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Summary

This thesis describes a series of experiments undertaken to 

collect Angle Resolved Mass Spectra (ARMS) in order to Investigate 

the scattering of Ions during colllslonal activation. In

particular, data were obtained to see if the angle resolved mass 

spectra of the scattered Ions could be explained by assuming that 

the scattering angle 6 was directly related to the energy gained 

by the ions during colllslonal activation.

Initially data were obtained on a slightly modified commercially 

available mass spectrometer using the z-deflection method. The 

inherently poor angular resolution of this method limited the 

scope of these experiments to an investigation of the effect of 

experimental variables on ARMS data.

To overcome the problems of the z-def lection method a swinging 

source was designed and fitted to the mass spectrometer. The 

major advantages of this source were that 0 was selected 

mechanically and that the pre- and post-collision angular 

resolutions of the experiments could be varied, but were 

independent of the masses of the ions. Using the source, data 

similar to those published by other groups were obtained. 

Interpreting these data, however, was difficult because fragment 

ion abundances contained contributions from decompositions 

occurring outside the collision chamber. A modification was made 

to the source which enabled these ions to be excluded from the 

data and the effect of this modification on the ARMS spectra 

obtained is discussed.

-xxvi-



CHAPTER 1

» 1  INTRODUCTION

ARMS Is the acronym for Angle Resolved Mass Spectrometry 

which may be simply defined as the study of Ions scattered during 

colllslonal activation as a function of the observed scattering 

angle 6. The mass spectra of the scattered Ions vary with 0 In 

such a way that the Internal energy gained by the ion during CA 

appears to depend upon 6. This has meant that ARMS has been seen 

as either a means of studying the mechanism of colllslonal 

activation or as a way of Investigating the behaviour of Ions as a 

function of their internal energy.

In Chapter 2 of this thesis, the theory underlying the operation 

of a mass spectrometer Is described and the advantages of studying 

ions which decompose outside the Ion source are stated. Finally, 

a history of ARMS studies and a description of the experimental 

methods used to acquire these data are given. The Implementation 

of the 'z-deflection' method on an MS50 and the improved collision 

gas Introduction system which the method required are described In 

Chapter 3. This method, although it has the advantage that it 

does not requlra the user to modify the spectrometer, suffers from 

limited angular resolution which depends upon 0. It Is also 

difficult to relate the z-deflector voltage V* to 0. For these 

reasons the method was not used to try to determine exactly the 

variation In a fragment ion's abundance with 0, but the Influence 

of some of the many experimental variables on ARMS was 

Investigated. One such variable Is the Internal energy of the 

parent Ion before collislonal activation. This was changed using 

one of the following techniques;



CHAPTER 1

1) Varying the energy of the electrons Ionising the compounds.

2) Preparing molecular Ions by charge exchange Ionisation In a 

•high' pressure source.

3) By varying the residence time of the Ion in the Ion source 

with the repeller voltage.

The energy gained during colllslonal activation was altered by 

changing the collision gas pressure and/or 0. These data are 

discussed In Chapter *. While the z-deflection method was being

used to obtain ARMS data, a special 'swinging' source was under 

construction. It was designed so that the selection of 6 and A0 

(the range of scattering angles detected at a particular angle) Is 

entirely mechanical and therefore precisely Known and easily 

repeated. The calculation of 6 and A0 for the swinging source is 

explained In Appendix I. In Chapter 5, the source Is described 

In detail and preliminary results are compared with those reported 

by other researchers. In Chapter 6, ARMS data for methanol,

ortho- and para-xylenes, three C*H,a Isomers and n-butylbenzene 

are discussed. The methanol data were obtained In an attempt to 

provide answers .to the following questions;

1) What is the relationship between the energy gained during 

CA at a given value of 0 and the translational energy of the 

Ion before CA (E*) ?

2) Why does changing 0 cause the kinetic energy released when 

an Ion fragments to alter and can this be related to changes 

in the relative abundances of fragment ions ?

3) What does the pressure dependence of a fragment ion's 

abundance as a function of 0 tell us about the Importance of

- 2 -



CHAPTER 1

scattering to ARMS ?

The possible use of ARMS as an alternative to photoexcitation is 

Investigated by attempting to distinguish between ortho- and para- 

xylene from measurements of Tlo as a function of 8 instead of as a 

function of photon energy. The ARMS data on three CeH,z

isomers are essentially those of two separate studies: (1 ) a 

detailed comparison of breakdown curves for cyclohexane generated 

from Charge Exchange Mass Spectrometry (OEMS) data with those 

produced from ARMS data, and < 11 > a more limited comparison of 

CEMS and ARMS data on 2-methyl-1-pentene and 2-methyl-2-pentene. 

Finally in Chapter 6, the influence of the ion source temperature 

on the angular dependence of Tmo for propyl loss from the 

molecular ion of n-butylbenzene is discussed.

By definition ARMS results should not include contributions from 

fragment ions which are not formed inside the collision chamber. 

This can easily be achieved if the collision chamber is not at 

ground potential but has a small voltage applied to it. The

modification of the swinging source to accomplish this is 

described in Chapter 7. The effect of this voltage on the

operation of the swinging source is discussed using data on the 

scattering of argon ions by argon atoms and the CID of n- 

butylbenzene. The voltage also affects, the measurement of T 

values and the values of B (the magnetic field strength) and E 

(the electric sector field strength! at which a fragment ion is 

detected; this is discussed in Appendix II. In Chapter 8

fragment ion abundances inside (It„> and outside (I0u,-*> the cell 

are reported as a function of 8 for methanol, n-butylbenzene and 

- 3 -
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benzyl methyl ether. Fragment Ion ratios calculated purely from 

Iln data are compared to published data and the usefulness of 

these data Is questioned.

- * -



CHAPTER 2

2. l imflBBCIifll
The mass spectrum of a compound is a plot of the abundance 

of the ions normalised to the abundance of the most intense ion as 

a function of its mass to charge ratio. In its most easily 

interpreted form the spectrum contains a peak due to a molecular 

ion formed by direct ionisation of sample molecules which gives 

the relative molecular mass of the compound. Fragment ions with 

masses less than that of the molecular ion are formed in competing 

consecutive unlmolecular reactions within the ion source and are 

important because they give structural information. The entire 

spectrum is characteristic of a particular molecule and can 

therefore be compared to entries in a library of mass spectra for 

quick identification of the spectra of unknown samples. Problems 

arise when the unknown sample is not a single compound but a 

mixture of one or more components, since it is difficult to 

determine which peaks should be ascribed to molecular ions and 

which fragment ion is derived from a particular parent ion. For 

such cases it has become common to use techniques such as gas 

chromatography <GC> <1) or high performance liquid chromatography 

(HPLC) <2) to separate the mixture prior to mass spectral 

analysis. By direct coupling of these techniques to the mass 

spectrometer the total analysis time can be reduced in effect to 

the time necessary for chromatographic separation of the 

components since complete mass - spectra of the individual 

components can then be acquired many times a second. Even 

shorter analysis times are possible if the whole mixture is 

ionised simultaneously and then the mass spectra of the colllslon- 
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induced product ions from selected precursor ions are obtained 

using tandem mass spectrometry (3). Collislonal activation of 

the precursor ion is usually effected by using a collision gas 

such as helium and because scattering of the parent and daughter 

ions occurs, the relative abundances of these ions vary with the 

observed scattering angle 0.

A basic mass spectrometer consists of an ionisation 

chamber, a means of separating ions according to their mass to 

charge ratios and an ion detector.

2 . 2 . 1  1QH FORMA T IO N

Ionisation of gas phase sample molecules is usually 

effected by bombardment with electrons of 70eV energy (electron 

ionisation El), produced by electrically heating a metal filament. 

As approximately 15 to 20eV energy is usually transferred to the 

sample molecules upon ionisation, which is large when compared to 

the typical ionisation energy of an organic molecule, e.g. lOeV, 

the molecular ion is formed with a large excess of energy and will 

therefore fragment to give characteristic fragment ions <♦). 

Indeed, for some molecules fragmentation is such a facile process 

that a molecular ion is not observed in the El mass spectrum. 

This has led to the development of 'softer* ionisation techniques 

such as chemical ionisation <CI) <5), field desorption (FD) (6,7) 

and fast atom bombardment (FAB) (8,9).

The ion source of a high resolution mass spectrometer is held at 
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a potential V and therefore ions accelerate upon leaving the 

source to a velocity vot such that;

where z Is the number of charges on the Ion and m, Is Its mass.

2.2.2 IQN SEPARATION
Separation of a beam of ions of differing mass to charge 

ratios can be accomplished using a magnetic field because ions 

passing through such a field experience a force perpendicular to 

the field and to the initial direction of motion of the ions. If 

rto is the radius of the ions' path through a magnetic field of 

strength B, then:

The magnetic sector, besides being able to separate ions of 

different mass to charge ratios, will bring an angularly divergent 

ion beam to a focus at a single point <101, i.e. it is direction- 

focusing. It follows, however, from equation 2, that its ability 

to separate ions having different mass to charge ratios, depends 

upon all ions of the same mass having the same velocity, v0 . 

When designing a magnetic sector mass spectrometer the resolving 

power of the instrument i.e. its ability to separate an ion of 

mass M from <M+AM),ls a very important parameter. The factors 

which determine the resolution of the sector are:

1> The radius of the ions' path, rto.

2) Aberrations in the ion optical system.

- 7 -
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3) The dimensions of the silts immediately before and after 

the sector.

4) The energy spread of the ion beam.

Both 1 & 2 are intrinsic properties of the spectrometer and, 

therefore, are not easily changed. Closing down silts (point 3) 

does Improve resolution, but at the expense of sensitivity. The 

energy spread of the Ion beam can, however, be reduced by placing 

an electric sector between the Ion source and the magnetic sector, 

or between the magnetic sector and the detector. An electric 

sector consists of two sector-shaped coaxial cylindrical 

electrodes which have equal but opposite potentials on them. 

Ions travelling through such a sector experience a centripetal 

acceleration dependent upon their kinetic energy. All ions

having the same kinetic energy will be brought to focus at the 

same point. Irrespective of their mass. Ions having more or less 

kinetic energy have different focal points and can therefore be 

prevented from entering the magnetic sector by a slit. The 

radius of the electric sector r. is related to the ion source 

voltage and the field strength between the electric sector plates 

E by:

The combination of electric and magnetic sectors to give a double 

focusing mass spectrometer capable.of high resolution with good 

sensitivity, is possible because the electric sector focuses ions 

having different velocities on a plane orthogonal to the Ions' 

direction of motion. As long as all the ions focused on this

- 8 -
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plane have the same mass they will also be brought to a focus by 

the magnetic sector at the detector (see Figure 2.1). The 

Instrument used for this work was a double focusing mass 

spectrometer of Nler-Johnson ill) geometry and therefore the 

electric sector preceded the magnetic sector. It Is also 

possible to build double focusing mass spectrometers where the 

magnetic sector precedes the electric sector and these so-called 

reverse geometry spectrometers have a number of advantages for MS- 

MS studies.

Combining equations 1 to 3 above, gives the following equation to 

describe the effect of B and V on singly charged Ions formed In 

the Ion source:

a = <Br^)a
e * 2V <♦>

To bring Ions of different mass-to-charge ratios to a focus at 

the detector B Is scanned while V and rto are held constant.

A number of other mass-analysers have been developed for use In 

mass spectrometers the most popular for low resolution mass 

spectrometers being the quadrupole mass filter (12). This is 

used In conjunction with an Ion source at a low potential and 

consists of two opposite pairs of cylindrical or hyperbolic rods. 

The rods have on them d.c. and r.f. potentials, the magnitude of 

which determine the range of masses of Ions that can pass from one 

end of the rods to the other In a stable cyclic trajectory. The 

main advantages of the quadrupole mass spectrometer compared with 

magnetic sector machines are that It Is robust, can scan very 

quickly and Is well suited to computerisation. Limited

- 9 -
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resolution and mass range, however, are Its most serious 

disadvantages.

Another means of determining the mass of an ion is to measure the 

time It takes to travel from the Ion source to the detector. 

All Ions accelerated from an ion source have the same kinetic 

energy, but only ions of the same mass-to-charge ratio have the 

same velocity and will therefore reach the detector at the same 

time. The time-of-flight mass spectrometer <13) has a very large 

mass range but limited resolution.

Finally,the Ion Cyclotron Resonance spectrometer <1*> has been 

shown to be capable of very high resolution i.e. > 10®. An ion 

will absorb energy from an radio-frequency (r.f.) electric field 

perpendicular to a magnetic field (B> when its frequency is equal 

to the cyclotron frequency of the ion (u>. Since w = eB/m, a 

mass spectrum can be produced by measuring the r.f. absorbance 

while scanning B. The development of this analyser has been 

accelerated by the availability of powerful computers and Fourier 

transform techniques.

2.2.3 ION DETECTION

The most common form of ion detector in mass spectrometers 

is the electron multiplier. Positive ions impinging on a curved 

electrode held at a negative potential initiate the emission of a 

number of electrons which strike, a second electrode and cause 

more electrons to be emitted. In this way the small current

produced by the ions impinging on the first dynode can be 

amplified to a million times its original value. One

- 11 -
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disadvantage of the electron multiplier Is that Its output depends 

upon the kinetic energy of the Ion and this Is particularly 

Important when considering MS-MS data. An alternative detector 

which Is much less sensitive to the Ions* kinetic energies Is the 

photomultiplier. Ions hit a scintillator plate which emits 

photons and these then cause a cascade of electrons to be 

detected. Such a detector was used in this study.

2.3 FRAGtCHT IOWS FORPCD OUTSIDE THE I OH SOURCE

It takes an Ion of mass 100 dal tons approximately fifteen 

microseconds to reach the detector of an MS-50 when the ion source 

Is at a potential of 8kV. Ions which leave the ion source

without fragmenting have Internal energies which depend upon the 

magnitude of AE,-IE, where AE, Is the appearance energy of the 

lowest energy fragment Ion and IE is the ionisation energy of the 

molecule. Typically this Internal energy range Is between 0. 1 

and leV <4) and therefore there Is a finite probability that the 

ion may fragment before reaching the detector. Those ions which 

do undergo unlmolecular fragmentation before reaching the detector 

are known as metastable Ions.

2.3.1 HgTAgTAPLB 1 W S
A double-foeusing forward geometry mass spectrometer such 

as the MS50, has three field free regions (F.F.R). The first of 

these Is between the ion source and ESA, the second is between the 

ESA and the magnet and the third Is between the magnet and

detector. Daughter Ions produced by metastable Ions In the

- 12 -
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second F.F.R. are seen In a normal magnet scan as broad peaks at 

non-integral masses and their existence was first correctly 

explained by Hippie and Condon <15) in 1946. If the. mass of the 

parent ion is m, and the daughter ion mass is then the apparent 

mass of the daughter ion m* can be calculated using equation 5.

It follows directly from this that the observation of a 

metastable ion can be used to identify daughter-parent ion pairs 

in the normal mass spectrum which assists in the interpretation of 

the spectrum. The peaks are broad because some of the excess 

Internal energy of the metastable ion is released as translational 

energy of the ionic and neutral fragments and therefore fragment 

ions of the same mass have a range of momenta. Although the 

magnitude of the kinetic energy release is usually less than leV, 

it occurs in the centre-of-mass coordinate system, whereas the 

fragment Ions are observed in the laboratory coordinate system 

(Figure 2.2). When converting between the two systems there is 

an amplification factor A which for singly charged ions is given 

by <16>;

<6 >
As A is Inversely proportional to T, peak broadening caused by 

very small releases of translational energy can be measured very 

accurately.

Fragment ions produced by uniaolecular dissociation of metastable 

ions are also forated in the first F.F.R., but these will only be
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Figure 2.2 The relationships between the centre-of-mass and 

laboratory velocities for an Ion m, fragmenting at 

point • to give and n,. Where;

vc„ Is the centre-of-mass velocity of m,.

u3 and Uj are the centre-of-mass velocities of m3

and m3.

v2 Is the laboratory velocity of m2.
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detected If both E (the electric sector voltage) and B are 

scanned. Depending upon the exact relationship between E and B 

(17), the resulting mass spectrum can contain;

1) All the daughter ions from a given parent ion, B/E = const, 

or 2) All the parent ions which fragment to give a particular 

daughter ion, B2/E = const.

or 3) All ions which fragment by loss of a constant neutral 

fragment, (B-*/E> <(E0/E) - 1) = const.

The information which can be gained from these scans is extremely 

useful when one is trying to identify an unknown sample and 

increasing the Internal energy of 'stable' ions so that they will 

fragment in a F.F.R. is therefore highly desirable in structural 

studies. A number of different methods of activating ions have 

been reported including photoexcitation (1 8 ), irradiation with 

electrons (19), collisions with a metal surface (20) and 

collisions with an inert gas (21).

2.3.2 COLLISION INDUCED DECOMPOSITIONS

The collision induced decomposition (CID) of an ion may be 

split into two distinct stages, colllslonal activation <CA) 

followed by unlmolecular dissociation of the activated ion. When 

an ion having a high translational energy (a few hundred eV or 

more) collides with a stationary gas molecule some of the ion's 

translational energy is converted into Internal energy and the 

loss in translational energy AE* is approximately equal to the 

endothermlclty Q of the activation step. The process is usually 

represented by the following equation:

- 15 -
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M,* + N =* M,** ♦ N (7)

Unimolecular dissociation of the excited Ion to a daughter Ion 

and neutral will then occur, provided that the Ion has gained 

enough Internal energy during activation l.e.

Mi** * Ha* ♦ Pi, (8)

It is expected that there will be some correlation between the 

activation energy for reaction 8 when it occurs in the ion source 

i.e. AP-IP, with Q, and this has been found to be so (22). The 

introduction of a collision gas into the F.F.R. of a mass 

spectrometer not only causes reactions 7 and 8 to occur but also 

a number of competing reactions, as shown below.

M,* ♦ N =» M,** ♦ N + e~ (9)

M,* + N =» M,- + (10)

M,* + N =» M, + N* < 11 >

M,* ♦ N =» M,~(scattered) + N (12)

Reactions 9 and 10 are examples of charge stripping reactions 

(23) and Q for these reactions is large, typically 20 a 30eV and 

therefore the reaction cross sections are smaller than for CID. 

Charge exchange <24> (reaction 11 > becomes more competitive with
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CID If the collision gas Is changed to one having a lower IP and 

therefore because He has a high IP It is frequently used as a 

collision gas. Finally, reaction 12 <25), represents scattering 

of Ions such that they are excluded from entry Into the mass 

analyser of the mass spectrometer by the silt assemblies. These 

Ions may also undergo one of the other reactions but the product 

ions will not be detected.

Colllslonal activation Is a particularly useful tool In 

structural studies since the resulting spectra are very similar to 

the El spectra of the same Ion. This analytical potential of the 

technique was first noted by Jennings <21> and developed further 

by McLafferty with numerous co-workers in a series of studies 
<26.27).

One drawback of CA Is that, unlike e.g. photoexcitation, the 

exact energy deposited Is not known or easily changed. This Is 

not to say that the degree of excitation Is not affected by the 

collision gas <28), the translational energy of the ion <26> and 

the collision gas pressure <29), but altering these variables does 

not ollow one to study CID as a continuous function of e.

The energy gained during CA of an Ion <e> Increases If the Impact 

parameter b decreases. Although b is not experimentally

accessible, it does affect the scattering angle of the Ion 0. and 

therefore If fragment Ion abundances are measured as a function of 

their observed scattering angle 0, It may be possible to study CA 

spectra as a function of b and e. These Ideas are the

cornerstone upon which angle resolved mass spectrometry (ARMS) Is
founded.

-1 7 -
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2.4 ANGLE RESOLVED MASS SPECTROMETRY 

2.4.1 SCATTERING AND CID

Figure 2.3 Is a cross-sectional view of the scattering of 

an Ion and its subsequent unlmolecular dissociation. It 

describes a special case of this type of process since the 

scattering event and the kinetic energy released upon dissociation 

of the activated ion both act to deflect the ion in the same plane 

and are additive. In reality, isotropic dissociation of the ion 

will produce a conical distribution of fragment ions for each 

value of 8*. For a monatomic ion and target it has been proven 

(30) that under some conditions the reduced scattering angle t <t 

* Efc x 0m> is a function of b. As b is reduced 0. and e both 

Increase and therefore if 0„ is zero, 8 and e are directly related 

to each other. Obviously if 0„ is 1 8., then this relationship 

will not be apparent in experimental data which simply gives 

fragment ion abundances as a function of 0. Note also that the 

relationship between x and b has not been proven for polyatomic 

ions and monatontic targets.

In Figure 2.3 activation and dissociation are shown as two 

separate events and this separation is easily justified for high 

energy CID If one assumes an ion-target interaction distance of 

20A. then fragmentation must occur when the ion and target are 

separated by at least this distance. The fastest fragmentation 

reactions occur in 10-1- sec < one bond vibration ) and therefore 

the ion must travel 20A in 10-’* sec i.e. a centre-of-mass 

velocity of 2*107 cm sec-1 or greater is required. As the ions'
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M +

Figure 2.3 Dlagramatlc representation of the scattering and 

subsequent decomposition of an ion. Where; 

b is the Impact parameter.

8. is the laboratory scattering angle.

0* is the angle of deflection due to kinetic 

energy release.
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mass is usually » than that of the target, this translates into a 

velocity in the laboratory system of 2xlOT cm sec-1 or less. 

Since an ion of mass 100 daltons is accelerated to a velocity of 

Just over 10* cm sec-' after leaving an ion source at a potential 

of 8kV, the separation of activation and dissociation into two 

independent reactions is shown to be valid for high kinetic energy 

ions and thermal energy targets.

2.4.2 THE HISTORY OF ARMS STUDIES

The earliest ARMS data obtained on commercially available 

spectrometers were concerned with the non-dlssoclatlve scattering 

of ions by gas molecules (31,32). The spectrometers were

initially used without modification and therefore had limited 

angular resolution. It was soon found however that the addition 

of angle resolving slits greatly improved the quality of these 

data (33). The study of CID as a function of 0 was pioneered by 

Cooks with various co-workers, who suggested that because of the 

relationship between e and 6, ARMS could be used to produce 

breakdown curves (34). Later papers from his group and others 

have tried to show that ARMS can be used for;

1> The study of the mechanism of CID.

a) Collision gas effects (25,28).

b) Changes in CID spectra with the kinetic energy of the ion

(35).

2) Isomer differentiation by the study of an ions'

fragmentation pattern as a function of its Internal energy.

Giving comparable data to that obtained from;
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a) Breakdown curves <34).

b) Field Ionisation kinetics <36).

c> Charge exchange mass spectrometry <37,38).

d) Photoexcitation <39 =» 44).

e) Low energy colllsional activation <451.

For all these data it is assumed that 0 is made up almost

entirely of 6. with only a very small contribution, if any, from 

0„. The alternative view that 0 is determined by 0k with only a 

small contribution from 0. was first suggested by Todd et al. <46) 

in a paper in which calculated fragment ion abundances as a

function of 0 from kinetic energy release data were compared with 

published experimental data. The uncertainty surrounding the

relative Importance of 0. and 0U has encouraged Beynon and various 

co-workers to study not fragment ion abundances, but the kinetic 

energy released when an ion fragments as a function of 0

<43,47,481. One exception to this is a paper on fragment ion 

abundances of n-butylbenzene and methanol as a function of 0 <44>, 

but this includes calculations of ion abundances from T values 

using an expanded form of the calculations of Todd et al. Beynon 

et al have also published theoretical papers on the physics of 

high energy collisions <49), experimental requirements for 

obtaining ARMS data on commercial mass spectrometers <50) and 

possible mechanisms of excitation of ions during CA <47).

2.4.3 BttMU— IfiL 1ETHPPS OF PBIAIH1HQ AIMS DATA

The experimental arrangements which have been used to 

obtain ARMS data are shown schematically in Figure 2.4 and they
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S E C B MA
B
C
D
E

Figure 2.4 Block diagrams showing the many types of mass 

spectrometer which have been used to acquire ARMS 

data. Where; S is an ion source, E is an ESA, C is a 

collision chamber, B is a B-slit, M is a magnet, B is 

a detector, A is an angle-resolving slit, Z is the Z- 

deflectors and Q is a quadrupole mass filter.
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may be broadly split Into two groups. The first group <A, D, E) 

uses pre- or post-collision electrical deflection of the ion beam 

to determine 6 while the second group <B, C) uses movable angle 

resolving silts. The principal problems with the former

methodology are:

1) The deflection potential V* must be converted to 0 by 

calculation.

2) At a given value of V«, 0 depends upon the mass of the

fragment ion .

3> 8 „ ro changes with the ion source tuning and alignment.

The use of movable slits has the advantage that 0 Is directly 

measurable and Independent of fragment Ion mass but it does mean 

that the fragment Ions travel through one or more of the sectors 

of the mass spectrometer off the ion optical axis which affects 

the angular resolution which can be obtained. ' All of these 

methods rely on scattering occurring at a well defined point in 

space and therefore a very small collision region is essential If 

good angular resolution is to be obtained.

Possibly the best means of obtaining ARMS data would be that 

shown schematically in Figure 2.5, where the parent ions could be 

directed at an angle into the collision chamber and the fragment 

ions would travel along the normal ion optical axle of the 

spectrometer. Pre- and post-collision angular resolution would 

be adjusted by suitable slits and 0 determined by the angle of 

the source. The construction and use of such an experimental 

apparatus is described in Chapters 5 to 8 of this thesis.

This method still has the problem that one cannot separate the
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KEX

1) Ion source.

2) Angle defining slits.

3) Collision chamber.

4> ESA

5) Magnet.

. 6) Detector

Figure 2.5 A mass spectrometer with a moveable Ion source, angle 

defining slits and collision chamber.
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effects of 0_ and 0,,. This can be overcome using translational 

spectroscopy <51> where both the neutral and the fragment ion are 

detected. The application of this technique to ARMS has been

reported for studying the scattering of acetone ions by helium 

atoms <52) and the data suggest that 0. is of comparable 
importance to 0„.
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CHAPTER 3

3. 1 INTRODUCTION

Preliminary studies of the use of the z-deflectlon method 

for the study of angle resolved mass spectrometry had previously 

been carried out at the University of Warwick <1>. A working 

system was therefore ready for use but it was far from ideal and 

very little work had been done to identify those experimental 

variables which had the greatest effect on the ARMS data. In 

this chapter details of the Implementation of the z-deflection 

method on the MS50 are given and a new collision system is 

described.

3.2 THE ..COLLISION. CHAMBER

The first z-deflection experiments which had been 

undertaken on the MS50 (1,2) had utilised the ball valve between 

the ion source and ESA housings as a collision chamber <3), Figure 

3. 1. This method of introducing collision gas had a number of 

disadvantages which were particularly limiting when acquiring ARMS 
data. The first of these was that the collision region was long 

and badly defined which limited the possible angular resolution 

obtainable. Secondly, no direct or Indirect measurement of

collision gas pressure was possible and therefore the only 

methodology for obtaining repeatable gas pressures was to set a 

particular attenuation of the parent ion. Finally, a significant 

rise In the pressure in the ESA housing was observed when 

collision gas was admitted leading to tailing of peaks In linked 

scans because of decompositions occurring In the ESA.

To try and overcome these problems a new collision gas Inlet
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1) Source silt.

2> Boundary slits.

3) Collision region.

4) Ball valve.

5) Gas Inlet / Pumping line.

Figure 3.1 Cross-sectional view of 

chamber which Is described

the ball valve collision 

In detail In reference 3.
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system was built for the MS50, the design alms were that:

1) The collision region should be short.

2) The presence of collision gas should not adversely affect 

pressures In the rest of the mass spectrometer.

3) The collision gas pressure should be reproducible, but not 

necessarily known absolutely.

♦ ) The collision gas pressure should be stable for a long 

period of time.

The system used Is shown In Figures 3.2a and 3.2b. The region 

of highest collision gas pressure Is at the end of the tube and 

only 1mm long in the direction of ion beam travel. Excess

collision gas is pumped away by the source housing diffusion pump 

(6" pump, originally fitted for high pressure source studies <♦)). 

Although the pressure in the collision region Is not known, it Is 

set by opening the needle valve until the required reading Is 

obtained at the Baratron head and Is therefore easily repeated. 

Most of the results described In the following chapter were 

obtained at Baratron readings of 1.3mmHg pressure le. * 1.3 torr. 

As the collision gas Is stored In a reservoir It Is also possible 

to use a mixture of gases.

3.3 CALCULATING 8 and 68

In the MS50, ions are accelerated out of the Ion source 

which is at a potential V, and brought to a focus at the 

continuously variable source slit which lies behind a slotted 

earth plate. After travelling a short distance the Ions pass 

through a three position z-restrlctor Into y- and z-deflectors
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l> Iron diameter metal tube. 

2) Pumping line.

2> Glass reservoir. 4) Rough pumping line.

Figure 3.2a The .'ollision region.

Figure 3.2b The gas Introduction system.
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which are used to align the ion beam along the ion optical axis 

before the beam enters the electrostatic analyser (ESA). Between 

the z-deflectors and the ESA is a cylindrical earthed tube, of 

length 96mm. Ions scattered during colllslonal activation at a 

point between the source slit and the z-restrictor are brought 

back on to the ion optical axis at the detector by the field 

produced by the z-def lector voltage (V,). The y- and z-

deflector voltages are produced within the MS50 source supply 

chassis and then carried by a multistrand cable to a connector on 

the outside of the monitor housing. At this point a voltmeter 

was connected in parallel with one of the cables leading to a z- 

deflector. The potential difference between one of the plates

and ground (V*), was therefore continuously displayed.

By altering V*, ions which have been scattered through different 

angles can be detected and 0 calculated using the following 

equation i2>;

e a il. „ |
4s V d2 I (1)

where from Figure 3.3;

p is the distance between the y & z-deflectors (6mm) 

s is the separation of the z-deflectors (6mm) 

q is the extent to which the field from the z-deflectors 

penetrates the earthed cylinder (assumed to be 1 1 mm)

V, is the potential difference between each z-deflector and 

ground (equal magnitude but opposite polarity on the two 

deflectors)

m, is the parent ion mass and m, is the daughter ion mass
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The method is very simple to Implement on the MS50. With the 

source and collector z-restrictors set to their minimum widths, 

the source and deflector voltages are set to give the largest 

signal for the parent ion at the detector. The value of V„ at 

which this occurs is by definition V,.......... The slits are then

opened to the desired width and V. set to give the value of 6 at 

which daughter ions are to be observed.

The angular resolution obtainable using this method is difficult 

to calculate, since as can be seen from Figure 3.4, the z- 

deflectors are between the two adjustable slits used to define the 

ion beams' width in the yz plane. From the distance between the 

two z-restrictors (1960mm), it is possible to calculate a maximum 

spread in 0 <A0) of ± 0.11* when the z-restrictors are fully open. 

This is much worse than the best reported angular resolution of 

0.01* obtained in a similar study by Laramie et al. i5>.

Data were collected by one of two methods depending upon 

the magnitude of the mass difference between the fragment ions 

under study. If the mass difference was small then a limited 

mass range B/E scan was performed, the scan law having been 

generated by analogue electronics. For fragment ions of widely 

different mass the appropriate E value was selected using a Fluke 

720A voltage divider and then small magnet scans were performed 

about the required B value. In both cases data were acquired 

using a Blomac 1000 signal averager to Improve the signal to noise 

ratio.
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£EX z-length / am
1> Source slit 2.5
2> Source z-restrictor 2.5 » 0.5
3) Collector z-restrictor 5 a 0.5
4) z-deflector

Figure 3.4 Schematic diagram of the slits which alter the angular 

resolution obtained when using the z-deflection 
method.
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While the swinging source was under construction, data 

were obtained on the MS50 using the z-deflectlon method <1> and 

the alms of the experiments were therefore restricted by the 

limitations of this method which were discussed in detail in

Chapter 3 and are given briefly below:

1) A poorly defined collision region.

2) The angular resolution depends upon 6.

3) 8,.ro changes with ion source tuning and alignment.

4) The z-deflector voltage <Vm> is a function of 0 dependent 

upon the mass of the fragment ion.

Data were therefore obtained primarily to discover which 

experimental variables had the greatest influence on angle

resolved mass spectra.

4.2 COLLISION GAS PRESSURE

In Figure 4.1 the 91/92 fragment ion ratio of n-

butylbenzene is plotted as a function of the collision gas (Argon)

pressure (P) at 6 * . These data do not agree with the results 

of Beynon et al. (2) which show the 91/92 ratio to be invariant 

with P ( He and Na collision gases ) at low gas pressures, but 

rising at higher pressures because of either:

a) Closer and therefore more energetic ion/neutral 

interactions.

and/or

b) Multiple collisions.

Their data however do not Include metastable ions whereas the
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Figure 4.1 The 91/92 fragment Ion ratio of n-butylbenzene as a 

function of the collision gas (Argon) pressure (P) at
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data given In Figure 4. 1 do and therefore show that the abundance 

of the ra/z 91 fragment Ion Is more pressure dependent than the m/z 

92 Ion. This can clearly be seen from Figures 4.2a, 4.2b and 

4.2c, where the abundances of the two fragment ions are plotted as 

a function of P normalised to their abundances at PQ <0.028mmHg on 

the Baratron gauge, see Chapter 3) for 8=0*. *0.1* and *0.5* l.e 

V* = 95V, 50V and -50V respectively. To try to compensate for 

the effect of metastable Ions on the fragment Ion abundances, 

corrected fragment ion abundances were calculated using the 
following equation:

Ip.—  = ip—  - (ip-oxTp— > (1)

where

Ip—  is the corrected fragment ion abundance at P=x

ip—  is the raw fragment ion abundance at P=x

lp-o is the raw fragment ion abundance at P=0

Tp—  is the percentage transmission of the n-butylbenzene
molecular ion' at P=x

Figures 4.2b and 4.2c also Include data on the variation of the 

91/92 ratio (calculated using the corrected ion abundances) as a 

function of P. The ratios are larger than those in Figure 4.1 

and show less of a dependence upon pressure, which is more in 

keeping with the data in later chapters of this thesis. The 

change in the 91/92 ratio which occurs when m* ions are removed is 

apparently not allowed for in references 3 * 5 ,  but may radically 

affect the interpretation of these ARMS data. Also , when
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Figure 4.2a The ratios of the abundances of the m/z 91 <«> and 

n/z 92 (9) fragment ions from n-butylbenzene at P=x, 

relative to P=0 for fragment ions detected when 0=0'.
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9 1 .

92

Figure 4.2b The ratios of the abundances of the m/z 91 <■>) and 

n/z 92 <e> fragment Ions from n-butylbenzene at P=x. 

relative to Ps0. The 91/92 fragment Ion ratio <•), 

calculated using corrected fragment Ion abundances 

(see text) Is also plotted as a function of P for 

fragment Ions detected when «*0 l*.
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Figure 4.2c The ratios of the abundances of the m/z 91 <■> and 

m/z 92 <<?> fragment Ions from n-butylbenzene at P=x, 

relative to P=0. The 91/92 fragment Ion ratio <■>, 

calculated using corrected fragment Ion abundances 

' see text) Is also plotted as a function of P for 

fragment ions detected when 0»O.5'

44



CHAPTER 4

comparing ARMS results obtained on different designs of mass 

spectrometer, the proportion of the total ion signal arising from 

unlmolecular dissociations will be different because it depends 

upon many factors including:

1) The amount of collision gas which leaks into the field free 

regions either side of the collision chamber.

2) The lengths of the field free regions (F.F.R) of the 

spectrometer.

3) The position of the collision chamber i.e. which F.F.R. , as 

this affects the average internal energy of the parent ions 

before colllsional activation.

In view of these factors the angle resolved mass spectra will be 

different.

4.3 PF THE PAREHT IONS BEFORE COLLISIONAL ACTIVATION

If the 91/92 ratio depends upon the Internal energy of the 

parent ion after colllslonal activation then this should change 

if either the amount of energy gained during CA changes (alter 0) 

or if the internal energy of the ion before the collision changes 

(alter energy of ionising electrons). The 91/92 ratio was

therefore determined for n-butylbenzene parent ions which had been 

formed in an electron Impact source, using electrons of energy 70, 

60, 50, 30 and 20eV. The curves obtained when using electrons of 

70, 50 and 20eV energy (the 30eV and 50eV data were very similar 

to each other) are given in Figure 4.3 and they confirm that 

does affect ARMS data. A more detailed study over a smaller 

range of electron energies was then undertaken, the results of
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which are plotted in Figure 4.4. ARMS data on n-butylbenzene are 

often compared to the results from the photodlssoclatlon studies 

of Beynon et al. <6) and It is Interesting to look at the 91/92 

ratios obtained when eg V„ was 120V (0 * 0.4") and note the 

photon energies needed to give the same ratios, as shown in Table 

4. 1. Not unreasonably the comparison suggests that changing the 

excitation energy In the field free region has a greater effect 

upon the finally observed product Ion ratio than attempting to 

alter the energy deposited In the parent molecule upon Ionisation.

TABLE 4. 1 Comparing 91/92 ratios obtained from photoexcitation 

experiments with colllslonal activation of molecular 

ions Ionised by electrons of different energies.

Electron Energy 

/ eV

91/92 Ratio Photon Energy 

/ eV

15 2. 4 2.85

20 2.55 2.9

23 3.0 3.0

25 3.5 3. 1

There are a number of problems with the above comparison. 

Firstly the accuracy of the photodl.ssoclatlon data has recently 

been questioned In publications by other groups <7,8». This has 

prompted Beynon et al. to review published data on the 

fragmentatlon of n-butylbenzene <9). This review mentions a
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^Volts
Figure 4.4 The 91/92 fragment Ion ra.tlo of n-butylbenzene parent 

Ions formed in an electron Impact Ion source using 

electrons of 25 <■>, 23 (•), 20 (») and 15eV (0), as a 

function of V..
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second possible problem with the comparison of ARMS and 

photodlssoclatlon data namely that the latter data do not Include 

metastable ions whereas the former do. This is particularly 

important since the early studies on CA (10) from McLafferty et 

al. showed that as a rule except when considering unimolecular 

fragmentations the internal energy of the parent ions before CA 

did not affect fragment ion abundances. A few exceptions to this 

rule have been reported (11413), but the data on benzoyl ions in 

reference 12 have been contradicted by later data from McLafferty 

et al. (14). Another problem with looking for Internal energy 

effects in CID spectra is the expected poor repeatability (± 5%, 

reference 14) of relative fragment ion abundances.

The data in Figures 4.3 & 4.4 include the products from

unimolecular fragmentations and the 91/92 ratios can therefore be 

seen to depend upon four Independent ion abundances;

il _ 91- + 91r-.r> 
92 “ 92„ + 92CIO <2 )

Lowering the energy of the ionising electrons will tend to 

increase the m*/CID ratio of each fragment ion. Changing the 

electron energy will also alter the m* 91/92 ratio l.e. 91,„/92„., 

as shown in Table 4.2 below.

Williams and Cooks (15) were the first to report that, for a 

variety of competing rearrangement and direct bond cleavage 

reactions, the abundance of thé metastable ion for the

rearrangement reaction increased relative to that for the direct 

bond cleavage as the electron energy was lowered. Similar

results have been obtained by other workers and in particular
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Brown <16> studied eight compounds, Including n-butylbenzene, and 

reported the results given below.

TABLE 4.2 The m* 91/92 ratio of n-butylbenzene molecular Ions 

Ionised by electrons of energies 70, 15, 13 A lleV.

Electron Energy/eV 70 15 13 11

m- 91/92 ratio 0.16 0.10 0.09 0.07

Given that the m* 91/92 ratio Is reduced by lowering the electron

energy, one would expect the <m* + CID) 91/92 ratio to decrease,

particularly when 0 Is small as, from the data In Figure 4.2 the 

metastable contribution to the ratio Is most significant at these 

small angles. As changing the electron energy has the greatest 

effect on the <m* + CID) 91/92 ratio at larger values of 0, were 

metastable ions are only a small part of the total fragment Ion

signal, the data In Figure 4.4 do suggest that the 91/92 ratio for

collision Induced dissociations depends upon the Internal energy 

of the molecular ion before collislonal activation. An analogous 

effect has been reported by Beynon et al. <17) when studying the 

photodlssoclatlon of n-butylbenzene. They found that, at a fixed 

photoexcitation energy the, 91/92 ratio depended upon the ion 

source temperature; their data do not include fragment Ions 

resulting from unlmolecular fragmentation because phase locked 

detection was used. Turning to low energy colllslonal activation 

however, Dawson < 18) found that the 91/92 ratio was Independent 

of electron energy on a triple quadrupole mass spectrometer
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(l.e.no metastable contribution to the fragment Ion abundance).

Charge exchange has frequently been used by Harrison and co- 

workers to study the fragmentation of an Ion as a function of Its

Internal energy <19> l.e. to produce breakdown curves.

Experimentally the technique Is relatively simple. The compound 

being Investigated Is Introduced Into a high pressure Ion source 

containing one of a number of different gas mixtures which, when 

Ionised by electron Impact give, reagent Ions of known 

recombination energy. So for;

R-* ■ + M =» M~ + R (3) 

the upper limit of the Internal energy of M* Is given by 

E(M*•>„«„ = RE<R*•) - IE(M) + E,„_rm (4)

where

RE(R* > Is the recombination energy of the reactant Ion R” •

IE(M) Is the ionisation energy of M

E<h«rn is the Initial thermal energy of the molecules and 

assumes no E,„* In R

By using a number of different reagent Ions, E<M~•) can be varied 

over quite a wide range, typically 1 => 6eV, and the relative 

abundances of fragment Ions produced Inside the ion source can be 

used to produce the breakdown curves. Obviously, If charge 

exchange Ionisation could be used to produce n-butylbenzene
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molecular Ions of known Internal energy which could then undergo 

CID, then this would be another way of investigating the variation 

in the 91/92 fragment ion ratio with 0 as a function of E(M* >. 

Two different gas mixtures were tried, Ar and COS/CO, the reagent 

ions being Ar* • <RE ■ 15.8eV> and COS* <RE « 11.2eV>, since the 

ionisation energy of n-butylbenzene is 8.69eV <20>, then E d P  )m a  

was 7. UeV and 2.51eV respectively. The data obtained are shown 

in Figure 4.5 and it is noticeable that;

1) The 91/92 ratios are much smaller than expected from the 

other data reported herein.

2) Changing the reagent ion seems to have much less effect on 

the 91/92 ratio than is expected from the data in Figures 4.3 

and 4.4.

The explanation for both points may be the effect of deactivating 

collisions <21 ) occurring inside the ion source on the Internal 

energy of ions which then fragment outside the ion source. When 

Bowers et al. <11) studied the CA mass spectra of NH,* ions 

prepared by charge exchange they found that differences between 

daughter ion spectra resulting from changing the reagent ion were 

reduced as the source pressure was increased and with it the 

number of ion-molecule collisions. These were causing 

colllsional deactivation of the molecular ions which reduced their 

Internal energy so that Eln« upon leaving the ion source was less 

than Et„* after charge transfer ionisation.

Having apparently found a link between E<M* ) and the fragment 

ion ratio after CA for n-butyl benzene, it was decided to try 

similar experiments on other compounds, the first of which was
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benzyl methyl ether. Todd and others <22,23) have suggested that 

fragment ions are observed off the ion optical axis of the 

spectrometer, because they are deflected by the kinetic energy 

released during their formation. So, for two fragment ions of 

similar mass, the one whose formation involves the greatest 

release of kinetic energy will be most abundant at large values of 

0. For benzyl methyl ether T for M* s 92* » T for M* =» 91*, in 

contrast to n-butylbenzene for which the converse situation exists 

and therefore the change in the 91/92 ratio with 0 cannot be 

explained from the kinetic energy release difference alone.

Figure 4.6 is the 70eV ARMS spectrum of benzyl methyl ether and 

this is directly comparable to the data of Cooks et al. in 

reference 4. Once again lowering the electron energy reduced the 

91/92 ratio at a given angle as shown in Figure 4.7.

The data in Figure 4.8 shows how the intensities of four fragment 

ions from ethyl phenylacetate vary with 0. Once again

measurements were made using electrons of 10 and 30eV energy to 

ionise the molecule and in each case the fragment ion ratios were 

different. The four fragment ions are formed by the reactions

described in Table 4.3 and Figure 4.9:
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FIGURE 4.9 The origin of the M-27 and M-28 fragment Ions 

phenylacetate.
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TABLE 4.3 The origin of four of the fragment ions of ethyl 

phenylacetate.

LOSS/mass NEUTRAL FRAGMENTATION TYPE (24)

uni ts

27 CaHa "McLafferty + 1" rearrangement

28 CaH* McLafferty rearrangement

29 CaH. a-cleavage

30 CH2C0 ? rearrangement + cleavage ?

These losses are characteristic of esters but the loss of 30 mass 

units is usually only found for methyl esters. Qualitatively 

these data are similar to the n-butylbenzene data because simple 

cleavage reactions dominate at large values of 8. Using a Ba/E 

scan it was found that the fragment Ion of mass 134 had two 

parents i.e. m/z 164 (loss of 30 mass units) and m/z 162 (loss of 

26 mass units), but as 0 increased loss of 30 mass units was the 

dominant process. The relative magnitude of the kinetic energy 

released during the loss of 28, 29 A 30 mass units was calculated 

from a small metastable map (25) and found to be 28 < 29 < 30. 

In part the Increased abundance of (M-29) and (M-30) (relative to 

(M-27) and (M-28>) with increasing 0 may be a consequence of the 

relatively large kinetic energy release associated with their 

f ormatlon.
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4.4 PARENT ION LlfETHC BEFORE CQLLISIOMAL .ACTIVATION
The next experlnental variable to be investigated was the 

Ion repeller voltage which alters the residence times of the 

parent Ions In the ion source; this effect has been used by some 

workers when studying metastable Ion lifetimes <23> . Those

parent Ions which had spent the greatest time In the Ion source 

fragmented in the field free region to give the largest 91/92 

ratios, Figure 4.10. Making the repeller voltage more negative, 

affects the 91/92 ratio In two ways. Firstly, if an Ion spends 

more time In the ion source then the probability that It will 

undergo fragmentations having lower rate constants Increases i.e. 

rearrangement reactions will occur In the ion source and not In 

the field free region. The metastable contribution to the m/z 92 

Ion will therefore be reduced and the <m* + CID) 91/92 ratio 

should Increase. Secondly, parent Ions that do leave the ion 

source must have low Internal energies and therefore must gain 

more Internal energy during CA before they can fragment. At a 

particular value of 0 therefore the 91/92 ratio would decrease as 

the repeller voltage became more negative. The data in Figure

4.10 suggests that the first effect Is dominant.

4.5 CONCLUSIONS
The data In this chapter Illustrate the following points;

1) If ARMS data obtained on different instruments are to be 

compared then rigorous control of experimental conditions is 

essential.

2) Changes In CA spectra are difficult to rationalise If the
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unimolecular contributions to the spectra 

removed.

Remembering the Importance of point 2 above, 

tentative conclusions can be drawn from the data;

3) ARMS spectra are affected by the Internal 

parent Ion before CA.

4) The Internal energy gained during collls! 

an Ion Increases as 0 Increases.

have not been

the following

energy of the

activation of
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CHAPTER 5

5.1 INTRWKTIOH
In this chapter the 'swinging source' designed by Prof. 

K.R.Jennings, Dr. R.S. Mason (both of whoa ware at that tlma 

working at the University of Warwick) and S.Evans (employed by 

Kratos Ltd.) with assistance from Dr. J.A.LaramAe (a post-doctoral 

assistant from Purdue University) Is described. The source was 

built by Kratos Ltd. for use with their MS50 mass spectrometer, 

the prototype of which Is In use at the University of Warwick.

5.2 PE5C8IPJIQH OF THE SOURCE
The main components of the swinging source are shown 

schematically In Figure 5.1. They are bolted to a stainless 

steel sub-frame and Insulated from it and each other by quartz 

spacers and vltrasol tubing. The sub-frame Is attached to a 

stainless steel ring (this ring has the Ion source magnets fixed 

to It when a normal MS50 El source Is being used) by two pivots 

which lie along the y-axls bisecting the collision chamber. The 

sub-frame can therefore be moved so that the Ion chamber describes 

an arc on a xz plane, whose origin is the centre of the collision

chamber. To accommodate the swinging source a source housing

extension (30cm long, 17.8cm outside diameter) is fitted and this 

Is evacuated by an oil diffusion pump (Dlffstak 100 Mk2M, 2801s"') 

through a 4" diameter port which is directly below the Ion 

chamber. The collision chamber is located Inside the normal MS50 

source housing which is pumped by a 6" oil diffusion pump 

(Edwards E06, 3601s-') originally fitted to allow high pressure 

Ion sources to be used (1). The ball valve region between the
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KEY

1) Ion Source

2) 1** Earth Plate 

3» Aperture Plate 

*) Y-deflectors

5) 2na Earth Plate 

6» High Voltage Plate 

7) Y-deflectors 

6' Z-deflectors 

9> Beam Flag

10» Adjustable z-restrlctor 

II) Collision Chamber

Figure 5.1 Schematic diagram of 
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source and electrostatic analyser housings may also be used as a 

collision chamber <2> and Is pumped by a 2“ oil diffusion pump 

(Edwards E02, 601s~*> fitted with a water cooled baffle. The 

ball valve pumping line pressure Is typically 2*10"* torr, but 

when collision gas Is admitted to the swinging source collision 

chamber this rises to e.g. 6*10 * torr for 70% attenuation of the 

signal due to methanol molecular Ions by argon collision gas. If 

the pressure inside the ball valve pumping line Is directly 

related to the pressure Inside the collision chamber, then an 

Inverse linear relationship between It and the natural log of the 

primary Ion beam intensity Is expected (3). It can be seen from 

Figure 5.2 that such a relationship does exist for collision gas 

pressures up to that required to give 90% attenuation of the 

primary Ion beam.

The source sub-frame Is connected to a micrometer on the source 

housing extension by a hinged arm. The micrometer setting Is 

directly proportional to the observed scattering angle and this 

changes approximately I* when the micrometer setting Is altered by 

300 divisions ( 337.2 divisions = 1*. see Appendix I ).

The primary Ion beam divergence In the xy plane is determined by 

the diameter of the first aperture and the length of the 

adjustable z-restrlctor on the swinging source (see Figure 5. 1 and 

Table 5.1 overleaf).
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Figure 5.2 The abundance of the methanol molecular ion as 

function of the collision gas (Argon) pressure
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TABLE 5. 1 Changes In the pre-collision beam divergence with the 

z-restrictor length.

Z-restrictor length / mm Pre-collision beam

divergence / degrees 

2.54 +/- 0.39

0.508 +/- 0.13

The angular acceptance of the detector in the xz plane is 

determined by the MS50 source and collector slit lengths as 

detailed in the Table 5.2 below < for details of the calculations 

see Appendix I >.

TABLE 5.2 The angular acceptance of the detector at various 

source and collector slit lengths.

Source slit Collector slit Detector angular

length / mm length / mm acceptance / *

2.54 5.08 ♦/- 0.11

1.27 2.54 ♦/- 0.06

0.508 0. 508 +/- 0.01

The range of scattering angles observed at any given angle is the 

sum of the primary beam divergence and the angular acceptance of 

the detector. These were usually set at ♦/- 0.13* and ♦/- 0.11* 

respectively, which gave an overall range of ♦/- 0.24* as evident 

from the beam profile in Figure 5.3.
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Figure 5.3 The abundance of the methanol molecular ion as a 

function of $ In the absence of collision gas. Pre- 

collision beam divergence set to ± 0.13' and detector 

angular acceptance In the xz plane i 0.11*.
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The angular acceptance of the detector In the yz plane is 

difficult to determine because of the focusing properties of the 

electrostatic analyser but a simple calculation indicates that it 

was always < 0.5*.

Initially an electron Impact ion source was used but as no source 

magnets could be fitted the resulting ion beam was of low 

intensity. An MS50 Cl source fitted with an El filament assembly 

was therefore tried and gave an order of magnitude more Intense 

ion beam when used like an El source <i.e. no reagent gas, 

electron energy i 70eV and repeller voltage > OV) but with a high 

sample pressure. Electrical connections to the source are made 

by sleeved nlchrome wires via a standard MS9 source flange, which 

is bolted to the base of the source housing extension and vacuum 

sealed with a vlton o-rlng (4.734cm x 0.139cm). Sample is 

admitted via a hollow feedthrough on the source flange which is 

connected to a modified inlet cup on the ion source by a length of 

4" diameter teflon tubing.

Three millimetres forward of the ion source (see Figure 5.1) is 

an earthed plate with a central hole of diameter 3.8mm and 5mm and 

in front of this is the first beam defining aperture plate which 

is connected to an electrical feedthrough on the source housing 

extension. This can either be grounded directly, in which case 

the aperture plate is at ground potential, or via an electrometer 

which will measure the electric current produced when the ion beam 

hits the aperture plate i.e. the plate is being used as a beam 

flag. The ion beam then passes between a pair of y-deflectors 

which are used to correct for minor source alignment errors and/or
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to pulse the Ion bean e.g. when using phase locked detection

systems. Next Is a pseudo elnzel lens <4> assembly consisting of 

an earth plate followed by a high voltage plate and y- and z- 

deflectors. The lens Is used to focus the Ion beam onto the 

collision chamber which Is 201mm forward of the high voltage 

plate. Before the collision chamber Is an adjustable z-

restrlctor and the Ion beam flag plate. As the lens voltage Is 

Increased, the focal point Is moved back along the x-axls towards 

the ion chamber. When the focal point Is Inside the collision 

chamber, the detector signal Is maximized and the beam flag

current Is at Its minimum, as shown by the data In Figure 5.4. 

The pseudo elnzel lens voltage Is generated by a dedicated power 

supply (Wallis Electronics Ltd., Model R103/3/1P) the output of 

which Is continuously variable between 0 and +10kV. The six

deflector voltages are produced by dividing the output of two 0 to

♦/- lkV power supplies (Wallis Electronics Ltd., Model 1PMR2) with 

a network of high stability resistors and potentiometers. With

one power supply set at ♦ 200V and the other at - 200V, the 

deflector voltages can be Independently set at any voltage between 

+ and - 60V.

The collision chamber Is a cylinder of diameter 2.54mm and depth 

0.4mm with rectangular Ion beam entry and exit silts which are 

16mm long (z-axls) and 0.26mm high (y-axls>. It Is connected to 

an inlet flange on the MS50 source housing by a piece of silicon 

tubing (1.5mm ID » 1.6mm wall). Gas Is piped along copper tubing 

to the inlet flange and Its flow Is regulated by a needle valve 

(Whltey Co., Model SS 22 RS4>.
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Figure 5.* The measured beam flag current (upper trace) and MS50 

detector signal (lower trace' for different values of 

the einzel lens voltage.
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Correct alignment of source components is ensured by the use of 

dowel rods during assembly.

Zero angle ( ) for the source is determined by the

following procedure. First, all the z-restrictors ore set at 

their minimum position then, with sample admitted to the ion 

source at the desired pressure, the source tuning controls are 

adjusted to maximize the beam flag current. The source

micrometer is then used to change the angle of the source until 

the collector signal for the ion under investigation is maximized. 

The micrometer setting at which this occurs is by definition 

and 8oB..rv.d is measured relative to this value. Voltages are 

now applied to the elnzel lens and z-deflectors to enhance the 

detector signal. Finally, the z-restrlctors are reset to give 

the required angular resolution. To minimize any errors caused 

by freeplay in the mlcrometer/llnk arm assembly, scattering angles 

are always selected by moving the ion source to the left of the 

centre marker which is seen through a window on the source housing 

extension and the chosen angle will always be larger than the one 

that preceded it.

5.4 INITIAL RESULTS

To test the performance of the swinging source, two 

systems for which ARMS data are readily available were used namely 

the scattering of Ar* by Ar and I CH,0H ]♦■ by Ar.

The scattering of Argon ions by Argon atoms <5) is well known as
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a test system In ARMS studies <6410). Energy loss spectra of the 

scattered Ions for 0 * 0.9* and 1.0*, which were obtained by 

scanning the Ion source voltage are shown In Figure 5.5. The 

four peaks have previously been explained <5) as follows:

Peak A: Elastically scattered Ar*.

Peak B: Excitation of target atoms such as <3p*4s) up to the 

Ionisation limit.
Peak C: Excitation of target atoms to autolonlslng levels and 

the production of excited Argon Ions.

Peak D: Double Ionisation of the target.

Better resolution of the four peaks Is obtained by Increasing the 

energy resolution of the MS50 through the use of a smaller 0-sllt 

width, as shown In Figure 5.6. Closing the 0-sllt also changes 

the relative Intensities of the four peaks at the detector because 

It decreases the angular acceptance of the detector In the yz 

plane. Changing the z-sllt lengths on the MS50 alters the 

angular acceptance of the detector In the plane of angle analysis 

(xz) and has a large effect on the observed peak ratios. In 

Figure 5.7, the Intensities of the B and C peaks as a percentage 

of the total (A + B ♦ C ♦ D) at angles between 0* and 1.5* are 

plotted for two different source and collector slit lengths. 

Increasing the angular resolution for example, by using shorter 

slits Increases the minimum angle <0„,„> at which a particular 

process can be observed for example 0ml„ for peak C changes from 

*0.6* to «0.8* when the post-collision angular resolution is 

changed from ♦/- 0.II* to ♦/- 0.06*. These data were acquired 

with an El source mounted In the swinging source and therefore the
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Figure 5.5 The Kinetic energy loss spectrum for Argon ions 

scattered by Argon atoms obtained when 8 * 0.9’.

- ’6 -



CHAPTER 5

for 6=0.9* and p-sllt widths of 15 thou (upper> and 5 

(lower) thou.
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degrees

Figure 5.7 The relative Intensities of the B i  and C a  peaks from 

Ar'/Ar scattering as a function of 0 at post-collision 

angular resolutions of t 0. 11* (lower traces) and : 

0.06 ‘.
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S/N ratio Is not as good as was obtained when using a Cl source. 

The data in Figure 5.8 were acquired using the Cl Ion source and 

relatively good repeatability is shown.

Methanol molecular Ions can fragment by the following consecutive 

reactions:

[CHjOHl- =» (CH2OHi- * lCOHl~ <1>

m/z 32 m/z 31 m/z 29

Only molecular Ions which have appreciable internal energy after 

collisional activation will fragment to give ICOH)* because the 

second reaction has a high activation energy. As reported by 

Hemberger et al. <11*13), therefore this fragment Ion increases in 

abundance relative to [CHaOHl- as 0 Increases. The good

agreement between the two data sets plotted In Figure 5.9 Is 

notable because these data were acquired on two different days, 

separated in time by one calender month, and during this time the 

Ion source was dismantled, cleaned and then reassembled. 

Evidently the swinging source can be reproduclbly aligned and set 

to produce ions scattered over a particular range of angles.
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Figure 5.8 Relative Intensities of the A, B and C peaks for the 

scattering of Argon Ions by Argon atoms as a function 

of 6. The crosses show the mean Ion abundance (four 

separate measurements) and the bars Indicate the 

maximum and minimum values obtained at each angle.
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6. 1 IBT8.QM.CTI0H
With the swinging source in operation, It was now 

possible to obtain ARMS data on a variety of systems and the 

experiments were no longer severely limited by the means of data 

collection as they had been when using the z-deflection method. 

Data were therefore obtained to determine the usefulness of ARMS 

In the study of;

1) Isomer differentiation from mass spectra.

2> The energetics of colllslonal activation.

6.2 METHANOL

ARMS data on methanol were first published by Laramie et 

al. < 1 > , who compared their results with CEMS data and calculated 

breakdown curves. In later papers (2,3) the effect of different 

target gases on the ARMS data is reported and the authors conclude 

that the energy deposited in the methanol molecular ion during 

colllslonal activation is proportional to <EK6)a, where E*- is the 

translational energy of the Ion before the collision. This 

conclusion is supported by a theoretical discussion and 

experimental results. These data are critically discussed by

Boyd et al. in reference 4 and they conclude that the energy 

deposited is proportional to £,,0*. As mentioned in the previous 

chapter, ARMS data on methanol obtained using the swinging source 

were In good agreement with published data. Once this was found

to be so, experiments were undertaken to try and answer some of 

the questions raised by the debate in the literature about ARMS 

data on methanol.
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6.2.1 THE 29/31 FRAGMENT ION RATIO

In reference 3, the authors report a linear relationship 

between the 29/31 fragment ion ratio (R) and 02, showing a plot of 

R vs- 0* to be a straight line. The same type of plot for data 

obtained using the swinging source is shown in Figure 6. 1 where 

two sets of points are plotted to show the effect of the 

translational energy (EK> of the parent ion before CA on the 29/31 

fragment ion ratio. From Figure 6.1 a linear relationship between 

R and 0a exists over the angular range 0.5 to 1.0*, when 

E*-=6. 146kV (correlation coefficient 0.998), and 0.5 to 0.9*, when 

EK=7kV (correlation coefficient 0.992) but the relationship 

between EK and R is not obvious. Therefore the results were 

replotted as R vs E02 (Figure 6.2a) and R vs E20-* (Figure 6.2b), 

and from these plots It is apparent that these data best fit the 

equation:

R = const. * (Ek0>* (1)

Although the improved linearity of Figure 6.2b over Figure 6.2a 

is not immediately apparent, statistical analysis of these data 

gives the following results;

Figure 6.2a : Slope 0.46 i 0.02

Intercept -0.52 ± 0.09 

Correlation Coefficient 0.988 

Figure 6.2b : Slope 0.069 i 0.003

Intercept -0.5 t 0.07 

Correlation Coefficient 0.991
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Figure 6.1 The 29/31 fragment Ion ratio of methanol <R) as 

function of 0- at two different ion translatlona 

energies (E, ). For © Et Is 7kV and for * E„ t

6. 146kV.
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Figure 6.2a The 29/31 fragment ion ratio of methanol <R> as a 

function of E, 0* at two different ion translational 

energies (E,. ). For Q E, is 7KV and for * E, Is

6. 146kV.
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Figure 6.2b The 29/31 fragment ion ratio of methanol <R> as a 

function of <E„0>2 at two different ion translational 

energies <E„>. For 9 E*. is 7kV and for * Efc is 

6. 146kV.
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The significance of equation 1 Is difficult to evaluate, 

particularly as Its theoretical Justification as proposed by 

Hemberger et al. <3> has been shown by Boyd et al. <4> to contain 

an error, which If corrected gives;

R * const. * Ek0* (2)

as the expected relationship. The constant In equations 1 and 2 

Is presumably In part dependent upon the design of the 

spectrometer used to acquire the data. In Table 6.1, published 

ARMS data on methanol are compared to the above data, using the 

angle at which R=1 as a common point of reference.

TABLE 6. 1 Values of 6 at which the 29/31 fragment Ion ratio of 

methanol Is unity obtained by various groups on 

different designs of mass spectrometer.

Spectrometer 6 ea E*8a <E*e>a Coll . Gas

and Ek in KV /deg. /deg.a / kV deg.a /<kV)a deg. a

MS50 7 0.68 0.47 3.26 22.8 Argon

MS50 6. 1 0.75 0.57 4.64 28.5 Argon

RMH2 7.5 0.54 0.29 2. 19 16.4 Argon <a)

MAT212 3 4.95 24.50 73.50 220.5 Argon <b>

MS50 8 0.55 0.31 2.44 19.6 Argon <c )

Note:(a) Taken from reference 3, page 2338.

<b> Taken from reference 5, page 314 and assuming 0.9V100V. 

(c) Taken from reference 5, page 314 and assuming 1.0*/180V.

- 89 -



CHAPTER 6

It Is Immediately obvious from Table 6.1 that the results 

obtained on the MAT212 do not agree with any other published data 

In reference 5 the authors do not comment on the magnitude of 6 

when R=l, but they do suggest that the data is better then 

previously obtained data for two reasons,

1) The data were obtained In a considerably shorter time.

2) Better angular resolution.

It follows from equation 1 that, at a constant R, E0 Is a 

constant and data have been published by Hublk et al. (2) to 

support this Idea. Taking the results In the same order as In 

Table 6.1, EK0 for R=1 is 4.76, 4.61, 4.05, 14.85 and 4.4.

Ignoring the MAT212 data, the remaining results are all consistent 

with Ek0 being a constant at a particular value of R.

6.2.2 THE KINETIC imfll RSLEA?E A$ a FVNQIIOtf QF 1

The measurement of the kinetic energy released during an 

ion's fragmentation can be used to estimate the Internal energy of 

the Ion after colllsional activation, but before it fragments <6>. 

In Figure 6.3, which Is based on Figure 59, page 105 of reference 

6, some of the thermochemical quantities relevant to the 

discussion of kinetic energy release are defined. The total 

kinetic energy release T is given by T = T- + T*, where T" and T* 

are fractions of the non-flxed energy e- and the reverse 

activation energy r 0 respectively. It Is of particular

relevance to this study that T* Is fixed for a given reaction, 

whereas T" Is expected to vary with the parent Ions excess 

Internal energy and is not an Intrinsic property of a reaction.
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Reaction Coordinate
Figure 6.3 The thermochemistry of en ion’s dissociation.

E0 is the minimum energy for dissociation.

E is the internal energy of (ABJ* .

T- is that part of the translational energy release 

which comes iron the non-flxed energy e*.

T- is that part of the translational energy release

which comes from the reverse activation energy c'o*
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If epo Is negligible then T * T* and T can therefore be related to 

the excess Internal energy e**. This Is expected to be the case 

for simple bond cleavage reactions and for such reactions Haney 

and Franklin <7> reported the following empirically determined 

relationship,

T** = (3)as

where s Is the number of oscillators In the parent Ion and a Is an 

arbitrary parameter of value 0.4*. A more precise equation than 

3 has been suggested by Klots <81, but equation 3 Is adequate for 

this discussion. The kinetic energy released during the simple 

bond cleavage reaction given below has been measured at various 

values of 6,

CCH,0H1* * ICHaOHl* ♦ H <4>

m/z 32 m/z 31

and these data are plotted In Figure 6.4 as Tso vs 6. These data 

do not Indicate that any simple correlation exists between T»0 and 

0 over the entire range of angles studied, but show that T»0 is 

almost linearly related to 0 over the range 0.36*< ©<0.62*. One 

concludes from these results that for 0 < 0.36*, Increasing 0 has 

a very small effect on the energy deposited during colllslonal 

activation E, and therefore e** Is effectively constant. However, 

at angles greater than 0.36*, E and therefore e** Increase fairly 

rapidly resulting In a rapid Increase in the magnitude of Tno. 

An obvious consequence of E Increasing Is that the probability of

- 92 -



F
ig

u
re

 6
.4

 
as

 a
 

fu
n

ct
io

n
 o

f 
8 

fo
r;

 
IC

H
,0

H
1*

 
a 

(C
H

jO
H

l



CHAPTER 6

[CH2OH]* fragmenting Is Increased l.e.

[CHaOHl* * ( HCO)* ♦ Ha <5)

m/z 31 m/z 29

This probably explains why the measured kinetic energy release 

does not continue to Increase when 0 > 0.6*. Most of the a/z 31 

fragment Ions scattered to these angles are presumably detected as 

fragment Ions of m/z 29 having undergone the reaction described In 

equation 5 above. In Figure 6.5 the relative abundances of the

m/z 31 & 29 fragment Ions are plotted as a function of 0. These 

data are also consistent with E changing very little below * 0.4* 

and therefore the relative fragment ion abundances are almost 

constant, but above 0.4* the fragment ion ratio changes very 

rapidly, consistent with E changing rapidly.

It should be remembered that there exists a direct link between 

fragment ion abundances as a function of 0 and kinetic energy 

release, as the release of kinetic energy orthogonal to the ion's 

direction of motion spreads fragment Ions over a portion of a 

sphere, a cross section of which Is shown In Figure 6.6. If an 

Ion decomposes at point B then because dissociation Is Isotropic, 

the recoil velocity vector v, can act at any angle between ± 90* 

with respect to vQ which Is the mean velocity vector of the Ion 

before dissociation i.e. -90"< a < 90*.
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CHAPTER 6

Figure 6.6 The relationship between the centre-of-mass scattering 

angle due to kinetic energy release (a) and the 

laboratory angle <0„) shown dlagrammatleally and 

mathematically.

v0 Is the mean velocity vector of the ion before 

its dissociation (at point B’ 

v, is the recoil velocity vector
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The observed scattering angle due to kinetic energy release 0b 

can be calculated using the following relationship (9):

tan I
E* sin a (6)

The maximum deflection of fragment ions due to kinetic energy 

release 6* will occur when a Is 90* and therefore sin a Is 

unity. If scattering occurs during colllslonal activation such 

that parent Ions are deflected through an angle 0«,, then the 

observed scattering angle of a fragment Ion Is given by.

0 0„ t 0. (7)

Todd et al. <9) have used equation 6 and others to calculate 

angular distributions of fragment Ions resulting purely from the 

kinetic energy released during their formation and assuming no 

scattering during colllsional activation l.e. by assuming that 0 = 

6h and 0_ ■ 0. By this means they were able to duplicate some of 

the experimental results reported by Cooks and various co-workers. 

The calculations used T values calculated from the fragment ion 

peak width at half height l.e. T,0, and using no angular 

selection. These calculations were extended by Boyd et al. (10) 

to allow for a distribution of kinetic energy release values based 

upon measurements of peak widths at 22% of peak height (giving T' 

- the most probable value) and near the baseline (giving T„ - the 

maximum value). When equation 6 Is applied to the data In Figure 

6.4, the divergence of the fragment Ion beam due to the kinetic 

energy release 0„ „„„ can be calculated and the results are given
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in Table 6.2.

Tabl£ fij-2 0*.».„ as a function of 
methanol

for m/z 32 * 31 in

T .o  0w . . . . .  
/meV /degrees

113 i 0.04

195 ± 0.06

296 i 0.07

T . o  0* „
/meV /degrees

111 t 0.04

259 ± 0.07

299 t 0.07

T .o  0 - 
/meV /degrees

134 ± 0.05

267 ± 0.07

For this fragmentation reaction 0to. i s  fairly small but 

because it changes with 6, it is difficult to determine how the 

abundance of the fragment ion varies with the scattering angle. 

When looking at the ratio of the abundances of two fragment ions 

as a function of 8 the situation is even more complicated, since 

it is unlikely that the kinetic energy release associated with the 

formation of the two fragment ions will be identical. The

divergence of the fragment ion beams will therefore be different. 

Indeed this fact is fundamental to the idea that variations in 

fragment ion ratios as a function of 8 can be calculated from 

kinetic energy release values alone assuming no scattering of the 

parent ion during colllslonal activation.. In reference 10 

calculated fragment ion abundances as a function of 6 are reported 

for the m/z 31 and 29 fragment ions of methanol. These were 

computed using the following kinetic energy release values which
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were determined from ions collected over a wide range of angles 

and therefore represent an attempt to allow for variations in T 

with 6:

m/z 32 =* 31 : T'*0.56eV and T„=3.3eV 

m/z 32 =» 29 : T'=2.0eV and T„=5.5eV

The Importance of averaging out such variations depends in part 

upon how different the angular variation in T is for the different 

fragment ions. In Figure 6.7, T»0 for m/z 32 =» 29 is plotted as 

a function of 0 and it is apparent that T.0 Is only slightly 

dependent upon 6, which is in marked contrast to the data in 

Figure 6.4. Once again the divergence of the m/z 29 fragment ion 

beam due to kinetic energy release alone can be calculated from 

equation 6.

Table 6.3 0te.M M  as a function of T.o. for m/z 32 * 29 in 

methanol

T .o  e„ __
'meV /degrees

512 ♦ 0.17

561 t 0.18

526 ♦ 0.17

T .o  •u.m m m

/meV /degrees

533 ± 0.17

561 ± 0. 18

550 t 0. 17

t. o e„
/meV /degre«

533 t 0.17

567 ♦ 0. 18
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In reference 10, the authors note that for two competing 

fragmentation reactions,

. r  s F t N or F' + N*

the angular distributions of the two fragment ions will be similar

If.

If M Is m/z 32, F Is m/z 31 and F' Is m/z 29, then using Tm values 

the ratio T^/T*F can be calculated as a function of 8, l.e.

Table 6.4 The variation In the ratio of the kinetic energy 

releases for m/z 32 =» 31 and 32 » 29 as a function of 

8.

8/degrees 0 0.18 0.36 0.45 0.53 0.62 0.71 0.80

T„/T'F 0.29 0.25 0.28 0.36 0.43 0.44 0.57 0.53

Beynon and co-workers predict a cross-over in the 29/31 fragment 

ion ratio at 0.11* from calculations of fragment ion abundances 

using a constant TF/T'F ratio of 0.6. This Is a much smaller

angle than that determined experimentally (see Table 6.1> and the 

difference may In part be explained by Table 6.4. As the kinetic 

energy release ratio increases, the angle at which the fragment

ion abundances become equal decreases. By using a ratio which is

higher than that found experimentally therefore, the calculated
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angle for the cross-over Is lowered. Calculations of fragment 

Ion abundances as a function of 6 also assume a constant kinetic

energy release distribution with 0. In order to check the

validity of this assumption the width of the m/z 29 and 31

fragment Ion peaks were measured at 50* peak height, 22* peak 

height and at their base and T*0. Taa and values were

calculated. Plots of the ratios Taa/T,<, and Tto.„/T,0 as

functions of 8 for the two fragment ions are given In Figure 6.8. 

These data show that the peak shape and therefore f <T> Is

Invariant with 0 for m/z 32 * 29, but not for m/z 32 * 31. 

Interestingly, at large 0, the peak shapes and kinetic energy 

release distributions for both fragment Ions are identical. The 

change In peak shape shown in Figure 6.8 Is seen as a broadening 

of the peak which suggests that the average kinetic energy release 

Is Increasing, a not unexpected result of increased energy 

deposition during collislonal activation.

Data were also obtained for the collision Induced dissociation of 

m/z 31 Ions to m/z 29 ions where the parent ions were formed 

Inside the Ion source. This fragmentation reaction also occurs 

In the absence of collision gas and Is accompanied by a large 

release of kinetic energy giving a dish shaped peak because of z- 

axlal discrimination In the spectrometer <6,11,12). It Is one of 

only a few reactions for which the kinetic energy released during 

unlmolecular dissociation Is reduced when the parent Ion has been 

colllslonally activated; the converse Is normally observed. 

Other examples of this are Ha loss from the It" • and <M+H>* ions of 

methanol <13). This difference from the usual behaviour has been
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explained by assuming that the colllslonally activated Ion 

dissociates from a different electronic state (6). Alternatively 

It may Indicate that different products are formed under low and 

high energy conditions; eg hydrogen loss from the methanol 

molecular Ion has been shown to give H-C-OH-- at low energies and 

H2C=0'* • at higher energies <14>.

A composite peak was obtained for m/z 31 => m/z 29 at 0=0* (Figure 

6.9), the collision Induced component sitting Inside the horns of 

the unimolecular component and both components being of comparable 

Intensity. This explains why, when Tso is plotted as a function 

of 0 (Figure 6.10), the zero angle value Is larger than for any 

other angle. Once again Tso For the reaction varies only 

slightly with 0 and the data In Figure 6.11 show that the shape of 

the collision Induced component is Invariant with 0. It was also 

possible to look at the shape of the peak in the absence of 

collision gas as a function of 0 for angles between 0* and 0.36*, 

and the T00, T22 and Tto„„. data are plotted In Figure 6.12. The 

peak became progressively more Gaussian In appearance as 0 

increased and the magnitude of all three kinetic energy release 

measurements was reduced. If a peak shape changes with 0 then it 

may be an example of the effect of discrimination on ARMS data, a 

subject which is discussed In greater detail In later chapters of 

this thesis. Consider a fragment Ion peak produced by scanning 

the accelerating voltage (V) of a mass spectrometer. The peak 

profile In such a scan Is a record of the number of ions having a 

particular kinetic energy. At the extreme edges of the peak 

fragment Ions which have gained and lost the maximum amount of
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Figure 6.9 The shape of the fragment ion peak for m/z 31 =» m/z 29 

for methanol at 6 = 0* obtained by scanning the source 

voltage (V).
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kinetic energy relative to the parent Ion have been detected. 

For these fragment Ions a = 0* (see Figure 6.6) l.e. v, acts In 

the same direction as v0, either adding to or subtracting from It. 

The fragment Ions detected at the centre of the peak are those for 

which o = ±  90*. Figure 6.13 shows the swinging source at an 

angle 6 with respect to the the central Ion optical axis of the 

spectrometer. Fragment Ions produced while an Ion is moving 

along XA, will not be detected If a = 0 because they will not pass 

through the source z-restrlctor. Obviously a for a fragment ion

formed at point C must be smaller than for fragment ions formed at 

points A and B If it is to be detected. Hence the detection of 

fragment ions produced outside the collision chamber, will 

Increase the intensity of the fragment Ion peak more at Its centre 

than at Its edges. As 8 Increases the range of 0». values which 

result In fragment ions being detected decreases and therefore the 

fragment ion peak becomes narrower. This discrimination effect 

will only be noticeable In ARMS studies of colllslonal activation 

If an appreciable percentage of the fragment ions are formed 

outside the collision chamber and could be ignored if the 

collision chamber were floated (see Chapters 7 and 8 of this 

thesis).

6 .2 .3  FRAGMENT ION ABUNDANCES AS A. FUNCTION OF COLLISION QA5
PRESSURE

A number of groups <15,16) have developed methods of 

calculating fragment ion yields as a function of collision gas 

pressure and compared the results with experimental data on the
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KEY

1) Central Ion optical axis of the mass spectrometer.

2> Collision chamber.

3) Source z-restrlctor.

Figure 6.13 Schematic diagram of the swinging source at an angle 

6, showing how fragment Ions produced by parent Ions 

decomposing along XA will not be detected If a ■ O’. 

The maximum possible value of a which will produce 

fragment ions that are detected increases on moving 

from X to A.
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collision Induced decomposition of e.g. methane. A detailed 

discussion of the methods used is not relevant to this study but 

the general conclusions are of Interest. As the pressure inside 

a collision chamber Increases, the probability that Ions will 

undergo multiple collisions Increases. In reference 17, Kim 

calculates that for Ions of collision-cross section SxlO-’̂ cm*, 

traversing a 1cm collision cell. If the collision gas pressure Is 

set to give 90% transmission of the Incoming ion beam then 95% of 

these Ions undergo single collisions. When the gas pressure Is 

raised by a factor of five however, the beam is reduced to 60% of 

its original Intensity and double and triple encounters then make 

up 20% and 5% of the collision events respectively. The best 

ARMS data will be obtained under single collision conditions since 

unless all collisions result in scattering In the same direction 

any relationship between scattering angle and energy deposition 

will be blurred by successive collisions.

Data were obtained on the pressure dependence of the parent and 

of some of the daughter Ion abundances of methanol at 6=0.09* and 

6=0.53* and these are presented as plots of loglo I vs P In 

Figures 6. 14 to 6. 17. The same scale Is used In all four 

figures. Considering first the data In Figure 6.14 for the 

methanol molecular ion, the 6=0.09* data shows the expected 

exponential decrease in Ion intensity with increasing gas 

pressure. The off-axis data Is consistent with increasing the 

gas pressure making it more likely that ions will be scattered and 

the fall In the number of Intact molecular ions detected at P > 

6.5x10”'' torr suggests that:
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1) More ions are being scattered to angles > 0.53*.

2) More of the scattered ions are gaining enough energy during 

collislonal activation to cause them to dissociate and are 

therefore being detected as daughter ions.

Both of these mechanisms are made more probable by the increasing 

number of multiple collisions which occur at high collision gas 

pressures. These data also make it unlikely that angle resolved 

mass spectra can satisfactorily be explained without allowing for 

scattering during collisional activation i.e. 0„ / 0*. All the 

daughter ion pressure plots exhibit a steeper rate of increase of 

1 ogi© I with P when 0 is 0.53*, because collision gas is not only 

required to activate the parent ions so that they dissociate to 

the appropriate daughter, but also to scatter the parent ion. 

Therefore,

0.53*= 0* + 0. (9)

Equating increasing collision gas pressure with increasing energy 

deposition during collislonal activation i.e. E proportional to P, 

allows the other features of note in Figures 6.15 to 6.17 to be 

explained. From the breakdown curve for methanol {18) the 

fragmentation reaction of lowest activation energy is m/z 32 * 31, 

and above a certain P, and therefore E, it is reasonable to expect 

that reactions of higher activation energy will cause m/z 31 to 

fragment further and therefore the intensity of m/z 31 will 

decrease. This drop in fragment ion intensity at high P is not 

observed however, when 0 * 0.53*. Both plots in Figure 6.17
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e x h ib it an upward break in  the in te n s ity  o f m/z 31 =» 29 when P > 2 xl0 -* to rr , presumably in d ica tin g  the onset of a new process leading to the m/z 29 daughter ion <19).
6 .3  9 *  P~XYLENESThe use of the k in e tic  energy release  (T) a sso c ia te d  with the formation of a p a rtic u la r  fragment ion to d is tin g u is h  between isomeric parent ions has been reported fo r a number o f  d iffe r e n t  organic chemicals <6,20>. By studying T as a fu n c tio n  o f 0 and therefore E i t  should be p o ssib le  to id e n tify  processes which have id e n tic a l T values when parent ions having a wide range of Intern al energies are sampled.
6 .3 .1  KINETIC ENERGY RELEASE FQB M * UH g >  AS A FVHCTlQft.QE ,gBeynon et a l .  <2l) were able to d istin g u ish  between the three isomeric forms o f xylene by measuring the k in e t ic  energy released during p h oto dlsso clatlon of the molecular ion to  g iv e  (M- m ethyl)*, as a function o f photon energy. P lo ts  of T (calcu la te d  using peak widths at 10% peak h eight) again st photon energy show that T10K for the para isomer f a l l s  rapidly as the photon energy i s  increased, making i t  easy to  d istin g u ish  from the ortho and meta isomers. The p lo ts  for the la t t e r  isomers are very sim ilar but, a t the highest photon energy used for the experiments (3.47eV), T10« fo r the ortho isomer is  s ig n if ic a n t ly  g r e a te r  than fo r the meta. As the gre ate st d iffe re n ce s had been observed between the para Isomer and e ith e r the meta or ortho Isom ers, T ,0« was determined for the ortho and para isomers as a fu n c tio n  of 0
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and the results are plotted In Figure 6. 18. In comparing this 

data with the photodissociation results In reference 21, the 

following Is immediately apparent;

1) The ARMS data encompasses a wider range of T values and 

hence presumably a wider range of e**.

2) The kinetic energy release values Increase with 6 but 

decrease with increasing photon energy. The ARMS data are 

therefore consistent with those obtained for other 

fragmentations e.g. methanol, etc., and with the premise that 

increased energy deposition E with 6 leads to a greater excess 

internal energy e■* and therefore larger T". Why a similar 

trend is not observed when the photon energy is increased is 

not commented upon by the authors of reference 21. The same 

group however have found that T for photoinduced methyl loss 

from the molecular ion of anisole decreases as the photon 

energy increases (20). This is explained either as resulting 

from increased retention of internal energy by the fragment 

ion or loss of energy by e.g. photon emission.

3) The ortho and para isomers cannot be distinguished from 

each other from the ARMS data.

The differences between the two data sets could be explained if 

the ARMS data had superimposed upon them an instrumental artifact 

which obliterated the different behaviours of the two isomers or 

if before or during colllslonal activation the ortho and para 

molecular ions were converted to a common structure.

Addressing the former point first, as mentioned earlier in this 

chapter, fragment ions formed either side of the collision chamber
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l.e. from unlmolecular dissociations, are detected at low 0 but 

not at higher values of 0. The ratio of metastable to collision 

Induced fragment ions depends upon the system under study and is 

only likely to affect ARMS data if it is greater than eg 5:1 when 

6 = 0 * .  The ratio can be determined when the collision chamber 

is floated at a known voltage because this causes the products of 

unlmolecular dissociations (occurring outside the collision 

chamber) and collision Induced dissociations (occurring inside the 

collision chamber) to have different coordinates on the BE plane. 

Using a floating collision chamber on the swinging source is 

discussed in more detail in Chapters 7 and 8 and the m*7CID ratio 

for p-xylene is plotted in Figure 6.19 as a function of 6. These 

data clearly show that at low values of 0 the Tlo values reported 

in Figure 6. 18 will contain significant contributions from 

unimolecular dissociations, for which TIC, is approx. 131meV 

(single determination at 0=0*). As 0 increases the composite T10 

value will Increase because of the decrease in the contribution 

made by fragment ions from unimolecular dissociations. This 

effect is not expected to be isomer dependant however and should 

not prevent Isomer differentiation based upon different T10 vs 0 

curves for the Isomers.

Isomer conversion to a common structure may therefore be the 

explanation for the differences between the photodissociation and 

ARMS data. As the normal collision Induced spectra for the 

Isomers are identical (21), adding limited energy resolution to 

the method, l.e. ARMS, will only allow the isomers to be 

distinguished if Ev_0* la ( the critical energy for isomerisation
120-
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Figure 6.19 The m*/CID ratio for met.'.yl loss from the molecular 

Ion of p-xylene as a function of 0.
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of the Isomers to a common structure.

6.4 BREAKDOWN CURVES OF C.H,, ISQFCRS

One suggested use of ARMS is as a quick and easy means of 

obtaining breakdown curves which are plots of the relative 

abundances of the molecular and fragment ions as a function of 

internal energy. Convolution of the breakdown curves with the 

Internal energy distribution gives the mass spectrum. A number 

of methods exist for obtaining breakdown curves, including:

a) From electron impact mass spectra by calculating the second 

derivative of the ion current for each fragment ion as a 

function of the electron energy and normalising the individual 

curves <22).

b) By direct calculation from QET <23,24).

c) From the first derivative of the photoionization efficiency 

curve <25>.

d) From charge exchange mass spectra <26).

e> From photoelectron-photoion-coincidence spectroscopy <27).

Comparisons between ARMS data and the results from the 

aforementioned techniques have often been used by Cooks and his 

numerous co-workers to try and establish a connection between 0 

and E. Without exception the systems studied have contained at 

most only four fragment ions and therefore the number of fragment 

ion intensity crossover points in the curves has been limited. 

These crossover points can hopefully be used to calibrate the 

energy/angle scale of the ARMS data.
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6.4.1 CYQJ.QHEXAKE

Breakdown curves for fourteen CeH,2 Isomers have been 

published by Herman et al. (28), from their own charge exchange 

data. Initially ARMS data were obtained for cyclohexane and 

compared to these results. In Figure 6.20 the angle resolved 

mass spectra obtained when 8 Is 0* and 0.53* are compared to 

charge exchange mass spectra reconstructed from the breakdown 

curves In reference 28. Both methods yield data which exhibit 

the following trends:

1) As the Internal energy of the molecular Ion Increases, the 

loss of alkyl groups by simple cleavage reactions predominates 

over rearrangement reactions Involving alkene elimination, 

e.g. m/z 55 Is more intense than m/z 56 and m/z 41 is more 

Intense than m/z 42.

2) The abundances of the low mass fragment Ions Increase as 

the Internal energy of the molecular Ion Increases.

One difference between CEMS and ARMS is that the former technique

directly gives information about the energy dependence of the

molecular Ion abundance, which cannot be elicited from ARMS 

studies. The validity of breakdown curves generated from CEMS 

studies Is not In doubt but a critical assessment of the ARMS 

results will now be undertaken.

When considering the complete breakdown curve, Figure 6.21, the 

first problem as mentioned above is to calibrate the E/6 axis. 

One possible method Is to note E values at which two of the

fragment ion abundances are equal In the CEMS data and find the

corresponding values of 0 from Figure 6.21. This Is shown In
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Mass-'r t t \ .
Loss— H CH,

Figure 6.20 ARMS spectra at O' and 0.53' compared to CEMS data 

obtained using Internal energies of 3 and 5eV.
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Figure 6.21 Fragment Ion abundances of cyclohexane as a function of e.
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Table 6.5 (peak height data).

TABLE 6.5 Comparison of fragment Ion abundance crossover points

In CE MS and ARMS results.

0/*

Fragment Ions E/eV Pk. Ht. Pk. Area

a) ICsH«)stC4H7) 2.75 0.77 0.77

b> IC»HV15tC4H7] 3.25 0.35 0.25

c) (C3Ha )=CC,Hs] 3.7 0.08 <0 <i>

d> CC.H*)=[C,H.] 3.75 0. 46 0.34

e) tC«H*l5tC,H.) 4.7 0. 49 0. 38

f> CC,H.]=tC,H7) 4.85 0.57 0.47

Note: (1) If extrapolated to negative angles, the ion abundance

curves would probably cross at approx. -0.1*.

Converting 6 to E from the peak height data In Table 6.5 Is 

obviously difficult, as some of the crossover points seem to 

contradict the others, however 6=0* seems to correspond to an 

Internal energy of approximately 3eV. As previously noted

crossover points will be shifted If one of the two fragment ions 

contains a significant contribution from metastable decompositions 

e.g. b and d ((C*H-,) is formed mainly by unimolecular 

dissociations at low values of 6 see Figure 6.3, Chapter 8).

Another factor which may have a large bearing on the angles at
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which crossover points are observed is the kinetic energy release 

which accompanies the formation of fragment ions and leads to ions 

which have been scattered to the same initial angle 6. being 

detected over a range of angles given by (0. + 0„) t 6 > <0_ - 0„) 

(Figure 6.6). The fragment ions can be thought of as being 

evenly distributed over a sector of a sphere. The surface area 

of this sector is a fraction of the surface area of the sphere 

proportional to 0„. If two fragment ions have the same abundance 

but different values of 0„ then the ion's abundance per unit area 

of the sector will be different. As the ions being detected by 

the spectrometer are those which lie on a section of the sector 

produced by the projection of the slit dimensions onto it the 

heights of the peaks in a scan are not a measure of the ions' 

relative abundances, unless 0„ is the same for both fragments. 

If the peak heights are multiplied by 0k, then the resulting 

intensity may be a better approximation to the desired quantity. 

Equation 9 can be used to calculate a maximum value of 0*, 

although obviously a distribution of 0„ values exists since the 

kinetic energy release is not a single value for each 

f ragmentation:

tan 0*. (9)

Before looking in detail at the cyclohexane results a few 

observations arising from the form of equation 9 will be 

discussed. Consider an ion of mass 100 daltons, having a kinetic 

energy of 7000 electron volts before it fragments. Using 

equation 9 0„ „„„ can be calculated as a function of T for losses
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of for example 15, 29 and 43 daltons, l.e. loss of methyl, ethyl 

and propyl groups (Figure 6.22). It can be seen that for a given 

value of T, the smallest daughter Ions are deflected the most and 

will, therefore, be observed at the largest angles. In Figure 

6.23 the variation in 6U as a function of m2 is plotted for 

two different values of T, showing that for small fragment ions 

Is strongly dependant upon the magnitude of T, but for 

large values of m2, changes in m2 have the largest effect upon 

......
Graphs of Teo vs 9 were plotted (Figures 6.24 A 6.25> from single 

determinations of Tso for the formation of the major fragment ions 

of cyclohexane at 0 = 0, 0.16*. 0.36*, 0.53* and 0.71* ) and used 

to estimate Tso at the required values of 6, 0„ was then

calculated using equation 9 (Table 6.6, overleaf).

When the ion abundance data in Figure 6.21 were multiplied by the 

appropriate 0* values, the breakdown curves in Figure 6.26 were 

obtained. Figures 6.21 and 6.26 are qualitatively very similar, 

but not identical as shown by the differences in crossover points 

evident from Table 6.5. The 'peak area' data are more directly 

comparable to the CEMS results, but still contains sufficient 

differences to make calibrating 0 directly in terms of E, very 

difficult.
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Figure 6.22 0fc as a function of T for a parent ion of mass 100

mass units losing 43 (top trace), 29 (middle trace) 

and 15 mass units (bottom trace'.

-129-



CHAPTER 6

Figure 6.23 0W as a function of daughter Ion mass for a parent

Ion of 100 mass units with T fixed at lOmeV (lower 

trace) and 50meV (upper trace).
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Figure 6.24 T*0 as a function of 6 for three fragment Ions from 

cyclohexane.
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Figure 6.25 T»,-, as a function of 0 for three more fragment ions 

from cyclohexane.
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Figure 6.26 Corrected las described In the text) fragment Ion 

abundances of cyclohexane as a function of 0.
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TABLE 6-
e/*

o

0 .0 6  

0 . 18 

0 .2 7  

0 .3 6  

0 .4 5  

0 .5 3  

0 .6 2  

0 .7 1  

0 .8 0

T*o and 8,. for the major fragment lone of

cyclohexane at different values of 8.
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6.4.2 TWO ISOMERIC PENTENES

Data were also obtained on two other of the compounds 

studied by Herman et al. 128), namely 2-methyl-l-pentene and 2- 

methyl-2-pentene. The CEMS breakdown curves'for them agree with 

metastable Ion spectra and normal mass spectra In that the 1- 

olefin shows dominant fragmentation to while the 2-

olefln shows dominant fragmentation to £CBH»1^. The large

differences between the breakdown curves are also evident In the 

limited ARMS data In Table 6.7.

TABLE 6.7 Fragment Ion ratios at three values of 0.

Isomer Ratio of IC^H*]* to [C*H*]* to £C3H.l-

0= 0* 0.30* 0.59*

1- olefin 05:92:03 13:82:05 11:48:41

2- olefln 91:02:07 77:06:17 50:00:50

These data are qualitatively In good agreement with the CEMS 

breakdown curves but direct comparisons of crossover points Is 

difficult e.g. when 0 3 0.59*, the m/z 69 and 41 fragment Ions are 

of equal Intensity for the 2-olefln and therefore from reference 

28 E Is * 5eV. Turning to the 1-olefln, the m/z 56 and 41 

fragment Ions will be of equal abundance when 0 is slightly > 

0.59’ l.e. at a larger value of E but the CEMS data has them of 

equal abundance at E * 4.2eV.

Overall the ARMS data on the C«H,2 Isomers can be used to produce
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'breakdown curves' whose major features qualitatively agree with 

data from other techniques, but for quantitative studies they are 

of limited value.

6 .5  n-BVTYLBEKZEH£
As In the previous section, the rationale behind obtaining 

these results was to compare ARMS data with that obtained by an 

analogous technique l.e. photoexcitation. Beynon et al. (29), 

found that the kinetic energy released upon photolnduced 

fragmentation of a number of molecular Ions was dependent upon the 

temperature of the Ion source In which they were formed and that a 

change In Ion source temperature of 100*C altered the average 

internal energy of n-butylbenzene molecular Ions by * 0.27eV. In 

Figure 6.27 are data for the following reaction of n-butylbenzene 

molecular ions;

IC10H,*1*- =* tC7H7] ♦ C,Ht <10>

produced either In a 'cold' source, l.e. source heater off but 

still indirectly heated by the filament, or in a source at 

approximately 190*C. If this equates to a difference In source 

temperature of «100*C, the molecular Ions before colllslonal 

activation will from reference 29, differ In Internal energy by 

approximately 0.27eV and this will also be true after activation. 

Referring again to Figure 6.3 therefore:

* Et . i m  'f 0.27mV <11>
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Figure o.27 T00 as a function of 0 for (C<nH,«]‘ a IC.H.J- ♦ 

C-.H-T For parent Ions produced either In a 'hot'

source (top trace) or a 'cold* source.
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There are now two ways of looking at the relationship between e"

then the relationship of Haney and Franklin <7) refered to earlier 

predicts that:

The second approach to the problem Is to estimate AT" from the 

measured difference In the kinetic energy release values. For a 

Gaussian peak T Is approximately 2. 16 x Tso <30) and for a simple 

cleavage reaction er0 Is « 0, therefore T • T" and Tso is 

approximately T" ♦ 2. 16. It follows that:

and T". Firstly, when looking at a difference between two T

values, one can write:

t-T.low = 0.27 = Ae" ( 12 )
and if:

= AT" < 13)

<M>

and therefore:

AT- = 0.44xs

= AT" + 2.16 (16)
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At 6=0*, ATso is 12meV, rising to 25meV when 0=0.7* and therefore 

from equation 16, AT" is between 26 and 54meV l.e. between 2.8 and

5.7 times greater than predicted from equation 14. It is quite 

common for T" values calculated using equation 14 not to agree 

with the experimentally determined values. In such cases it is 

Interesting to determine the value of a needed to make the two 

sets of data agree, particularly since a has been shown to vary 

markedly for apparently similar reactions (20). For example, 

according to reference 20, a is 0.25 for N02- loss from 3- 

nitrobenzaldehyde and 0.87 for N02- loss from 2- 

f luoroni trobenzene. Rearranging equation 15 gives the

following:

a « --Afir—AT" x 66

a = 0.16 at 0=0* and 0.08 at 6=0.7*

< 17)

These values for a are quite low, but as equation 7 is empirical 

this is not unexpected.

6.6 CONCLUSIONS

The fact that the 29/31 fragment ion ratio <R) of methanol 

is apparently proportional to <Ev>20-£, should be investigated 

further for a wider range of E*r values than used in this study. 

It was interesting to find that the variation in R with 6 could be 

correlated with the change in the kinetic energy release <T> for 

m/z 32 * 31 as a function of 6. The changing shapes of the 

fragment ion peaks and the Increasing R and T values found as 0

-139-



CHAPTER 6

increased all support the Idea that the Internal energy deposited 

during CA (E) Increases with 8. The pressure plots are also in 

agreement with this view of ARMS and more importantly demonstrate 

that ARMS cannot satisfactorily be explained by any theory which 

assumes that 8. is zero.

The qualitative nature of ARMS data is demonstrated by the 

results obtained on the isomeric xylenes and the C«H,3 isomers, 

although the quantitative usefulness of the data may have been 

improved had the metastable ions been removed from the spectra. 

These data show that ARMS complements, but cannot replace, CEMS 

and photoexcltaflon of ions as tools for ion structure 

determination.

Finally, the n-butylbenzene results show that energy differences 

between molecular ions before CA also exist afterwards and can be 

measured.

Overall ARMS is a useful addition to the methods available for 

isomer differentiation and the study of the energetics of 

colllslonal activation.
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7. 1 INTRODUCTION

The method of mounting the collision chamber onto the 

swinging source was modified to allow a voltage to be applied to 

the collision chamber. This made It possible to seperate

collision Induced fragment Ions formed Inside the chamber from the 

mixture of collision Induced and unlmolecular fragment Ions formed 

outside the chamber.

7.2 THE MODIFICATIONS

Originally the collision chamber was screwed directly onto 

the stainless steel block on which the swinging source pivots are 

mounted. To insulate the collision chamber from the block, 1mm 

quartz spacers were placed between It and the block and between 

the screws and the collision chamber, see Figure 7.1. Also,

because It Is vital that the centre of the collision region Is on 

the y-axls between the two pivots, 1mm was machined off the face 

of the block. The collision chamber voltage Is supplied by a 

dedicated power supply Wallis Electronics Ltd, Model 5PMR2 via 

the feedthrough which had previously been used to ground the 

aperture plate externally. As a result, the aperture plate is 

now grounded Inside the source housing. Although the power

supply can provide any voltage between +5kV and -5kV, the 

collision chamber can only be floated at voltages between +2kV 

and -2kV because arcing occurs at higher voltages.
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KEY

1) Mounting block

2) Collision chamber

3) 1mm Quartz spacers

4) Gas inlet

5) Ion beam

figure 7.1 Schematic diagrams of the mounting of the swinging 

source collision chamber, modified so that a potential 

can be applied to It.
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7 .3  ¡SITIAL RESULTS
Initially experiments were undertaken to answer the

following questions;

(1) Does the voltage on the collision chamber alter the range 

of angles observed at a particular scattering angle?

(2) Does the fact that the first earth plate after the 

collision chamber Is fixed to the back face of the source 

housing and does not therefore move with the source affect the 

relationship between micrometer setting and source housing?

In an attempt to answer these questions, the scattering of Ar* by 

argon atoms was studied as a function of scattering angle <see 

also Chapter 5). Four different sets of data were obtained using 

the source and collision chamber voltages given In Table 7.1.

TABLE 7,1 Source and collision chamber voltages used when

acquiring the data in Figure 7.2

Data set Source Voltage V Collision Chamber Voltage V,

/ Volts / Volts

1 +7000 -500

2 +7000 0

3 +7500 0

4 +7000 -500
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Figure ' 2aThe intensity of the 'B1 peak as a percentage of 

<A*B*C*D> for Ar* scattered by Argon atoms as a 

function of 0. The source and collision chamber

voltages are given In Table 7. 1.
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It was found that the collision chamber voltage affected 0,.ro and 

as a result data were obtained, either;

a) When had been determined with the collision cell at

ground potential , then the desired voltage was applied to the 

cell and the collector signal optimised using the y- and z- 

deflectors on the swinging source e.g. curves 2,3 and 4 of 

Figure 7.2.

or

b) When 6xmro was determined with the collision cell at the 

required voltage, then the lens and deflector voltages were 

set as described earlier (page 74) e.g. curve l of Figure 7.2.

From these data In Figure 7.2 It Is apparent that applying a 

potential to the collision chamber does alter the range of 

scattering angles observed at a particular 6 because the 

differences between curves 1 and 2 cannot be explained by the 

different kinetic energies of the primary Ion beam. If this were 

the case curve 2 would not be similar to curve 3. The results 

for peak C suggest that applying a negative potential to the cell 

enhances the detection of Ions scattered through large angles. 

Overall, these data Indicate that the usefulness of the source for 

studying scattering is not seriously affected by applying a 

voltage to the collision chamber.

The performance of the modified source was then Investigated by 

measuring the kinetic energy released during the fragmentation of 

n-butylbenzene molecular Ions to give the fragment ion CC«H*CH3]'*'- 

(1). When a voltage is applied to a collision chamber fragment 

Ions formed Inside It have different velocities from those formed
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outside it and therefore have different coordinates on the B/E 

plane. It follows therefore that for:

B, * » Bj* ♦ B, < 1)

E,,B, E,,B7

where;

E_ = electric sector voltage to pass bî ~ ions

B„ = magnet current to pass b,' Ions 

If the Ion source voltage Is V and the collision chamber Is held 

at a potential V,> then when V, = 0,

E? * E, *m;./m, and B? M B, »m^/m, (2)

but If V, * 0 then,

E2 = E, * t m2/m,«(l-<V,/V)» t V,/V ] <3)

B2 = B, » B»a/m, « t (1-<V,/V)> ♦ s, V, /«aV 1“ <*>

The derivation of equations 3 and 4 Is explained In Appendix II 

together with the formula used to calculate T*0 values.

When the relative abundances of fragment Ions were to be 

measured, the daughter Ions were allowed to reach the detector by 

manually setting the appropriate value of E on the decade box and 

doing a small magnet scan about the required value of B. The

resulting peak profiles were acquired Into a signal averager to
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Improve the S/N ratio. For peak width measurements E and B were 

set In the same way, but peak profiles were obtained by a small 

scan of V. In this way the source tuning conditions and the 

kinetic energy of the precursor Ion before fragmentation were kept 

constant for all fragment Ions. Data from Holmes et al. (2) have 

shown that significant differences In metastable peak Intensities 

occur If V Is not a constant for all the fragment Ions.

In Figure 7.3, the results obtained In this study are compared to 

earlier results (see page 137) obtained with the collision chamber 

at ground potential. Singh et al. <3>, have also used a floating 

collision chamber when determining kinetic energy release values 

as a function of 6. They found that T*..«. values were reduced by 

40% at all angles when a voltage was applied to the collision 

chamber, but the polarity of the voltage and the formula used when 

calculating Tto.m., are not reported. In contrast to their 

findings, the results In Figure 7.3 show that T*,> was lnoreased 

when the collision chamber was at -500V <7kV primary ion beam). 

This Is not unexpected since by floating the collision chamber the 

metastable contribution to the fragment ion peak is removed and as 

T»0 for the unlmolecular fragmentation Is usually less than for 

the collision Induced fragmentation, Its removal will increase the 

measured value of T. It is also to be expected that the 

difference between T»o<V,»0> and T»o<V,*0) will decrease as 6 

Increases and this Is what was found. Even more Importantly, 

floating the collision chamber does not destroy the previously 

observed linear relationship between T»0 and 8-*.
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Figure 7.3 T*.-, for propyl loss from n-butylbenzene molecular Ions

as a function of 0. Data obtained with the collision 

chamber either at ground potential © or at a potential

of -500V » .
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7.4 CONCLUSIONS

Modifying the swinging source so that fragment ions 

arising from unlmolecular fragmentation reactions can be excluded 

from angle resolved mass spectra has been easy to Implement and 

has not adversly affected the quality of ARMS data which can be 

obtained within the source.
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8. 1 IliTRQPUQTIW

ARMS data which exclude metastable Ions are compared with 

published data which do not. The results of the comparison 

necessitate a reinterpretation of the published data.

8.2 I , R A T I O S

The rate at which the observed abundance of a fragment Ion 

varies with the collision gas pressure depends upon a number of 

factors, which Include:

1) The collision cross-section for the fragmentation.

2) The design of the collision chamber and Ion optics of the 

mass spectrometer.

3) The collision gas.

In Figure 8.1, the log of the Intensity of the fragment Ion 

signal for the process:

f C H ,O H l♦• =» t CH2OH l♦ ♦ H <!>

m/z 32 m/z 31

Is plotted as a function of the collision gas pressure (Argon). 

Data were acquired when 6 was 0* (upper two traces) and 0.53* 

(lower two traces) for fragment Ions formed Inside <I»„> and 

outside <Io.u«> the collision chamber. The figures In brackets 

show how the ratio varied with the collision gas

pressure.

Assuming that all the fragment Ions produced Inside the cell are 

the result of collision Induced dissociations (the validity of
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O 5 24 3*0^Vx10‘Ti‘orr
Figure 8.1 The abundance of n z ¿1 as a function of Ar collision 

gas pressure when 8=0* (upper two traces) and 0=0.53" 

(lower two traces' for fragment Ions produced Inside 

and outside ■ of the cell. ( I
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this assumption increases as the collision gas pressure Increases) 

and that all the fragment Ions produced outside the cell are the 

result of unlmolecular fragmentation (valid at low collision gas 

pressures), then, at zero scattering angle, I,„ should be more 

cell pressure dependent than and the data In Figure 8. i lends 

credibility to this assumption. At pressures > 13xl0~7 torr the 

fragment Ion intensity and ¡.„/lout (CID/m*) ratio Is effectively 

constant (the results discussed in Chapters 4 and 6 were obtained 

at this pressure). The data obtained with 0 * 0.53 degrees 

differ from these data In that:

1) The fragment Ion abundances are more strongly dependent 

upon collision gas pressure (Ieu« is indistinguishable from 

the background at pressures below 9.5xl0-7 torr).

2) I Is always altered when the collision gas pressure 

changes.

When the experiments were repeated using Helium as the collision 

gas the data plotted in Figure 8.2 were obtained. The major 

difference between the two sets of data Is that less scattering 

occurs when Helium Is the collision gas <1>. When comparing 

Figures 8.1 and 8.2 the pressures should be adjusted to allow for 

the different response of an ion gauge to Helium and Argon. The 

data seems to suggest that the collision cell Is not very 

efficient, but given that the cell Is only 0.4mm long and that 

there are long field free regions on either side of It, a mean 

CID/m“ ratio of * 2.6 Is satisfactory. These results demonstrate 

the advantages of using a floating collision chamber when studying 

the pressure dependence of a collision Induced dissociation <2).
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o 5 I  I  I  i tP/x10n  orr
Figure 8.2 The abundance of n z 29 as a f-notion ot He collision 

gas pressure wher. 8=0" (upper two traces' and 0=0.53“ 

(lower two traces for frageent ions produced Inside © 

and outside x of tne tell.
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Using a short collision cell gives good energy <3> and angular 

resolution, as well as reducing the effect of unlmolecular 

fragmentation on the total fragment Ion abundance. The latter 

effect Is particularly notlcable In the data in Figure 8.3, for 

the unlmolecular reaction;

[C.Hial*- * IC„H,1* + CH* (2)

m/z 8* m/z 69

Ilr> Is « leu« (0=0*) In the absence of any collision gas but as 

collision gas Is introduced the unlmolecular part of 1«^* Is 

attenuated exponentially and the small unimolecular contribution 

to I,„ is overshadowed by the Increasing number of collision 

Induced dissociations. Considering the results obtained at

0=0.3*, we find that Ilr, Is still marginally < Iow,*. This is 

because when the swinging source Is not at Its zero angle 

position, fragment Ions formed In the first field free region, 

l.e. between the Ion source and the collision chamber, are 

prevented from reaching the detector by the slits of the mass 

spectrometer. These fragment Ions will only be detected If they 

undergo non-dlssociatlve scattering in the collision chamber.

The methanol and cyclohexane systems therefore represent two 

extremes of behaviour found In ARMS studies. If the I«„/I0u.* 

ratio maximises at low collision gas pressures and Is larger for 

scattered Ions, then the fragment Ions are mainly the result of 

collision Induced dissociations. Alternatively, If the I»„/I0^* 

ratio Is very small, Increases exponentially as collision gas Is
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Figure 8.3 The abundar.ee of a/ 2 69 as a function of Ar collision 

gas pressure wher 6 = 0* (upper two traces) and 0=0.27* 

(lower two traces' for fragaen*. ions produced inside © 

and outside « of the cell. ( I «1
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Introduced and Is smaller for scattered ions, then fragment Ions 

are mainly the result of unimolecular dissociations. In both 

cases the measured total fragment Ion abundances, l.e. Ilri + Ieu«, 

m* ♦ C.I.D. , will change with 0 but this will not necessarily 

Indicate that the precursor Ion fragmentation rate depends upon 0.

8.3 FRAGMENT ION RATIOS

8.3.1 n-BUTYLBENZENE

The use of the 91/92 fragment Ion ratio to estimate the 

Internal energy of n-butylbenzene molecular ions stems from the 

photodlssoclatlon studies of Beynon and co-workers <4*6).

Although the quantitative results of these studies have recently 

been questioned by Welch et al. <7) and Dunbar et al. <8) , the 

qualitative conclusion that the 91/92 ratio Increases with the 

Internal energy of the parent ions remains undisputed. The

results obtained by various mass spectrometrlc techniques on n- 

butylbenzene have been assessed In a paper by Boyd et al. 19) 

which also attempts to rationalise the quantitative differences 

between the data sets.

Data on the variation In the 91/92 ratios of substituted aromatic 

compounds as a function of scattering angle have been reported by 

a number of workers <10*12) but these data were not adjusted to 

take account of metastable contributions to the fragment Ion 

abundances. With the collision chamber at a potential of -500V 

(+6000V accelerating voltage on the ion source), data comparable 

to those reported by other groups were obtained when total
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fragment ion abundances i.e. I,„ ♦ low.« and m* ♦ CIO were used in 

the calculation of the 91/92 ratios, as shown in Figure 8.4. 

Very different results are obtained however, if only I,„ values 

are used in the calculation of the 91/92 ratios, (Figure 8.5). 

The possible effect of metastable Ions on ARMS data for n- 

butylbenzene has been discussed by Harrison et al. In reference 

13 they report 91/92 ratios of 1.2 (m* ♦ CIO) and 2.7 (CIO only) 

obtained on a ZAB-2F mass spectrometer using Helium collision gas 

and a source potential of 8000V. These ratios are for a mixture 

of scattered and unscattered Ions as the spectrometer had not been 

modified to collect ARMS data. If these values are compared to 

the zero angle data in Figure 8.5, the CID only ratios are 

Identical, within experimental error, but the (m* ♦ CID) ratio Is 

considerably larger. This Is because of the large number of 

unlmolecular decompositions occurlng before and after the swinging 

source collision chamber N.B. Cyclohexane data In Figure 8.3. 

Although Harrison et al. realise that the ratios reported In 

references 11 and 12 are probably erroneous, because the ARMS data 

is In general agreement with their charge exchange results, they 

conclude that the main reason for the Increase in the 91/92 ratio 

with scattering angle Is Increased energy deposition. They had 

reached a similar conclusion In an earlier comparison of charge 

exchange, field Ionization kinetics and ARMS data on 3-penten-2-ol 

(14). In a later paper (15) other examples of the Influence of 

metastable Ions on ARMS data are given and these results are 

discussed later.
In Figure 8.6, the CID/m* ratios of the two fragment ions are
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Figure 8.5 The 91/92 ratio for n-butylbenzene as a function of 8.

Ratios calculated from total fragmen: l:n abundance 

data from the swinging source ■ compared with fragment 

Ion abundance ratios from Inside the caiilslon chamber 
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as a function of 8.
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plotted as a function of 0. From these data it can be seen that 

If the 91/92 ratio Is computed from the sum of the metastable and 

collision Induced fragment Ion abundances, It will Increase with 

9, NOT because of any change In the internal energy of the parent 

Ion, but because the metastable contribution to the m/z 92 

fragment decreases as 0 increases.

As shown in Figure 8.7, similar results to those In Figure 8.5 

have been obtained by Beynon et al. < 16) using a floating 

collision chamber on a modified ZAB-2F mass spectrometer. The 

differences between the two data sets are probably a consequence 

of the different angular resolutions of the spectrometers. Using 

an extended version of a calculation originally reported by Todd 

<17>, Beynon et al. compare their results with fragment ion 

distributions calculated from the kinetic energy released during 

fragmentation. The method assumes that scattering Is negligible 

and that a fragment Ion has an angular distribution which reflects 

the magnitude and orientation of the kinetic energy released 

during its formation. For two fragment ions of approximately 

equal mass therefore, the most abundant Ion at high angles will be 

the one whose formation Involves the greatest release of kinetic 

energy. If T<22*> values of 70meV and 150meV for 134 =» 92 and 

134 =» 91 respectively are used, the calculated variation In the 91 

/92 ratio Is similar to that obtained experimentally when the 

collision chamber is at ground potential. The good agreement 

between the theoretical and pratlcal results may be fortuitous 

however, as the experimental variation may simply be a product of 

the discrimination effect explained above. In reference 16, the
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Figure 8.7 The 91/92 ratio for n-butvlbenzene as a function of 0 

Ratios calculated from CID only fragment Ion abundance 

data from the swinging source e compared with ratios 

from reference 16 •
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kinetic energy releases for 134 =» 92 and 1 3 4  =» 91 inside the cell 

are reported as being l2 0 meV and 140neV respectively. If these 

values had been used in the calculation of the ratio, then similar 

data to that obtained experimentally with the floated cell would 

have been produced, a result which does support Todd's view of 
ARMS data.

«•3.2 BENZYL-METHYL ETHER

In reference 12, Cooks et al. report ARMS data on benzyl 

methyl ether which seem to be difficult to rationalise if one 

considers kinetic energy releases alone. As mentioned earlier 

(Chapter 4), the 9 1 / 9 2  fragment ion ratio increases with 0, but 

for this ion the kinetic energy release for M~ * 92 is » for M* • 

4 91. When the 9 1 / 9 2  fragment ion ratio for benzyl methyl ether 

was measured using the swinging source, the data plotted in Figure

8.8 were obtained. Once again, if total fragment ion abundances 

are used the results are comparable to those obtained by the z- 

deflection method, but when Iir, values are used the 91/92 ratio is 

constant over the range of angles 0=0 to 0.5*. ARMS data for 

benzyl methyl ether which exclude metastables have not been 

published by other groups, but Harrison et al. (15) reported 91/92 

ratios of 0.4 <m* + ciD> and 0.8 (CID only), i.e. considerably 

lower than those reported here.

The 91/92 fragment ion ratios measured using the swinging source 

are compared to charge exchange data from Harrison and various co- 

workers (15,18,19) in the table below.
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Figure 8.8 The 91/92 ratio for benzyl methyl ether as a function 

of 0. Ratios calculated from total fragment ion

abundance data from the swinging source e compared 

with CIO only ion abundance ratios ■ .
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TABLE 8- 1 Elr>, values obtained by comparing 91/92 ratios in ARMS 
data with CEMS data.

CQMPQVHP 91/92 RATIO E.„><eV)

<a) (b) (a) <b>

n-butylbenzene 2.7 0.4 4.6 2.8

benzyl methyl ether 7.3 2.5 4.2 2.5

2-phenylethanol 0.6 0.2 3.4 2.5

(a> CID only and <b> m* + CID Both (a) and (b) for 0=0’

The comparison illustrates one problem which can occur when data 

from colllslonal activation experiments are compared with results 

obtained by other techniques. Unless the metastable contribution 

to the fragment ion abundances is removed, the observed fragment 

ion ratios will depend upon the m*/CID ratio of the data, e.g. 

when estimating Elr,«, for n-butylbenzene molecular ions, values 

between 4.6 and 2.8eV may be inferred from the above data, and the 

m*/CID ratio will depend upon the ion optics of the mass 
spectrometer.

The data on n-butylbenzene and benzyl methyl ether 

highlight an Important problem in the interpretation of ARMS data
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which include metastable Ions. If one considers the following 

fragmentation reactions of a molecular ion M*•:

( Ml * • a* [Al* ♦ F • (simple cleavage) (3)

* tBI*- + N (rearrangement reaction) <4>

The ratio of the two fragment ion abundances ((Al/tB)), will 

depend upon the Internal energy of M* <E>, because the rates of 

reactions 3 and 4 depend upon E. If the rates of the two 

reactions were plotted as functions of E, then curves like those 

In Figure 8.9 would be obtained. The general shape of these 

curves can be predicted using the Rice, Raapsperger, Kassel and 

Marcus theory (RRKM, reference 20) or the Quasi-Equlllbrium theory 

(QET, reference 21). According to simple QET, the rate constant, 

k, of a unlmolecular reaction can be calculated from the following 

expression :

k(E) ■ v((E-E0>/E> — ' <5>

where :

E is the ion's energy

E0 is the activation energy for the reaction 

v Is a frequency factor

s Is the effective number of oscillators 

For a simple cleavage reaction the activation energy Is quite 

large, therefore <E-E0> is small and k Increases rapidly with E.
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Figure 8 .9 Theoretical rate constants k as a function 

ion internal energy E for two hypothetical 

of parent ion M1 giving fragment ions A" and

of parent 

reac t ions
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Rearrangement reactions generally have lower activation energies 

(energy is released when new bonds are formed in the transition 

state) but because a specific molecular orientation is required 

for the reaction, v is reduced which limits the ultimate rate. 

Also, the freezing out of rotational degrees of freedom during the 

formation of the transition state reduces the rate of Increase of 

k with E. As can be seen from Figure 8.9 therefore, at low E the 

ratio (A] /£ B1 < 1, but as E increases this ratio also increases

until it is ) 1. It follows therefore that if E increases with 6

then so will [A1/1B1. Unfortunately, rearrangement reactions 

generally give rise to intense metastable ions and the efficiency 

with which these ions can be collected decreases rapidly as 6 

Increases. One can therefore predict that if IA1/1B) is

calculated from total fragment ion abundances, it will Increase 

with 0 irrespective of any change in the internal energy of the 

parent ion. Although this effect is not dominant in all ARMS 

studies so far reported, it Is important that it should be allowed

for . From references 12,13,14,17 and the data reported in this

thesis, systems studied by ARMS which may be prone to this problem 

are;

1) n-butylbenzene

2) benzyl methyl ether

3) cyclohexane

4> 3-penten-2-ol
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Al.l INTBQPVCTIW

As the main advantage of the swinging source over other 

ways of obtaining ARMS data is repeatability of angle selection 

irrespective of daughter and parent ion masses, the relationship 

between the micrometer setting x and 6 is very important.

For any given value of x, ions scattered over a range of 

scattering angles will be collected i.e. 0 ± A0. The value of A0 

can be estimated from the slit widths and the distances between 

them using basic trigonometry.

A1.2 CALCULATION OF 9

Figure I. la is a schematic diagram of the main parts of 

the angle selection mechanism of the swinging source and is a 

section through the centre of the source cradle on the zx plane, 

assuming that 0=0*. Ions travel along OE to the centre of the 

collision chamber at point E. Not shown are the electrical focus 

and deflector plates contained within the source cradle ABCD. The 

two pivot assemblies which allow the source to move in a zx plane 

are directly above and below point E in a zx plane orthogonal to 

the plane of the paper. The central axis of the micrometer shaft 

IH is connected via the link arm GH to the side of the swinging 

source cradle at point G. A perpendicular from G to the ion 

optical axis of the source EO, meets the axis at F0 and the angle 

GEO is denoted by a. Similarly, the perpendicular from H0 to a 

line through G running parallel to EO meets it at P0 . When the 

source is not at zero angle (Figure I.lb) then H is moved towards 

I along IP. As HG is a constant length with pivots at G and H,
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Figure I. la Schematic diagram of the source when 0=0'. 

Figure I. lb Schematic diagram of the source when 0*0'.
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the source cradle pivots about point E until the Ion beam Is at an 

angle 6 with respect to Its original position. Then F,

corresponds to F0 and EF, < EF0. but GE Is constant. Also, PQ

becomes P,, and GP, Is < GP0: To be exact,

GPo “ GP, = EF0 - EF, (1)

and Ho moves along HI to position H, so that HP, is > HP,-,. The 

indicated micrometer movement x is therefore given by:

x = < GF, - GF0 ) - ( H,P, - HoPo > (2)

Using the trigonometric formulae given below the value of x has 

been calculated for angles between 0 and 1.5* in steps of 0.1*, 

Table I. 1.

tan a = GFo/EF0 = 53/205 = 0.258 (3)

••• a = 14.5*

cos a = EFo/EG (4)

A EG = EFo/cos a = 205/0.968 

= 211.7mm

When 6 * 1.0*,

sln(a+6> = GF,/GE (5)
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I GF, = sln(a+6) x GE 

= 56.55mm

From the source plans, GP0 = 6mm and EF0 = 205mm, so If ,

cos(a+0) = EF,/GE (6)

EF, = GE x cos<a+0)

= 20».05mm

From equation 1,

6 - GP, = 205 - 204.04 

GP, = 5.05mm

Now using,

GH* = GP2 ♦ HP-* <7>

H0Po = < 729 - 36 >*

= 26.3mm

H,P, = < 729 - 25.5 >“

= 26.5mm

Finally from equation 2,

x * ( 56.55 - 53 > - < 26.5 - 26.3 ) mm 

= 3.35mm
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TABLE I. 1 The micrometer reading x needed to give 0 values 

between 0 and 1.5* in Increments of 0.1*.

x/mm 8.* x/mm g.* x/mm 0* x/em

0.1 0.313

0.2 0.649

0.3 0.986

0.4 1.323

0.5 1.660

0.6 1.997

0.7 2.334

0.8 2.671

0.9 3.008

1.0 3.346

1.1 3.683

1.2 4.041

1.3 4.358

1.4 4.696

1.5 5.034

As expected there is a linear relationship between x and 0. 

When the above data are recorded graphically <Figure 1.2) a 

straight line of slope 3.372 mm deg ’ and Intercept -.0026 mm is 

obtained with a correlation coefficient of 0.999.

A1.3 CALCULATION OF 80
The apertures which change the divergence of the Ion beam 

in the xz plane are listed In Table 1.2, together with their 

possible lengths along the z-axls.
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Figure 1.2 The linear relationship between x vthe micrometer 

setting) and 6.
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TABLE 1.2 The possible lengths of the apertures which alter the 

size of the Ion beam In the xz plane.

APERTURE LENGTH / mm

(1) First aperture plate 2.54, 0.5

(2) Adjustable z-restrictor 5.08, 2.54, 0.508

<3> Source z-slit 2.54, 1.27, 0.508

(4) Collector z-sllt 5.08, 2.54, 0.508

As can be seen from Figure 1.3, the divergence half-angle of an 

Ion beam (a) passing through two slits can be calculated using the 

relationship,

t„n „ . *AB ♦ »CP
“ XY ( 8 )

On the swinging source XY is 226mm when calculating a for the 

primary ion beam < Aperture 1 * 2 )  and 1960mm when calculating 

the a for the fragment ion beam < Aperture 3 * 4 >. It was by 

using equation 1 and the above dimensions that the data given in 

Tables 5.2 and 5.3 in Chapter 5 were calculated.
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Figure 1.3 Two slits of length AB and CD, separated by the 

distance XY will transmit an ion beam having a 

divergence half-angle of a.
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A2.1 INTRODUCTION

Applying a potential to a collision chamber, so that the 

daughter ions produced inside it can be distinguished from those 

formed outside it, is a well known technique <1,2). It has

generally only been used however, with mass spectrometers which 

separate the daughter ions using an electric sector i.e. by a

MIKES or IKE scan <2*4). When the collision chamber is in the 

first field free region of a conventional geometry mass

spectrometer, i.e. EB configuration, then daughter ions are

usually separated by one of a number of linked scans <5), but the 

relationships from which the scan laws are derived do not apply if 

the collision chamber is not at ground potential. Equations 

which define the position of daughter ions on the BE plane when 

the collision chamber is floated at a potential V, are derived 

below.

The measurement of the kinetic energy released when the parent 

ion fragments is also affected by V, and therefore equations which 

allow for this effect have also been derived.

A2.2 DAUGHTER ION COORDINATES ON THE BE PLANE

Consider a positive ion m, accelerated out of an ion 

source to a velocity v0 by a potential V. The kinetic energy of 

a, is given by:

KE = eV = *m,v02 (1)

If this ion then enters a collision chamber at a potential V,, it
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will be accelerated < V, is negative ) or decelerated < V, is 

positive ) to a velocity v, and its kinetic energy will then be:

KE * e<V-V,> = (2)

When this ion then fragments Inside the collision chamber to a 

daughter ion m^ and other products, the velocity of m^ will be v, 
and its kinetic energy will be:

*®jV,a = ^  e(V-V,) <3 >

On leaving the collision chamber the ion's velocity will change 
to v2 where:

»■b»2a - ¡¡*- e(V-V, ) ♦ eV, <♦)

For a given mass spectrometer an ion will be transmitted by the 
electric sector if:

mv1g = constant <5 >

In this case:

m,v0a/E, *> «bv22/E2 

* l* ■ E, ■ m, v0a

Substituting equations 1 and 4 into 7:

... e . e _ Ma/M. «•<V-V. > ♦ eV,2 ' ~\i

(6)

(7)

<e>
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Define V* as V,/V and dir as n^/m,,

»■-£. ♦ V.l (9)

Similarly, an ion will be transmitted by the magnetic sector if: 

mv/B = const. (10)

In this case:

m ,v0 /B , = n2v 2 /h3 (1 1 )

From 1:

v0 = (2eV/m,J“ (12)

From 4:

v2 = ( 2e (V-V, )/m, ♦ 2eV,/ia2]“ (13)

B ,  » B ,m -»t ( l - V - )  ♦ V - / m - l»  (1«>

When these formulae were derived, they were not available in the 

literature, but since then similar equations have recently been 

published by Boyd et al. <6> for use with a ZAB-4F <7> (BEEB 

sector configuration, with floatable collision chamber in the
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third FFR).

A2.3 CALCULATION OF THE KINETIC ENERGY RELEASE

The kinetic energy released when an ion fragments in a 

F.F.R. can often be calculated from the width of the peak in the 

daughter ion spectrum, the formula depending upon the type of mass 

spectrometer scan used when recording the spectrum. Published 

formulae, however, assume that the collision chamber is at ground 

potential and therefore the following equations were derived. 

From reference 8:

From equation 3:

¥i .  | 2t<V-Vi> |"

< 15)

(16)

Substitute equation 16 into 15:

V| « | 2HV-V.>

Then,from equation 13:

„ _ i 2t.w-v .e

2ol*1 | 
m, m2 I

2jllL I 
m,m2 I i *s n -

If the collision chamber is held at a negative potential then 

equation 18 becomes,
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The maximum and minimum Kinetic energies of m, Ions are therefore
given by:

KE-, • J- 1 1 2fiiVtV,l j1*. | ***■ r j ^( n,

KE~.~ ■ 1 1 i 2 e[y+v,i jr-  j ^  r ■ |

Fragment Ions will be transmitted through the electric ;sector if
they have the same kinetic energy as parent ions Let V11 and V1
be the accelerating voltages required to allow f ragment ions of
low and high kinetic energy to be! transmitted to the detector.
Then:

1 ̂  I j 8 H Y — Y.I l 2**1 j ■_ ( ÎYÏv I" |*i . i m, m_-> >
a b c

1 2«tV‘+V,l > j tmj. j-.
( nip )

d b c

Substitute a,b,c and d for the terms In equation 22 and it can 

then be rewritten as:

(a + b -c>2 = a2 + b2 + c2 + 2 tab - be -ac) (23)

(d - b -c)a = da + b2 ♦ ca + 2<-db - dc + be) (2*)

•• a2 + 2<ab - be - ac) = d2 + 2<-db - dc + be) (25)

a2 - d2 * -2ab + 2bc + 2ac - 2db - 2dc + 2bc (26)

1 - d2 = 2ac - 2dc - 2ab + 4bc - 2db
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b(2c - a -d) ■ (a* - d-*>/2 + c(d - a) (28)

• b (2c - a - d) <29>

Equation 29 must now be modified so that it only contains 

variables which can be measured directly in an accelerating 

voltage scan. If VA is defined as the accelerating voltage

required to transmit the centre of the fragment ion peak and AV as 

the measured peak width, then:

V11 = VA + AV/2 A V* = VA - AV/2 (30 A 31)

Also let:

Vc = VA + V, (32)

Then:

. . | |- d . | 2.1Y.-ÙW2I |-

Equation 30 can therefore be written as follows:

I Za J.  I *  ,  Q .S l a - *  -  fi“ ? ♦  c t d  -  a? ( 3 3 )
I I (2c - a - d)

. T _ I Q , 9 <a* - + c id ~ a? |a ,  b̂ ju  (34>
__ ____!______<2c -  a  -  a?_________1_____ Zb m ----

When the collision chamber is at ground potential then V, is zero 

and consequently c is zero. Equation 34 therefore becomes:

• T  -  I ♦  t f M q  -  <1?. | a  ,  ( 3 5 )" T I - 1 (a ♦ d) I * 2», (35>

= t -0.5(a - d) ]* x (36)
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If <a-d) can be evaluated, then obtaining a formula for T is 

easy. First let VA replace VE In the formulae for a and d:

. - | a»iv.> w 2] |- „nd d . | |-

Then a and d can be expanded using the following binomial 

expansion:

«♦,>- . 11 ♦ ♦ Mg" I ■ •- «3”
Using a similar expansion for <a-x>", gives the following:

<a-d> = (a+x)** - (a-x)** (38)

(a-d)

Substituting equation *1 into equation 36 gives:

T « 1 „
4 4Va* m, 2m,

Ifia» WJ

(39)

(40)

(41)

(42)

(43)

This is the same formula that is given on page 62 of reference 8 

and this proves the general applicability of equation 34. A 

basic program was written for a Sinclair Spectrum computer to 

calculate T from equation 34.
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