 0.1 to 

0.6 Torr for those measured in nitrogen. For both helium and nitrogen bath gasses the 

upper pressures in the range were obtained by 'throttling' the lVE blower pump by 

partially closing the 6" gate valve that isolates this pump from the reaction tube. In 

effect this is conductance limiting the speed of this blower pump and enables a higher 

pressure to be achieved without increasing the flow of carrier gas through the system. 

The reactant ions were generated in the flowing afterglow by using either the 

moveable ioniser or an off-axis microwave discharge which included a Wood's Hom 

between the discharge proper and the FA flow tube (see §2.2.3). This was found to be 

necessary as any photons that entered the main flow tube when a nitrogen carrier was 

in use, created N/ ions which interfered with the analysis ofthe system under study. 

HCNH+ and H30+ were made by admitting the non-protonated precursor into a 

plasma containing H3 + ions. 

§6.4.3: Associations with Nitrogen. 

To ascertain if any ofthe "terminal" ions associated with nitrogen at 300K and 

at pressures of approximately 0.5 Torr, these ions were simply injected into a nitrogen 

carrier gas and the association product searched for. This method should detect 

reactions that are much slower than is usually possible for the SIFT technique, down 

to an effective bimolecular rate coefficient of IxlO-15 cm3s-1 or lower at carrier gas 

pressures of ~0.5 Torr. No association reactions for any of the ions H30+, HCNH+, or 

C-C3H3 + were observed with N2 at room temperature in our flow tube. 
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However, at least one of these reactions would appear to be likely to proceed 

under the conditions present in the lower region of Titan's atmosphere. The group of 

Speller and Fitaire have produced several papers over the years detailing the products 

of a-particle irradiation or DC discharge on nitrogen/methane mixtures. These 

experiments have been performed at low temperatures (140-290K) and high pressures 

(20-80 Torr) and a range of HCNH+.nN2 clusters (where n =1_6)233,234 have been 

observed. Experiments have also been performed observing the clustering rates of 

several "impurities" added to simulate the atmosphere of Titan more closely (namely 

acetylene, and methane 233,234,235). In these experiments switching reactions as well as 

clustering reactions have been observed. Only the equilibrium constants for the 

various reactions have been determined. The equilibrium coefficient for Reaction 617 

was approximately Kl=0.005 Torr-l at ambient temperature 234. 

(617) 

Where 
K - I(HCNH+.N 2) 

1 - I(HCNH+).P(N2) 
(6.1). 

As the pressures in the current study are less than 1 Torr (~0.5 Torr) one could 

reasonably expect the ratio HCNH+.N2: HCNH+ to be well less than 0.0025:1 giving 

at most ~20 cps at the signal levels used. Speller, Fitaire, and Pointu also found the 

hydrogen cyanide nitrogen cluster to be very weakly bound (31.8 kJ morl 234), and 

noted that there may be dissociation upon sampling. This will further decrease the 

likelihood of observing this cluster ion with nitrogen in the present experiments. 

The observations of Speller and Fitaire do not suggest that we should have 

seen a clustering reaction between HCNH+ and nitrogen and if anything back up our 

non-observation of this reaction at ambient temperature. However they do suggest that 

the chemistry in the lower atmosphere of Titan will be strongly influenced by 

clustering reactions with nitrogen. These may provide a mechanism for effectively 

building up larger mass ions but, due to the weakly bound nature of these clusters, 

they are unlikely to provide a method for building up large neutral molecules. Instead 

they are likely to continue to undergo clustering and switching reactions to produce 

higher clusters, much like the H30+.nH20 clusters in the Earth's ionosphere 11,205,236. 

However it is lmown that "switching" reactions, where one weakly bound solvating 

ligand is replaced by another more strongly bound one are efficient. In this manner the 
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formation of cluster ions may provide a mechanism for rapidly forming strongly 

bound (possibly even covalent) adducts in Titan's lower atmosphere. 

§6.4.4 : Associations with small hydrocarbons. 

203 

The association reactions of c-C3H3 +, H30+, and HCNH+ with CH4, C2H2 and 

C2H4 were investigated using both nitrogen and helium as the buffer gas. No reaction 

of any kind was observed for the C-C3H3 + ion with all three of the listed neutrals or for 

the other two ions when methane was the neutral reactant. C-C3H3 + is thus still a true 

"terminal" ion, as no reaction, even with minor constituents of Titan's atmosphere, 

has yet been found. The experimental results for this section are shown below in 

Table 6.4. 

Neutral Reactant Carrier Gas H30 + HCNW C-C3H3+ 

CH4 He NR NR NR 

N2 NR NR NR 

C2H2 He 7xlO-28 6xlO-29 NR 

N2 ~9xlO·27 4xlO-28 NR 

C2H4 He 2xlO·27 5xlO-27 NR 

N2 2xlO-26 1 X 10-26 NR 

Table 6.4: The experimentally determined termolecular rate coefficients in both 

helium and nitrogen carrier gases. 

a) The rate coefficients reported here are termolecular rate coefficients for the enhancement of a 

given process by the presence of a third stabilising body. Units are cm6s- l
. 

b) NR means no reaction and implies that no product was seen. This places an upper limit of 

appromimately 3xlO-29 cm6s·1 on the process. 

The termolecular rate coefficients in a nitrogen carrier are between 3 and 13 

times faster than for the corresponding reactions in a helium carrier. By comparison 

with the termolecular rate coefficients previously investigated in both a helium and 

nitrogen carrier, these current results show a greater increase in efficiency in N2 when 

compared with helium. Previous values (predominantly measured for atmospheric 

reactions such as NO+ + H20, NO+ + C02, O2+ + 02, and N+ + N2) 2 show and 
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enhancement in N2 over He of between 1.5 and 5. It should be noted however that the 

complexity of the previous systems (i.e. the number of atoms) was usually less. There 

is not enough literature data to allow a valid comparison to be made between the 

current data and an average effect for the transition from a helium to a nitrogen bath 

gas. 

H30+ and C2H2! C2H4 .. 

The amounts of water vapour present in Titan's atmosphere are not accurately 

known but they are lower than a part per billion in the stratosphere 180. The model of 

Yung et at. predicts that it should be a minor constituent 182. Ifthis is the case then a 

certain amount ofH30+ should be found in the ionosphere of Titan. However H30+ 

does not have any rapid bimolecular reactions with the major neutral constituents of 

Titan's atmosphere. As a result its association reactions could be influential to the 

overall ion-molecule chemistry. In both this case and for the HCNH+ reactions, Herbst 

et at. 232 have previously obtained temperature-dependent association rate coefficients 

for the termolecular reactions with ethylene and acetylene. Fairley and co-workers 

have also studied the reactions ofH30+ with acetylene 237 and ethylene 238 and have 

performed reaction studies to determine the nature of the products. Matthews et at. 239 

have also investigated the H30+IC2H4 reaction and the C2H70+ isomers generally. 

In the reaction ofH30+ with acetylene (Reaction 618) Herbst et at. 232 found 

an association rate coefficient (with helium) of 8 x 10-28 cm6s-1 at 300K with a 

temperature dependence of the form (300/T)3.2. This is in excellent agreement with the 

rate coefficient determined in the current study of 7 x 10-28 cm 6S-1 at 300K in a helium 

carner. 

=> (618) 

The rate in a nitrogen carrier is more than an order of magnitude faster at ~9x 10-27 

cm6s-1. However this rate coefficient is only an approximate as problems were 

encountered in getting an accurate rate coefficient at lower pressures «0.45 Torr). 

The semi-logarithmic plots ofH30+ count against C2H2 flow at these lower pressures 

were consistently curved. The rate coefficients obtained at the higher pressures 

suggested that the initial rates obtained from these curved plots (i.e. the rate of decay 

at very low flow of acetylene) were the more correct and it is these that have been 
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used in the determination of the termolecular rate coefficient. The reason for this 

curvature has not been conclusively determined but it appears that it is present 

because the H30+ signal is being regenerated at higher flows. There is no possibility 

of isomer is at ion at mlz = 19, so the only other possibilities are that an excited H30+ 

reactant ion, most probably vibrationally excited, is present or alternatively that the 

H30+,C2H2 product is very weakly bound and breaks up upon sampling. Several 

factors count against the hypothesis that the reactant ion is excited. Firstly, the 

problem does not occur in a helium carrier. One could reasonably expect N2 to be 

more effective at quenching vibrational excitation (due to the greater mass and the 

fact that it can itself carry vibrational energy). Second, when the H30+ ion was 

generated using low energy proton transfer to water (from HCO+ and HCS2+) the 

problem was still present. Further, the voltages on the downstream lenses were 

reduced to almost zero, with no decrease in the amount of curvature being observed. 

This suggests that the product ion is not being dissociated upon sampling. In addition 

an unknown ion at 57 amu was always observed which appeared to react, at least 

partly, with the increasing flows of acetylene. This ion could possibly be N2H+.N2 

which would transfer a proton at the collision rate to any water in the carrier or the 

reactant gas. As the rate coefficients for these association processes are very Iowa 

small water impurity in the reactant gas could affect the outcome markedly. It seems 

likely that some of the energy received by the H30+ ion upon injection is being used 

to drive the endothermic proton transfer from H30+ to N2 (endothermic by 210 kJ 

morl
). The product of this then associates with a nitrogen molecule to give the 

observed 57 amu ion. Essentially the vibrational excitation in the H30+ ion, which is 

being quenched in a helium carrier, is being trapped in a chemical bond in the 

nitrogen carrier gas (as N2H+) and is being transmitted to the reaction region in this 

form. 

In previous investigations of this reaction in our laboratory Fairley and 

co-workers looked at the nature of the products from Reaction 618 237. They found 

that 2 isomers were present. One that represented up to 75% ofthe total product signal 

was found to react rapidly with ethyl bromide, benzene and 4-fluorotoluene. The other 

25% isomer showed a much slower reaction with these neutrals. The identity of these 

two isomers is not completely certain, however it seems likely that the faster reacting 

component in the product signal (the "H30+.C2H2" ion) is in fact protonated vinyl 
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alcohol (CH2CHOH2 +), while the slower reacting portion is then identified as the 

electrostatic complex. An alternative interpretation of the experiment is that the larger 

fraction of the product (the faster reacting isomer) is the electrostatic complex in 

which case the smaller component is likely to be protonated acetaldehyde (or 

protonated oxirane, though this latter interpretation is less likely). This second 

hypothesis is not supported by the results of ab initio calculations which did not find 

an interconversion route between the initial collision complex (in effect the 

electrostatic complex) and either of the possible products. A conclusive determination 

of the nature of these products was hampered by an inability to create the protonated 

vinyl alcohol ion in the flow tube in order to perform comparative reaction studies. 

Nevertheless, Reaction 618 represents an efficient pathway leading to the 

rapid build-up of more complex molecules in Titan's lower atmosphere where the 

stabilising influence of the low temperature and relatively high nitrogen pressures will 

combine to give a relatively high overall rate. At an altitude of 100 km with the 

temperature at 140 K and the pressure at ~ 10 Torr the apparent bimolecular rate 

coefficient should be approximately collision rate. 

The association between H30+ and ethylene occurs in concert with the slightly 

endothermic proton transfer which gives C2HS +. Both ab initio and experimental 

studies by Fairley et al. 238 have shown that the association product in this case is 

C2HsOH2+, protonated ethanol. 

HCNF + C2H2, C2H4. 

HCNH+ was observed to associate slowly with both ethylene and acetylene. 

Herbst and co-workers 232 have previously performed a study of the temperature 

dependent termolecular rate for both of these reaction using helium as the bath gas in 

a SIFT. For the acetylene case (Reaction 619) they report an ambient temperature 

association rate of 5 x 10-29 cm6s-1 when M = He. Their temperature dependence takes 

the form of k3 = 5 X 10-29 (300fT)3 cm6s-1
• 

(619) 

The stmcture of this association product is unknown, however Herbst et al. 

argue that it is unlikely to be protonated acrylonitrile, CH2CHCNW, on the grounds 

that Reaction 619 proceeds much more slowly than the association rate they calculate 
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for a protonated acrylonitrile product. By comparing the experimental H30+ and 

HCNH+ association rates and product identification from the work of both Herbst et 

al. and Fairley with the theoretical rates of Herbst et al., one can begin to draw some 

conclusions about the likely nature of the adduct products in these systems. In the case 

ofH30+ and ethylene the product is entirely covalent in nature the experimental rate is 

almost 3 times greater than the theoretical rate. For the H30+ + C2H2 reaction there is 

almost celiainly some covalent association occurring in the reaction, although the 

amount of this and its structure is still uncertain. In this case the experimental rate 

coefficient is a factor of 125 less than the calculated one. For reaction 619 the 

experimental rate, as measured both by Herbst and our latest results is approximately 

4000 times slower than theory predicts based on the premise that the association 

product formed is CH2CHCNH+. This discrepancy is strongly indicative of an 

electrostatic or other very weakly bound product ion being formed in this association. 

Some preliminary attempts were made to confirm the nature of these 

association products experimentally. In these experiments HCNH+ was formed in the 

FA (from HCN in a hydrogen carrier) and then injected into the SIFT reaction flow 

tube. At the first neutral inlet a high flow of acetylene was introduced, converting 

approximately half of the HCNH+ to the adduct (C3H4N+) having the unknown 

structural form. Another neutral reagent gas was then introduced into the flow tube at 

the downstream neutral inlet in order to react with the cluster ion formed upstream 

and, hopefully, to monitor the nature of this unidentified cluster ion. 

The first monitor gas used was HCN which is known to cluster effectively 

with HCNH+ 240. Ifthe mlz=54 ion is a loosely bound electrostatic cluster, a 

"switching" reaction where the more weakly bound C2H2 ligand will be replaced with 

the stronger HCN ligand, should take place. The product ofthe HCNH+.C2H2 + HCN 

reaction should then produce an ion at 55 amu. If however the HCNH+.C2H2 product 

is a covalent species, a possible structure could be CH2CHCN+, protonated 

acrylonitrile. The reaction between protonated acrylonitrile and HCN has been 

previously investigated by Petrie et al. 243 in the SIFT and they found the product to 

be the adduct. When hydrogen cyanide was introduced a reaction was indeed evident. 

The cluster ion signal reduced and two products were observed, one corresponding to 

HCNH+.HCN (mlz=55) and the other being the adduct of the product C3H4N+ species 

with HCN. Another peak at 59 amu was also observed which apparently was the 
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result of an acetone impurity in the HCN supply. It is possible that the HCNH+.HCN 

ion could be formed directly from the HCNH+ still unreacted in the flow tube (after 

adding C2H2). This process was found to be slow at the pressures used in this 

experiment (0.5 Torr) with a rate coefficient around 6 x 10-12 cm3s-1, and so should not 

make a significant contribution however the acetone impurity prevented an accurate 

determination of this rate coefficient. Even if this is the formation mechanism for all 

the HCNH+.HCN observed this does not alter the fact that a reaction consistent with a 

more strongly bound ion than an electrostatic complex was observed. 

The next monitor gas tried was methyl acetylene (propyne, CH30=CH) which 

has a proton affinity (PA (CH30=CH) = 748 kJ mor1) intermediate between those of 

HCN (PA = 712 kJ mor1) and acrylonitrile (PA = 785 kJ mor1). For an electrostatic 

cluster as the product of Reaction 618 the expectation was that it would either 

undergo proton transfer or a ligand switch. The reaction between CH2CHCNH+ and 

methyl acetylene has not been studied but C3H4N+ reacts with acetylene (which also 

has a lower P A than CH2CHCNH+) very slowly in what is probably an association 

reaction 241. The results here were inconclusive, the C3H4N+ ions formed in the flow 

tube did not appear to be completely removed at high methyl acetylene flows but only 

products consistent with proton transfer (most probably from HCNH+) and ligand 

switching (HCNH+.CH30=CH) were observed. 

The. final neutral monitor chosen was benzene which like propyne, has a P A 

intermediate between those ofHCN and acrylonitrile (PA(C6H6) = 750 kJ mor1). This 

neutral provided the most conclusive evidence for the presence of two isomers in the 

C3H4N+ ion. At very high benzene flows it was observed that the 54 amu ion had 

completely reacted away (as had the HCNH+) and that 2 products were visible. These 

were a major product at mlz = 79 (C6H/) (also formed by proton transfer from 

unreacted HCNH+) and a more minor one at mlz = 132 (C3H4N+.C6H6). A mass 

spectrum recorded under these conditions is shown below. 
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Figure 6.5: A comparison o/two mass spectra recorded with (red trace) and without 

(black trace) benzene flowing. 

The kinetics of this process were also investigated, though only in a semi-quantative 

manner. There is an initial rapid loss of C3H4W followed by a slower decay that 

represents up to one third of the initial ions. Thus it appears likely that there is a 

fraction of the C3~N+ ion formed from the association reaction of HCNH+ and C2H2 

that is more strongly bound than the remainder (this being the slower reacting fraction 

which associates). In addition there is a weakly bound ion (e.g. an electrostatic 

complex) which is unlikely to undergo a further association reaction. 

When the effect of varying the different carrier gas species was investigated 

for Reaction 618, the nitrogen rate coefficient was, as expected, found to be greater. 

The values determined were: k3 = 6 X 10-29 cm6s-1 for a helium bath gas; and k3 = 4 X 

10-28 cm6s-1 when M is nitrogen. Our helium rate is in good agreement with that of 

Herbst while the rate in nitrogen is much accelerated (,....,7 times faster). 

In the reaction between ethylene and HCNH+ ions, the rate coefficient in a 

helium carrier gas, k3 = 5 X 10-27 cm6s-1 was again in excellent agreement with the 

Herbst et al. result (k3 = 7 X 10-27 (300/Ti·6 cm6s-1 between 210 and 300K). This rate 

is approximately 50 times lower than the corresponding theoretical rate, which places 
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it between the ratios obtained for the H30+/C2H2 and H30+/C2H4 systems. This 

suggests that a covalently-bound product channel should be expected. The reaction 

between HCNH+ and C2H4 may be an efficient method of forming the protonated 

ethyl cyanide ion in the lower atmosphere of Titan if indeed this isomer is formed in 

the reaction. Of course, other isomers are also possible. At approximately the same 

altitude as the lower ionosphere peak electron density (altitude of 100 lan, T=140K, 

number density::::; 2.5 x 1018 cm-3) the apparent bimolecular rate coefficient for the 

HCNH+/C2~ reaction will be approximately collision rate. 

When the C3H6W association product formed from the reaction between 

HCNH+ and C2H4 was investigated with benzene (using identical techniques to those 

outlined above) the behaviour of the product ion indicated that it is largely covalent in 

nature. The PA of the possible covalent product, ethyl cyanide, is 794 kJ mor1 and is 

greater than the PA of benzene. Thus protonated ethyl cyanide will not proton transfer 

to benzene. The proton transfer observed when benzene was added to the flow tube 

downstream of the formation of the C3H6N+ adduct can arise from two sources, 

remaining unreacted HCNH+ and a C3H6N+ isomer with a P A less than benzene (most 

probably an electrostatic ion). At high benzene flows the number of counts ofC6H/ 

only exceeded the initial number ofHCNH+ counts by ~5000 (cf. approximately 

55,000 cps ofC3H6N+). Serious mass discrimination was observed to occur at 135, 

C3H6N+.C6H6, amu (it also featured at 79, C7H9+) amu but was not so serious) and this 

hinders an accurate determination of the fraction of weakly bound complex. However 

even assuming a mass discrimination factor of 2: 1 between masses 28 and 79 (an 

unlikely value - the true value will be considerably less) there is less than 20% of the 

smaller fraction present. These observations indicate that at least 80% of the C3H6N+ 

ion formed from the reaction of HCNH+ and C2H4 is in a covalently bound form. 

Section 6.5: Conclusions. 

The main differences between the reactions occurring at high and low altitudes 

in Titan can be best seen by comparing the graphs of ion species for the high and low 

altitude models e.g. that of Molina-Cuberos 202 with that of Keller et al. 183. The 

primary low altitude species are more complex. For example HCNH+ abounds around 



Chapter 6: Titan's ion chemistry Section 6.5 Conclusions 211 

1100 km but there is almost none present below 400 km as clustering reactions take 

effect. These clustering reactions can induce changes in the bimolecular che1;llistry 

(N3+, N/) as well as building up more complex species rapidly. It has been shown 

that these association reactions are more efficient when nitrogen is the third body in 

the termolecular process (by a factor of 3 to 13). Also, the association reactions of 

several of the terminal ions in Titan's ionosphere are capable of producing covalently 

bound products. 
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Chapter 7: 

Ion-molecule association in acrylonitrile. 

Section 7.1: Introduction. 

§7.1.1: Notes on acrylonitrile. 

Acrylonitrile (propenenitrile or vinyl cyanide) is one of more than 100 

molecules that have been detected in interstellar clouds by radioastronomical 

techniques. Matthews and Sears 242 have identified it in the cold molecular cloud 

TMC 1 from its emission spectrum. Acrylonitrile (and other nitriles) are more easily 

detected in the interstellar medium (ISM) than are many other species due to the large 

dipole moments conferred upon them by the presence of the -CN group. Although this 

and other experimental considerations mean that astronomers are getting a somewhat 

biased view of the molecules present in these clouds, the ion-molecule chemistry of 

acrylonitrile is still important to the overall modelling of interstellar processes. The 

presence of acrylonitrile and other similar nitriles has also been postulated in the 

atmosphere of Titan 157. These facts have motivated the investigation of several 

aspects of the ion-molecule chemistry of acrylonitrile. Petrie et at. 241 have studied the 

reaction chemistry of C3H2N+, CH2CHCN+, and CH2CHCNH+ with a range of simple 

neutrals using a SIFT and have discussed the implications of these reactions to 

chemical processes in the ISM 243. Sun et at. 244 have performed reactions of multi

ringed C/ (n = 10 to 18 and 20) ions with neutral acrylonitrile in a FT-ICR. Javahery 

et at. 245 have also studied reactions of fullerene ions with neutral acrylonitrile, 

reacting it with the mono-, di-, and tri-cations in a SIFT and McEwan et at. have 

examined the association of CH3 + with neutral acrylonitrile over a pressure range 10-7 

Torr to 0.5 Torr 246. 

Included in the work of Petrie et at. 241 was an investigation of the association 

chemistry of acrylonitrile ions with neutral acrylonitrile. This work was subsequently 

continued by Wilson during his PhD. 69, however the SIFT experiments in these 

investigations were performed using an earlier version of the Canterbury SIFT 

apparatus. In these earlier experiments the lower injection resolution of the ion 

selection region (quadrupole mass spectrometer and lens arrays) in the older SIFT 
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prevented injection of an ion of specified mass without some contamination from 

adjacent masses. This was subsequently found to have caused a misassignment of the 

products. These reactions were thus revisited using the greater resolution of the 

current F AlSIFDT system. 

§ 7 .1.2: Association Reactions. 

Association reactions are a unique type of ion-molecule reaction. Because the 

product includes all the atoms from both the ion and the neutral, any excess energy in 

the collision complex cannot be removed from the complex by loss of fragments as 

none are produced. Therefore other means of removing the excess energy from the 

initial collision complex are required or it will back-dissociate or undergo a 

bimolecular reaction process. There is always some excess energy in any collision 

complex formed as a result of an ion molecule interaction, be it from reaction 

exothermicity if a stable product is formed, or translational or vibrational energy in 

either collision partner. If association is to become an effective process the removal of 

. this excess energy must become efficient. In most ion-molecule association systems 

that are amenable to experimental observation, this excess energy is removed through 

collisions with surrounding neutral molecules. Each neutral that interacts with the 

complex carries away a small portion of energy. Thus the association reaction 

becomes termolecular i.e. dependent not only on the concentration of the reactant ion 

and neutral but also on the concentration of some third body, M, which is affecting the 

de-excitation of the initial, excited, collision complex. 

It has been proposed that in the extremely cold, diffuse environment of space, 

where collision with a stabilising body would be extremely unlikely, a second 

mechanism of de-excitation could be important namely, the emission of photons 45,284. 

This method of stabilisation is often termed radiative association and it relies on the 

fact that ion lifetimes become much greater at the lower temperatures encountered in 

interstellar space. A generalised scheme for an association reaction is shown 

b I 174,175,247,248 eow . 
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--
(7.1) 

AB+ 

Here [AB +] * represents the excited collision complex, 1<:£ is the formation rate 

coefficient (usually approximated by the collision rate), k -1 represents the rate 

coefficient for unimolecular decomposition back to reactants, krad is the rate 

coefficient for radiative association, and Pks[M] represents the rate of stabilisation by 

a third body (M). A major factor influencing the effectiveness of an association 

reaction is the lifetime of the excited complex, 't (AB+) * . Consequently the rate 

coefficient for stabilisation by collision; i.e. the termolecular association rate 

coefficient can be used as an experimental indicator of the efficiency of radiative 

associations, as both are favoured by longer-lived collision complexes. 

The association reactions of ions derived from acrylonitrile that will be 

discussed in this chapter represent a sub-class of association processes as they belong 

to a group of reactions that occur in competition with an available bimolecular 

process. Under flow tube conditions, any contributions from radiative stabilisation can 

be neglected and the model for stabilisation can be formulated as follows: 

kf 13ks[M] 
A+ + B _ - [AB+] * ,... AB+ 

k -1 

(7.2) 

C++D 

Here Pks represents the effectiveness of collisional deactivation (ks is the collision rate 

coefficient for the de-excitation process and P represents the fraction of collisions that 

are effective in producing stabilisation. From this equation a model for the 

competition between the termolecular and bimolecular reaction can be derived. First 

d[A+]/dt = -kf [A+] [B] + k -1 [(AB+)*] (7.3) 

and d[(AB+)*]/dt = kf [A+] [B] - ((k -1 + k 1 + Pks[M])[(AB+)*]) (7.4) 
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If one then makes the steady state approximation, that is as (AB+)* is an intermediate 

it quickly reaches a steady concentration where formation and loss processes balance 

and 

d[(AB+)*]/dt = ° (7.5). 

This means that the concentration, [(AB+)*] can be expressed as; 

[(AB+)*] = kdA+] [B] / (k -1 + k 1 + Pks[M]) (7.6). 

Equation 7.6 can then be substituted into Equation 7.3 to give a solution. However 

when one observes an association system, the rate coefficient measured does not 

represent either pure a bimolecular or termolecular reaction process but is instead a 

pseudo-bimolecular rate coefficient which represents the sum of the two processes at 

a specific [M] (or bath gas pressure), k20bsd. Thus 

d[A+]/dt = _k2obsd [A+] [B] (7.7) 

Combining Equation 7.7 with the solution from Equation 7.6 and equating this with 

Equation 7.3 gives: 

k20bsd = kf ((k 1 + Pks[M]) I (k -1 + k 1 + Pks[M])) (7.8). 

In the limiting case where [M] = 0, i.e. where no stabilising third body is present, this 

reduces to: 

k20bsd = kf((k 1) I (k -1 + k 1)) (7.9) 

The observed termolecular rate coefficient (k30bSd) can also be calculated and is 

defined as d(k2obSd)/d[M]. The derivative of equation 7.8 with respect to [M] gives: 

k30bsd = (k -1 kf Pks) I (k -1 + k 1 + Pks[M]i (7.10) 

This is known as a "single-well" model and it predicts that the bimolecular process 

will dominate at low pressures (to the exclusion of the termolecular reaction at low 

enough pressures) and that as the pressure rises the termolecular process will become 

increasingly more important. When the pressure is sufficiently high the reaction will 

enter the "saturation" region in which every complex formed is stabilised by collision 

. In this situation, only association will be observed and the rate coefficient, k20bsd will 

equal kf. 
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Section 7.2: Experimental. 

§7.2.1: The Ion Cyclotron Resonance Mass Spectrometer (ICR). 

During this section of experimental work the second apparatus available for 

studying ion-molecule chemistry at The University of Canterbury, the Ion Cyclotron 

Resonance mass spectrometer (ICR), was used. This apparatus gives the Ion-Molecule 

Reactions group at Canterbury an almost unique ability to follow the dynamics of 

association reactions across a wide pressure range. The ICR at Canterbury has been 

described previously by Wilson in his PhD. thesis 69 and several comprehensive 

descriptions of the range of the technique and its theory have also been published 164. 

In the interests of completeness however, a short description of the experimental set

up and the theory of the ICR technique, as it relates to this section of work, will be 

given. 

The ICR technique operates in a much lower pressure regime than does the 

SIFT, operating in the range approximately 5 x 10-8 to 1 x 10-3 Torr. Thus it allows us 

to study the behaviour of association systems outside the pressure saturated region 

that is most commonly encountered in the SIFT. An investigation of association in the 

pressure range encompassed by both techniques gives a unique insight into the 

association process. 

Ion cyclotron resonance spectrometry relies, as the name implies, on the cyclic 

movement of the ions within the ICR reaction cell. This cell, shown in Figure 7.1, is 

constructed of two pairs of stainless steel plates arranged around the inside of a 

rectangular tube. The cell is fixed within a strong magnetic field which is supplied by 

an external electromagnet. 

B 
) 

Source Region 

Total Ion Current Region 

Analyser Region 

H-*~---'r- ~Filament 

Lower Drift Plates 

Figure 7.1: A schematic diagram of the fCR cell at the University of Canterbury. 
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The upper and lower plates are known as the drift plates and they supply an electric 

field that is perpendicular to the vector of the magnetic field. It is these crossed 

electric and magnetic fields that form the heart of the teclmique. When the forces on 

the ion provided by these two fields are combined they impart to the ions a velocity in 

a direction that is perpendicular to both oftheir vectors i.e. along the axis of the cell 

into the page in Figure 7.1. This combination of vectors is shown in Figure 7.2. The 

side plates (or trapping plates) have a small repulsive voltage on them to prevent ions 

from 'leaking' out of the sides of the ICR cell. 

Figure 7.2: The vector combinations that lead to drift motion within an feR cell. B 

represents the magnetic vector, 8 the electric vector, and Vdrift the resultant ion drift 

motion. 

In the presence of a large magnetic field an ion with a velocity perpendicular (v) to the 

magnetic field vector (B) undergoes an interesting phenomenon. A force 

perpendicular to both v and B will be generated that, when the magnetic field is large, 

will cause circular motion. For this circular motion the acceleration, a, is v2/r, where v 

is the drift velocity and r the radius of the ion path. Thus the force on the ion can be 

written as shown in Equation 7.11. 

(7.11) 

This force is also equal to the product ofthe magnetic field (B), the velocity (v) and 

the charge on the ion (e), so that 7.11 can be rewritten as 7.12. 

(7.12) 
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If COc is the angular frequency in radians per second this equation may then be 

converted to: 

mvlr = mcoc = eB (7.13). 

From 7.13 the basic cyclotron equation can be evaluated, that is: 

COc = eBlm (7.14) 
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This shows that the angular frequency is independent of the ion drift velocity. A 

result that is especially useful when one notes that the frequency of the circular 

motion (vc = coc/2n) is directly related to the angular velocity. This means that at a 

particular magnetic field, an ion of a specific mass will have a unique frequency of 

rotation known as the "cyclotron frequency". When a radio frequency (RF) signal of 

an identical frequency is applied to the drift plates the rotating ions will absorb energy 

from the RF generator and thus increase the radius of their orbits. This is the essence 

of ion detection in the ICR as the magnitude of the absorption at a particular RF 

frequency is directly proportional to the number of ions with that cyclotron frequency 

i.e. the number of ions with a specific mass. By scanning the RF generator across a 

range of frequencies a mass spectrum of all the ions formed in the ICR cell can be 

generated from the energy absorbed. 

The University of Canterbury ICR uses a cell of the three-section type (see 

Figure 7.1). These three sections are the ion source region, the reaction region and the 

total ion current (TIC) region. Ions are formed by electron impact, usually using a 

modulated electron beam. The subsequent modulation of the ion beam ensures that 

only ions formed from this electron beam (and their products) are detected, as a lock

in amplifier is used to select only those ions with this chosen frequency of 

modulation. After their formation, the ions are drifted into the reaction region where 

ion chemistry can be monitored. Radio frequency power is provided to the reaction 

region using either a Hewlett Packard model 3314A function generator or a Stanford 

research Systems model DS340 function generator and any power absorption is 

monitored using a capacitance balanced bridge 287. The final (TIC) region is connected 

to a sensitive picoammeter ( a Keithley 602 solid state electrometer) which provides a 

monitor for the total number of ions present in the ICR cell. 

The ICR has two main modes of operation, trap mode and drift mode. The 

mode that is most relevant to this work is drift mode as it allows the ICR to be 
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operated at higher pressures than are possible with trap mode. Drift mode ICR 

essentially uses the ICR cell as a small flow tube, with ions being conducted through 

the reaction region at a constant velocity (Vdrift). Thus, though the drift velocity is 

unimportant in determining the cyclotron frequency, it is important when 

ion-molecule kinetics are being considered as it determines the length of time that the 

ions spend inside the source and reaction regions ofthe ICR cell. These "drift times" 

are determined experimentally by operating the ICR in a pulsed mode of operation 

and applying a quenching pulse to the reaction region (which is an attractive pulse 

applied to the side trapping plates that removes all the ions from the reaction region) 

at a range of times after the ion creation pulse. By monitoring the ion current profile 

with respect to time, the time required for ions to exit the source and the time required 

to traverse into the TIC region can be determined 

In a drift mode experiment, the peak heights for all ionic reactants and 

products are recorded (at a specific pressure) and then iteratively fitted to a model. At 

Canterbury this process is performed using a series of FORTRAN programs written 

by Anicich 249. These programs calculate the apparent bimolecular rate coefficient for 

the process at a single pressure using the power absorption equations of 

Comisarow 288 and the two measured drift times. By obtaining these rate coefficients 

at several pressures one can ascertain the behaviour of the reaction over the range of 

pressures accessible to the ICR technique. 

§7.2.2: The Drift Tube. 

In the course of this investigation the drift tube (DT) installed in the reaction 

flow tube of the F AlSIFDT was used. This piece of equipment and the theory behind 

its application are well described in Sections 1.2-6 and 2.3 of the PhD. thesis of 

Fairley 71. In brief, the drift tube consists of a set of 50 stainless steel rings that are 

connected to an electronic circuit which places a potential gradient onto each of the 

rings. This gradient is arranged such that it increases as one passes down the flow tube 

from the upstream to downstream end ofthe DT. Consequently ions entering the DT 

are accelerated by the potential gradient. The acceleration generated by the voltage 

gradient is offset by deceleration from collisions with the carrier gas inside the flow 

tube. This means that a steady state velocity is reached by the ions in the tube, that is 
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lmown as the drift velocity, (Vdrift). The drift velocity is higher than the ion velocity in 

the absence of a field gradient. The increased velocity affects each ion-reactant 

collision as there is more energy in each collision, as a result of the increased 

translational energy. This additional energy can be used to drive reaction channels that 

are endothermic (or disfavoured) at thermal energies i.e. it is roughly equivalent to 

increasing the temperature at which the reaction occurs. It is usually not, however, 

strictly correct to make this comparison as the ions do not rapidly vibrationally 

equilibrate to a higher temperature. Using a carrier gas with a higher molecular mass 

will usually get the internal energy state of the ions to equilibrate closer to the 

ion-carrier gas centre-of-mass energy (the theoretically correct measure of the energy 

of interaction between the ion and the neutral gases in the SIFDT). 

Section 7.3: Results. 

§ 7.3.1: The reaction CH2CHC~ + CH2CHCN. 

The reaction between the molecular acrylonitrile ion and neutral acrylonitrile 

(Reaction 701) has been studied previously in the SIFT by Petrie et al. 241 and in the 

ICR by Wilson 69. 

CH2CHCN+ + CH2CHCN => 

+M => 

CH2CHCNH+ + C3H2N 

(CH2CHCN)/ + M 

(701a) 

(701b) 

In the ICR experiments, in both drift mode and trap mode, the rate coefficient was 

2.5xlO-9 cm3s-1 and self-protonation, Reaction 701a, was essentially the only product 

observed. In the models below both recently measured results and older results by 

Wilson on the Canterbury ICR and McEwan and Anicich 250 on the JPL ICR are used. 

In the previous SIFT study the only product reported was channel 701 b with 

an apparent bimolecular rate coefficient of2.0 x 10-9 cm3s-1. This result was obtained 

with a pressure of 0.30 Torr of helium in the flow tube and it suggests that the 

reaction is approaching saturation as the bimolecular channel has essentially been 

removed and the rate coefficient is similar to the collision rate. The protonated 

acrylonitrile ion (i.e. the ionic product of channel 701a) was observed in the earlier 

study, but was discounted as a reaction product as it was believed to be the result of 

significant amount of leakage of mlz = 54 ion from the ion source. Because the 

CH2CHCNH+ ion also rapidly reacts with acrylonitrile (see §7.3.2), the deconvolution 
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of its formation and loss processes from observed data proved to be impossible. In the 

new FA/SIFT however it was possible to inject only a single ion mass and thus the 

analysis of results was simpler. Figure 7.3 shows the profile of the precursor and 

product ions obtained for the reaction of CH2CHCN+ with a mixture of helium and 

acrylonitrile. 
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Figure 7.3: A semi-logarathmic plot of the primary and product ions for the 

CH2CHCF /CH2CHCN reaction system against the flow of a ~ 12% HelCH2CHCN 

mixture. The 53+ ion is CH2CHCF, 54+ CH2CHCNF and 106+ is the dimer ion 

(CH2CHCN) 2 +. 

Reaction 701 was studied using both pure acrylonitrile vapour as well as an 

approximately 12% mixture of acrylonitrile vapour in helium. This latter mixture was 

prepared as acrylonitrile is known to be a 'sticky' gas that is, it adsorbs readily on to 

the walls of the glass volumes used for gas handling and flow measurement. This 

adsorption can result in inaccurate flow measurements and from this, error in the 

measurement of the rate coefficients. It is also possible that the pure acrylonitrile 

vapour may form neutral dimers and this will also prevent accurate flow 

measurements. The mixture was calibrated by comparing the rate coefficient obtained 

for Reaction 702 with the mixture with the rate for a pure acrylonitrile reactant. 

Reaction 702 was assumed to proceed at the collision rate (kcoll = 5.1 X 10-9 cm3s-1) 

rather than measured due to the fact that similar problems would also hamper the 

accurate determination of this rate coefficient. 
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(702) 

The rate coefficients obtained when pure acrylonitrile vapour was the reagent were 

consistently approximately one third less than those obtained using the helium-diluted 

mixtures. This bears out the need for such a mixture. However, both data sets showed 

the same behaviour i.e. the rate coefficient had levelled out to a rate coefficient less 

than the collision rate for the process (kcoH = 3.7 X 10-9 cm3s-1, kexp~ = 3.0 X 10-9 cm3s-1 

using a 12% mixture). The rate coefficients obtained were essentially invariant 

throughout the pressure range investigated (0.25-0.75 Torr helium). In order to obtain 

this highest pressure (0.75 Torr) the reaction tube Roots blower pump had to be 

'throttled' in order to reduce its pumping speed. At the highest pressure the observed 

rates were approximately 10% lower than elsewhere. This was traced to the slight 

"break-up" of the CH2CHCN+ ion upon injection into the tube. This "break-up", 

which may be caused by increased turbulence in the region of the venturi injector, 

gave CN+. The CN+ ion will then react with acrylonitrile to generate a 53 amu ion 

(Reaction 703) 241 causing an apparent reduction in the observed rate coefficient. 

CN+ + CH2CHCN => CH2CHCN+ + CN or 

=> 

=> 

C2N2W +C2H2 

c-C3H3+ + N2 + C 

CH2CHCN+.CN 

[0.75] (703a) 

[0.16] (703b) 

[0.09] (703 c) 

Channel 703c represents association and should become more rapid at the higher 

pressures involved. The product of this channel was observed concurrently with the 

observation ofCW, confirming the assignment of the interfering reaction. Reducing 

the FA nose cone injection voltage raised the observed rate coefficient but did not 

entirely eliminate the interference. 

Product distributions were obtained using only the acrylonitrile/helium 

mixture due to the need to accurately measure low flows during a product distribution 

determination. The observed branching ratio was 70% CH2CHCNH+ (70la) and 30% 

adduct (701b) at a flow tube pressures between 0.25 and 0.75 Torr of helium. 

To further probe the nature of the collision complex formed in this reaction, 

the product distribution was also examined using the DT capability of the F AlSIFDT. 

The reaction was studied at five different EIN values, each increasing the kinetic 

energy involved in the interaction between the reactant ion and neutral. The mobility 

ofCH2CHCN+ at each of these EIN values was experimentally determined by pulsing 
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the rings within the DT as described by Fairley 71. The EIN values were varied by 

altering the DT voltage while maintaining the tube pressure at 0.35 Torr. The mean 

centre-of-mass energy involved in the ion/reactant neutral encounter, Er, is given by 

the formula 

(7.15). 

where mi and mr are the masses of the ion and reactant neutral respectively, kB is the 

Boltzman constant, T is the carrier gas temperature and KEion is the ion kinetic energy 

from the Wannier formula (see Equation 3.1). As Er rises, the raw rate coefficient 

falls, due to the decrease in the lifetime of the excited collision complexes. The 

amount of association drops concurrently until, at approximately ~0.1 e V, no 

association at all is visible. The decrease in the efficiency of association is due to the 

population of higher energy levels in the collision complexes which means that more 

collisions (i.e. more time) are required to stabilise them below the dissociation and 

reaction barriers decreasing the likelihood of stabilisation. Further, the lifetime of the 

association complexes decreases markedly with increasing energy. The behaviour 

with increasing Er is shown in Figure 7.4. 
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Figure 7.4: The variation in the branching ratio with increasing Er/or the 

CH2CHC~ /CH2CHCN system. 
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§7.3.2: The reaction CH2CHCNF + CH2CHCN. 

In the current study Reaction 704 was studied both in the SIFT and in the ICR 

using the drift mode technique. 

CH2CHCNH+ + CH2CHCN +M => 

In the SIFT studies the third body (M) is helium while in the ICR study the parent gas, 

acrylonitrile, was used. The reaction has previously been investigated in the 

Canterbury ICR by Wilson using an acrylonitrile bath gas 69 and by Anicich and 

McEwan 250 in the Jet Propulsion Laboratories ICR 251,252 using both helium and 

acrylonitrile bath gases. A previous SIFT investigation 263 has also been performed 

using the older version of the SIFT at Canterbury. 

The current ICR results are shown in Figure 7.5 along with a linear fit. From 

this fit the three-body rate can be calculated. The value obtained (l<J = 1.2x1 0-23 

cm6s·1) is in excellent agreement with the previous determinations ofk3 = 1.2 and 

1.25x10·23 cm6s·1 reported by Wilson 69 and Anicich and McEwan 250 respectively. 
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Figure 7.5: The termolecular association ojCH2CHCNF with acrylonitrile 

measured in the fCR. 

As was the case in §7.3.1, the reaction of the protonated acrylonitrile ion 

(CH2CHCNH+) with acrylonitrile (Reaction 704) was investigated in the SIFT using 
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both pure acrylonitrile as well as a mixture of acrylonitrile diluted in helium as the 

neutral reactant. The CH2CHCNH+ ion was generated in the FA using a dilute mixture 

of acrylonitrile in helium and using both electron impact and microwave discharges as 

the ionisation method. A comparison of the rate coefficients obtained using both pure 

acrylonitrile and an acrylonitrile/helium mixture is shown in Table 7.1. 

Pure acrylonitrile ~ 12 % acrylonitrile mixture in helium 

Pressurea Rate coefficientb Pressure" Rate coefficientb 

0.34 l.4c 0.25 1.7e 

0.61 l.4c 0.48 2.0e 

0.25 1.3c 0.75 2.0e 

0.44 l.3 d 0.25 1.4f 

0.65 l.4d 0.49 1.6f 

0.75 1.7f 

Table 7.1: Selected average rate coefficients for Reaction 704 in the SIFT 

using both pure acrylonitrile and an acrylonitrile/helium mixture as the neutral 

reactant. 

a) Pressure in the reaction flow tube in units of Torr. Pressures of above ~0.5 Torr were achieved 

by conductance-limiting the Roots blower pump by partially closing the manual gate valve 

normally used to isolate the 6" pump line from the reaction tube. 

b) Experimental rate coefficients. Units are 10-9 cm3 
S-I. 

c) and d)These values were experimental runs obtained on different days. 

e) and f) Two separate experimental runs each using a ~ 12% CH2CHCNIHe mixture recorded on 

different days. 

From Table 7.1 it can be seen that generally the rate coefficients measured for 

Reaction 704 using a pure acrylonitrile mixture are lower than those measured using a 

mixture. This would suggest that the flows of acrylonitrile are being over-estimated in 

the case of the pure vapour, probably as a result of the OCCUlTence of adsorption. 

However, the trends are similar in both cases, i.e. the rate coefficient appears to 

slowly increase with increasing pressure. The magnitude of the rate coefficient is 

similar to that previously measured by Petrie et al. 241, who observed a 

pseudo-bimolecular rate coefficient for Reaction 704 of 1.30xl0-9 cm3s·1 in 0.300 TOlT 

of helium. Note that the rate coefficients obtained in both studies are significantly less 

than the collision rate coefficient (kcoll = 3.6xlO-9 cm3s·1). 
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Section 7.4: Analysis. 

§7.4.1: The competition between bimolecular and termolecular channels 

in the reaction of CH2CHCW with acrylonitrile. 

Inspection of the 'standard' model for competition between bimolecular and 

termolecular channels (§7.1.2) shows that, at saturation, the termolecular channel 

should dominate. This happens because the collision complex is rapidly stabilised 

before any back dissociation can occur over the barrier leading to bimolecular 

reaction. This barrier is represented by EB in the graphical representation of the 

standard single-well model which is shown in Figure 7.6. Ions whose energy content 

drop below this level will remain trapped in the potential well as the association 

product. 

IAS+]* 
-----------r-------------------

IAS+]t 

------l-------__ --------------E:a 

c++ 0 

Figure 7.6: A schematic diagram of the potential energy sUl1ace most commonly used 

to represent a single-well association model. Ions stabilised below [AB+] * will not 

dissociate back to reactants. Ions stabilised below the level of [AB+l i.e. below EB, 

the barrier to bimolecular reaction, will be trapped as the association product ion. 

It can easily be seen that this model does not correctly describe the 

CH2CHCN+/CH2CHCN system, as it cannot model 'saturation' at a level where the 

bimolecular reaction still dominates. To model this system a different description is 

required, the simplest of which is the double-well potential energy surface shown in 

Figure 7.7. 
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+ 
A + 8 

+ 
[A .. 8] 

+ 
C + 0 

Figure 7.7: A schematic representation of the double-wellpotential energy surface 

used in this work to model the competition between bimolecular and termolecular 

kinetics in the CH2CHCF /CH2CHCN system. [A ... B+j represents a loosely bound 

collision complex and AB+ a more strongly bound one. Bimolecular reaction can 

occur from either complex. 

This model is similar to that proposed by Mautner 253 for certain reactions of 

carbonium ions with amines. It is however subtly different from the traditional 

double-well model proposed by Brauman and co-workers 285, 286. Brauman' s model 

only allows reaction from the second well, and has no provision for the stabilisation of 

either of the ion-molecule complexes involved. In the model postulated for this 

system two complexes are formed, a loosely bound one, (A ... B+)*, that is in 

equilibrium with reactants and a second more tightly bound complex, (AB+) * . Both of 

these complexes have exit channels available to the bimolecular product. The relevant 

reactions are shown below. 

kf kp 
A++B - [A+ ... B]* .. C++D (7.16) -k -I 

kt k' 
[A+ ... B]* :roo. [AB+] * 

p 
C++D (7.17) - .. 

k' -I 

[AB+] * ~ks[M] ... AB+ (7.18) 
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The model described in equations 7.16 to 7.18 has two outcomes that are 

different from the previous single well model (§7.1.2). Firstly, the model allows a 

limiting rate coefficient that is less than the collision rate when the reaction is 

"pressure-saturated". Secondly, it allows there to be multiple channels present in this 

saturation region. Essentially the two complexes have very different regions of 

influence. The tight complex is similar to a standard model and will become 

"saturated" (i.e. all the ions entering the tight complex will be stabilised before any 

unimolecular decay can occur) in the pressure region of the SIFT measurement, 0.25-

0.75 Ton. The second, loose complex does not live long enough to be stabilised at any 

of the pressures available in the SIFT and will thus provide a continual source of 

bimolecular products throughout the pressure range investigated. If the Equations 7.15 

through 7.17 are solved in a manner similar to that discussed in § 7 .1.2, expressions 

for the behaviour of the two channels with pressure can be derived. 

k AB+ _ k j kJ3kJM] 
obs - (YZ - k' k) 

-1 t 

(7.19) 

(7.20) 

Here Y = (k -I + kp + kD and Z = (k '-I + k'p + Pks[MJ) and the formation and 

stabilisation rates were assumed to be their respective collision rates i.e. kf = 3 .6xl 0-9 

cm3s-1 and ks = 5.5 X 10-10 cm3s-1
. A fit of this model to the experimental points is 

shown in Figure 7.8. This plot was obtained by an iterative fit of the model to the 

experimental points where k -1, k '-I, kp, k'p, and kt were allowed to vary. More 

conectly the model would also allow P to vary also, however reducing ks in this 

manner does not affect the fit radically in the areas where experimental points have 

been able to be gathered and so this has not been included in the model. A value of P 

in the range 0.05-0.15 gives a good visual fit to the beginning of the rise of the 

termolecular channel, as would be expected. 

Because of the number of variables in the fit, the solution obtained for the 

individual unimolecular rate coefficients (these being the parameters which were 
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varied in order to fit the model) will not be unique. Consequently the values for the 

lifetimes of the tight and loose complexes (usually obtained by summing the inverse 

of all unimolecular rate coefficients exiting the complex) will not be accurate. 
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Figure 7. 8: The fit of the double-well potential model to the experimental data for the 

CH2CHC~ /CH2CHCN system. 

The relative values of these unimolecular rate coefficients will however give 

an indication of the relative importance of each channel after making the assumption 

that all collisions enter the reaction system through the loose complex. For the loose 

complex approximately 20% of the complexes formed dissociate to reactants, 25% of 

them undergo a transition to the tight complex and the remaining 55% form 

CH2CHCNH+. The tight complex leads almost exclusively to association where 

possible, otherwise it will back-dissociate to the loose complex. A slightly altered 

model proposed by Anicich et al. 251 removes the k'.1 kt term in the denominator of 

both expressions to mathematically simplify the expressions. This achieves a slightly 

better fit and indicates that ~40% ofthe tight complex react to give CH2CHCNH+. 
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§7.4.2: The termolecular association ofprotonated acrylonitrile with 

acrylonitrile. 

230 

In the CH2CHCNH+/CH2CHCN system, termolecular association to give the 

proton bound dimer ((CH2CHCN)2H+) was the only reaction outcome observed in 

either instrument. This greatly simplifies the analysis of the data and a simple 

single-well model can be used to account for the observed trends. This model is 

essentially the same as that discussed in § 7 .1.2, but it is further simplified as there is 

no bimolecular channel involved. Equation 7.3 can thus be reduced to: 

(7.21) 

Equation 7.20 provides the basis for iteratively fitting the experimental data to this 

model using k -1 and ~ as the adjustable parameters. In this discussion ~ is a strictly 

relative value as there is not enough data to obtain an absolute ~ value for this 

reaction with an acrylonitrile bath gas. Thus we assign ~ = 1 to the case where 

acrylonitrile is the third body and determine a relative ~ value for the M = He case. 

The other unimolecular rate coefficients in the model, kf and ks, are set to their 

respective reaction capture rate coefficients. Figure 7.9 shows this model applied to 

the system for both the helium and acrylonitrile bath gases while Table 7.2 lists the 

important parameters of the model. 

Parameter Units 

k-l/P s-1 

Prel (M = helium) 

Value 

3.6xl0-9 

1.7 X 10-9 

1.11 X 106 

0.15 

k3 (M = CH2CHCN) cm6 
S-1 l.2 x 10-23 

k3 (M=He)b cm6 S-1 8_1 x 10-25 

Table 7.2: The evaluation of the rate coefficients in the CH2CHCNlTICH2CHCN 

system using the model shown in equation 7.21_ 

a) Calculated using the method of Su and Chesnavich 114. 

b) From the unpublished work of Anicich and McEwan 250, 

The model also allows us to place a limit on the lifetime ("C) ofthe excited complex 

(CH2CHCN)2H+*. The actual value calculated is ~'t, where ~ in this case represents 
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the absolute value of~, and will lie between 0 and 1. Thus 't ~ 0.90 /-lS. The relative ~ 

(M =He) shown above (0.15 for this system) is only a measure of the relative 

effectiveness of helium at stabilising (CH2CHCN)2H+* as compared to acrylonitrile. 
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Figure 7.9: The variation in the apparent bimolecular rate coefficient for the 

CH2CHCNF /CH2CHCN system shown as a function of logarithm of P, the pressure 

olthe bath gas. The solid line represents the modellor M = acrylonitrile, while the 

dotted one is lor M = helium. The inset shows the same variation over the pressure 

range covered by the ICR data only. The hollow triangle represents the rate 

coefficient reported by Petrie et al. 241 in a previous SIFT experiment. The inset shows 

an expanded fit to the low pressure data. The solid diamonds are the helium data 

obtained by McEwan and Anicich 250, the hollow squares the data by the same 

workers fi'om a acrylonitrile bath gas and the hollow triangles a new determination 

fi'om the Canterbury ICR. 
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The absolute ~ values can be calculated only in special circumstances. In similar 

systems, values of ~ of approximately 0.1 for the parent gas have been found 

previously 174. The lifetime of the initial collision complex with respect to 

unimolecular dissociation could thus be as high as 91ls. 

232 

It should be noted however that the model is heavily dependent on the 

assignment of the SIFT points as a slowly increasing with increasing pressure. The 

values plotted are those from a single experiment using an acrylonitrile/helium 

mixture as the neutral reactant. Because the pressure range available in the SIFT is 

limited, the difference expected in the observed bimolecular rate coefficients is not 

large. Experimental scatter means that one cannot totally rule out the possibility that 

the reaction has indeed saturated at the lower value seen in the SIFT. 

Section 7.5: Conclusions. 

The reactions of two ions generated from acrylonitrile (CH2CHCN+ and 

CH2CHCNH+) with neutral acrylonitrile have been studied over a range of pressures 

(using both a SIFT and an ICR) to determine the behaviour of the termolecular 

channel in each system. 

The reaction involving the non-protonated ion, CH2CHCN+ was found to be a 

complex with the rate coefficient' saturating' below the collision rate and with a 

significant amount of bimolecular channel still present. These observations require 

one to invoke a model different from the standard single-well model usually used to 

describe association reactions. A two-well potential model was found to give a good 

fit to the experimental results. This model contains two excited complexes, a loose 

complex that does not saturate at the pressures available in the SIFT and a more 

standard, tight, complex which saturates at the upper pressures available in the SIFT. 

On the other hand a simple single-well model can effectively model the 

CH2CHCNH+/CH2CHCN system. Only a single product is observed in either the ICR 

or the SIFT, viz the proton bound dimer (CH2CHCN)2H+. A lifetime of::?: 0.90IlS was 

determined for the excited [(CH2CHCN)2H+]* complex. 
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Chapter 8 

Ion-molecule processes involving carbon atoms as the 

neutral reactant. 

Section 8.1: Introduction. 

§8.1.1: The importance of ion-neutral carbon atom chemistry. 

In the currently models of the ion chemistry occurring in both dense and 

diffuse interstellar clouds (ISC) the reactions of atomic species have a significant 

effect on the chemistry. Indeed in the diffuse ISC hydrogen (the most abundant 

element in interstellar space) exists as both the atomic and molecular forms in roughly 

equal amounts. The amounts of the other atomic elements present in ISC are much 

less, however their chemistry is still important. 

The reactions of H, N, and 0 atoms with a range of ionic species relevant to 

molecular synthesis in the interstellar medium (ISM) have previously been 

studied 70,254-260. This is not the case with carbon atoms. Finding a convenient, 

quantifiable source of carbon atoms for a flow system has proved to be a considerable 

experimental challenge. Carbon atoms are quite reactive with many neutral species 

and have a tendency to rapidly recombine, forming C2 and other higher clusters and 

eventually soot. Carbon atom-neutral chemistry has been studied, but never in a fast 

flow system such as that which it is necessary to operate with the SIFT. 

Photochemical dissociation of carbon suboxide (C30 2), dissociation of CO by 

metastable argon atoms, and laser ablation of graphite rods are the most common 

methods that have been used in the past for these studies of carbon atom-neutral 

reactions. 

The amounts of atomic carbon in the ISM are relatively small, and neutral 

carbon is relatively easily photoionised to give C+ ions 260. As an example, on the path 

to sOphiuci (a diffuse ISC) the relative column abundance (relative that is to H atom 

concentration) of carbon atoms (in both the neutral and ionic form) is ~4x1 0-4
• This 

can be compared to ~ 7xlO-4 for neutral atomic oxygen and ~ 1xlO-4 for N atoms 42. 

The relative abundance of these atoms gets even lower as one moves into the more 
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dense regions of the ISM where the majority of molecular synthesis takes place. In the 

dense ISC the fractional abundance of atomic carbon is ~4x1 0-8 at 10K (relative to 

molecular hydrogen = 1) 42. The diffuse clouds are probably more representative of 

the early ISM where the abundances of atomic species is greater, as many ofthe 

atoms have not yet been 'locked up' in molecular species. However it has been shown 

that many "metal-rich" stars apparently act as effusive sources for carbon, enriching 

the relative carbon atoms concentrations around themselves 261. (Note metal is being 

used here in an astronomical sense and refers to any element above helium and thus 

carbon is a metal in the interstellar sense). These "metal-rich" stars are common in the 

Milky Way and thus are assumed to be plentiful elsewhere in the Universe. 

Most of the species observed in the interstellar medium contain one or more 

carbon atoms however and they must be generated in some manner. The reactions of 

ionised carbon atoms have been extensively studied and found to be quite rapid with 

many species. However the bimolecular reaction between C+ and H2 is exceedingly 

slow 1, 262 slowing at lower temperatures. 

C+ + H2 => CH+ + H 

+M => products 

kS01a = 1.2x10-16 cm3s-1 @ 300K. 

(80Ia) 

(80Ib) 

The termolecular channel presumably leads to the adduct, CH2 +. It is important to note 

that neither of these channels are efficient at beginning the hydrocarbon ion-molecule 

chemistry that is observed in the ISM. As a consequence Reaction 802 is a very 

important reaction to study, and this is discussed more fully in the next section. 

Neutral atomic carbon may also participate in reactions with hydrocarbon ions to 

build up into larger hydrocarbon ions. 

§8.1.2: The Reaction H3+ + C. 

Of all the reactions involving neutral carbon atoms, the reaction between H3 + 

and C (Reaction 802) is without a doubt the most impOliant. 

H3 + + C => CH+ + H2 

=> CH2++H 

(802a) 

(802b) 
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The gas phase synthesis of polyatomic molecules in interstellar clouds begins with the 

ionisation of hydrogen or helium. Because of the preponderance of hydrogen in most 

of the molecular formation regions this process usually results in the formation of the 

H3 + ion. This ion is able to proton transfer to almost all species encountered in the 

interstellar medium and is responsible for initiating most ofthe ion-molecule 

chemistry in the ISM. 

In order to generate hydrocarbons in the ISM from clouds containing mainly 

hydrogen with trace amounts of other species, carbon-containing ions must first be 

generated from components of the early galaxy which are very simple. In young 

regions of the interstellar medium most of the carbon present will be in simple forms 

such as atomic carbon, CH radicals and CO molecules. Chemi-ionisation of these 

species by helium may initiate hydrocarbon chemistry e.g. Reaction 803 generates C+ 

which can subsequently insert into more complex hydrocarbons and so build larger 

hydrocarbon ions. 

He++CO => C++O+He (803) 

However in most molecular formation regions atomic and molecular hydrogen have a 

much greater column density than any other species. Therefore Reaction 802 will be a 

relatively more important reaction with respect to the generation of ionic hydrocarbon 

species than those initiated from ionic carbon atoms (e.g. Reaction 801). Furthermore 

Reaction 801 is exceedingly slow and would provide a serious "bottle-neck" to the 

formation of more complex hydrocarbon species if it was the only gas phase method 

for building small hydrocarbon ions. The products of Reaction 802, CH+ and CH2+, 

can react further with hydrogen, via known reactions, to produce CH3 + and CH5 + 

which can then build up larger hydrocarbon species. 

Due to the difficulties met in producing quantifiable amounts of neutral carbon 

atoms in an ionic reactor this fundamental reaction (Reaction 802) has not yet been 

studied experimentally. Theoretical chemistry leads experimental chemistry in this 

regard with two high-level ab initio studies of Reaction 802 being performed in the 

last ten years. It could be argued that these theoretical determinations are largely 

unnecessary, as the reaction is lmown to be exothermic and when proton transfer is 

exothermic reaction usually proceeds at or close to the collision rate (see Chapter 4). 

For Reaction 802 however, the spin states of the reactants add complications to this 

simple analysis. For channel 802a the ground state reactants approach on a triplet 
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potential energy surface (PES) (C is 3p and H3+ is lAI') while the products are on a 

singlet PES (CH+ and H2 are both 12:). The lowest potential energy surface which 

correlates the products with the reactants is an excited CH+(a3IJ) + H2 surface. If this 

excited triplet surface is not attractive a curve crossing event will be required for 

reaction to take place. This possible requirement of crossing from a triplet to a singlet 

surface may create a barrier to the otherwise exothermic reaction and thus slow the 

rate. The similar reaction of H3 + + N atoms (Reaction 804) has been investigated by 

both experimental and theoretical means and has been found not to proceed for a 

similar reason 263. 

H3++ N => (804) 

The first theoretical investigation of the reaction of H3 + and carbon atoms, by 

TaIbi and DeFrees 264,265 in 1991, showed that Reaction 802a can proceed without a 

barrier at the MP2/6-31G** level of theory. However, these authors found no 

intermediates that could lead to a CH2 + product and concluded that the only possible 

product was CH+. Higher level calculations by the same authors confirmed the 

presence of a stable intermediate leading to CW. This T -shaped CH+ .H2 intermediate 

could be accessed from both reactions and products (in the upper 3IJ state) even at the 

energy levels encountered at conditions typical of dark interstellar clouds (T ~ 10K). 

The CH+ (3IJ) product formed will phosphoresce down to the ground X 12: state which 

is lower in energy than the stable 3IJ state by 1.1 eV. This reduction in exothermicity 

has no discernible effect in the H3 + + C case, but should prevent another possibly 

important reaction in protonating carbon atoms, that of HCO+ + C, from occurring at 

all. Carbon monoxide is a relatively abundant ion in the ISM and is easily protonated 

by H3 +, and as a result HCO+ is another of the more important ionic species in the 

ISM having been detected by radioastronomy techniques and is the most abundant 

ion. Further calculations by the same authors give a rate of2.3x10-9 cm3s-1 at 300K for 

the reaction between H3 + and C atoms when the carbon fine structures (i.e. the angular 

momentum quantum number) are in thermal equilibrium. If the C atoms are all in the 

3pO state then the rate becomes somewhat higher. 

Subsequently an investigation performed by Bettens and Collins 266 using a 

new automated PES growing system and applying the MCSCF (multiconfiguration 

self consistent field) method with a 6-31 G** basis set, has confirmed most of the 
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conclusions of TaIbi and DeFrees. The only major difference between the findings of 

the two studies is that on the PES constructed by Bettens and Collins, CH2 + is a 

product. They found that, at one important CH+.H2 configuration, the ground and first 

excited states are almost degenerate. For this reason the authors used a "state

averaging" procedure with the lowest two states on their PES. From the upper of these 

two states the results were similar to those of TaIbi and DeFrees - the only product 

being CH+ (a 3II). However on the ground state surface a CH/ e AI) product was 

observed. The trajectories that lead to this product were observed to have spent a 

considerable amount of time in the vicinity of two new CH3 + intermediates where the 

carbon atom is essentially inserted into the middle of the H3 + triangle. It was found 

that although these complexes initially lead to CH+ in some cases the CH+ and H2 

fragments did not initially separate. Partial rotation of the nearby H2 fragment causes 

this entity to come closer to the carbon side of the CH+ moiety which then captures a 

hydrogen atom. The total rate coefficient for these processes, assuming that the 

carbon atom fine states are in thermal equilibrium, was found to be 1.4 x 10-9 cm3s-I at 

300K and the CH2 + channel (channel 802b) was found to represent approximately 1 % 

of the total products. 

§8.1.3: Previous attempts at ion-molecule chemistry involving neutral 

carbon atoms. 

The work presented in this chapter is a continuation of work begun by Scott in 

his PhD. Thesis 70. The generation and monitoring of neutral carbon atoms in a flow 

reactor is not a trivial problem and is one that neither the work of Scott nor the current 

endeavours have been able to provide an adequate solution for. 

Scott attempted two experimental techniques, both based around the 

previously successful method (used to generate N, 0, and H atoms) of using a 

microwave discharge. The first method was to directly discharge a dilute mixture of 

CO in either helium or argon. A N20+ monitor ion was used, which is postulated to 

have a reaction with carbon atoms with CN+ being the product (Reaction 805). The 

known reaction ofN20+ with CO does not interfere (i.e. it does not give an ionic 
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product with the same mlz ratio) with this CN+ formation reaction or the possible 

secondary charge transfer reaction from CN+ to CO to give CO+. 

N20+ + C => CN+ + NO + 1.6e V (805) 

In these experiment the atom probe became liberally coated with soot for some 

distance downstream of the discharge but no CN+ or CO+ ions were observed. 

The second method used an atom probe into which a section of thin, 

capillary-like, glass tube had been inserted. The microwave discharge was established 

on this region ofthe probe with argon flowing past. This process generates a high flux 

of Ar*ep2,O) metastables which can react with CO to produce C-atoms either by a 

direct or an indirect process (as outlined in Reactions 806-808). 

Ar*eP2,o) + CO => C + 0 + Ar + <0.5eV (806) 

Ar*ep2,o) + CO => CO*(A In and b 3L;+) + Ar + <l.leV (807) 

CO*(a 3n) + CO => Cep) + CO2 + OAeV (808) 

The CO*(a 3n) state is a metastable state that results from the decay ofthe b 3L;+ state. 

Using this system Scott observed that significant concentrations of metastable argon 

atoms were generated and could transit the length of the probe and then enter the flow 

tube. This was determined by admitting a flow of neutral ethylene into the flow tube 

and observing that it was significantly ionised by the action of these metastable atoms 

(Ar ep2) = 11.55 eV, Ar epo) = 11.72 eV, IP (C2H4) = 10.51 eV). Further, significant 

amounts of soot were observed on the inside of the probe and small signals of C02 + 

were observed when ions capable of ionising neutral carbon dioxide were used as the 

monitor ion. However at no time was any direct evidence for the formation of carbon 

atoms observed, over a wide range of monitor ions. The levels of carbon atoms 

generated by either of these techniques are probably very low by the time they enter 

the flow tube. Whether this is due to atom-atom recombination, atom-neutral reaction, 

or atom-wall reactions is unlmown however. 
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Section 8.2: Experimental techniques attempted in this work and 

results. 

§8.2.1: Carbon atom techniques involving carbon suboxide. 

Carbon suboxide synthesis. 

Carbon suboxide (C30 2) is a gas at standard temperature and pressure, 

however it begins to thermally decompose around lS0C to give a brownish 

polymer 267. For this reason it is essential to have an efficient synthesis for carbon 

suboxide if it is to be used as a precursor for carbon atoms. Samples may be stored 

under liquid nitrogen but even then will have a limited lifetime. Due to experimental 

difficulties that were encountered in the following literature preparations, a reasonably 

detailed synthesis will be presented here. 

The basic method follows that of Miller and Fately 89 which is in tum similar 

to the method of Long et at. 268. Both involve the dehydration of malonic acid 

(C3H404) with phosphorus pentoxide. It was found necessary to use large excesses of 

the phosphorus pentoxide (~100g for 8g malonic acid) and SOg of furnace-dried sand 

was added to distribute the heating. In all the preparations performed in this work a 

magnetic stirrer was used. The magnetic flea inside the reaction vessel invariably 

became jammed as the reaction mixture thickened so it is recommended that a 

vacuum sealed mechanical stirrer run by a slow drive motor be used in future in place 

of this magnetic stirrer. Dehydration is performed under vacuum at approximately 

12SoC. Note that malonic acid can decarboxylate to give acetic acid and C02. This 

process occurs at approximately 140°C and provides significant impurities. The 

gaseous products are first passed through a dry ice/acetone trap to remove any acetic 

acid and then into a liquid nitrogen trap. The addition of the dry ice/acetone trap was 

suggested by Strauss et at. 269 and replaces the lime tower (Ca + CaO) used by Long 

et at. 268. The 'product' trapped by liquid nitrogen cooling was then allowed to warm 

to dry ice/acetone temperatures and successive portions of carbon dioxide removed. 

Final purification was achieved through the use of an ethanol slush bath. 
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Carbon atom generation via the flash photolysis ojC30 2. 

Husain and his group have been studying the atom-neutral reactions of various 

atomic carbon states with a range of neutral molecules for quite some time. 

They 270,271. 272 and other workers 273,274 have had considerable success generating 

carbon atoms using an ultraviolet (UV) flash apparatus with C302. The primary 

processes are shown below however Braun et al. suggest that Reaction 809b is not 

significant when the correct wavelengths are used 273. 

=> 

=> 

(809a) 

(809b) 

Husain and co-workers use a slow-flow system where the decay of the carbon atoms 

generated by each pulse is monitored in absorption by a vacuum monochromator 

operating at 166nm (C [3sepo) -f- 2p2ep)]). Though the rate reported for Reaction 

810 is quite fast, the system should provide sufficient carbon atoms for kinetic 

evaluation of ion-carbon atom reactions to be achieved. 

=> products (810) 

k = 1.8 X 10-10 cm3s-1
• 

It should be possible to get a rough calibration of the amount of carbon atoms 

generated by monitoring the amount of carbon monoxide concurrently generated and 

halving it. 

In our experiment flash photolysis was effected using apparatus constructed by 

Prof. Leon Phillips in this Department. A schematic diagram of the equipment 

designed to test the concept is shown below. 

To 

To main 
pump 

CO2 / Ar 
flow 

Microwave 
discharge head 

,-----To pump 
\----/ for lamp 

Flash 
lamps 

Figure 8.1: The general layout of the flash photolysis equipment designed to generate 

and monitor a flow of neutral carbon atoms. 
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A dilute mixture of carbon suboxide and helium flows past the flash lamps in a pyrex 

tube. These broad-spectrum lamps are pulsed at a high repetition rate (~15 Hz) in an 

effort to provide as continual as possible ultra violet irradiation to the flowing 

helium/C302 mixture. It was hoped that this UV irradiation would dissociate the 

flowing suboxide effectively. In order to detect the carbon atoms a monochromator 

was set to observe the 166 nm line of excited carbon atoms. A carbon lamp provided 

the reference signal for this line. This lamp consisted of a flow of a dilute 

argon/carbon dioxide mixture which was subject to a microwave discharge and gave a 

bright blue discharge. 

A small background of 166 nm emission was seen from this carbon lamp, 

however the signal did not significantly increase when the flash apparatus was used to 

irradiate the carbon suboxide. Several attempts with different samples of carbon 

sub oxide were investigated, but without success. 

It was later realised that there was a flaw in the experimental methodology 

presented above; namely that carbon suboxide has essentially no absorptions in the 

region that was being irradiated 275. The main absorption band is situated in the range 

145-180 nm which is well into the vacuum ultraviolet region of the spectrum. The 

presence of an air gap and normal glass walls in the reactor will effectively block off 

any light below 200 nm. Thus the carbon sub oxide flow was absorbing only very 

small amounts of energy from the flash lamps and undergoing very little dissociation. 

The dissociation dynamics of carbon sub oxide at 193,248, and 266 nm have been 

investigated by McFarlane et at. 276 using either a neodinium: YAG laser or an 

excimer laser. Reaction 809a was found to become important at wavelengths shorter 

than 207 nm where single photon processes are capable of producing carbon atoms. 

At 193 nm the branching ratio between C20 + CO and C + 2CO was found to be 

94%:6%. This may be compared to the branching ratio of Braun et at. 273 who found 

that in the range 140-170 nm somewhere >75% of the dissociations gave carbon 

atoms. Clearly the poor absorbance of energy above ~ 185 nm is affecting this product 

ratio. Carbon atoms formed at the other wavelengths used in the McFarlane et at. 

study (248 and 266 nm) were found to be generated by two-photon processes and 

were at very low levels. 
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C302 discharge-based systems. 

After it was found impractical to proceed with the flash lamp approach several 

other different methods using a microwave discharge and carbon suboxide were 

attempted. This methodology was similar to the second method attempted by Scott 70 

presented above. In these cases the hope was to replicate the photolysis process 

(Reaction 809) without the need for vacuum UV light. 

Several attempts were made using a system designed to allow helium (23S) 

metastables to react with the suboxide. The first experiments were performed using a 

hydrogen carrier in the SIFT reaction tube. Kr+ ions were injected from the FA (see 

Chapter 4 for details) and a high signal of H3 + was generated. In place of the usual 

ring inlet (used for kinetic studies) an atom-type probe 70,277 with a large mixing 

volume included was used at the most downstream inlet. The atom probe used was 

identical to that used by Scott for his NO titration work except the glass coil had been 

removed. A flow of helium was passed through a microwave discharge and then the 

carbon suboxide was added further down the probe (i.e. closer to the inlet to the SIFT 

flow tube). 

No direct evidence of C atom formation was observed. However there was 

indirect evidence for CO formation from the reaction of He (23S) with C30 2 as the 

signal at mlz = 29 (either N2H+ or HCO+) was seen to drop when the microwave 

discharge was turned off. This was taken to be indicative of neutral CO formation in 

the discharge region. The isobaric N2H+ ion was discounted as the formation ofN2 in 

the discharge was deemed unlikely. 

This CO could either result from carbon suboxide, indicating concurrent 

carbon atom formation, or from CO2, which would give an oxygen atom. No evidence 

for the fast H3 + + 0 reaction 70,278 (in the form of OH+ or H20+) was observed which 

would be expected if CO2 was the source of CO. In the presence of excess hydrogen, 

both OH+ and H20+ would be converted to H30+ ion making an absolute 

determination difficult as H30+ is always present as an impurity ion. There was also 

no evidence for CH3 + formation (the product of secondary reactions with the 

hydrogen carrier from both CH+ and CH2 +). 

It was surmised that the reaction distance was too great and that any carbon 

atoms formed were undergoing neutral reactions - either with C30 2 270, another 

neutral, polymerising, or undergoing wall reactions. Thus the large reaction volume 
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was removed from the probe, and the "showerhead" inlet through which the C30 2 was 

being added was reversed in order to ej ect the gas in the same direction as the neutral 

flow. These modifications proved unsuccessful as high signals of H3 + were also 

generated from the microwave discharge. It is possible that an OH+ and H20+ signal 

were observed here, indicating oxygen atom formation. The complexity of the system 

was judged to be too great however and other alternatives were pursued. 

A further discharge approach was attempted using argon metastables, which 

were generated upstream in the neutral inlet system. The metastable energies of argon 

(Ar ep2) = 11.55 eV, Ar epo) = 11.72 eV,) are significantly lower than that of the 

helium metastables. They are also lower than the appearance energies for any ionic 

fragments formed from carbon suboxide, the lowest of which is C20+ at 

approximately 14.5eV 92. In these experiments a helium carrier rather than a hydrogen 

one was used as the last experiments using helium metastable generated large 

amounts ofH3+ from reactions of helium ions with the hydrogen carrier or by 

discharge of hydrogen gas that had diffused back up the atom probe. 

The first attempt used a relatively standard atom probe, but the levels of 

metastable atoms (using ethylene as a monitor (IP (C2H4)=10.51 eV) were found to be 

quite low. The probe was then modified to include an approximately 40 mm section of 

thin (4 mm o.d.) glass tube. This has been shown to increase the density of the 

metastables produced by the discharge 70. In this case the test, again using a flow of 

ethylene as a monitor for the metastable atoms, showed in excess of 10 pA (i.e. 

~40,000 cps) of ion signal at the molybdenum disk, indicating that there were plenty 

of metastable atoms being produced. 

The probe was then set up with a signal of H3 + ions in the reaction flow tube. 

It was not possible to introduce a sufficient signal of H3 + at as Iowan energy as is 

desirable and thus HeH+ and ArH+ signals were also observed. With the discharge on, 

but without the carbon suboxide flowing, a small signal at mlz = 14 was observed, 

probably N+ from nitrogen impurities in the helium and/or argon supply. When the 

carbon suboxide was added, new peaks were seen that correspond to HC30 2+, C302+ 

(small), HCO/ and an unidentified signal at 43 amu. When the discharge was 

switched back on after being switched off (in order to determine if the 43 amu ion was 

a result of the discharge) the ion signal at 43 amu was observed to be much greater 

than any of the primary ions could generate. Thus it seems that this ion is being 
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generated in the discharge rather than being the reaction of the H3 + ion (or any of its 

products) with a neutral reactant. The nature ofthis ion is however unknown. No 

evidence for the occurrence of Reaction 809 was observed either in the form of 

carbon atoms or new CO molecules. It appears that argon metastables are ineffective 

at forming carbon atoms from carbon suboxide. 

§8.2.2: Other attempts at carbon atom generation. 

Active nitrogen and cyanogen. 

Another method for the generation of carbon atoms in a flow tube involves the 

reaction of "active nitrogen" with carbon-containing compounds. Kley et al. 279,280 

and others 281 have used this method to produce carbon atoms for reaction studies that 

have been monitored with a monochromator. Essentially the method involves adding 

very small amounts of cyanogen to a flow of pure nitrogen gas which has passed 

through a microwave discharge. Other carbonaceous compounds have been used as a 

"fuel" gas as well as C2N2 (HCN, C2H2, CH4, C2H6, C2H4, C3~) but all give 

exclusively C ep). Of all of these reactants, C2N2 was found to be the most effective. 

The reaction in the C2N2 case is believed to begin by the -C-C- bond breaking of 

cyanogen to give one (Reaction 811) or two (Reaction 812) CN radicals. 

N + C2N2 => CN + CN2 (811) 

N2* + C2N2 => 2CN + N2 (812) 

Both N atoms and nitrogen metastables (N2*) can be found in the "active nitrogen" 

formed after discharging a flow of pure nitrogen. Whichever of these reactions (or 

possibly both) initiates the chain it is believed that the next reaction is: 

CN+N => N2+C (813). 

Kley et al. report a nearly stoichiometric yield of carbon atoms when very small 

. amounts of cyanogen are used. In these experiments 279,280 the total concentrations 

used were in the range 5-25 Torr of Ar and N2 and between 10-2 and 5x10-4 Torr of 

C2N2. Although it was reported that the nitrogen atom density was higher than the 

carbon atom density 280 it was hoped that there would still be enough carbon atoms to 

observe. 
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Several different variants of the C2N2 titration reaction were investigated in the 

present study. The first experiment was performed using pure nitrogen, pure cyanogen 

and an atom probe 70 that had ~ 160 mm reaction distance between the introduction of 

the cyanogen gas and entry into the SIFT flow tube. The microwave discharge was 

placed at two different distances from the point of introduction of cyanogen in 

different experiments. Cyanogen was introduced to the probe via a showerhead type 

glass inlet that added gas in the same direction as the flow i.e. away from the 

discharge. The two different distances were used to test whether back -streaming of 

cyanogen would allow it to be directly subjected to the microwave discharge, thus 

causing sooting in a similar fashion to that observed by Scott. With the microwave 

discharge approximately 200 mm upstream from the inlet where cyanogen was 

introduced, no clear indication of carbon atom formation was seen with an H3 + 

monitor ion. Note that this monitor ion was not exceptionally pure with small (~1/4 of 

the primary ion count) impurities of He + and HeH+. An initially encouraging mlz = 38 

ion signal was observed (presumably C2N+) but this was found to also be present 

without the active nitrogen flowing. Thus it is likely to be a result of the reaction 

between helium ions and cyanogen (Reaction 814). 

(814) 

This reaction has not been previously observed but C2N+ is one of the major products 

in the similar reaction between He + and HC3N. A small amount ofN+ was observed, 

indicating that there was atomic nitrogen present. No direct test for nitrogen atoms 

was attempted however (e.g. injecting the C2H2 + ion and observing a decay with the 

N2/N mixture, noting that only atomic nitrogen reacts with C2H2 +). One potential 

problem is that any product of the H3+ + C reaction (presumably mainly CH+) could 

react further with one of the other neutrals present in the mixture. An association of 

CH+ with molecular nitrogen has been reported (Reaction 815), but no evidence of a 

41 amu ion that was correlated with the discharge was observed in the present study. 

CH+ + N2 + M=> CHN/ + M (815) 

k = 5xl0-29 cm6s-1 (M = He) 

k = 8xl0-13 cm3s-1 @ 0.5 Torr He. 

It seems likely that a reaction of CH+ with cyanogen would give HC2N2 + (at least 

paIily) as cyanogen has a PA similar to that of water, for which proton transfer is the 

major channel observed when it is reacted with CH+. 



Chapter 8: Reactions involving neutral carbon atoms Section 8.2 Experimental 246 

With the microwave discharge moved closer to the cyanogen inlet by 60 mm 

no major differences were observed as compared to the case presented above. During 

the course of this investigation, the nitrogen was accidentally switched off with the 

microwave discharge still running. Within a few seconds the area surrounding the 

discharge became heavily sooted as cyanogen diffused up into this region. A bright 

blue discharge glow was observed concurrently with this event. The "soot" appeared 

to be partly a cyanogen polymer as an argon discharge on this region (without 

cyanogen flowing) gave neutral C2N2 (detected as C2N2H+ in the SIFT) and ionic and 

neutral CN2 (detected as C2N+ and HC2N+ respectively). It seems likely that an 

amorphous C-N polymer was formed. 

The probe was then cleaned and reinstalled and further experiments 

conducted. The first used a nitrogen/argon mixture as the source gas for the "active 

nitrogen". It was deemed possible that there was insufficient break-up of the cyanogen 

to CN radicals when only nitrogen was used and it was hoped that the presence of 

argon metastables would help this situation. Little difference was found here 

compared with the previous experiments, except that there was no mass 38 ion signal 

observed. This is probably because there were much less He + impurity ions present at 

this time. This system was also less ideal as the product of Reaction 815 (CHN2+) was 

no longer observable because of a mass co-incidence with ArH+. In all cases however· 

the m/z = 41 ion was observed to drop with increasing cyanogen flow which suggests 

that the ion was ArH+. This ArW is the result of the reaction of HeH+ + Ar(formed 

from H3 + excited during the inj ection process) and H3 + (v> 1) + Ar. There were 

always small but significant amounts of each present due to the necessity to use 

slightly higher FA nose cone voltages than is usual in an effort to boost the H3 + signal. 

Other tests using more dilute "fuel gas" mixtures were also tried (approximately 10% 

and 1 % mixtures of C2N2 in helium) but with little noticeable effect. 

In the literature it appears that in all cases where the formation of carbon 

atoms was observed, the formation of these C atoms was accompanied by the 

observation of a blue chemiluminesce or 'flame'. Excited CN radicals are usually 

proposed to be the source of this glow and these are probably necessary for the 

formation of the carbon atoms. This glow was never observed in the current 

experiments. The exact reason for the non-observance of this phenomenon is 

unknown. Possible explanations include the gas mixture composition used (e.g. too 
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much or not enough cyanogen), the overall pressure, the distances between the 

discharge, cyanogen introduction and the inlet to the tube (i.e. probe design), or power 

in the microwave discharge. If this work is to be pursued further, a test rig resembling 

that constructed for the flash photolysis work should be constructed and the individual 

variables optimised in a situation where the carbon atoms can be directly observed. 

Microwave discharge on dilute carbon dioxide mixtures. 

In an approach similar to that used by Scott, a microwave discharge was 

applied directly to a flowing stream of carbon dioxide. A very dilute mixture (~5%) of 

carbon dioxide in helium had been reported to produce carbon atoms without 

. significant sooting 282 • No evidence of either sooting or carbon atom generation was 

seen in the current investigation. H3 + was again used as the ionic probe. Subsequently 

it has been reported that the probe needs to be maintained at elevated temperatures to 

get reasonable carbon atom yields using this technique. 

Section 8.3 Conclusions. 

Unfortunately the main result of this section of work has been to add more 

data to the list of unsuccessful methods that have been tried in order to produce 

carbon atoms in a fast flow reactor such as the SIFT. However it is encouraging that 

the method that was seen as the most likely candidate for solving this problem, the 

flash photolysis of carbon suboxide, has not failed out of hand. The wavelengths used 

for the photolysis in the current study are now believed to be too long to be effective 

in dissociating the carbon suboxide. A new reactor, incorporating a co-axial flash 

system, no air gap between the flash lamp and the carbon suboxide cell, with Suprasil 

quartz walls in the reactor will need to be constructed in order to effectively assess the 

merits of this technique. This will allow vacuum ultraviolet radiation to reach the 

carbon suboxide efficiently and will hopefully allow this to be dissociated via 

Reaction 809. The synthesis of relatively pure carbon suboxide has been optimised 

and should no longer present a problem for this method. 

Other methods reported in the literature have also been tried and have not 

been successful. The active nitrogen method of Kley et at. appears the next most 
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probable method to succeed and construction of a test rig with a monochromator to 

detect the carbon atoms may help in perfecting this method if further development is 

deemed necessary. 
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Chapter 9 

Final comments and suggested further work. 

Section 9.1: A summary. 

One of the most important goals of this work was to upgrade the previous 

SIFDT at the University of Canterbury to a flowing afterglow sourced F A-SIFDT. 

The previous SIFDT suffered somewhat from the ion sources (both low and high 

pressure electron impact type sources) that were available for use in it. These ion 

sources limited the range and counts of ions that could be created and were labour 

intensive, requiring frequent cleaning. Also problematical in the ion source region of 

the old SIFDT was the resolution on the upstream quadrupole and the energy of 

injection. This meant that it was not uncommon to not be able to inject a single mass 

without contamination from ions at adjacent masses. The new F A-SIFDT has solved 

many of these problems and much of the work presented in this thesis would simply 

not have been possible on the previous SIFDT. A detailed discussion of the design, 

construction and testing of the FA-SIFDT is presented in Chapter 2 of this work. 

Also presented is a comparison of the two major types of venturi injector, the 

hole injector, first constructed at Birmingham, and the annulus injector, designed at 

NOAA. The performance of two different inner venturis each with the same cross

sectional area for gas injection has been investigated with respect to a range of 

performance indicators. The annulus injector was found to have superior performance 

when the pumping efficiencies and ability to inject cluster ions was compared. Little 

difference was discernible between the two injectors when the transmission efficiency 

of each was investigated and neither inlet was capable of injecting the 2-propenyl 

cation without it isomerising to the more stable allyl form. The annulus injector was 

also found to be more capable of operating without a companion, non-critical inlet, 

through which to direct part of the carrier gas flow. Thus it would seem that the 

annulus injector is slightly more efficient at forming the necessary barrel shock and 

that injection through the annulus injector is marginally less energetic. One however 

must balance against this the increased mechanical complexity of the annulus injector 
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and this alone may make potential SIFT users choose the apparently somewhat 

inferior, but certainly simpler, hole-type venturi injector. 
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In concert with the creation of the new FA-SIFDT the Canterbury 

ion-molecule group has begun studies of the trace components in air samples using 

the SIFT as a chemi-ionisation mass spectrometer. This technique is known as 

SIFT-MS. Using the SIFT in this manner it is possible to identify and measure the 

amounts of many trace species present in air in real time. Because of the nature of the 

chemi-ionisation agents used (02+, H30+, and NO+) this can be done without the need 

for trapping or preconcentration of the gases, as none of the chemi-ionisation agents 

have significant reactions with the major species present in air. 

In the course of this work several preliminary studies have been conducted 

using the SIFT-MS. The analysis of breath has been a major focus and two projects of 

this type have been invetsigated. The first is observing the changes in the major trace 

species present on breath (ammonia, acetone, and isoprene) as the subjects undergo 

exercise. The levels of acetone have been shown to rise, presumably as a result of the 

rise in importance of fatty acid metabolism and thus an increase in the production of 

ketone bodies (including acetone) in the subject's body. The levels of isoprene drop 

off rapidly after exercise is begun and stay at a constant low level throughout the 

exercise. This is believed to be a result of the increased gas expiration rate flushing 

the body of isoprene, i.e. loss processes exceeding formation processes. The low level 

remains low for some time after exercise was terminated. The results for ammonia are 

still inconclusive but it appears that the amount of ammonia on the breath is not 

radically effected by exercise. The second breath study deals with the identification 

and monitoring of solvent levels on the breath of subjects exposed to polluted air. The 

SIFT -MS enables rapid quantification of the amounts of solvent on a subject's breath 

and can be easily used to monitor the fall-off of solvent concentration in the breath of 

a person exposed to even low levels of solvent. Tests using a mixture of xylene and 

mesitylene have shown the applicability of the SIFT technique to this type of analysis 

and its ability to measure multiple solvent concentrations simultaneously. 

The other trace gas analysis system that has been investigated is the analysis of 

the gases emitted by a soil block after an artificial urine solution is added. This has 

been performed using head-space analysis. The soil block is sealed in a container for a 

short amount of time and then the gas collected during this time is analysed. The SIFT 
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technique has a great advantage over the gas chromatographic techniques that are 

conventionally used in that it can measure concentrations rapidly with a minimum 

amount of sample manipulation. Ammonia and nitric oxide have been detected in the 

headspace above the soil and their time profiles monitored. 

The reactions of H3 +, N2H+, and H30+ with a range of small and medium 

hydrocarbons have been investigated. H3 + is ubiquitous in the interstellar medium and 

may play an important role as an ionic agent for partially reversing molecular 

synthesis. It has a very low proton affinity and thus its proton transfer reactions are 

usually very exothermic. This leads to the dissociation of the neutral reactant into a 

number of smaller ionic and neutral fragments. As well as tlllS interstellar interest 

there is also a desire to understand how the energy involved in a proton transfer 

reaction is partitioned among the products. In the current study it has been observed 

that when many exothermic reaction channels exists those reaction channels that are 

greater than 100 kJ mor l are most commonly observed. Also when the exothermicity 

of the reaction exceeds approximately 200 kJ mor l other, dissociative, reactions 

become much more likely. 

Chapter 5 contains a re-evaluation of the proton affinity of cyanogen. Petrie 

remarked that, with a lowering of the P A of methyl chloride the literature was left 

with a contradiction. A new value of 651±2 kJ mor l has been determined using the 

equilibrium method. This value has been determined by reference to the C2H2/C2N2 

proton transfer system which has been observed in both directions. The previously 

measured CH3Cl/C2N2 system has also been re-evaluated using the new, lower, value 

for the P A of methyl chloride and this value agrees well with the value determined by 

the newly measured cycle. The reactions of several of the alkyl ion-cycanogen 

adducts have also been investigated, in particular the methyl cation affinity of 

cyanogen. In all the cases investigated these alkyl cation-cyanogen adducts behaved 

in a manner that in consistent with a strongly bound, covalent-type, structure. Several 

other methyl cation transfer reactions, of the methylated formaldehyde and dimethyl 

ether ions, have also been investigated. 

Chapter 6 contains ion-molecule reactions relevant to the atmosphere 

of Titan. These reactions can be divided into two broad classes, bimolecular reactions 

ofN3 + and N4 + with a range of hydrocarbons, and the termolecular associations of 

several of the terminal ions in Titan's atmosphere (H30+, HCNH+, C-C3H3+) with 
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methane, ethylene, and acetylene in both helium and nitrogen carriers. The reactions 

of the N/ and N/ ions were shown to be generally less dissociative than their 

counterpart N+ and N/ reactions. 

No association reactions between c-C3H3 + and any neutral were observed, nor 

were any association reactions of methane observed with any of the three ions 

investigated. The remaining association reactions were seen to be between 3 and 13 

times more efficient in a nitrogen carrier than a helium one. The magnitude of this 

effect is greater than that indicated by the previously available literature results which 

(for more simple systems) suggested that the associations would be between 1.5 and 5 

time more rapid. Finally the structures of the adducts formed from the reactions of 

HCNH+ and C2H2 and C2H4 were investigated using a range of neutral reagents. The 

reaction of the C3H4N+ adduct with benzene indicates that approximately one third of 

the ions formed from the reaction of HCNH+ and acetylene are of a relative strongly 

bound form (and are able to associate with benzene). This ions are probably 

covalently bound. In the second reaction system the C3H6N+ adduct was shown to be 

primarily strongly bound and was able to associate with benzene. 

The association reactions of CH2CHCN+ and CH2CHCNH+ with acrylonitrile 

were also investigated. These reaction have been studied before at Canterbury but the 

resolution ofthe previous SIFT was not great enough to inject only a single ion. The 

CH2CHCN+/CH2CHCN system was found to have two products, one with 

bimolecular kinetics and one with termolecular kinetics. Contrary to expectations the 

bimolecular channel is still the dominant channel at SIFT tube pressures and the 

reaction appears to be pressure saturated. In order to account for this observation a 

two-well model has been proposed such that there is one complex (the loosely bound 

one) that is not saturated at SIFT pressures and another (the tightly bound one) that is. 

The complexes have very different lifetimes and the loose complex will only be 

saturated. at much higher pressures and it thus provides a continual source of 

bimolecular channel. The CH2CHCNH+ system is much simpler showing only 

termolecular reaction that has yet to saturate at SIFT pressures. 

Finally work has continued on the attempts to generate a measurable flow of 

neutral carbon atoms to use as a neutral reactant for ion-atom reaction studies. Flash 

photolysis of carbon suboxide was attempted without success. This is due to the use of 

the incorrect wavelength irradiation and a new vacuum UV flash cell will be needed 
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to continue this work. An active nitrogen-cyanogen system was also tried, again 

without any obvious success. 

Section 9.2: Suggestions for further work. 
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One major advantage of the new F A-SIFDT was the increased ion counts 

available. Now that it has been realised how much this increased ion count simplifies 

the work, especially when the SIFT is being used as a SIFT-MS instrument for trace 

gas analysis, there is a desire to further increase this available ion current. The 

limiting factor now appears to be the ion source and some attempt has been made to 

construct a new glow (or hollow cathode) type ion source. This initial work has been 

promising but unsuccessful. More work needs to be done on this type of ion source 

and perhaps one where the FA is not used (like that used for Lindinger's PTR -MS 

instrument) would be helpful. A Wood's horn should also be installed on the 

previously constructed hollow cathode source as the current problem may be photons 

emitted by the He + ions 24. 

The previously unserviceable liquid nitrogen cold trap above the 6" diffusion 

pump has recently been replaced, though it is too soon to tell if it will keep the 

upstream quadrupole cleaner. 

The efficiacy and usefulness of trace gas analysis with the Canterbury SIFT 

has been shown in this work, and it appears that this field of study will become an 

important one for the Canterbury ibn-molecule group. An independent validation of 

trace gas analysis at Canterbury should be performed, perhaps using a commercial gas 

mixture. Such work has been done by Smith and Spanel on their instruments in 

Britain 51, but has not been perfonned at Canterbury. 

The analysis of the changes in breath VOC concentration should be further 

pursued, probably to more extreme conditions. It would be interesting to see if the 

onset of ammonia production that occurs with the beginning of muscle metabolism 

can be observed using this technique. More investigations of the sampling procedure 

also need to be perfonned as it is often difficult to get good samples from subjects 

who are approaching exhaustion. The analysis of solvent levels on breath is currently 

continuing and appears to be very promising, the levels of solvents of subjects blood 
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has also been measured. A combined study of breath, blood and urinalysis would be 

the most effective method of monitoring and characterising the uptake and destruction 

of organic solvents in the human body. This is also an ideal opportunity for the SIFT 

to be applied to real world, industrial applications, and the monitoring of solvents 

levels in the breath and blood of subjects who are regularly exposed to solvents would 

also be a worth while project. 

A further investigation of the differences observed between soil samples made 

in different manners (i.e. watered before or concurrent with the addition of the 

artificial urine) would be beneficial to a more thorough understanding of this system. 

Investigation of the soil response to different concentrations and amounts of this 

"urine" should also be undertaken. 

There are several further experiments that could add greater understanding to 

the energetic proton transfer systems discussed within Chapter 4. Some lower 

pressure studies of some of the reaction would be useful to ensure that the carrier gas 

is not having an effect on the product distribution. This work would be best done in a 

two section ICR instrument where the ions could be thermalised before they are 

transported into the reaction cell. The reactions of HeH+ and He2H+ should be further 

persued in an effort to extend the energy range of this study and also to characterise 

the reactions of the novel, He2H+ species. Further the reactions of a species with a 

proton affinity between water and nitrogen would also help to complete the picture 

begun by the data presented here. Possible candidates for this task could be HN02+, or 

HS02+. Finally a theoretical investigation of the barriers to formation of the individual 

channels for some of these reactions would begin to help in an understanding of just 

how much energy is actually deposited in the collision complex when proton transfer 

occurs. 

It would also be useful to remeasure some of the faster H3 + reactions using a 

dilute mixture of the neutral gas in helium as the neutral reactant. This would enable 

one to determine if the rate coefficients of these faster reactions are less than the 

collision rate due to a systematic instrument effect, or real chemical effect. 

The initial results ofthe methyl cation transfer reactions from CH30CH2 + and 

(CH3)30+ suggest that this type of investigation would be relatively easy in the F A

SIFDT. A fuller investigation of the reactions presented here, and a range of other 

similar is desirable in order to gain a better understanding of methyl cation transfer 
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processes. Due to the high counts of CH30CH2 + available and the fact that it has been 

observed to transfer a methyl cation it would seem an ideal reactant for such an 

investigation. The reaction of CH30CH2 + with cyanogen would also be interesting to 

see if the trend of not observing methyl cation transfer to cyanogen is continued with 

this reactant. 

Further reactions ofN3 + and N4 + with acetylenic species are also suggested. It 

has been observed that N3 + gives the novel C2H2N+ product when reacted with 

acetylene and it could be posited that this is the result of reaction with the C=C 

moiety. Further reactions with neutrals such as methylacetylene, diacetylene, and 

cyanoacetylene could yield interesting results. Further investigation of the H30+/C2H2 

reaction system is also needed in order to ascertain the reason for the curved decays 

that were observed for this system. Low temperature reactions ofthe CH5+.CH4 ion 

should also be performed. It seems likely that this ion will be important in the lower 

reaches of Titan's lower ionosphere and the exact nature of the bonding that occurs 

between the CHs + and methane moiety will determine whether this ion provides an 

efficient method of protonating species at low altitudes or provides a nucleation centre 

for further association. 

Finally, the work begun on the reaction ofH/ with carbon atoms needs to be 

continued. The next step is probably the construction of a co-axial flash stsyem with 

Suprasil quartz walls in order to attempt the vacuum UV photolysis of carbon 

suboxide. This is the simplest system that has been attempted over the course of the 

investigations of method of forming carbon atoms and I believe it should be pursued 

until it has been conclusively shown whether it is suitable for a fast flow reactor. 
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