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ABSTRACT

In the past few years, many “new"” ion smuctures have been idendfied in gas the phase.
Amongst these "new” ions are proton-bridged complexes, yiid and distonic ions and ion-dipole
complexes. They are often involved in fragmentarion mechaniss as intermediate species. Their

idendification is based on the thermochemistry and dissociation behaviour.

The fragmentation mechanism of ionized neopentanol, (CH,),CCH,OH™, has been studied
in great detail along with other C/H,.H™ isomers. Thermochemical and dissociation
characteristics were extremely useful to compare the various isomers. The use of “C and D
labelling was found an essential 0ol to establish the relation between the other species involved
in the dissociadon of neopentanol The involvement of (CH).CCH,(O)HCH,,
(CH),C"(O)HCH, and (CH,),('CH,)CCH,"OH, was essential to explain the H/D label exchange
occuring upor: fragmentation of neopentyl alcohol. An ion-dipole complex between methanol and
ionized methyl propene is proposed as the final intermediate which leads direcdy to the products,
methanol and ionized methyl propene.

The results of the investigation of C;H,* ions from various precursor molecules are also
described. Using the thermochemistry, estimations were made to obtain the relative stability of
2 number of structural isomers. It was found that the majority of these structures are
thermodynamically possible. The following compounds, which all produce CH," ions, were
studied: benzyl acetate, benzyl formate, benzyl alcohol, 2-bromocyclopropabenzene, 1,6-
hepradiyne and 1,5-decadiyne. The CH," ions produced from the three benzyl compounds seem
to have identical behaviour ie. the thermochemical and dissociative properties are the same.
Thus, it is concluded that they are the same ions. According to the metastable ion (MI) mass
spectra and the He collision induced dissociation (CID) of m/z 89 ions, it is suggested that four
(4) structures exist. The proposed stractures are as follows: the cyclopropaphenyl cation (from
2-bromocyclopropabenzene), CH=C-"CH-CH=CH-C=CH (from 1,6-heptadiyne), CH=C-CH=CH-
C=C-"CH, (from 1,5-decadiyne) and CH=C-CH=C(C=CH)-"CH, (from benzyl alcohol, benzyl
formate and benzyl acetate).
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CHAPTER 1

INTRODUCTION
1.1  What is mass spectromery?

The mass spectrometer, as its name implies, is an instrument used to measure the mass
of an ionized compound. Actually, it measures a mass-to-charge ratio and gives no information
on the structure of the ion. The structure of an ion is loosely defined as the arrangement of the
atoms in the ion ie. which atoms are bonded together, but without a detailed description of the
ion’s geometry. For small molecules, few possibie structures exist for the ionized fragment and
the neutral which is lost and identification of their structures is often easy. However, as the

number of atoms increases, the task of assigning a structure to an ion becomes more difficuit.

In earlier years, say up to about 1970, scientists tried to predict ion structures in the gas
phase using analogies from the condensed phase, from gas phase photochemistry and thermal
decomposition reactions. However, these were found often to be inadequate to describe the
behaviour of ions in the gas phase. It is now known that complete classes of ions which have
no stable neutral counterparts are stable species in the gas phase. Furthermore, trends and
relationships in thermochemical datz for organic neutral moiecules (e.g. additivity) were found
to be completely different for organic ions. The structures of larger ions have to be determined

using indirect evidence such as thermochemical data, structure of the smaller fragments and



isotopic labelling. This approach will be discussed in Chapter 3 of this thesis.

The gas phase chemistry is not only useful 10 study gas phase ions but was also found
10 be very useful 10 perform novel stdies such as the determination of the sequence of amino
acids in peptides. Therefore, it is important to set a swong background for structure and

thermochemistry of gas phase ion and neutrals.

Fortunately, advances in technology have allowed us to build more powerful instruments
and obtain mu&h greater sensitvity and resolution. The field of mass specrometry is in a state
of constant expansion and is nowadays used for much more than molecule identification and
pewoleum analysis. The coupling of 2 mass spectrometer with various instruments such as the
gas chromatograph (GC), inductively coupled plasma (ICP) and high pressure liquid
chromatography (HPL.C) has seen this technique expand into the fields of environmental science,

biochemistry and pharmacology.
12  Whatis in this thesis?

The work described in this thesis can be divided in two parts. The first concems the
elucidation of fragmentation mechanisms and the second is the generation and structure

elucidation of some isomeric gas phase ion species. Both projects involved the use of ion and

neutral thermochemistry and dissociative properties of ions.



Chapter 2 briefly describes the evolution of mass spectometry and of the mass
spectrometer in relaton with the advancement of technology. A concise description of the VG-
Analytcal ZAB-2F mass spectrometer is made because it is the major instrument used in this
work. A short description and reference to other instruments used in this work is also made.

Finally, some basic concepts essential to understanding of mass spectra are explained.

In chapter 3, the thermochemistry associated with gas phase ion chcn'_xisuy is discussed
and the labelling technique is briefly described. There are also sections on the dissociatve
techniques: metastable ion (MI), collisional activation (CA), charge stipping (CS), and, more
recently, collision induced dissociative ionization (CIDI) and neutralization-reionization (NR)
mass spectrometry. Each section contains examples where the specific technique has been found

extremnely useful to solve either a structure assignment or fragmentation mechanism problem.

In chapter 4, definitions of unconventional ions: ylid and distonic ions, ion/radical,
ion/molecule and proton-bridged complexes are given. Some basic kinetic rules and previously
established general rules are explained. Since these ions can be difficult to identify
experimentally, the use of theoretical calculation has proved an essential aid to their discovery.
On the basis of the combination of theoretical and experimental results, it has been possible w0
establish some criteria for the existence of unconventional ions. Various examples where these
ions are involved are described with more emphasis on ion/molecule and ion/radical complexes

because they are the main topic of chapter 5.



Chapter 5 describes the "thinking” process used to determine the fragmentation mechanism
of metastable ionized neopentyl alcohol. It describes the thermochemisty as well as the
dissociative properties of various isomeric ions. In this study. the use of 'abelling was found an
essential 100l iz the determination of the various intermediates participating in the metastable

dissociation of the neopentyl alcohol molecular ion.

In the last chapter, C;H," ions from various precursors were briefly studied. The possible
structure of these ions was established mainly using their thermochemical data and dissociative
propertes. The use of metastable ion (MI) mass spectra was found to be a very useful tool in

the awempt to clearly distinguishing the ions whereas the CA processes were helpful to assign

a structure to each CH," ion.



CHAPTER 2

THE MASS SPECTROMETER: A CENTURY OF HISTORY.

2
—r

The Pioneers.

There are many discoveries directly related 10 mass spectrometry. The scope of this
section is not to discuss each of them but to identify the major turning points of mass

spectrometry. A thorough description of these discoveries can be found in references 1 and 2.

The birth of mass specrometry (MS) would not have occurred if E. Goldstein® had not
discovered the existence of rays of positive particles in 1886. The confirmation of the existence
of these positive paricles was made by W. Wien®, in 1898, when he noticed that he could
deflect them in a magnetic field. J.J. Thomson, Nobel Laureate of 1906, deserves most of the
credit for the birth of mass spectrometry. Also named "the Father of Mass Spectrometry”, he
designed the parabola mass spectrograph which is the direct precursor of today’s mass
spectrometer. In 1912, he made his major contribution to mass spectrometry, with the discovery
of the two isotopes for Neon (m/z 20 and 22); although ar that early date he thought that m/z 22
was NeH, and did not realize until 2 few years later that it was an isotope of Neon. F.W. Aston

was Thomson’s student and continued the great work by building a mass spectrograph remarkably



similar to today’s apparatus and was the first person to use the term "mass spectrum”. His
greatest contribution to mass spectrometry was the observation that nucleic masses of atoms are
not exact multiples of units being slightly different from their nominal mass number. Some of
the other important contributors 10 mass spectrometry are: Dempster (1918) who discovered
many other isotopes and their relative abundances, Conrad (1930) who performed the first
chemical application of mass spectrometry to organic compounds, Nier and co-workers (1940)
who were able to isolate and separate uranium-235 and 238 allowing the construction of nuclear

power plants and Hipple and Stevenson (1943) who performed the first direct measurements of

the ionization potentials of free radicals.

Nowadays, the list of important contributions to mass spectromety is very long (by
looking at the specialized journals appearing in the past 20 years: Organic Mass Spectrometry,
International Journal of Mass Spectrometry and Ion Processes, Mass Spectrometry Reviews and
more recently, Journal of the American Society for Mass Spectrometry) and many "sub-fields"

to mass spectrometry have developed, each comprising very important contributions to general

mass spectrometry.

2.2  The Evolution of the Instrument.

A description of the first instruments and their uses will be briefly made in this section.

Again, reference 2 describes the complete history of the mass spectrometer’s evolution. The

following lines are only a summary of the most important instruments. Of course, Thomson’s



parabola specrrograph is the forerunner of i

today’s instruments. Its operaton consisted

of forming ions in a discharge mbe and

collimadng them through an opening in a

cathode. Tke ions then enter the analyzer

and a2 photographic plate is used as the

detecting device. The analyzer is composed

of parallel and coterminous electric and

. ] . Fure i . Direction-focusing spectrometer built
magnetic fields which separate the ions | oy Dempster. = "

according to their mass to charge ratio. The major disadvantage of this instrument was the great
loss of sensitivity as the resolution was increased. The ions were separated wccording to their
mass to charge (m/2) rado by applying two magnetic fields simulaneously. Aston’s instrument
was very similar to Thomson’s except that a single magnetic field was used and thart ions were
detected using velocity focusing i.e. focusing according to the momenta of the ions (ses section
2.3.1.2 for the equations of motion for ions in a magnetic field). Aston’s mass spectrograph had
a better resolution than Thomson’s by 2 factor of =10; for example it could separate an ion of
mass 28 from ar ion of mass 28.2 whereas Thomson’s could not separate m/z 28 from 29.
Dempster (1916) used a different approach to build his mass spectrometer: instead of using
velocity focusing, he used direction focusing, meaning that an ion of a given mass and energy
diverging from a slit will be focused through a 180° magnet deflection (Fig 1). This izsuument
was found to be very effective and was the basis for the prototype commercial mass spectrometer

built by Consolidaed Engineering Corporation (CEC) in 1942°. Note that the two earlier



inszuments (Thomson and Aston) used high voltage discharge tubes to produce ions whereas
Dempster’s insoqument produced ions by bombarding the samples with electrons emited from a

heated filament just as in almost all commercial instruments oday.

Thus, by 1920, the mass spectrometer had the potential to determine masses. to measure
relative abundances of ions and to perform electron impact studies. Not until 1940 did people
realize the possibilities of this very versatle instrument. The period between 1920 and 1940 was
spent on trying to improve the instrument’s resolution and its precision. A very important new
type of instrument was built by Nier in 1940, the magnetic sector analyzer having a 60° angle.
It had many advantages, such as reducing the size of the instrument (smaller magnet) and

improving resoluton (important when determining isotopes).

The petroleum industry® revived the interest in mass spectrometers when it was realized
that the instument could be used to analyze complex hydrocarbon mixtures. It is around this
period that the first commercial spectrometer was built (1942). During this decade, the mass
spectrometer became a routine analysis instrument, particularly in the petroleum and related
industries, accounting for approximately 80% of mass spectrometer users. Many variations of
Dempster’s and Nier’s instruments were built, but the major improvement did not come from the
instrument’s design itself (although higher accelerating voitages became obrainable and better
elecoomagnets were built), it arose from major advances in electronics (the transistor and
computers) and the advent of ultrahigh vacuum technology. The change from vacuum tubes to

transistors, allowed the recording of a complete normal mass spectrum to be improved in speed



from 15 minutes in the mid-1940s to three minutes in the mid-1930s 10 seconds in the 1980s.
The high vacuum techniques allowed for much greater sensitivity and better mass resolution.
Obtaining better resolution permitted the elucidaton of molecular swuctures whereas the greater
sensitivity allowed the analysis of trace amounts of compounds in samples. The 1960s saw the
birth of new analytcal techniques such as combination of mass spectrometers with gas
chromatography (GC-MS) and the use of the heated direct insertion probe to analyze involatile
solid samples. The large interest in mass specrometry as an analytical tool in the past 30 years
has resulted in the development of many techniques; e.g. high performance liquid
chromatography (HPLC-MS), fast atom bombardment (FAB-MS), inductively coupled plasma

(ICP-MS).

Finally, the unceasing evoluton of electronic technology and computer science has
reduced the instrument from a "three ton beast” 10 a bench top instrument and, from "wild
guess” interpretations of mass spectra to few and limited choices when assigning 2 structure to
a molecule from its mass spectrum. The main advantages gained from computers are speed of

data analysis and the operation of the instrument itself.

There are many other types of mass spectrometers such as time-of:flight (TOF),
quadrupole, ion cyclotron resonance (ICR) instruments etc, but the work performed in this thesis

essentially involves sector instruments, so only the latter will be discussed here.



2.3  The Sector Instruments.

The work performed in this thesis involved the use of three different insttuments: the VG
ZAB-2F (Vacuum Generators), the GEC-AEI MS-902S (Associated Elecmical Industries) and the
electron energy selector mass spectrometer. However, the emphasis will be on the ZAB-2F
because the majority of the work has been performed using that instrument. Generally, all mass

spectrometers have the same three functions: generate and accelerate ions, separate these 1ons

and derect them.

3.1 The ZAB-2F Mass Spsctrometer.

The VG ZAB-2F is a double

focusing, reversed geometry insmument.

It is called reversed geometry because, as

opposed to more traditional instruments,
Y2 ~ie,

the electrostatic (energy) analyzer is | ~i=v

l resclution slits i

[—ecc e —

Egqure2  The VG Aralytical ZAB-2F double focusing
mass spectrameter of reversed geometry.

located after the momentum analyzer (Fig

2). This configuration allows the isolation
and study of the dissociation of mass selected ions taking place in the second field free region
(2 FFR) of the instument without interference of ions from other reactions. The following is

a description of the modified ZAB-2F located at the University of Ottawa. For the description

of the unmodified instrument, see reference 6.
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2.3.1.1 The Ion Source.

The samples may be introduced into the source of the instrument in three different
manners (Fig 3). One of them is via a variable leak inlet (valve) and capillary which has the
advantage of providing constant pressures throughout the experiments and works well with gases,
liquids and volatile solids. When studying non-volatle compounds, the probe, on which a piece
of glass capillary containing the sample is placed, is inserted into the source housing. Another
method for introducing volatle liquid samples is 2 septum-injection inlet which allows vapours
to diffuse slowly from the heated reservoir into the source through a capillary mbe. However,
this last method does not produce constant sample pressures as the sample in the reservoir is
continuously depleted. An optumal observed sample pressure, which avoids ion-molecule

reactions in the ion source is =10 torr.

Goue3  Diagram Mustrating the diferent techniques
uad to introducs 3 sample in the ion sourcs,
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The ion source, as the name implies, is where the ions are generated. The samples are
ionized upon collision with a beam of electrons emitted by a Turgsten filament. Generally, the

energy of this beam is ca 70 eV. The process taking place is described by equaton 1:

M+e—oaM™+2e f1]

However, the ionization energy of typical organic molecules is approximately 10 ¢V, thus
many of the molecular ions M™ will contain excess energy, enough energy to decompose into

fragments which may also decompose further

M- SB +A
- C"+D

= C">SE +F etwc.. [2]

A repeller (plate on which a excess positive voltage is applied) located in the source
pushes the newly formed positive ions towards the source exit. The ions then fall into a large
potential gradient and are accelerated towards the first field free region (1 FFR). The
accelerating voltage (V) is typically 8 kV. Therefore, all source generated ions with a mass

m and a charge z will have the same kinetic energy as they leave the source

Lrmv=zV,_ (31
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where z=ne, v is the velocity of the ion, n is the number of charges. and if n=1, z=¢, the electon
charge. This last equality is valid regardless of the mass of the ion. In this work, unless

specified, singly charged ions are described ie. n=1.

smople it
-
!b-
elretres
m -Eheam o oo trap
3 D eV
r o
+ 8000 wolts J/
to analyzer
Erure 4, Disgram of s clectron impactchemical icaization soures,

23.1.2 The Momentum Analyzer.

After being accelerated, the ions wravel through the first field free region and pass into a
variable magnetic field. The ions traversing this magnetic field, which is perpendicular to their

motion, will follow a circular path of radius, r, and the equation of motion is

mv/r=Bzv or B=mv/zr [4i

The magnet is, therefore, 2 momentum analyzer. (However, it is usually referred to as
a mass analyzer.) Equation [3] showed that the manslational energy of source generated ions is

zV,. and, by substitution in [4], we obtain the following equation

13



M/z = (o )2V, (51

Thus, by varving the smength of the magnenc field B, one can select ions of desired m/z
since r and V__ are kept constant. By scanning the magnet and detecting the ions right after
they exit the magnetic field one can obtain the single focusing mass spectrum of the source
generated ions. The resolution is defined as the abiliry to separate a pair of peaks. It can also
be defined using R=am/m where R is the resolution, m is the mass of interest and am is the
difference between the mass of interest and the mass of the peak next to it (see section 3.3.1).
The magnetc sector focuses the ion beam along the ry radius in a direction perpendicular to the
magnedc field In figure 5, it is shown that if the ion enters and exits the magnetic field
perpendiculariy to the field boundaries, the point of origin of the ions, the apex of the field and
the point of focus of the ions are collinear (long dashed lines). It should be noted that the
dispersion of the ions is independent of the sector angle but the path length of the ions will
increase as the angle becomes smaller (Fig 5). However, the resoluton is quite low when using
only one sector (generally less than 5000) and the use of an electrostatic analyzer placed after

the magnet greatly improves this resolution. It also allows more experiments to be performed,
as described below.

Figure 5- The distance travelled by the ions increases at the
angleofmema_g:ctimm
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The Second Field Free Region (2 FFR).

The second field free region is a very important part of the ZAB-2F. It contains two
collision cells (Fig 6), (one of which was nor present on the original insoument) cell 1 and cell
2. A deflector elecrode was also added to the instrument’ between cell 1 and <ell 2, a full
description of the modificatons is included in reference 6. The two cells are 10 cm apart,
collision ceil 1 being 10 mm long and cell 2 being 20 mm long. Co_llision gases may be
introduced independently in both cells, each having its own pressure gauge and diffusion pump
nearby. The cells are electrically isolated and may support positive or negative potentials. As
will be discussed in the following chapter, it is useful to apply a voltage to the cells because it
allows one to separate processes taking place inside and outside the cell. The deflector electrode
is a simple chargeable plate enclosed in a grounded metal box. When applying a voltage to this
plate, ions are deflected away from the beam path and only neutral fragments may then enter cell
2. A newly built cell has been addeqd o the ZAB-2F® this metal vapour cell was designed to
perform Neutralization-Reionization Mass Spectrometry (NRMS) experiments which allow the
study of neutrals generated from positively charged ions by electron transfer (see section 3.6).
The efficiency of this electron transfer is affected by the energy defect Qq of the reaction. In
general, the most efficient conditions are when QT penr Eneuratizasicn of componnd) 1S €10SE 10 ZET0.
However, a Q>0 is also used to ensure that one does not generate the neutral with enough
internal energy to fragment. Some metals have lower IE than Xe (Cd=9.0 eV, Hg=10.4 eV,
Na=4.7 eV, Xe=12.1 ¢V°) and many organic ions have an IE of about 10 eV, therefore, they

produce exorhermic neutralizations instead of the endothermic reactions obtained with Xe. The

15



gas and metal vapour cells combined with the deflector elecmode allowed many new experiments

to be carried out on the ZAB; they will be discussed at length in the next chapter of this thesis.

metal vapour cell

E

—enemiemeaiaaaas .mqﬁ ==
[ ———-]

N
e ——
1: cell #1 ]- / | r
deflector lpump
I 2: cell §2 | pum electrode

M Collision celis located in the second field free region (2 FFR).

23.14 The Energy Analyzer.

The next part of the instument is the electrostatic energy analyzer (ESA). It consists of
two parallel curved plates of radius R across which a potential, E, is appiied. The electric field
produced, E, influences the trajectory of the ions. When the centrifugal force exerted on the ion

is equal to the electric force (E), the ion is transferred through the ESA

mv/R = zE (6]

Therefore, ions may be separated according to their kinetic energy. By substituting

equation 3 in equation 6, we obtain, for source generated ions:

16



E =2V _z/R (7]

By seming the E at the voltage given

by equation 7, the detection of all mass

‘_\.-':"'" sector

selected, source generated ions is possible. oF =B st
e

The elecwic sector selects an ion beam 7. Elect focusing the ion at the beta slit

according to the velocity of the ions. Upon

applying a certain electric field to the plate, it is possible to select only those ions which have
the required energy to travel along a curve of radius r;. The ions are brought to focus at the B-
slit. When an ion detection device is located after the electric sector and the magnet is scanned,
a double focusing mass spectrum of the sample is obtained. This supplementary focusing device
allows a much greater mass resolution. Further mass and energy resolution may be obtained by

narrowing the Y slits (see Figure 2) but this will lead to a loss of sensitivity.

2.3.1.5. The Detector.

The last part of the instrument is the ion detector, which consists of an off-axis electron
multiplier. The term off-axis refers to the fact that the ion flux collides with a negatively
charged conversion dynode which emits electrons, the laner are then accelerated and amplified
by series of dynodes. Finally, all the electrons are collected on the qnode and the current
therefrom produces a signal which is electronically amplified. The sensitivity of the instrament

is about 10" A of ion current.
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Eigure 8- Diagram of an electron multiphier, the conversion dynode converts
positively charged ions into a beam of electrons and the dynodes which have a
difference of potential of 800 V permit the acceleration of the multiplied electrons.

2.3.2. The AEI-902S Mass Spectrometer.

The second instrument used in this work is the GEC-AEI-902S (Fig 9). It is a forward
geometry mass spectrometer with the electric sector being before the magnetic sector (as opposed
to the ZAB-2F)". The sample introduction is similar to the ZAB but there is no septum inlet
This instrument is well suited to measure the appearance energy (AE) of ions produced by
metastable dissociations in the first FFR. An important feature is a Daly detector which has the
advantage that metastable ion signals may be increased relative to source generawed ions. A
complete description of the method used 10 obtain AE measurements for metastable ions is found

in reference 11 and 2 short description will be given in the next chapter.

18
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DBoure9  The Kratos-AE] MS-502S mass spectrometer.

2.3.3. The Electrostatc Electron Energy Selector and Quadrupole Mass Analyser.,

The adiabatic ionization and appearance energy values (IE and AE) were meast—d with
an electrostatic energy selector and quadrupole mass spectrometer. These values are accurate to
* 0.05 eV. For a complete description of the instrument and its operation refer to reference
12. This instrument has the major advantage of allowing the mass resolution of e quadrupole

mass filter to be easily adjusted and its high sensidvity when resolution was not required.

2.4. The Behaviour of Ions.

Ions formed by 70 eV electron bombardment have wide ranges of internal energies and
the clectron impact mass spectra hardly change when electron energies are raised above 20 eV.
So far, we have considered only ions formed in the source which contain insufficient energy for

them to decompose before reaching the final detector. These are thus termed “stable ions”.
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However, there are other types of ions' which are unstable or metastable. The latter are ions
sufficiendy stable to leave the source but which decompose before arriving at the collector.
These types of ions will be thoroughly discussed in chapter 3. Unstable ions are formed with
so much internal energy that they decompose before leaving the jonizaton chamber. Thus, a
very complex mixnre of ions is formed in the source, forming the complete electron impact mass

spectrum of the sample.

[4

The rate constant, k, of an ion K(E) p

decomposition process rises rapidly with g srstable ions
1 —

increasing internal energy to reach a

109
constant value at highest energies' (Fig o
10). This is logical because the shortest 10+ ---- metastable ians
decomposition time is =10"2-10"s (Fig 11) sable speces S
(i.c. vibrational frequencies) and no matter Eq E

Equre10,  WE) versus E curve showmng the rate
constants charactaristic of each lype of ion.

how much internal energy the ion coatains,

the fastest decomposition is about 10™%. Metastable ions decompose in the field free regions and
the rate constants associated to them is, 10°-1¢’ s'. For example, an ion of m/z 50 with 8 kV
energy will ravel at a speed of 18 m/z according to equation [3). However, it the same ion is
given an accelerating energy of 6 kV, it will travel slower and thus, take more time to reach the

second field free region. It might decompose outside the region of interest and will not be

considered metastable anymore.
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Stable ions, of course, have slower decomposition rates whereas unstable ions decompose
faster. Figure 11 represents the tme-scale of events applicable to the VG ZAB-2F insTument

for a typical m/z=100 species at an accelerating voltage of 8000 volts.

I
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Heyre 11, Timeframe for events taking place in the mass spectrometer. Based on
an jon having mfz 100 and V,_ySkeV.

2.4.1. Isomerization.

Another important process that has not been considered yet is the problem of ion
isomerization. Because 2 wide range of internal energies are contained in ions, it is possible for
both molecular ions and fragment ions 1o isomerize into different strucrures. These
isomerizations complicate the interpretation of mass spectra. The extent to which an ion A*
rearranges into an isomer B* depends on the relative energy barriers for decomposition and
isomerization (Fig 12). In case (i), the energy of isomerization is much bigger than the energy
of all fragmentations. Therefore, the decompasitions wili occur much more readily than the

isomerization. In case (ii), the isomerization energy is much smaller than the fragmentation

21



requirements of A”
10 its comresponding
products. Thus, the
interconversion
between A and B
will take place very
easily giving rise to
a possible mixmure
of products from
both A and B.

This type of

CASE i)

fragments +— 7+ ¥~ fagments

Eigure 12, Potential energy diagrams showing the relative energy barriers for
decomposition and isomerization of ions A and B.

fragmentation renders the structure elucidation of ions very difficult to perform. Case (iii)

illustrates a combination of these two situations where A® must isomerize 10 B prior to

fragmenting. Therefore, both ions A™ and B* will give rise to identical mass spectra. A very

good example of these various isomerization processes can be found in reference 15 where the

fragmentations of five isomeric [H,, C, N, O,} ions were studied. It was found that H,CNO,",

H,C=N(O)OH" and H,CONO™ interconvert prior to fragmentation, but HC(O)NHOH" and

HC(OH)=NOH" can only isomerize to one another.




2.42 Quasi Equilibrium Theory.

How can we understand the dissociation behaviour of ions in the gas phase? The Quasi-
Equilibrium Theory (QET) developed by Rosenstock et al'® depends upon the staristical

distribution of internal energy in the ionized molecule. It is based on the following assumptions:

1)) "The time required for dissociaton of the initdal molecular ion is long compared
with the time of interaction leading to its formation and excitadon.” Meaning that
the dissociation process takes long enough to occur that the molecular ion
"forgets” how and where the ionization occurred i.e. the ionization mode is
independent of the rate of decomposition. This also implies that the "rate of
dissociation is slow relative to the rate of dismibution of the inigal excitaton

energy over alt degrees of freedom of the molecular ion’s ground state”.

2) "The fragmentation products are formed by a series of competing and consecutive

unimolecular reactions.”

3) The ions generated represent isolated systems, therefore, the rate of a process is

a functon of the excitation energy only.

For a complete descripton of QET, see reference 16 and references therein.



Generally, two factors will govern the fragment ion abundances iz the mass spectra:

1) The stability of the products, i.e. the lowest energy products (aH,°) will

generally be favored.
2) The stength of the bonds cleaved.
It must be realized that the relationship between a mass spectrum and the neuwral molecule
from which it is generated may be very complex. The normal mass spectrum contains hidden

information concerning the structures of the molecular ions which may change drastically before

their dissociation takes place.
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CHAPTER 3

USEFUL TOOLS FOR ION STRUCTURE ASSIGNMENT:

TECHNIQUES AND APPLICATIONS.

W)
o

Introduction

The use of high resolution electron impact mass spectrometmry can be sufficient to
confidently assign a structure to an ion from a knowledge of dissociative properties (fragments)
and exact molecular mass. However, the very large number of isomeric ions discovered year
after year (both conventional and unconventional) makes this task less certain. Fortunately,
today’s technology has produced very versatle new instruments. The approaches used for

assigning structures to ions in the gas phase involve:

i) accurate measurements of ionic heats of formation.

i) a wide variety of experiments on mass selected ions of known molecular formula;

their metastable and collision induced dissociations.

iti) the tme-honoured method of isotopic labelling.



Many techniques use "comparison” of the results obtained for an unknown ion @ with all
the available data for "known" ions of the same chemical composition b, ¢, d.... If ion a shows
similar thermochemical and dissociative characteristics as, for example, ion ¢, it can be
provisionally concluded that they have the same soucture. When reference ions are not available,
a combination of the various mass speczometric techniques is used to allow one to infer a
tentatively “correct” structure of a particular ion. In this chapter, the experimental techniques
providing thermochemical information and dissociative characteristics of ions will be described.
Applications of these techniques to elucidate ion structures and fragmentation mechanisms will

also be discussed at the end of this chapter.

3.1  Thermochemistry

A knowledge of ion thermochemistry is essential to establish the structure of gas phase
ions. The heats of formation, aH,°, of ions are especially important because obtaining identical
aH® values for two ions generally strongly implies that they have the same stucture. The heat
of formation of an ion under study is measured as accurately as possible and is compared with
aHp® values for ions of the same molecular formula from the literature (from previous
experiments or from high level ab initio molecular orbital theory calculations). However, the
aHp® values are rarely exclusively used to identify an ion structure; dissociation characteristics

are also studied.
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3.1.1 Iomization and Appearance Energies.

The aH;® values of molecular and fragment ions can be derived from ionization and
appearance energies (IE and AE) and regquire a knowledge of heats of formation of neutral
species. The first jonization energy of a molecule is defined' as the minimum energy required
to remove an clectron from the lowest molecular orbital. The heat of formarion of a molecular

ion A™ is given by the equation below.

aHP (A™) = IE (A) + aHP(A) (8]
Therefore, measuring the IE and knowing the aH® of the neutral (A) will allow the
calculation of aAH°(A™) 10 be made. Many aH?® values of neutrals can be found in the

literature™'* but when this is not the case, they can be estimated via Benson’s additivity

scheme™ including the use of new or provisional additivity terms®.

The appearance energy (AE) of a fragment ion is the minimum energy required to obtain

the specific fragment ion from a neutral precursor

ASB"+C+e [9]

The heat of formation of ion B*" can then be obtained using the following equation:



aH{B™) = AE(B™) - aH{C) + aH{A) [10]

Alternatively, using the same equation and if data for aH{B™) is available, aH, of the
neutral species (C) may be calculated. However, one has 1o be careful when assuming a value

for aH{B™) when establishing aH, for the neumal species C, because of the possibility that one

may have incorrectly assigned a structure to B™.

The ionization energy of molecule A and appearance energies of fragment ions B™ are
obtained by recording the intensity of the ion signal as a function of the energy of the ionizing
electrons. The energy corresponding to the first observation of the ion of interest is obtained by
extrapolation of the curve which results from plotting the ion current versus ionizing electron
energy (Fig 13). Specialized instruments such as photoionization mass spectrometers™ or a
mass spectrometer having an energy-selected EI ion source' are used to measure IE and AE with
good accuracy ie. F0.05 eV. Such

measurements cannot be performed on the [ | 1.6-heptadiyne
. z CoHyt .
ZAB-2F because the electrons emitted by the 2 s
: -
filament are bv no means monoenergetic and |2
[
L)
moreover, the ion scurce controls are unsuited
to such work. A method o obtain the AE of E
- 4
a metastable peak using the MS-902S mass B | .
1 1 1 1 1 1 1
. ] ) 9.8 10.0 10.2 10.4
specrometer is described in reference 11. PHOTON ENERGY {eV)
. . . . Figure 13~ Photloionization efficiency curve for m/z
Basically, it consists of measuning the | 91 ion from 1.6~heptadiyne. [onizat?on Energy ([E) iz
al ihreshold, indicated by arrow.
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intensity of the metastable peak of interest versus elecron energy and one generated by a
calibrant compound. The companson of their threshold energy values will determine the
unknown AE value. A good calibrant compound is diethyl ether which metastably loses a methyl

group with an AE of 10.26 &V, ie. [CH,CH,OCH.CH,]” — CH,;CH.,"OCH, + CH,".

An example of the usefulness of AE values 1o investigate the heat of formartion of a
neutral compound is the determination of the heat of formation of vinyl iodide. The hearts of
formation of C,;H,Br and C,;H,Cl have been ;ncasmed but there is no value for CH,I. aHJCH,I]
may be estimated using the energy difference for aH,; RCl~> aH, RI of a series of compounds ¢.g.
the a(aHp) values in kJ/mol and are 96.6 for (CH,X); 104.6 for (C;H.X); 101.6 for (1-C,H,X);
104.6 for 2-GH,X); 1102 for (--CH;X) and 112.9 for (CH.X)™ giving an average of 105
8 kJ/mol with aH{C,H,Cl]=37.3 kJ/mol then aH{CH,]] is estimated 10 be 142 + 9 kJ/mol.
From AE [CH,"] from CGH,l (=11.26 ¢V) and using aH{C,H,*}=1111kJ/mol and aH[T1=107
ki/mol, the value of 133 kJ/mol was found for AH~[C,H,I] which is at the lower limit for the
estimated value of 142 + 9 kJ/mol.

3.1.2 Adiabatic or vertical ionization?

Two types of ionization energy (IE) are frequently described, namely the adiabatic (IE)
or vertical (IE,). The former refers to the energy difference between the ground vibrational levels
of the lowes: electronic sate of the ion and of the comresponding molecule (Fig 14) whereas the

vertical ionization refers to the energy difference between the ground state of the molecule and



that of the ion having the same geometrv. An adiabanc

ionization energy can accurately b: measured by elecron

impact using a double h=misphere electron energy selector :
vertical!

NN

! ladiabalic

such as thar described in reference 12, when the difference

between IE, and IE, is reladvely small (say <0.3 eV).

polential energy

Indeed, in zeneral, this difference is small for the majority

of organic compounds but where the ion has a geomerry

significantly different from the neutral species it may be distance

Equre 14- Vertical versus
difficult to measure IE,. An example is the case of ethyl aciabatic ionization

fiuoride for which there is a difference of 0.65 ¢V (adiabatic is lower) between the ionization
energies®. This indicates a considerable geometry change between the neutral and ionied
species and that the most probable result of electron impact ionization (vertical process) produces
highly excited species. Adiabatic IE values should always be used when calculating aH,. The

National Bureau of Standards (NBS) has compiled IE and AE values from the literziure up to
1938°,

3.1.3 Kinetic Shift and Reverse Activation Energy.

Two important factors which must be taken into account when evaluating AE values are
the kinetic shift and reverse actvation energy. The kinetic shift corresponds to the difference
in AE for short and long observation times of the ions and is an essential factor which will

ensure that a sufficient number of daughter ions are formed in the source (Fig 15). It depends
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~ on the residence ume of the ions in the source
and on the shape of the In k(E) vs E curve.
When we measure the AE of an ion A™, we
measure it on & given dme-scale e.g. 1 ps, in

the first field free region of the instument.

A
!
i
1
i
i

Therefore, the energy given to the precursor

small difference

HAgure 15—~ The difference bitween short and long
cbservation times is much rasller when the curve rises fast.

ion M™ must be enough for the precursor to

fragment to A + B  in £ 1 ps. This
corresponds to a rate constant of ky+210° s for the reaction M™ — A* + B". To achieve this rate
constant, it is often necessary to put significantly more than the minimum energy into the ion.
If the rate constant k(E) rises only slowly with increase of internal energy E, the kinetic shift will
be significant and the AE values will correspond to an upper limit of aH_°(ion). When the k(E)
rises sha:ply with the increase of ion internal energy, there will not be a kinetic shift and the AE
energy value can be used with confidence®. The effect of kinetic shift can be reduced by
measuring metastably generated ions which are of lower excess energy. They give a value of
aH¢® equal to or lower than the source generated ions (Fig 16). A problem, however, resides in
the small number of precursors for a specific fon and in the very low intensity of some

metastable peaks.

Furthermore, the absence of a metastable peak does not guarantee that the minimum value
is obtained, there may be 2 contribution from the reverse activation energy (Fig 16). In general,

simple bond cleavages have small or no reverse activation energy whereas rearrangement
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reactions may well occur with a significant reverse energy™’. Where the fragmentation is both
metastable and involves large E_, the metastable peak will be broadened due to the kinetic

energy release (see section 3.3.2). The varicts metastable peak shapes will be discussed in

secton 3.3.4.

energy

]+

Equre16:  Energy diagram representing the
kinetic shift effect and the reverse activation

. energy effect

3.14 Effect of Rate Constant.

In general, the AE value derived from a metastable fragmentation is characteristic of a
specific reaction channel, however if the rate constant k(E) versus E curves for two competing
reaction channels intersect (Fig 17), it means that rearrangement and bond cleavage may compete.

Therefore, the rise of k(E) may be very slow ie. the AE value will be higher than the threshold
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value. Finally, it is possible that 2 mixrure of isomers is present at a given m/z value. Therefore,
the AE value will correspond to the most stable isomer in the mixture. Thus, it is important that

only a single species is monitored in the instrument.

Iog k

Eo Eo energy (E)

= Logkversus anergy (E) curves
ing competing reactions A and B.

3.1.5 The Effect of Mixtures of Isomers on AE Measurements.

The AE of a fragment ion provides an upper limit for the heat of formation of that ion.
Therefore care must be taken to ensure that the effects of kinetic shift and reverse energy are
considered. If the energies required to produce an ion metastably and in the source are measured,
the lower AE value should be used. Where a mixnre of isomers is studied, the AE which is
obtained corresponds to the most stable isomer. For example, ionized oxalic acid produces in
the ion source C(OH),” and HCOOH"Z. However, only the former is obtained metastably and
aH[C(OH),]" is determined by the AE measurement. It is also important to have a very pure
sample since contaminants may strongly interfere by producing a more stable ion of the desired

m/z value and so will give an incormrect, lower AE value.
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3.1.6 Estmating aH/ (ions).

Once the aH,° value of an ion is measured, it may be compared with reference ions from
the literature or compared with estimated values of aH?°. One can estimate aH,°(ion) values by
studying correlatons within homologous series. The equation aH{ion]™ = A-Bn+C/n where A,
B and C are constants™ and n is the number of atoms in the molecule can give fairly acceptable
values”™. Many factors have to be considered when estimating aHions): location of the charge
on the ion™, natre of substtuent®, multple substitution effects® and the relationship
between stabilization energy and ion size®. Although the aH, value of an ion is a very good
criterion for its identification, it cannot be solely used. Isomers may have very similar aH,
values such as do CH,CH,CI" (950 kJ/mol) and its ylid counterpart CH,CHCIH" (951 % 4
kJ/mol)®. Sometimes the identity (and therefore aH,) of the neutral fragment is not known.
This is comparatvely uncommon but an example is found in the fragmentation of ionized
aniline® which produces C;H,™ and [H,N,C] with an AE value 0.8 ¢V above the calculated
threshold for C;Hy™ + HCN. It was proposed that the neutral is HNC, for which aH is 0.6 eV
higher than HCN. This proposition was confirmed by performing a CIDI (Collision Induced

Dissociative Ionization) experiment (see section 3.5) on the neutral product® to establish its

stucture.

In the past few years®™, extensive work has been conducted by Holmes and Lossing

to estimate heats of formation of ions of unconventional structure (ylid, distonic and H-bridged



ions; see Chapter 4) using bond strengths in even electron ions and the proton affinity of free

radicals®.

3.2  Labelling Techniques

3.2.1 Most Common Labels

A very useful tool to probe fragmentation mechanisms is isotopic labelling. The most
common labels are D, *C and *0. These labels allow one to follow the behaviour of specific
fragmentations of a selected ion. Chapter 5 of this thesis would have never been written if the
labelling technique were unavailable. A review conceming the use of labelling as an aid 1o
investigate the fragmentation of ions has been published®, and so only a few examples will be
given to emphasize the usefulness of this technique. "On paper”, Figure 18 secems a plausible
mechanism for the elimination of ketene from CH,(COOCH,), followed by elimination of
methanol. According to the position of the labels, CH,O and CH,DO should be lost in

approximately equal amounts.

~Do=g —
N I},: 4% 0 0H(D)
L= O
o, o000, o0y
l-mgmtm
CpHs07 ™ CHg0,"

Higure 18- Fragmentation of methyl ester benzyl
Q-ncetnte.
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However, the experiment showed that only CH,DO is lost. Upon this result, a four-

membered ring was proposed as an intermediate for the fragmentaton.

0 —02

@0 U k)
+

-C0500 -

CO0CH, z CrHe0y

Figure 19— Fragmentation via a
four-membered ring intermediate.

Another example of the usefulness of labelling is shown with nirobenzene. Figure 20
shows the two possible pathways for successive losses of NO' and CO. Both mechanisms are
plausible. However, *C labelling showed that only mechanism A occurs, the designated atom

always being in the CO eliminared.

- 13¢ 13c 13 dO
O Q i~z
x “ 139
l\o\ Cc’ ~0H ‘31: 6:; 13cc«ns
’\/Lm

Hgure 20- Fragmentation mechanism of carbon—13 labelled nitra benzene.

3.2.2 Isotope Effects

An important phenomenon which can sometimes occur upon labelling with deuterium is
the isotope effect. This effect sometimes takes place because the replacement of an H by a D
may change the rate of the reaction. The difference in reaction rates arises from the fact that the

activation energy for the D-labelled compound is higher than for the unlabelled compound (Fig
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21) or it reiates to the density of states for the reacting configurations. The magnitude of an
isotope effect is usually calculated using the reladve height of the appropriate peaks in a mass

spectrum.

Only when the internal energy of the |EA AE

ion is appreciably higher than the dissociation &
N-u

limit will isotope effects tend to disappear. || /& ———————-——-—-—=%

Note that an isotope effect is generally larger

when it involves a simple bond cleavage than = <

I Hgure 21~ Varistion of isotopic effect as a function of the
when a rearrangement is involved. excess eaerqy.

3.3  Merastabie Ions

A metastable ion is one which has enough energy to exit the ionizaton chamber but
decomposes before reaching the detector™. Such ions have a small excess internal energy over
the minimum for fragmentation and a typical lifetime of ca 1-10 ps. The first scientists to use
the name “metastable ions” were Hipple and Condon® in 1945. Only the dissociations of the
metastable ions occurring in the field free regions of the mass spectrometer (between the ion
source and the first analyzer or between the two analyzers) will be detectable. When an ion
dissociates metastably by 2 unimolecular process the excess energy of the original ion above the
dissociation limit will be distributed amongst the degrees of freedom of the products,

Considering A™ -*— B* + C, and assuming that the velocity of both fragments is essentally the
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same, the kinetic energy of the products will be a fraction of the kinetic energy of the precursor

ion:

12 myvy® = mg/m, x 2V, (11

172 meve® = mg/m, x zV, [12]

Since the law of conservation of momentum has to be observed, Hipple and Condon™

showed that the apparent mass m*, of the daughter ion B™ is given by

m* = mgzlmA [13]

where my is the mass of the daughter ion and m, is the mass of the metastable ion. The ions
B™ will be transmitted through the magnet with such an apparent mass because they only have
a fraction my/m, of the momentum of the precursor ion. If those same ions of apparent mass
m* fragment between the two analysers (B™ — D™ + E), the new ions D* will only have a
fraction mp/m, of the momentum or of the energy of the precursor ion m,. Therefore, it is

possible independently to analyze the metastably generated ions in both sectors of the instrument
(Fig 22).

In a normal EI mass spectrum we cannot, in general, identify the precursor(s) of any

given fragment ion. The observation of 2 metastable peak allows us to link 2 fragment ion M,

38



with all its
precursors if, for

example, metastable

peaks were seen at

nominal masses: :© 1 FFR Ys-i_
. ~;
MM, MMy, | Y

q 1 D detector
MM, etc.® .—’EI—CI source
21y s -

By mass selecting Eigure 22. The metastable generation of ion B from A in
first free region (1 FFR) and subsequent generation of ion
an ion B™ with the D from B in second field free region (2 FFR).

momentum analyser, it is possible 10 study all its metastable fragmentation characteristics by
scanning the electric sector. Not only the metastable processes can give valuable information on
an ion but the general shape and size of the peaks is also very informative. However, to be able
10 fully use metastable ion characteristics, it is important 1o record the data under contolled

conditions (stable instument, good resolution).

3.3.1 Resolutdon

The resolution of the ZAB-2F can be given in terms of energy and mass. The mass

resolution is given by the ability of the instrument to separate two masses M, and M, of mass

difference M, when WH < 0.1 (Fig 23).

R = M,"/SM (14)
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Using various beam defining slits (Y, 10 Y, in Fig 22), it is possible to achieve greater
resolution and to separate ions which have the same nominal mass. For example, N, and CO
which have molecular weights of 28.0174 and 27.9954 u respectively, can be separated if the
instrument has a resolution of R=1300. Energy resolution can be quoted in a similar manner and
is measured by the energy recorded at half height of the peak (Fig 23). The "real” voltage
scanned by the electrostatic analyzer is 0-483 Volts but since an accelerating voltage of 8000 V
is given to the ions, the sector voltage is scaled to 8000 V. Therefore, at 483 V. the ions are

considered to have 8000 V. An energy resolution of less than 5 volts is considered acceptable.

A M — u+

H t :
-1/2& gxy +i/Ta E

Figure 23— Criteria explaining how mass and energy
resolution are obtained.

3.22 Kinetic Energy Release.

Ions fragmenting on mass spectrometric time scales (see Figure 11) have an excess of
internal energy, some of which is released as kinetic energy given to the fragments. This

magnitude and distribution of the energy released will have an influence on the shape of the
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metasiable peak as well as on the energy spread of that peak. It depends on the magnitude of
the reverse activaton energy as well as on the kinedc shift (see section 3.1.3). The process of
parutioning the energy of the ion into the mranslatonal degrees of freedom of the products cannot
at this time be predicted since no method exists to accurately calculate simultaneously the internal
cnergy content and the kinetic energy release™. Therefore, kinetic energy release values (T,
values) which are used to compare peaks, presently have no fundamental significance, but

provide useful identifying features for decomposing ions.

3.3.3 T, values

TEe kinetic energy released upon a specific fragmentation can be measured as a Ty value.
It is obtained by the following experiment: the precursor ion of interest, M* is selected through
the magnet and the electric sector is scanned slowly over a very small span of energy close o
the fragment ion energy, under high energy resolution conditions i.e with the 8-slit narrowed (Fig
7). By considering the laws of conservation of energy and momentum, the equation 15 can be
derived". For a process A” -*— B + C, the T, value (kinetic energy released measured from

the half-height of the peak) is given by:

Tos (meV) = (aEp)* x (m,)*/(V,. X mp X mc x 16) [15)

where m,, mp and m are the masses of the ion and its fragments and aE; is the width at half-

height of the peak expressed in acceleration volts™. When the peak width aE, is small relative
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to the main beam width, it may be of significant importance 10 correct the peak for the main

beam using the equation established by Ominger*:
AE; (comr) = V[(aEg)~(aE, )] (16}

The T, value is not the only way to express the kinetic energy release but it is the most
common one. Other values may be obtained using peak widths at different heights of the peaks
but these methods will not be discussed here. A review of the topic may be found in reference

41.

3.3.4 Merastable Peak Shapes

Another important criterion is the shape of a metastable peak. Equal shapes may indicate
similar reacting configurations of two species whereas different shapes may indicate different
reacting conﬁgmﬁtions (or possibly different experimental conditions). The term reacting
configuration refers to an intermediate structure to which an ion isomerizes before fragmenting.
Jones et al® proposed that fragmenting jons with the same reacting configuration should show
the same Ty values independent of the experimental conditions used to generate the jon. There
are basically three different types of metastable peak shape (Fig 24): the Gaussian type, which
are the most common, and are usually associated with small kinetic energy releases (T, values
of up 10 about 50 meV) and dished and flat-topped peaks which are associated with larger kinetic

energy releases arising from reverse activation energy. Note that the inverse is not true, not all
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reactions with significant reverse activaton energies reveal "dished” or flat-topped metastable

A0

FLAT-TOPPED DISHED COMPCSITE
Fque24 - Different metastable peak shapes.

peaks.

The "dished” peak is caused by Z-axial discrimination in the instrument i.c. the fragment

ions which contain large amounts of kinetic

energy in the plane of the long axis of the suv

...............................

energy resolving slit are not fully mansmined [ i S R o

............

because the slit is of finite length (Fig 25). In

order to examine peak shapes in detil it is

essential that good energy resolution is

obtained.

A last type of peak is called composite. It may for example consist of the combination
of a Gaussian peak atop a dished peak or, of 2 pair of superimposed dished peaks. They may
arise from isomeric ions which lose a common neutral fragment to yield one or two daughter ion
structures or, from 2 single ion giving rise to two isomeric danghter ions or, when 2 pair of

isomers fragment to yield a common danghter ion via a different reacting configuration. A good
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example is the hydrocarbons which have at least 3 carbon atoms for which the m/z 41 -*— m/z
39 process takes place and shows a composite peak. There is a broad dished component
corresponding to CH,"CHCH, — [cyclopropenyl]” + H, and a less broad, also dished component

corresponding to the formation of HC=CCH," + H..

3.3.5 Metastable peak abundance ratio

The metastable peak abundance ratio test was proposed by Shannon and McLafferty™ and
studied by Rosenstock et al®’. It consists of comparing the abundance ratio (peak height or
arca) of all competing metastably generated peaks of two ions under identical experimental
conditions. If the ratios are similar for both ions, it can be concluded that they are of same
siructure. This test may be difficult to use because one has to decide what are the acceptable
variations in ratios and also one has to decide whether the experimental conditions in different
reports were similar (i.e. ion lifetimes and energy resolution conditions). In summary, identical
metastable peak abundance ratios provide good evidence, but not proof, that ions having the same

reacting configuration are being observed.

34  Collision Induced Dissociation of Ions.

The collisional induced dissociation (CID) of ions was first observed in 1924 by Smyth®

but the interest in the phenomenon was revived by Jennings® and Haddon and McLafferty”

in 1968. It was observed that the collision induced dissociation mass spectra had a large



similarity to the corresponding electron impact spectrum. This supported the view that collision-
induced dissociations proceed via the generation of electronic excited states of the ion followed
by its unimolecular fragmentation (the same as the process taking place in an electron impact ion
source). When an ion collides with a neuwal target, some of its translatonal energy may be
converted into intemal energy. This energy may also be sufficient to induce self-fragmentation

of the ion

A"+TH A" *5 B+ N 173

In their 1968 paper, Haddon and McLafferty*® suggested that the structure of an ion may
be characterized by the relative abundances of peaks in the CID mass spectrum of a mass
selected ion and proposed that this technique may in future become a very useful tool to identfy
ion structures. They were never so right! Today, the collisionally induced dissociation behaviour
of beams of fast charged or neutral species is a widely employed technique (refer to sections 3.5-

3.7) for structural investigations.

The spectrum is formed by source generated, mass-selected ions, which do not have
enough energy to fragment in the metastable timeframe, colliding with a gas located in one of
the field free regions. With the ZAB-2F, only the second cell contained in the 2 FFR is used

(Fig 26) for this purpose. The fragment ions are then analysed by scanning the ESA and
detected.
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®: ==

3 D detector
E-G source

Figuee 28 The metastable genr:tion of ioa M from A in the
sccond free region (2 FFR) ana collision induced
fragmentation of lon M to form ion B and neutra! N..

Amoggst the factors which wiil affect the spectrum are the nawre and pressure of the gas

and the ion’s internal and translational energies™.

3.4.1 Nawmre of the gas.

The most commonly used gases for collisional activation (CA) are He and O,, although
N, H,, Xe and other gases have also been used. They have been divided in two classes®, "so
called” soft targets (O,, NO,, Cl,) which provide less fragmentation and hard targets (He, Xe,
CH,) whereas N, is considered an intermediate strength target. The choice of gas depends on
the type of information needed®. For example, when looking for information related to structure,

a large number of fragmentations is favourable and a “hard" target such as He should be used.

3.4.2 Pressure

Since the pressure of the collision gas is not directly measured in the cell, it is necessary



10 use a constant reduction of the main beam’s intensity in order to have reproducible results™.
Thus the pressure measured at the top of the analyzer diffusion pump can be related to a cerain
percentage reduction of the main beam. As the beam reduction increases, multiple collisions
become more important. However, one should not forget that collisions also lead to fragmenung,
scattering, charge exchange (A + B® — A" + B) and charge stripping (see section 3.7). Figure
27 shows that at a 10% beam reduction, 95% of the collisions are single encounters whereas at
60% beam reduction, only 75% of the collisions are considered sirgle. Although maximum
yields of fragments are obtained in a 40-80% beam reduction™, the work described in this thesis
was performed using collision gas pressures corresponding to 10% beamn reduction to obtain
essentially single collision conditions. In general, multple collision induced dissociation leads

to less useful information for ion structure evaluations because the amount of fragmentation is

much greater.
\ /f'\ 0.9
0.3~ beam A "
reduction — 0.7
= 1% S35
= ==
i) — .. B, -
= 20% 0.3 S8
2 %9
a. -y
== 0.3
1
> 0.1
ruple
1 1 1
1073 1972 1071
Bgure 27~ Total collision probability and
fraction of single/multiple collision processes as
a function of collision gas pressure.

Efficient differential pumping between the cell and its smrroundings ensures that the
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majority of the collisions occur within the cell itself. To separate the collision induced
fragmentations which occur in the cell from those occuring outside the ceil i.¢ the unimolecular

metastable fragmentations, a technique consisting of applying a voltage on the cell is used.

3421 Voltage on Cells

The cell being electrically isolated, it is possible to apply a voltage, typically 10C0 voits.
For a voltage -V applied on the cell, the ions A™ entering the cell with an energy V. will
acquire +V translational energy i.e. their kinetic energy will be raised to V,+V. The fragments
B* produced from A™ in the cell will then have a fraction of the energy [B/A™ x (V. +V)]-V
as they exit the cell. The fragments produced before and after the cell will have an energy of
B*/A™ x V. being unaffected by the voltage. This technique thus separates the M1 contribution

from a CA process (Fig 28).

Flgure 28~ Top: voilage on cell influences collision processes
occurring in ceil. Bottom: woltage on cell does not influence
metastable processes oceurring outside tle cell




In 1973, two papers by McLafferty and co-workers appeared®, pointing out that a
CA mass spectrum was 2 helpful ool to characterize ion swuctures. In general, the relative
abundances of the peaks in the CA mass spectra are dependent on the precursor ion’s internal
energy and on its structure. Since the CA mass spectrum is composed of ions formed via fast
processes (bond cleavages rather than rearrangements) it bears a lot of similarity with the elecmon
impact mass spectrum. Therefore, although the MI mass spectrum is specific 10 a structure, e
CA mass spectrum is often more characteristic because it represents dissociation pathways which
are "fragment characteristc”. It is thus possible to identify a fragment ion by comparison of its

CA mass spectrum with available data for species of the same molecular formula.

3.44 Applicatons of CA Experiments

Here are a few examples showing that CA mass specta can be used to charactocize
various isomers. Investigation of C,H,O" ions, m/z 60, has shown the existencz of a new
isomer™ of [propan-1-ol]* of structure "“CH,CH,CH,CH,*. The precursor ) this distonic ion is
HOCH,CH,CH,CH,OH losing CH,O. Their heats of formaton being different by only 7 ki/mol,
one may suggest, allowing for experimental error, that they are the saine isomer, but it is not the
case. The MI rass spectra of both ions show metastable peaks at m/z 42 corrssponding to loss
of water. However, th. CA mass spectrum of [propan-1-01]" shows major peaks at m/z 59, 42
and 31 whereas [CH,CH.CH,OH,"] is dominated by a cluster of peaks between m/z 42-37. The
CA information is characteristic of the structure of each isomer. Why are the MI spectra so

Smilar? The explaration is ziat the MT decomposition is characteristic of [CH,CH,CH,0H,"]
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and that propan-1-ol ions isomerize to this distonic ion before fragmenting. However, the fast
CA processes do not allow this rearrangement (Fig 29). A third isomer |CH,"CHCH,OH."] is
also known, it can be generated by HOCH,CH(CH,)CH,OH. The Mi mass spectrum shows only
m/z 42 whereas in the CA, there is m/z 42 as base peak with fairly intense peaks at m/z 41
(GHy™), m/z 27 (C,H,") and m/z 19 (H,0"). The CA informaton was argued to be indicatve
of a proton bound water molecule and allyl radical szructure (the proton bound type ions will be

discussed in more depth in the next chapter), a suggeston which resuited from the study of

deuterium labelled analogues.

The second example uses a

combination of metastable and collision
actuvation mass spectra, kinetic energy
release and labelling experiments to probe |-

the structures of various CHO ions™*, CH ol OH ™

Energy

CrrCryling

Figure 29— Dissociation mechanisms for
pmpan-l-ol and an isomeric distonic ion.

The CH,O" ion is generated from 1,3-

propane licl”, (HOCH,CH.CH,OH -
"CH,CH,"OH, + CH,0), and its major dissociation process gives rise 10 m/z 28 (C,H,™) in both
the MI and the CA mass spectra. The CA results are markedly different from those obtained
with ionized ethyl alcohol (m/z 29, 31) and dimethyl ether (m/z 29,30) (see table I). A complex
formed by a water molecule and an ethylene ion was proposed as the structure for {C,H,O]" from
1,3-propanediol. This proposal was made on the basis of two important observations. First, the

very small kinetic energy release (0.2 meV) for loss of water and large intensity of m/z 28 in the
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CA points to a facile loss of water i.e. bond cleavage "CH,CH,OH,” — CH,=CH,™ + H.O.

Second, the labelled compound (DOCH.CH,CH,OD) produced only CH.,D,O™ and this ion

showed a specific loss of D,O in both MI (20:1 versus HDO) and CA (60:1 versus HDO) mass

spectra. This is in keeping with a structure in which bow D atoms are artached strongly to

oxygen. In the second publication®, more [C,H,O]™ isomers were studied: CH,OMH)CH.™,

CH,CHOH," and possibly CH,=CH-H™H,0O. Table I compares the CA results obtained for all

[C.HOJ” isomers. It clearly indicates that each isomer has a distinct structure, the CA peaks

being very characteristic in each case.

TABLE ! Rclative intensity of CA fragments for six CHO isomers.

m

ION 45 |31 30|29 |28 j27{19|18|16| 15| 14 | 13
CH,CH,OH" | 550 {100| 6 | 15 |35|<1]|15]| - | - |25] 1 |05
i CH,OCH 12001 8 |15}00|65f 1| -|-]12]37] 5|1
"CH,CH,"OH, 15 13|04 13|100]|12| 2 |07] - (03] 05| 01 F
i CH,CH'OH, - 17| -110]|1w00{33|2]|-|-]08]03] -
CH,0*(H)'CH, - Jwo|sj2]--1{1-1-1]o4a]15] 1 ]|es
CH=CHHHO| - [27|10]12|100|25]13]02]|03]14] 0803

3.5  Collision Induced Dissociative Ionization Mass Spectra
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The technique of Collision Induced Dissociative Ionization (CIDI) mass specrometry
provides a way 1o study neuwal fragments produced from metastable ions. Only recently (1983)
did the interest in this new technique begin. Although it is generally easy to identify the neurral
fragment from a dissociation, some complicated cases may occur when the neumal can exist in
more than one form i.e. "CH;OH and CH,;0™. CIDI is used to study the neutral fragments from

the following process:

A" -*5 B+ C

C-¥*S5 C"S>D"+E+etc.. [18]

The mass selected ions A™
metastably fragment in the second FFR
where a positvely charged electrode
repels all ions to let only the neutral

fragments through to the gas cell. The m-cx source [:l detectar

- . - Bigure 30, The ion M and its corresponding neutral N are
ncutral C will collide with the E2S  |metastably generated in the second field free region, the ions are

deflected by means of & positive electrode and only the neutrals N

; ionized in the ges cell to gi e yutrals )
(typically He or Q,, chosen on the same | the CIDI mess speciram 0 o Procucts vhich give rise

basis as for a CA gas) and will be ionized. The resulting CIDI mass spectrum will be obtained
by analysis of the new ions using the electrostatic analyzer. Note that the ions derived from the
ionized neutral, C” (and fragments), will have only a fraction (mg/m, x 2V, ) of the initial
translational energy of the ion A™:
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As seen in section 3.1.6, the knowledge of heats of formation of neumrals is essendal to
assign their structures. To establish the heat of formation of a specific neutral, it is necessary
to confirm the strucrures when more than one isomer is possible. Work by Burgers et al*
showed that CIDI mass spectra can be used as an efficient technique to differentiate isomers.
The CIDI mass spectra of neutral HCN and HNC were obtained and easily characterized the two
1somers: HCN generated from pyridine shows two intense peaks at m/z 12 and 13 (ratio 2:3) and
a weaker peak at m/z 15 whereas HNC from aniline shows only a very intense peak at m/z 12

and a weaker peak at m/z 15.

Since the neutrals generated from metastable ions usually have lirtle excess internal energy
they are unlikely to undergo rearrangement. However, it was suggested that an increase in
collision gas pressure could convey energy to the neutrals allowing them to isomerize before
collision induced ionization™. Information on the structure of many neutral fragments has been
obuined via CIDI” mass spectra and has helped to solve various mechanistic problems. The
uscfulness of this technique will be shown in chapter 5 where it provides information concerning
hydrogen/deuterium exchange mechanisms and, indirectly, on the details of the fragmentation

mechanism of the ion of interest.

3.6. Neutralizaton Reionization Mass Spectrometry

The Neutralization Reionization Mass Specromerry (NRMS) technique is, similarly to

CIDL a technique used to study neutrals in the gas phase. In 1977, Lieder and Brauman™
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described a "technique applicable to the identfication of neutral products derived from ion-
molecule reactions”. Itinvolved generating a continuous flow of fragments followed by removal
of the ions and analysis of the neutrals viz mass spectrometric techniques. However, the term
NRMS did not appear untl 1983% when Danis et al showed that this technique could provide
valuable information on the structure and chemistry of neutrals, ions and molecuies. Since then,

the subject has been reviewed several dmes®$%,

The tcchniqu.e is simple: the mass selected ions enter cell 1 where the target gas induces
collisional charge exchange to produce a neutral species. Then, as in CIDI experiments, all
remaining ions are deflected out of the ion beam path (deflector voltage typically 500 V) and
only the neutrals enter cell 2 where they are reionized by collision with a second target gas. The

resulting mass spectrum is obtained by scanning the energy analyzer in the usual way.

Figure 31— The ion M+ is neutralized in cell 1 and
the deflector ensures that cnly neutrals M enter
cell 2 to form products B+ which give rise to the
NR mass spectrum.

The neutrals entering cell 2 may, however, be generated in more than one way®. There

is, of course, the neutral corresponding to the mass generated by electron wansfer

ABC"+G = ABC+G" -5 AB+C [19]
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but also, the neutrals resulurng from metastable dissociadons of the ion ABC™, collision induced

dissocianons and further dissociation of the resulting fragments e.g.

ABC +G—=AB+C +G*= A+B" [20]

ABC -*5 AB +C" *— A + B° (21]

The neutrals generated unimolecularly (equadon 21) before the first cell may be identified
by applying a voltage on the cell in a similar fashion to the technique used in the CA technique
(see secton 3.42.1). The imporance of the neumals produced by the mass selected CA
fragmentation (equation [21}) depends on the target and their contribution to the overall mass
spectrum cannot be subtracted. However, choosing the right target will allow neutralization to
be favored over fragmentation®. He which was the preferred gas for CA because of its low
probability of charge exchange, is very inefficient as a neutralization target because of its high
ionization energy (24.6 e¢V). Alkali metal vapors were found to be very effective for
neutralization™ and Xe (more convenient to use since it is a gas) was found to produce an
excellent yield of neutrals without major CA conmributions®. Neutral fragmentation is favored
with targets of lower [E™* producing exothermic reactions, (K=4.34 eV, Na=5.14 eV, Z0=9.39
eV, Hg=10.4 ¢V, Xe=12.13 eV, etc...) but in general, the ideal target should have an IE near or

above (resonant) that of the neutral to obtain 2 beam of neutrals with low intemal energy.

The pressure at which the neutralization is typically performed corresponds to

approximately 30% beam reduction, corresponding to mostly single collisions (see Fig 27). The

55



choice of reionization gas is performed similarly to the choice of CA gas (section 3.4.1) with
90% transmission as the ideal gas pressure. However, O., considered a "soft-target”, is better to
obtain "molecular information™ because when studying the smucture of a neutral fragment. less

fragmentation of the new ions is required.

An important factor when performing NRMS experiments is optimizing the sensitivity.
Since the neutralisation and reionization processes reduce the flux in the instrument, the final
mass stectra may be 3-5 orders of magnirude less intense than in the normal mass spectrum®,
Therefore, in some cases, it may be necessary to use 2 mini~computer system 10 record a series

of scans and obtain a signal averaged spectrum.

Often, the NRMS of molecular ions from stable neumral molecules is similar to the
corresponding EI and CA mass spectra indicating that the species do not undergo major
rearrangements during the neutralization and reionization processes. When stable neutral
fragments corresponding to M or M-1 or M-2 are not present in the NRMS, it indicates the rupid
decomposition of the unstable neurral. Alternatively, when there is a recovery signal for the
molecular ion (peak located at m/z of the molecular ion) but the NRMS differs from the CA
mass spectrum, this car indicate that the neutral M, rearranges rapidly into a more stable neutral
Mc (fig 32). Again, as for the CA mass spectra, the NRMS is not only useful by comparison
with previous data but may provide structural information. During the reionization process, the
elecron wransfer will be considered as a vertical Franck-Condon process. In general, if the

geometries of the jon and the neutral are similar, a stable neutral will be produced (M,) in the
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decomposing via low-energy !

charge transfer process whereas if the R
geomemy is different, the neatral will
have a very shont lifeime before
! -

energy

channels® (Fig 32).

Hgure 32~ Vertical peutralizalion of jons A and B lon A produces 2 stabie
neutal whereas ion B produces an unstable nentra! which isomerires to
neutral C and/or dissociates to the products.

3.6.1 Species Obtained via NRMS

There are two major types™ of ion for which NRMS has heen particularly useful: distonic
and ylid ions and protonated ions. There has been much controversy concerning the proof of the
possible existence of the following hypervalent species using NRMS: CH, CDJ, H;', H,0',
D,0’, NH,', ND,’, protonated hydrogen halides and protonated methanol. The results for Hy
radical, ammonium radicals and protonated hydrogen halides are now generally agreed upon and
their existence established, whereas there remains controversy over the other hypervalent radicals.
Work performed very recently in this laboratory has clearly shown that protonated dimethyi ether,

protonated methyl ethyl ether and their deuteronated analogues are stable hypervalent species®.

Unconventional ions such as ylid, distonic and proton-bridged ions, which were predicted

by theory to be stable, have had their existence confirmed by there being a recovery signal in the



NRMS specorum. Examples of stable vlids are CHyCHCI'H and "CH,"NH,*®. The existence
of proton bridged ions is proven, not by a recovery signal. but by the production of a signal
corresponding to the formal components of the ion (for example, "CH,O-H"-NH, produces

‘CH,OH and NH, in the NRMS spectrum).

A\

.7 Charge Stipping

Charge Stipping reactions were first described by Cooks, Bevnon and Ast in 1972%.

They arise from collisioz of a high energy ion with 2 target to produce the doubly charged ion

M+G->M*"+G+e [22]

This process is characterized by very sharp peaks in 2 CA mass spectrum which appear
at half the ESA voltage required to transmit the precursor ion. It should also be mentioned that
these processes are much less intense than CA processes involving singly charged ions and may
sometimes be difficult to observe. The low intensity of these peaks is due to the large energy
required to generate them. In some cases, singly charged ions in the CA mass spectra may not
yield enough information to differentiate two isomers. Such is the case of ionized propene and
cyclopropane, CHy"** which give very closely similar CA spectra but produce distinctive
charge stripping mass spectra. Similar experiments have shown that charge stripping mass
spectra were more effective than CA mass spectra to identify and assign a structure to CH,,”

isomers®.
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Therefore, it may be concluded that generally, if the charge stripping mass spectra for two

ions are identical, then so are their structures.

3.8 Combinadon of Techniques to Assign Stuctures to Ioas

In this secton, t..o examples where the combination of various techniques is used to

answer questions concerning ion structures and fragmentation mechanisms, will be described.

3.8.1 Methyl Acetate and its Isomers

Both methyl acetate, CH,COOCH,", molecularion and its enol, [CH,C(OH)OCH,]", show
metastable peaks corresponding to [C, H,, O] loss with a T, of 14 meV™. These results
suggest the same structure for both ions. Source generated methyl-d, acetate ions give a
predominance of [C, D,, O fragments whereas at longer lifetime, the H/D mixing between the
two methyl groups increases to nearly random staustical. For the enol ion, labelling shows that
the original methoxy group is not lost as [C, H;, OF but that the enol hydrogen is lost to a large
extent with two of the methoxy hydrogens. This seems to imply that the keto ion is involved
in the fragmentation via two 1,4-shifts from the enol ion. However, the CA mass spectra show
different results for both acetate and enol, consistent with the fact that low energy ions do not

interconvert easily.
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Fiqure 33 - Hydrogen mixing in methyl acetate occurs via
two 1,4-H shilts.

In 1985, the problem was swmdied by Wesdemiotis et al” and Terlouw et al™. The
former studied two new C,H,O, isomers: CH,C(OH)OCH," and CH,COCH,OH and concluded
that they were not related to any of the above species. They also stated (using D-labelling) that
the isomerization a<->b was easier than b<->¢ (lower energy barrier). But that both barriers were
comparable to ¢ — CH,CO" + CH,0". The work performed by Terlouw et al consisted of
performing the CIDI of the neutral products obtained for a, b and ¢. The results showed that
apparently *CH,OH was mainly produced. From results of isotopic labelling and ion energetics,
a fourth structure was proposed, CH,COO"(H)CH,', which is lower in energy than a, and could
be the reacting configuration for the fragmentation yielding "CH,OH. The structure would arise
from the 1,4-shift taking place in (b) to yield a four-centered intermediate producing the ylid ion.

A simple bond cleavage yields the products.

H
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TipH ¥
Bum34 - Fragmentation of methyl acetats via a
four-cartand intermeciate and a yid ion.




There is no doubt that both CH,O" and CH,OH" are produced, and a quantitative analysis
has shown that they are generated in a 4:1 ratio. However the CH,OH radicals do not originate
from isomerization of CH,O" but from rearranged methyl acetate molecular ions™. This is
supported by an ab initio molecular orbital theory smdy™ which showed that the minimum
energy pathway for dissociaion of ionized methyl acetate is via the H*-bridged ion
[CH,CO-H™OCH,] which yields CH,CO* and CH,OH". This mechanism was found to be lower
by 10 ki/mol than the direct dissociation CH,COOCH,” — CH,CO" + CH;0'". However, at higher

energies, the formation of CH,O' is certainly favored.

-8.2 1,2-propanediol

It has been shown that ethylene glycol loses HCO™ via proton-bridged species:
[HOCH,CH,CH™} — [CH,=0~H"-O(H)'CH,] — [H-'"C=0-H"-O(H)CH,) - [CH,"OH,] + HCO".
The homologue 1,2-propanediol was then studied with the suspicion that it may behave similarly
to cthylene glycol™. The EI and CA mass spectra are significantly different indicating that a
rearrangement has taken place for the molecular jon. The MI processes taking place are loss of
CH,', B0, CHO, CHy + H,0, CH, + H,0 and C,H,0". Note that it is very uncommon for an
ion of this size to undergo six competing metastable dissociations. The measured appearance
encrgy of these processes showed that they are all indeed competitive (all in the range 10.06-
10.14 V) and very probably take place via rearranged stable isomers of the molecular ions. The
CA and MI mass specra of 1,2-propanediol and of the isomesdc H-bridged species
[CH,=CHO-H-O()CH,]" (produced from 4-methoxybutanol) showed similar characteristics,
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indicating a probable isomerization of 1.2-propanediol in the H-bridged species. The proposed

mechanism is illustrated below. The aH, values support this mechanism.

o e
(}13-%—{}19 —_— CHa—C(H)=0-----H-----0(H)CH2+' {b)
Y | 1kl
N[ ‘e
) ¥ CHy=CH)-0 1 HoOGHICHT (c)
S34 kJ/mol / 431 kl/mol
N
ChysCOH - CHOH)
+ +
CH;0H *CH,CHO

Figure 35— Fragmentation of 1,2—propanediol
via H—bridged species.

To study the structure of the neumals, a CIDI experiment was performed. The results
showed that CHy', CH,, H,0, CH,OH and CH,CO" were the only neutrals present during the
fragmentation of 1,2-propanediol. However, the species in the above mechanism do not
rationalize the formation of CH,CO" (CH,CHO" would be expected to be generated). A second
H-bridged structure, CH,C=0-H"-O(H)CH,, (d), was then added in the fragmentation mechanism,
aH=478 kJ/mol. Its existence was established by 2 NRMS experiment. The comparison of the
NRMS obtained with 1,2-propanediol with the NRMS of both H-bridged species show many
common characteristics, allowing one to interpret the neutralization of the diol via the two species
(c) and (d). From the results, it was concluded that (c) is the intermediate producing vinyl
alcohol ion wiiereas (d) produces protonated methanol and acetyl cations. The results of D-
labelling posed new questions as to the amount of intemal energy in the molecule. Some of the
H/D exchanges were very specific whereas others were randomized. Another possible

intermediate which can rationalize losses of H,0 and CH, is (¢), CH,CO@H)~H-OH)CH,", which
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can rearrange into (f), a water molecule electostatically bonded to propen-2-ol ion,
CH,C(OH)=CH,™ ~ H,0, to form an ion-molecule complex. Labelling experiments confirm this

structure.

The combination of the various techniques allowed one to probe into the various
fragmentation routes for 1.2-propanediol. It was shown that the involvement of H-bridged

species and ion-neutral complex was essential to explain the various H/D label exchanges.
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CHAPTER 4

UNCONVENTIONAL ION STRUCTURES.
WHEN ARE THEY NECESSARY TO EXPLAIN

FRAGMENTATION MECHANISMS ?

4.1  Inwoducton.

In 1989, Burgers and Terlouw published a review entitled "Structures and Reactions of
Gas Phase Organic Ions™ which described new techniques, the existence of new classes of ions
and dissociaton mechanisms. Since the techniques have been fully discussed in the previous
chapter, the emphasis of this chapter will be placed upon describing the unconvertional ions and
the way they may be involved in various fragmentation mechanisms. Finally, the section on
ion/molecule and ion/radical complexes will be discussed in more detail because it is the basis

for the study performed in chapter 5.

4.1.2 Some Defininons.

Unconventional ions have been divided into various classes such as distonic ions, ylid

ions, ion/neutral and ion/radical complexes, proton-bridged complexes and destabilized carbenium
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ons. Figure 36 gives an example of cach tvpe of ion.

EI"ZZCH-;FJF—; gistenizs ign
. 4

CHCHOH, ylid ien

0135 “th - 0=CH sraton-bricges complex

AF wnnfg ion-radical compiex

A unng ion-neutrai complex

+ 0t

RCHC 00-!3 destabil ized carbenium 10n

Exgura 38 - Unconventional ions.

The destabilized carbenium ions will not be discussed here because they are not closely
related to the projects’ included in this thesis. However, more information on such ions can be

found in reference 77.

Distonic and ylid ions are radical cations which have the charge and the radical located
on different atoms in the molecule. The difference between ylid and distonic ions is that the
charge and radical are located on adjacent atoms in an ylid ion but are further apart in a distonic
ion. Ion/molecule or ion/radical complexes are best described as ions composed of two enttes
(ion and neutral molecule or ion and free-radical) held together by means of electrostatic bonding.
Finally, proton-bridged complexes are ion-radical or ion-neutral pairs held together by an H* ion

forming a bridge berween the two parts.



+.2  Energetc Aspects of these Unconventional Ions.

In chapter 3, it was shown that it is possible to estimate the heats of formation of ions
using empirical equations (secton 3.1.6) as well as to obtain them by experiment. No special
experimental technique is required to measure aH,° for these unconventional ions. However. a

new set of criteria are required for esimanng their heats of formation.

For ion/radical and ion/neutral complexes, it is difficult 10 estimate anv aH, values
because the binding energy for the ¢lectostatic bond is generaily not known. All that is likely

0 be known 1s the energy of the products relative 10 ground state structures of the ion other than

the zbove complexes.

The use of ab-initio molecular orbital theory calculations solves a lot of questions when
it comes to estimating the heat of formaton of H-bridged and distonic and ylid ions. However,
as the size of the ion increases, so does the cost (i.e. computer time) of such calculations. It was
found™ that the usc of proton affinities (PA) and hydrogen bond strengths (D-[AH'-B)) to
calculate sH, of proton bridged odd-electron species reproduced the theoretical calculations and
the experimental data. The proton affinity (PA) of a neutral or an ion is defined as the energy
binding it with a proton. Larson and McMahon™ have shown that the value of the H bond

strength in a proton bound pair is related 1o the proton affinities of the parmers according to the

following equation



D{AH™-B] = 0.46 [PA(B)-PA(A)] + (30.8 = 2 kecal/mol) [23]

The heat of formadon cf the ion is then given by

aHJI"] = aH{AH"] + aH{B] - D[AH"-B] [24]

Maumer*has also derived an expression for proton-bound pairs which was to be applied

to other types of complexes, ¢.g. which contain N and S as heteroatoms.

D[AH™-B] = 0.26 [PA(B)-PA(A)] + (30 % 2 kcal/mol) [25]

The equations were derived for molecular species A and B but the equations can also be

used for 2 molecule A and a free radical B".

Here is an example™, CH,CO™H"-OCH, to which the following values are associated:
PA{CH,CO)=158 kcal/mol, PA[OCH.]=171.7 kcal/mol, aH{CH,OH']=203 kcal/mol and
aH{CH,0]=-26 kcal/mol. Considering that the ion is in the form A-H*-B, whers A=CH,CO’
and B=CH,O and using the above equations, we obtain aH{I"]=140 + 5 which compares

extremely well with the theoretical ab initio calculation value of 138 kcal/mol.

The heats of formation of distonic and ylid fons are estimated in a different manner.

Originally, they were thought to be accessible using one of the following two assumptions™:
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(1) Thar the strength of a given bond in an even electron ion is the same as that in

the anaiogous neutral molecule.

¢.g. D[H-"CH.CH.] = D[H-CH.CH,]

2) That the proton affinity of a free radical (not at the radical site) is the same as thar

of the analogous molecule.

¢.g. PA[CH,O’CH,] at the oxygen site is the same as PA[CH,0OCH,]

The hydrogen affinity (HA) of an ion is the enthalpy change associated with the liberation
of an H radical from a protonated molecule (and is an al'emnative way of expressing item (1)

above)

RXH" - RX" + H [261

and the HA of an ion is given by

HA[RX"] = [E[RX] + PA[RX] - [E[H] [27]

where IE are ionization energies and PA is the proton affinity.



In 2 recent publication. Holmes and Lossing established some rules related to the
hydrogen affinities (HA)™ of varicus classes of molecules. For hvdrocarbons. it was shown that
the strength of a bond depends on the nature of the adjacent charge-bearing carbon atom, e.g. if
the charge site 1s tertiary, the HA is smaller than for secondary and primary sites e.g. terdary (H).
((CH,).CH"CHCH,=66 kJ/mol and, primary (H), (CH,)."C(CH,CH,)=95 kJ/mol). The effect of
arachment 10 a ®-sysiem on the bond strength is not very great. For oxygen-containing species,
the presence of an OH group at the charge bearing site does not reduce the strength of an
adjacent secondary or teriary bond as much as for the corresponding alkyl ion e.g. HA values
for (CH,CH,"CHOH=80 kJ/mol and CH,CH."CHCH,=76 kJ/mol). In the case of hydroxylic ions,
a size effect is observed i.e. HA falls slightly with increase in ion size. For nitrogen-containing
ions, the HA values correspond quite well to the bond strength in NH; for protonated primary
amines, to the bond strength of primary amines for protonated secondary amines and bond
strength of secondary amines for protonated tertiary amines. From these and related results, it
can be concluded that the HA values (in ions) are seldom the same as the homolytic bond
strength values for neutral counterparts and so assumption (1) is clearly false. For distonic ions,
some data are available and it can be observed that for oxygen containing ions, the CH,-H bond
is significantly stwonger than for any neutral counterpart. This also contradicts assumption (1)
above.

For the proton affinities of free radicals, the PA increases with size in approximately the
same way as for neutrals. The available PA values for a variety of free radicals” indicare that

the assumption (2), saying that the PA of free radicals equals that of the analogous molecule, is
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also probably incorrect.
iy D[H-ABH] .
HABH > %EH
I
How then can the aH, values of PRIIII 11| P
distonic and ylid ions be calculated? The use Y
Hﬂgk iy o *
of a thermochemical cycle, bond strengths v 7 T > HBHZ
DLH-ABH, ]
and PA wvalues allows one o make a fair Eigure 37 - Thermochemical cycle
) for calculating heats of formation of
estmate (Figure 37). distonic and ylid ions.

The aH; of the desired distonic or ylid ion "AB"H, can be determined following route 1

and II, or Il and IV whose net enthalpy changes must be the same values i.c.

aHAT, II) = D[H-ABH] - PA[ABH] [28]

aH(III, IV) = D[H-A"BH,] - PA{HABH] [29]

Using the data established for proton affinities and hydrogen affinities, one can obtain a

fairly reliable estimate for the heats of formation of H-bridged, distonic and ylid species.

In the next three sections, the dissociative properties of unconventional ions will be
discussed with emphasis on ion-dipole complexes. The last section of this chapter describes a

few cases where the involvement of these unconventional ions was not justified.
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4.3  Proton-bridged complexcs.

The existence of H™-bridged complexes has been established for a number of svstems by
ab-initic calculadons®™ ™. However, it is quite difficult unequivocally to prove their existence
by experiment because their predictable dissociation pathways may be indistinguishable from
those for other isomeric forms. That is why calculadons are particularly useful; they can evaluate
the height of the energy barriers between isomers, thus showing whether isomer interconversion
can precede fragmentation. For example, theoretical calculations® had shown that complexes
between ionized vinyl alcohol and water, [CH,CHOH-OH,]™, and ionized vinyl alcohol and
methanol, [CH,CHOH-OHCH,J™, arc stable in the gas phase, but no direct experimental
confirmation was available. Observations from dissociation experiments only provide information
which may be common to two different isomers. That is why the combination of both theory
and experiment is useful. In a paper published by Burgers et al in 1987%, a number of C.HO,”

ions were studied by both experiment and

theoretical calculations. Three : : .
{ Hfi(H) et H-evn Omf Hz — | ’-h]m-uuﬁ-ouaO.cH
"‘-.._.-—/
thermodynamically stable isomers were ¥4} (4)

studied in terms of their relative stability

mﬁ’-""ﬁ-nuo:cﬂz — Q-]aoﬂ -mﬁ....a Q.EH
using ab-initio calculations: ionized ethylene (2) (4)

glycol, CH,OHCH,OH" (1), and the three H- Eigure 38— isomerisation of CHg0s ions.

bridged ions, {CH,-O(H)-H-O=CH,]" (2), [CH,0-H-0=CH,]" (3) and [CH,OH-H-O=CHJ" (4).
The dissociative characteristics of two ions was also studied: (1) was made from direct

ionization of the neutral molecule, (3) was produced by CO loss from ionized methyl glycolate.

1



Ion (1) produces HCO and CH,OH." in its metastable fragmentation. The ionization energy of
ethylene glvcol was measured and the activation energy for this metastable process was
determined as 0.49 = 0.15 eV. This activadon energy is 100 smalil 1o allow the molecular ion 10
be metastable. Therefore, ionized ethylene glvcol must, before fragmenting, isomerize to an
intermediate having a lower hear of formaton. A possibie smucture is ion (2) which is 13
kcal/mol lower in energy. A 1,5-H wansfer in (2) would produce ion (4) which, by direct bond
cleavage, forms the products (Fig 39). The metastable characteristics of ion (3) are very similar
to those of ion (1) but the kinetic energy release value is different (Tos = 27 meV versus Ty, =

13 meV for (D). Furthermore, the CA mass spectra of the CH,O™ ions collisionally generated

from ethylene glycol and from ion A
—— 157
(3) show different characteristics — 154 P
supporting the hypothesis that they E "T" CHy O,
fragment via distinct intermediates.  feal/mol 0 { ez T
Therefore, it is proposed that ions Che0R
F oo " 134
(3 may isomerize directly to A CHg0 -1 -OCH
il 1200 2 1
) %0#‘0@12 coi
structure (4), without v
interconverting to (1) or (2), and (8

cr&aofi-- *-0CH
produce CH,OH," + HCO' via

Eigurs 39- Energy dingram for dissociation of CoHg0, isomers.

direct bond cleavage. Ab-initio

calculations were found very useful to estimate the heights of the barriers (Figure 38).
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4.4 Distonic and Ylid lons.

Returning to the problem of methyl acetate (from section 3.8.1), it was proposed that,
prior to dissociadon, CH,COOCH, rearranges to the ylid ions CH,CO"O(H)CH., and
"‘CH,"C(OH)OCH,. More recent work™ shows that the distonic ion may also be involved,
because under collision conditions CH,"C(OH)O™CH, can be forced to lose 2 methene fragment.
Collision experiments suggested that the methene is lost from the distonic ion CH,"C(OH)OCH,".
There was no direct evidence for the existence of the ylid io;1 and ab-initio calculations for
molecules of this size are very difficul*. Nevertheless, some calculations were performed on parts
of the energy surface by Heinrich and coworkers™. They suggest 2 multistep reaction scheme.
First, CH,COOCH," isomerizes 0 the distonic ion CH,C(OH)OCH," which then rearranges to
a hydrogen-bridged complex CH,CO-H*OCH,. This ion would then dissociate to give the

experimentally observed products, CH,CO” + "CH,OH.
45  Ion-dipole Complexes.

The intermediacy of ion-radical and ion-neutral complexes has become very popular in
terms of a rationale for many fragmentation mechanisms. The complexes are best described as
ion-radical, [R,"~X], or ion-molecule, [R,H"~(X-H)], pairs bound together by electrostatic forces.

The existence of such complexes has been inferred from observations” which indicate:



i) isomerization of the cation portion. R,” into R,”

1) specific H transfers berween the two formal components of the complexes

Hammerum® has outlined some criteria which permit these complexes to exist: one of
them is that the complex must be non-dissociative long enough to allow for physical
reorganizaton and chemical reactions to take place between the components. Another criterion
is that the two entities are separated (without dissociation) far enough from each other to allow

for their independent rearrangement to take place.,

In a recent review, McAdoo™ also proposed a set of criteria which indicate the existence

of a complex. The list is as follows:

1. Complete dissociation of the ion will be observed and will increase in importance

relative to the electrostatically bound complex as the energy of the system increases.

2. Complex-mediated processes will be among the lowest energy reactions of a given

ion.

3. Reactions within and between partmers may occur below the threshold for simple

dissociation.

4. Alternative mechanisms to complexes would require higher energy transition states,
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ransition states of impossible geometries, or wansition states in which muldple bond-

breaking and making would necessarily occur simultaneously.
5. Unusually large isotope effects may be observed.

6. Translational energy releases in comresponding metastable decompositions may be

small,

However, none of these criteria are exclusive to ion-dipole complexes nor will they all
be exhibited by the complexes. Therefore, the use of this list may not be enough to characterize
complex-mediated reactions. | Conclusions must then be drawn by comparing the overall
behaviour of the ion with predictions obtained by studying the potential surface of the system,
obtained either by extensive experiments or by high level ab-initio molecular orbital theory

calculations.

Figure 40 represents the reaction coordinate for both complex-mediated and simple
dissociation reactions™. The complex is formed when a bond is broken sufficiently that the

fragments begin to rotate freely relative to each other (-1-).

The doned line represents a direct dissociation whereas region (-2-) represents the
potential well in which the complex is stable. When the electrostatic pair is further apart, the

potential energy increases to reach point (-3-). The energy rises again at the centrifugal bartier
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(to conserve angular momentum) and, A
to overcome the elecostatic attraction,
decreases as both species are separated

into HA® + B. The lower energy

pathway A™ + BH represents a possible

actvaton energy for H wansfer. A

L.
r

T

1. . .
compiex  fo ally exists only if the Hgure 40—~ Reaction eoordinales lor complex—rnediated
and simpie dissociation reactions.

lifetime between bond breaking and
overcoming electrostatic attractions is long enough to allow 2 chemical reaction other than
dissociaion to occur. Therefore, time is an important constraint, because otherwise all

fragmentations can be considered to take place via complexes.

4.5.1 Examples.

A large variety of ionized molecules have been proposed to dissociate via ion-dipole
complexes. Amongst these are protonated alcohols, ionized ethers, acids and alkanes. However,
no specific rules seem to apply to each class of compound. Therefore, untl such rules are
formulated, each class of ionized molecule has to be studied separately. As work continues on
ion-dipole compiexes, it is expected that in the reasonably near future, some strict ground rules
may be established. This section contains some examples where the participation of ion-molecule

and/or jon-radical complexes was essential to explain the fragmentation behaviour.
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4.3.1.1 Protonated Alcohols.

The unimolecular dissociation of protonated iso- and n-propanol and protonated tert- and

iso-butanol was studied by Schwarz and Stahl in 1980%. It was concluded. from kinetic energy

release measurements, that protonated iso- and n-
propanol lose water via (CH,),"CH-OH, and
CH,CI,"CH,~OH, complexes which can
redrrange into each other. However, for loss of
water from isobutanol, 2 kinetic energy release
value larger than for tert-butanol is observed.
The rearrangement iso-C,H,* — tert-C,H,” requires
32 kcal/mol which is larger than the stabilization
energy, therefore, an excess of energy is expected

10 be observed (Figure 41). It is concluded that

-

tert-butanol

-

Figure 41— The dissociation of tert-butanol
takes place at threshold energy whereas

there is excess energy for ico-butanol.

the fragmentation of isobutanol ions takes place via a complex between a tert-butyl ion and a

water molecule,

At low energies, ionized isobutyl alcohol itself, [(CH,),CHCH,OH] " fragments to produce

CH,OH," + GHy' rather than the more simple products of direct bond cleavage®, i.e. (CH,),CH

+ [CXLOH]". the former pair of products is lower in energy i.e. more stable than the latter. To

explain the formation of protonated methanol and C,H,", an ion dipole complex between ionized

propene and methanol followed by an H transfer was proposed. Figure 42 represents the possible



mechanism where route I (ax-cleavage) is more energy demanding than route II (H mansfer).

CH
3

[CI".'— CH,OH

CH CH, | 692 ki/mol

V3

\CH. v .

CH, y . CH2 2

+ . CH.--..":HZ=0H — CH + OHC%—" ."llloH‘?cﬂa
¢ =5H / [ L
2 CH, CHy I

765 kl/mol 748 kl/mal 755 kJ/mal

A
+
> + (K,
748 ki /mol
Bqured? - Dissocation channels of isobutyl alcahol

4.5.1.2 Ethers.

The decomposition of ionized isopropyl methyl ether was studied by McAdoo and
coworkers™. They observed two metastable processes: loss of methane and a methyl radical.
Both processes, i.e. bond cleavage and bond cleavage directly followed by H wansfer, were found
1o be closc in energy and were proposed to be complex mediated, CH,0'=CHCH,~CH,.
However, at higher energy, the simple bond cleavage is favored. A fact in favor of the existence
of an jon-molecule complex between the methyl radical and the oxonium ion for the ionized
methyl ether is the large isotope effect. Therefore, the decomposition may well be complex-
mediated, but only over a narrow range of energies above threshold. In accordance with these
results™, Tracger et al concluded that for ethers in general, at the threshold for alkyl loss, there

isa:apidshiftﬁomalkanccﬁminaﬁontoa]kyllossandthatalkanecliminaﬁonsoccm
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predominandy below the threshold for alkvl loss.

4.5.1.3 Alkanes.

The unimolecular dissociation of alkanes containing 4 or more carbons takes place via the
loss of atoms from internal positons of the molecules®. This "strange”™ behaviour has given rise
10 a lot of interest  Holmes et al® studied pentane and methylbutane using PC and H labelling.
They concluded that the H atoms do not lose their positional identities upon fragientation and
that ionized pentane isomerizes to energy 1ich methylbutane ion before elimination of CH,", CH,
and Cl ;. These fragmentatons can be ratonalized with the participation of
[CH;CH,CH,~CH,CH,J™ and CH,CH,CH.CH,"CH," complexes similarly to the suggested

mechanisms for butane and isobutane ions™.
4.5.2 Are ion-dipole compiexes always justified?

This section describes a few cases where the involvement of ion/dipole complexes was
first thought to be essential but was later considered to be unnecessary to explain various
mechanisms. The low energy isobutylamine and neopentylamine ions were studied by
Hammerum and Derrick™®. The ions produced respeétively CH,NH," by direct bond cleavage
and CH,NH," by double hydrogen migration. They argued that the competition between bond
cleavage and rearrangement is not govemed by accessibility to ion-molecule complexes but by

the kinetics of these reactions. Both ions having the same energies, the only way to explain the
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difference in their reactons is by proposing A
in K
that crossing of the In k versus E curves for
bond rearrangetment
. diasociation
rearrangement and direct bond cleavage
occurs at lower energies for isobutylamine bond
dissociat
than for neopentylamine (Figure 43). rearrangement
neopentyiamine 4
E
A case where ion-neutral complexes
Egure 43~ Crossing of the In k vs E curves for
. fon is f rearrangement and dissociation of
are necessary to explain fragmentadon is for neopentylamine and isobutylamine.

ionized alkyl phenyl ethers™. Their principal fragmentation is the loss of an olefin accompanied
by the phenol ion. In light of labelling experiments, kinetic energy release measurements, MI,
CA and CIDI mass spectra, some general conclusions were drawn. The fragmentation behaviour
of these ethers is governed by two factors, one being the strength of the bond between the
phenoxy radical and the ionized alkyl group and the other is the possibility that as the distance
between the phenoxy radical and the alky! ion increases, the alkyl ion may isomerize 10 give a
more weakly bound pair. This was demonstrated for n-propyl and n-butyl ethers for which
isomerization to energy rich sec-alkyl jons via a complex, takes place at lower energy than
secondary B-H transfer. The resulting ions then transfer primary and/or secondary B-H and
fragment.  For the isobutyl ether, the tertiary 8-H transfer occurs. However, for sec- and tert-
amyl ethers, 8-H'-transfer from the secondary position is dominant and thus, no extensive

rearrangement is involved (Figure 44).
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Remurning to the case of the ethers studied by Traeger et al® in section 4.5.2.1. there
seems to be some controversy. Weiske et al studied ionized methy! isopropyl ether™ and came
to a different conclusion. They claim that the fragmentation mechanism can be explained using
kinetic arguments rather than ion/molecule complexes. If the ion-neutral complex participated
in this mechanism, one may have expected a small kinetic energy release values on the grounds
that electrostatcally bound complexes do not equilibrate internal energy on dissociation and little
of the excess energy appears as wanslational energy. For the formation of CH,, a value of 15.5
meV is observed and this implies an appreciable amount of excess energy. It points to a
transition structure lying energetically above the products. Thus, there is some disagreement as
to when the ion/molecule has to intervene. However, the hypothesis of Weiske et al. for

metastable loss of CH, from methyl isopropyl ether seems the most plausible to explain the

energetcs.
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In conclusion to this chapter, one can say that it is 2 very delicate and complicated task
to assign ion stuctures to fragmentadon intermediates when unconventicnal ions are involved.
The main reason is the difficulty in performing experiments which unequivocally identify the
intermediate species and in the expense of theoretical calculations for larger molecules Le. with
more than 3 carbon 2toms. Chapter 5 is an excellent example where the involvement of
ion/neurral and ion/radical complexes was unavoidable. The structure assignment are smonglv
supported by experimental data but, due 10 the size of the molecule, no theoretical ab-initio

calculations were available. l
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CHAPTER 35

THE FRAGMENTATION OF NEOPENTANOL

INVESTIGATED BY EXPERIMENT

5.1 Inwoducton
Part of the subject treated in this chapter has been published in the litsrarure. The story
appeared in two parts: "The Experimental Investgation of C;H,;O™ Ion Structures related to

Neopentyl Alcohol and its Methyl Ether”, International Journal of Mass Spectromerrv and Ion

Processes, 101, 309-324, (1990) and "lon/radical and lon/Molecule Complexes: Experimental

Demonstration of their Participation in the Fragmentation of lonized Neopentanol”, Organic Mass

Spectremetry, 90, 689, (1990).

As discussed in the previous chapter, unconventional ions are often found to be the
solution to explain the fragmentation mechanisms of various ions. Very recently, TH. Morton
published a paper where he described these species as "non-covalently bonded aggregates of an
ion with one or more ceuwral molecules in which at least one of the parmers rotates freely (or
nearly so0) in all directions™. The existence of these ion-neutral complexes has been clearly
established for various compounds such as alkanes, ketones, alcohols, ethers, etc... In 1988, a
pair of communications by Hammerum™ and Hammerum and Audier™ introduced some

generalizations concerning ion/molecule and ion/radical complexes. The fragmentation
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behaviours of 3-methylbutan-2-0l and 2,2-dirnethyl propanol (neopentyl alcohol or neopentanol)
were brieflv described. The former is characterized by loss of a propane molecule 1o form
CH.CHOH™ and the lanter by loss of methanol to form the methyl propene ion. Both ions were

proposed to dissociate via complexes between the fragments (Fig 45).

It was proposed that ionized | E;H 1_} ?;‘/ i
3-methylbutan-2-0l  undergoes a /\( ) < ] < ) N o™

o 2
simple bond cleavage to form ® ®
. . e e
complex a which, by a H mansfer, is eg-%—cu_.w —> {0, G G- > o oton :
-0
in equilibrium with complex b. For % m’© ® *

neopentanol, a  similar $iMAHOR | pgy-e 45 Fragmentation behaviour of methyibutan—2-ol
and 2.2—-dimethyl propanol.

arises, the bond cleavage in the

molecular jon produces a complex between a hydroxymethyl radical and the tert-butvl ion ¢
which is in equilibrium with complex 4, methyl propene ion/methanol. The authors also
suggested that neopentyl methyl ether behaves in a similar manner. Finally, they made the
prediction that ionized methyl-t-butyl ether should display a similar hydrogen exchange and
fragmentation mechanism as for neope-ntanol, i.e. by transferring an H of the methoxy group onto
the oxygen in the t-butyl methyl ether, an jon with an inverted C-O bonding, in comparison to

neopentanol. The possible structures are illustrated in Figure 46.

With molecular ions of this size, it is quite difficult to perform high level ab initio

molecular orbital theory calculations. The work described in this chapter was undertaken to



probe more deeply in the behaviour of ionized neopentyl alcohol. its isomers and possible
analogues. The next section describes all the ions which were swdied and the aralysis of the

various results.

o, ‘
] .
C}'la-v’]: —(H,0H — =+ i (H —-(OH
G'J
?Eb *e 0'13
H, —C—0CH, —» O —ﬁ—clg—m, — o o CH,—OH
l - .
o, o, ¥
Figure 45— Possible intermedintes for neopentanol and
t~butyl methyl cther.

3.2  Results and Discussion.

The results obtained for neopentanol will be described first, followed by the description
of each isomer/analogue. In section 5.3, comparisons between the ions involved in the
fragmentation mechanism of neopentanol will be made and a general reaction scheme sapported
by energetics will be proposed. All experimental conditions and synthetic methods are described

n section 5.5.

3.2.1 Neopentyl Alcohol.

The electron impact (EI) mass spectrum of neopentanol is dominated by a base peak at
m/z 57 corresponding to C;H,". There is a very weak molecular ion of =2% of the base peak.

The combination of aH{(CH,),CCH,OH]=-318 kJ/mol (from Benson’s additivity scheme'®, Figure
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<7) and the measured 1onizanon energy of 9.72 = 0.05 ¢V gives aH molecular ion)=620 kJ/mol.
This value is 48 kJ/mol below the energy of the products of the simple bond cleavage
(aH{(CH,),C"]=694 KJ/mol and aH{'CH,OH]=-26 kJ/mol). All the energies given are from

reference 9, unless otherwise stated.

@ a IxCHC -18.28 x 3
Gl'g e

o c['a-crlou 5 1xC (O @.s2
éﬂ‘i@‘@ e 1xC{H) (0O -B.1
@ ¢ 1x0 (CI(H) -37.9

~76.1 kecal/mol
or -318.1 kl/mal

Rignee 47~ Calculation of the heat of formation
of neopentacol using Bensan's additivity scheme.

The metastable ion (MI) mass spectrum centaias only two peaks: loss of CH,OH which

produces m/z 56 (abundance 100%) and

apparently, the loss of water to give m/z 70 A miz 69
(abundance 5%). However, it was found that
m/z 70 wholly arises from the “C |y A miz 70

contribution of the very intense m/z 8§7—=m/z

69 process, “CCH, 0" - ®CCH," + H,0.

v

Therefore, the only metastable process is loss MI of m/z 87 Ml of m/z 88

L

. Eigure 48— The natural isotopic abundance
of methanol. The hne_tlc energy release  |Lontribution to m/z 70 is ealculated by multiplying

khe height of m/z 68 by 5.5% (5 carbons in the
derived from the half height width of this priginal molecule). In the present case, h=5.5% x H.

peak (Tys) was measured as 1.4 +0.1 meV, in agreeme: with the results stated in reference 100.
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Tgure 49— Energy rescived peak for loss
of methanol from recpentanol.

The appearance energy (AE) of this peak was

also measured by the method described in Chapter 3

¥ R—

160 .
(102 £ 0.1 eV) and was found to correlate very well , M0, st
=" 120
with the value calculated (see below) from the [S 100
= 80 |
products and reactants: 10.26 eV. é 50 -
40 1
20

48 52 58 8.0
Electron Energy (V)

E&L:L.'zn- AL curves for oeopentancl. dimethy)
ether is the calibrant.

AE = aH(prod) - aH(react) [30]
AE = aHJ{(CH),CCH,"] + aH{CH,0H] - aHJ{(CH,),CCH,OH"] [31]
AE = 874 kJ/mol + (-202 kJ/mol) + 620 ki/mol = 10.26 eV (32]

It may be concluded that both losses of *CH,OH and CH,OH take place at very similar

energies (aH{CH;"1=694 ki/mol, aH,['CH,0H]=-26 kJ/mol and aHJC,H,™)=874 kJ/mol,
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sH[CH,OH}=-202 kJ/mol. the

TS

sum of the product energies being

He CAof m/z 88

668 and 672 ki/mol. respectively,

see Figure 51) with only the latter

} . Pz S2- laficence oI CA gas oz the ntens:ty. The peak at m/z 56 approrately
process bcxng metastable. koiples upoD collinon wheress, Lhe peak at 2/t 57 s barely aflected by ;‘:&e gas.

Therefore, the molecular tons must rearrange into another structure which does not favor C-C
bond cleavage. This is supported by the Helium Collisional Activaton (CA) mass spectrum of
the molecular ion which displays only a small peak at m/z 57 (4%) and a verv intense peak ar
m/z 56 which increased sharply upon inwoduction of collision gas (Figure 52). From these
results, one may conclude that very few ions have retzined the original neopentyl smucture
otherwise, the features of the EI mass spectrum would have been reproduced, i.e. showing an
intense peak at m/z 57. This result is therefore not in favor of a complex between t-buty! ion
and hydroxymethyl radical being a major fragmentation intermediate, although it does not rule

out its involvement.

Eigure 51- Energy disgram for various 05H120 isomers.

38



Several labelled molecules were studied. The (CH,),C*CH,OH molecular ion, m/z $9.

produced onlv m/z 56 ions showing that there is no skeletal rearrangement before fragmentation.

Table I shows the results of the MI specma of the labelled OD. «-CD,, «-CD,OD, CH.D and

(CH.D + a-CD,) compounds. The kinetic energy releases (relatve peak heights) for losses of

labelled methanol, Ty, were all close to 1.4 meV with sharp Gaussian peak shapes. Note that

the ratos for compounds containing the same number of label atoms are the same no_martter

where the label is located. However, by comparing these with the statistical rato, there is a

preference for label retention in the methanol fragment.

E“’ CH4O CH3DO CH2D20
OH
oot 13 —_:?bf‘ __.;E;' 2 _;Oé‘
/) s " 2Hw :
choose from
4 § are in the 3 H are in the 2 H are in the

methanol {ragment  methanol fragment

Bigure 53—~ Calculations of statistica] ralios with 0.1.2 deuterium
atoms in ths methanol moiety of C4i gD using factorials.

methanol {ragment

H/D distribution (%) among [C,H,J" ions produced from metastable D-labelled

neopentyl alcohol ions. Numbers in parentheses are the random statistical ratios.

LABEL POSITION | CH,

56(33)

-CD,OH 28(9) | 56(48) | 16¢3)
-CH,D 55 45
-CD.OD 122) | 4322 | 376D 825y |l

16

42

It should be noted that all the EI mass spectra of the D-labelled ions show specific
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retention and loss Le. no mixing between methyl hydrogens and CH,OH. For exampie, the m/z
73 and 74 are cleanly shifted to m/z 75 and 76 in (CH,),CCD.OH. Since it was found thar the
label atoms were largely retained in the methanol neutral fragment from u.c .sctastable molecular
ions, collision induced dissociative ionizaton (CIDI) experiments were performed to analvze the
various neutrals. Both OH and OD molecular ions were studied; the observations are shown in

Figure 54. These measurements were essential to a..owv determination of the D atom(s) posidon

in the neuwal.
h4
To obtain the location of the label in o » |
the methanol molecule one has to suppose A
I
. !
that if the label stays only on the oxygen, the _.____33“\ - k j

-]

ratto of 74:100 for the m/z 31/32 ions from
uniabelled neopentanol should become the

same for m/z 32/33 in the OD analogue. This

2
is not the case because there is a peak at m/z > . v
31. This means that there is also loss of ]\ [\
CH,DOH from the OD compound. The -"":N—-—-'n\ B\

predicted ratios for 31/32/33 if onlv CH,DOH

was produced are 24.7:49.3:100 (from

31/32=74:100, if there is one chance out of CIDI mass spectra for CH4O (a) and CHIDO (b)
uced from neopentanol and neopentancl~0D respectively.

three to lose D from the methyls, 1/3 x 74=

24.7) but 48:100:76 is obtained. This indicates a mixture of CH,DOH and CH,0D in the CIDI



spectrum of the OD compound. Using the ratio of m/z 36/57 (1:1.25) in the MI mass spectrum,
11 is possible 1o set equations to find out where the label is located and in what amount. These
eguatons are valid if there are no isotope effects nor collision cross-section effects involved for

the various labelled compounds (Figure 53).

From these numbers, it can be |[posingx -y = 1.25 where x=CH30D
y= CH2DOH

concluded that both CH,DOH and CH,0OD are
CH3OH  31/32 74:100

formed, in 2 2:3 ratio. Randomization of fmuagp 32 /33 74,100

label would lead t0 a 3:1 ratio. We can [CHZPOR 31/82/33  247:433:100
assume that there is a preference for label |~the results obtained are 31/32/33 > 48:100:76

retention at the oxygen position. The CIDI of | For peak 31 048 = 74 + y(24.7)
For peak 32 1.00 = 100 + x{74) + y{49.3)
the OD compound also confirms the presence Forpeak 33 0.76 + x(100) + y(100)

of CH,DOH by showing an intense peak at

SOLVE FOR x AND y x =075
. . = 0.50
m/z 16, characteristic of CH,D. For the o- !

. . . Eigure 55~ Calculation of the ratio of CH-OD and CH2DOH
CD, compound, a similar method is used |from fragmentation of monolabelled mpégtmL

supposing the following ratios: for CHyOH m/z 31/32 is 76:100, for CH,0D m/z 32/33 is
76:100, for CH,DOH m/z 31/32/33 is 25.3: 50.6: 100, for CH,DOD m/z 32/33/34 is 25: 50: 100
and for CHD,0OH m/z 32/33/34 is 50: 25: 100. The experimental observed ratio for m/z
31/32/33/34 is 30: 78: 100: 48 and the ratio for m/z 56/57/58 is 28: 56: 16. The observed ratio
for CH;OH/CH,OD/CH,DOH/CH,DOD/CHD,OH is 1.5: 2: 4: 2: 1. The random calculated value
for CH,OD/CH,DOH is 1:3 versus 1:2 and the calculated value for CH,DOD/CHD,OH is 1:1

versus 2:1. Again, these numbers show a marked preference for retention of the label at the
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axvgen site.

The Xe/O, neutralization-reionization mass spectrum (NRMS) of neopentyl alcohol was
also measured to investigate the stability of the product from the neutralized ions. It showed an
intense peak at m/z 56 (100%) and weaker peaks at m/z 57 (15%), m/z 41 (60%) and m/z 39
(65%). There was no reccvery signal for the molecular ion. This indicates that the neutral
C;H,,O generated by electron tansfer is not a stable species. If it were stable, we would expect
the same major peaks as in the EI mass spectrum: the base peak at m/z 57, m/z 73 (25%), m/z
56 (50%), m/z 41 (38%) and m/z 39 (9%). The peak at m/z 56 is characteristic of a large

amount of methyl propene ion whereas the weaker m/z 57 indicates a smaller amount of C,H,".

522 Methyl-t-butyl ether.

This species was proposed to fragment via the same intermediates as neopentyl alcohol™,
This section cleariy shows that methyl-t-butyl ether does not have any dissociation channel in

common with neopentanol.

The mass spectrum of the cther is dominated by a base peak at m/z 73 (loss CH,). The
molecula: ion (m/z 88) is very weak, 0.4% and the intensities for m/z 56 and m/z 57 are
respectively 5% and 23% (quite different from neopentanol). The MI mass spectum of
(CH,),COCH, contains four peaks m/z 73 (31%), m/z 72 (100%), m/z 56 and m/z 55. The latter

pair (4:1 rato) arises from the very intense m/z 87 = m/z 55 process. The C natural abundance
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from m/z 87 forms *CC_,H,,0" which loses *CH,O and CH,O in a 1:4 statistical ratio. Thus the
only metastable processes for the molecular ion are loss of methane (m/z 72). T, ;=17 meV, and
methyl radical (m/z 73), T,s=7 meV. A labelling experiment, using (CH,),COCD,, showed that
there is no label mixing since the MI processes at m/z 72 and 73 are cleanly shifted 1o m/z 75
and 76. This behaviour is also different from metastable neopentanol ions which mix extensively
and therefore, negates the inital hypothesis that ionized (CH,),COCH, and neopentanol may

fragment via a common intermediate.

A few comments on the above metastable processes deserve mention. Their calculated
AE values 9.30 eV (CH, loss) and 9.40 eV (CH, loss) (from aHJ[(CH,),COCH,]=-284 kJ/mol,
2HJ{(CH;),COCH;=477 klJ/mol, aH{CH,=C(CH, }\rCr,;]=688 kJ/mol, aH{CH,"]=146 ki/mol and
aHJCH,)=-75 kJ/mol) are close to the measured value of 9.52 * 0.05 eV for both reactions and
lie so close to the ionization energy (IE[(CH,),COCH,;"]=9.24 eV) as to exclude the possibility
of these reactions being metastable. However, it is possible to have a CH,,O™ structure lying
in a deep potential well, easily accessible to the molecular ion whick would give rise to the

products without requiring isomerization.

Recently, Parker” described ab initio molecular orbital theory calculations on the t-
butanol molecular ion. The principle is that the vertical ionization of the ground state produces
an ion in which the charge is formally at the O-atom, following the removal of a lone-pair
elecuon. However, the optimum geometries of the ground states of the ion and of the neutral

are significantly different, the geometry of the ion being best described as a complex between
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a methyl radical and protonated acetone,
which may fragment rapidly by loss of CH;".
The situation is proposed to be similar here,
the ionized ether having a ground state
consisting of a methy! radical-(CH,),"COCH,
species whose geometry is significantly
different from that of the neutral molecule.
Vertical ionization of the I;lncr leads to an

energy rich ground state ion (Figure 56).

COTPIEX  CHy - (CBy)pC-CE

Figure S6- Disseciation of the t—butanol molecule.

The CA mass specttum of
(CH,)>,COCH," was studied and it
showed an increase in intensity for
m/z 73 upon introduction of a
collision gas whereas m/z 72 was

unaffected. This feature reproduces

quite well the EI spectrum of the

Ml of m/z 88 He CA of m/z 88

Hgurce 57- Comperison of peek intensities for Ml and
CA mass spectra of methy! tertbutyl ether.

ether and it can then be concluded that, unlike neopentanol, the (CH,),COCH,™ ions have

undergone no major rearrangement.
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The next six sectdons (5.2.3 to 5.3.8) brieflv describe the behaviour of isomers which.
according to their structure and their energetics (Figure 51). might behave like neopentanol o
produce m/z 56 (T,,=1.4 meV) in their MI mass spectrum. but which showed no such

fragmentation.

3.2.3 Methyl-n-butyl ether.

The EI mass spectrum of this ion displays a base peak at m/z 45 (loss of C,H,), a peak
at m/z 56 (21%) and a weak molecular ion, 4% relative intensity. Its MI mass spectrum shows
a very intense signal at m/z 59 (100%), loss of C;H," with T,;=11.4 meV and 2 weaker signal
at m/z 73 (9%), loss of CH,", with To,=11.0 meV. These processes are almost unaffected by
inroduction of Helium in the collision cell, but peaks at m/z 56 and m/z 45 developed in the CA

mass spectrum, thus reproducing the properties of the EI spectrum. This compound clearly does

not behave in a manner similar to neopentyl alcohol.

3.2.4 2-Methoxybutane

The base peak in the EI mass spectrum of this ion is m/z 59 (loss of C,H,") with a weaker
m/z 73 (13.5%), loss of CHy, and a molecular jon, m/z 88, of 6% relative intensity. The MI
mass spectrum shows a very intense process at m/z 58 (loss C,H) a weak peak at m/z 56 and
a weaker peak at m/z 55. However, the laner two signals wholly arise from loss of CH,O and

PCH,O from the 'CCH,,0 isotope of m/z 87. The metastable loss of C,H, takes place with a
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kinetic energy release, T,,=8.9 meV. The He CA mass specoum shows a weak increase in
intensity for m/z 58 (=25%) whereas an intense m/z 59 and a weaker m/z 73, respectively 53%
and 7% relative intensity o the base peak, appear. Thus, the features of the EI mass spectrum
are again reproduced and indicate that no major rearrangement has wken place. Again this

compound shows no behaviour in common with neopentyl alcohol.

5.2.5 3-Methylbutan-2-0l

The base peak in the EI mass spectrum of this ion is m/z 45 (loss of CH,"), 2 weaker m/z
55 (13%), loss of [CHy', H;O], and m/z 73 (10%), loss of CH,". There is also a weak molecular
ion of ca 2% intensity. The MI spectrum contains two intense peaks m/z 72(100%), loss CH,,
and m/z 44 (37%), loss C;H,. Of these two processes, only the CH,CHOH ion (m/z 44) is
considerably affected by collision-induced dissociation. The CA mass spectum also shows a
large peak at m/z 45 which reproduces the EI spectrum and suggests that a stable C,H,O"
fragment ion is produced. This ion, as mentioned before, was studied by Hammerum and
Audier™ and only the MI process giving rise to m/z 45 was described. The proposed mechanism
via ion-dipole complexes is shown in figure 45. George and Holmes™ have studied this ion in
depth and performed labelling studies using deuterium and ™*C and, on the basis of these results,
proposed that the low energy (CH,),CHCH(OH)CH,,. ions can form a proton-bridged molecule-
radical complex HOCHCH,"H"-"CH(CH,),. This intermediate can explain the label exchange
occurring upon propane loss and may also be the key to explaining why the loss of CH, becomes

a less important process upon introduction of a collision gas. The kinetic energy release values
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(Tos) are 25.6 meV for methane loss and 1.4 meV for propane loss. This is in agreement with
the statement made in reference 100, thart the metastable peaks for loss of alkanes from ether and
alcohol are narrow when they involve a thermoneurral hydrogen transfer whereas when the

alkanes arise by an exothermic hydrogen wansfer (as for CH,), they release 10-25 meV.

5.2.6 Methyl isobutyl ether.

The base peak in the EI mass spectrum of this ion is at m/z 45. There is a clearly visible
molecular ion (13%) and much weaker peaks at m/z 73 (1%), loss CH,", and m/z 56 (4%), loss
of CH,OH. The MI mass spectrum displays three metastable processes: loss of CH," , m/z 73
(7%), loss of CHy', m/z 59 (100%) and loss of CH;OH, m/z 56 (46%), after correcting for '>C
contribution t0 m/z 56. The O, CIDI spectrum confirms that both C,H," and CH,0OH were the
neutrals produced by showing respectively, clusters of peaks at m/z 26/27/28/29 in o 9: 21: 28:
100 ratio” and a pair of peaks at m/z 31/32 with a 85:100 ratio. Since the formation of C,H,"
was metastable, it was of interest to obtain the characteristics of that process. The kinetic energy
release values (T, o) for m/z 59 and m/z 56 were, respectively 10.2 meV and 7.2 meV. Although
it is a very small value, it is stll five times larger than for the m/z 88 — m/z 56 process of
neopentanol (which has T,=1.4 meV). The CA mass spectrum shows that m/z 72, 59 and 56
are unaffected by the collision gas whereas m/z 45 increases. On the basis of all these results,
one can conclude that methyl isobutyl ether does not rearrange extensively before fragmentation
(CA reproduces EI features) and since the Ty is 5 times larger than neopentanol, it very probably

does not share any common intermediate with the latter.



5.2.7 Halogen substtuted 2,2-Dimethyl-propan-1-ol

A series of three halides was studied e, o,
I
in atempt to obtain the distonic ion A % "‘? T 30!":\ N —ci—g,_‘” D
ouX e
(illusmated in Figure 58) by protonation of " i
: |mj he (I:Ha - -
the molecule (using water) followed by loss CHy —C - CH O, CH, —C— CHOM,
ol . | 2
Gy
of the halogen atom. It was not possible to %
1N R IN B

. Figure S8- Possible distonic (A) (from helogen subsytituted
protonate the chloro and bromo substituted p2-dimethy! propanol) and yiid (B) iops (r:gm 3.3~dimethyl
putan-1.2-diol} involved in the fragmentation of ncopentanol

ions but, the protonated iodo ion was
obtained. However, it showed a preference for loss of HI rather than the loss of the halogen only
and produced an ion of m/z 87. Not being able to produce ion A of Figure 58 does not prove
that it does not exist and therefore, its participation in the fragmentation mechanism of
neopentanol cannot be ruled out. Furthermore, its estimated aH° value of 620 kJ/mol is much
lower than the dissociation energy to produce CH,OH and C,H," (672 kJ/mol) and its distonic
swucture provides a simple rationale for the positional mixing of H and D. The possible
participation of this ion will be discussed in greater detail in section 5.3.
3.2.8 3,3-Dimethyl butan-1,2-diol

This molecule was studied hoping that 2 hydrogen wansfer followed by loss of a

formaldehyde molecule would occur o produce the wanted m/z 88 distonic ion (Figure 58,

structure B), with AH=605 kJ/mol. Unfortunately, the ion prefers to lose a CH,OH fragment.
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Again the involvement of lon B in Figure 58 in the dissociation of neopentanol may be
considered as the soluton to allow for H/D exchange between the «-CH, and OH groups (only
if the structure A of Figure 58 is involved to allow for exchange between the OH and the CH,

groups).

3.29 3-Methoxy-2,2-dimethyl propanol

This ether shows a fairly intense peak at m/z 88 (8%) in it EI mass spectrum. It arises
from the loss of CH,O from the molecular ion m/z 118 (Figure 59) possibly to form the distonic

ion (ion C).

CH3 Fey |3

Bigure 59— Formation of a distonic ion from
3-methoxy-2.2-dimethyl propanol.

The base peak in its normal mass spectrum is m/z 56, loss of C,.H,", and a weak fragment
at m/z 100 (4%), loss of H,O, is also observed. The only metastable processes of the weak
molecular ion, m/z 118 (<1%), are loss of CH,0, H,0 and CH,OH. The MI mass spectrum of
m/z 88 shows scveral signals at m/z 45, 46, 55, 56, 69 and 70. However there is a very intense
peak in the normal mass spectrum at m/z 87 which in turn in its MI mass spectrum fragments

to produce m/z 45 and m/z 55. The nawral isotope abundance of m/z 87 is *CCH,,0" (m/z 88)



and wholly accounts for the presence of m/z
45 and m/z 46 in a 3:2 rado by producing
both *CC,H, and C;H,. In a similar manner,
the PCCH,,0" ion also accounts for myz 70

and m/z 55 in the MI mass spectrum of

C,H,.0". However, this *C ion does not

Naturai isotopic abundance of m/z
account_completely for the presence of the 87->m/z 55 allects shape of m/z 56 from ion C.

peak at m/z 56. Only 60% of m/z 56 comes from the natural isotopic abundance of the peak at
m/z 87, C.H,,;0". Upon high energy resolution, the peak at m/z 56 shows two components: a
very narrow ons, and a broader one which has the same shape as that for m/z 55 generated from
metastable m/z 87 ions. The Ty value of the narrow peak is 1.4 meV, and it is idenncal in
shape to the metastable peak for neopentyl alcohol. The collision induced characteristcs of m/z
88 (ion C) are very similar 10 neopentanol, the peak at m/z 56 increasing sharply upon
introduction of gas into the cell, whereas m/z 57 is almost unaffected (0.8%). The CA mass
spectrum of ion C thus shows similar behaviour to that from ionized neopentanol and so provides

more evidence that the two ions are interrelated.

More information which can be obtained from the CA mass spectrum of ion C is that the
features of the EI mass spectrum are reproduced, unlike the behaviour of neopentanol. This
suggests that the distonic ion, (CH,),"CCH,"O(H)CH, does not rearrange to ionized neopentanol
before fragmenting, but that neopentyl alcohol ions rearrange to the distonic ion instead. The O,

CIDI mass spectrum was also recorded and the presence of CH,OH was confirmed by observing
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peaks at m/z 31 and m/z 32 having the correct rato of 76:100. The Xe/Q, NRMS of the distonic
ion revealed two peaks, one at m/z 56 and another at m/z 39, but no peak m/z 537. There were
also peaks at m/z 43 (45%), m/z 42 (30%) and m/z 41 (75%). The peak at m/z 56, which is also
a characteristc of the EI mass spectrum, indicates that the neutral has not undergone major
rearrangement whereas the absence of m/z 57 clearly indicates that the ion does not rearrange
into 2 stucture containing the C,H," group. Therefore, these characteristics indicate that the
distonic ion is a lower energy species than neopentanol. The appearance energy of ion C was
measured, AE=9.66 = 0.05 eV and, using aH[3-methoxy-2,2-dimethyl propanol]=-449 kJ/mol
and aH{CH,0]=-109 kJ/mol, the aH, calculated for (CH,)."CCH,"O(H)CH, is 592 kJ/mol. This

1s in keeping with the prediction made (see Figure 51).

The approximate estimation of AH, can CHy
| D{C-H]=385 L
be made using the method described by | §~® —— O¢
CH,OCH, CH,0CH,
Holmes and Lossing in reference 38. The | a4 .c26m AHE-100) | pa - 810
thermochemical cycle is shown in figure 61. | M |PA=2s0 "
. CH,y
Two routes can be used to estimate the aH, o ‘é-'ﬂsn DICH30 (i Ce  AHE)
rC- [
value of the distonic ion, one via the e, v CHOCH;
B
homolytic bond strength in the molecule and &H, =(413) AH, =(625)
. . Figure 6.~ Calculation of heats of formation
the proton affinity of the radical and the other | (in ki/mol) using a thermochemical cycle.

route involves protonation of the ether followed by homolysis of the resulting ion.
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Routes I and III can be esimated with confidence whereas routes I and IV are a more
difficult task”. The bond swength for step I can be reasonably placed at 8 kJ below the
corresponding vajue in methyl propene (393 kJ/mol) and the PA of step III is esimated at 850
kJ/mol, which is typical for ethers'. PA values are reduced by adjacent or nearby radical sites
in carbonyl and OH containing radicals™ but no values are available for radicals containing an
cther linkage. Typically, the bond swengths in protonated molecules are greater than those in
analogous neutral molecules™. These effects make the aH, values higher by ca 30 kJ/mol than
if the unmodified (values for molecules, rather than for radicals) proton affinites and bond
strengths had been used. Thus, the estimated aH, values are higher than the experimental results.

A good estimate for (CH,),"CCH,"OH)CH, is 590 kJ/mol.

Table Il shows the results obtained CHy 4o
for devterium labelled 3-methoxy-2,2- o CH, —l—u
dimethylpropanol.  The fragmentation of o, _cl. C% ‘l:"z‘ma
(CH,),C(CH,0D)CH,OCH, produced an ion at éﬂz‘a 0 TH3 "
m/z 89 (no loss of D with CHO) which e N e
dissociates metastably in the same manner as Bgure 62~ Proposed interm edil:z j:r
dissociation of dy-labelled jon C.

neopentanol OD. The 3-wideuteromethoxy-
2.2-dimethyl propanol was investigated and it produced a peak at m/z 91 in the EI mass
spectrum. The peak at m/z 57 was not displaced to m/z 60 indicating no label mixing before
forming the distonic ion. The kinetic energy release, T,=1.4 meV for m/z 88 — m/z 56 was

indistinguishable from the energy resolved peak for neopentanol ions. The d, compound showed
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considerable mixing taking place with greater retention of label in methanol than predicted. This
is in keeping with results obtained for labelled neopenty! alcohol. Two intermediates may be

proposed for fragmentation of the d; ion (Figure 62).

Table OI H/D distibution (%) among C.H;™ ions produced from D-labelled C,H,.0™ from

3-methoxy-2,2-dimethyl propanol.

(CH,),'CCH;"O()CH,

Channel A is, however, not possible according to the results obtained for the methyl
isobutyl cther (section 5.2.6). Moreover, on the basis of the previous results for
(CH,),"CCH, O()CH, and its labelled analogues, the interconversion to neopentanol via a methyl

ransfer to the radical site is not a favoured pathway.

To confirm this hypothesis, *C-methoxy-2,2-dimethyl propanol was studied. It yields
“CCH,;O" ions at m/z 89 and its molecular ion m/z 119 only produces m/z 101 (loss of H,0)
and m/z 86 (loss of *CH,OH). The MI mass spectrum of m/z 89 shows only one peak at m/z
56 indicating that only *CH,OH is lost. If channel B of Figure 62 had been right, one would
have expected to observe a single peak with label retention in the alkane at m/z 57, since
(CH,),C*CH,0H produced only *CH,0H (Figurc 63).
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Tigure £3- Propesed and actual label distribution
upon fragmentation of *C-icn C.

The ‘presence of *CH,OH is also confirmed by O, CIDI experiments which shows peaks
shifted to m/z 32 and m/z 33. On the basis of these results, it is proposed that
(CH,)."Ch;"O(H)CH, from 3-methoxy-2,2-dimethyl propanol and ionized neopentanol fragment

via 2 common reacting configuration but that the former does not rearrange into the latter ion.

5.2.10 2-tert-butoxyethanol.

The base peak in the EI mass spectrum of this compound is m/z 57 (CH,"). It also
contains peaks at m/z 103, loss CH;' (19%), m/z 88, loss of CH.O (2%) and m/z $7, loss of
CH;O (8%). The mass spectra of the labelled molecules (CH,),COCD,CD,OH and
(CH,COCH,CH,0D display a shift of the m/z 87 and m/z 88 peaks 1o m/z 89, 90 and m/z 87,
89. The structure for m/z 88 (ion D) is proposed to be (CH,),C'O(H)'CH, according to Fig 64.

P o k
cH, -—f—ocrgcn,oa — O, —c-n@ — o, —C=
CH,
IND
Heure 64— Proposed mechanism for the formation of
an ylid ion (ion D) from 2-tert-butoxyethanol

N
? ¢,
H
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The deuterium labelled compound, (CH,);COCH,CD.OH. was also studied and. according
to Figure 64, it is expected to produce only a peak at m/z 88. It does so indeed. but there is also
a small peak at m/z 90, approximately five imes weaker than m/z 88. It may arise from loss of

formaldehyde in a different manner (Figure 63).

CHy, o4 ** o
| Jou ', .
— o _T — 0 ~C=0--sy
+w
CH, —I o, CHy H
CH, —C —OCH, G, OH . W -
o i U@H P
—» i, —C— =</ —» (i, —C —CD,0H
1 R _o |
™, iy
Hgure 65- Possible channels for loss of a formaldehyde
molecule from 2-tert-butaxyethanol

The characteristics of the m/z 90 ion from the d, compound were studied o0 avoid

interferences from m/z 88 in the (CH,),COCH,CD,OH ion.

The MI mass spectrum of this ylid ion (ion D) displays three peaks at m/z 56, 57 and 58
in a 100:5:20 ratio. The latter two arise from losses of “CH,O and CH,O respectively from
CCH,,0" (natural isotopic abundance of the very intense m/z 87, C;H,,0%). Note that the
metastable m/z 87 jon from neopentanol only produces m/z 69, there is no trace of m/z 57.
Therefore, the two ions have different structures and the path at the bottom of Figure 65 is not
possible. High energy resolution of metastably generated m/z 56 shows a Ty of 1.5+ 0.1 meV
which is in good agreement with the value of 1.4 meV obtained for neopentanol. The a-CD, and

OD labelled compounds also show the same label retention as di- and mono-deuterated neopentyl
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alcohol (Table IV) suggesting that they share 2 common fragmentation route. The He CA mass
spectrum of (CH,),C"O(H) CH, shows a sharp increase in intensity for m/z 56 and a very weak

collisionally induced m/z 57. This again reproduces the behaviour of neopentyl alcohol.

Table IV H/D dismibution (%) among C,H;~ ions produced from D-labelled metastable

[CH,,O1" ions from 2-tert butoxyethanol.

The Xe/O, NRMS of ion D shows the same peaks as neopentanol but in different ratio:
m/z 57 (18%), m/z 56 (89%), m/z 41 (77%) and m/z 39 (100%). This may indicate that the
same entities arc present in both ions but in a different arrangement i.e. both ions contain C.H,

and CH,OH groups but attached together via a different atom (Figure 66).

i e
Oy —Co CH,—OH CH, —rl:%muo\
i, o

Heure 88— The hydroxymethyl radical may be bonded
to the t-butyl cation in two different manners.

TheAEofioanasnotmcasmblcbecauscthcmleSionistoowmkapeak
Therefore its heat of formation was estimated using aH{(CH,),C'O(H)CH,]=402 kJ/mol® and

D[CH,H]=444 k¥/mol”. The value of 444 kJ/motl is perhaps uncertain to +15 kJ/mol but C-H
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bond strengths in protonated ether ions are swronger than those i the unprotonated species”. The

aH, value for (CH,),C"O(H)"CH. was esumated to be 628 kJ/mol.
3.3  Possible Mechanism for Fragmentation of Ionized Neopentyl Alcohol.

In light of the results obtained in the previous section, it is clear that neopentanol, the
distonic ion from 3-methoxy-2,2-dimethylpropanol and the ylid ion from 2-tert-butoxyethanol
share common fragmentation pathways. According to the labelling experiments and energetics.
it is proposed that, although the distonic ion and neopentanol behave similarly, there has to be
an intermediate ion to allow their interconversion. The vlid ion is proposed to be this key

intermediate.
5.3.1 Labelling

Table V shows the various labelling results for the above three isomeric ions. It is clear
from these results that the initial position of the label is not important i.. for a certain number
of label atoms the fragments retain the same amount of label mspecuvc of their initial position.
This may be explained by proposing that randomization of label position is complete before
dissociation takes place and that the non-random distribution in the products is kinetically

controlled. This aspect will be discussed in section 5.3.4.
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Table V H/D distribution (+ 2%) among [C.H,]™ ions produced from metastable D-labelled

[CsH,,0” isomers. Numbers in parentheses are the random statistical ratios.

ION LABEL POSITION | CH, | CH.D | CHD, | CHD,
(CH,),CCH.OH"~ -OD 56(33) | 44(67
-CD,OH 28(9) | 56(48) | 16(43)
-CH,D 55 45
-CD,OD 12 | 4322 | 375D | 8s)
(CH,),C(CH,D)CD,0H" 16 42 34 8
(CH,),’CCH,"O(H)CH, | -OD 58 42 :
-OCD, 14 43 37 6
I_(CH,),C*O(H)‘CI—I: -OD 56 44
-CD, 29 53 18 |

5.3.2 Interconversion of ions.

ey

To explain the conversion of neopentanol into the key intermediate it is suggested that

there is partial separation of the tert-butyl cation and the “CH,OH radical and once a critical

extension has been exceeded, there is rotation of the hydroxymethyl fragment to produce the ylid

ion (Figure 67).

+e H

e 1 P,

Cy —C—CL0H — Oy —C+
CH

---EH.‘,-O
%b

— CH;, —_—L—
IND T3
| Fpure 67— Isomerisation of neopentanol into ion D

CH
[
|

CH

e Oy

o,
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This mechanism provides support oy W, ) - I
™ ¢ “of - £ . \\-' c l
S o —C— ——cC ) My —C—
for the original proposal of Hammerum YN, e— = 1 75\- YTV
-~ M, oy O o,
. N . D~
and Audier* and shows similarities with 4
e
the rearrangement of alkyl phenyl ether T‘a — s
o, —C""':"‘:.O/H -— —C“c":ax"
ions. The H/D exchange berween the éﬁ P o A },‘_ i
M
methyl groups and the methylene and B o ac ane yld yon3 iavolved 12 the H/D label

berween the methyl groups and the hydroxyl H can be explained via simple processes (Figure

68) involving 1,4-H shifts.

Note that the ter-butyl methyl ether ions showed no_mixing upon metastable
fragmentation. Therefore, the distonic or ylid ions shown in the above figure cannot be involved

in the fragmentation of that ether.

The conversion of (CH,),"CCH,"O(H)CH, to neopentanol ions was shown not to occur

directly, therefore, the former should convert to the ylid ion. The mechanism is not clearly
understood but a reversible methanol transfer to the radical site is a plausible mechanism to

explain the exclusive PCH,0H loss (Figure 69).

CHy CH
—(|:. . la /H
% ‘ —c——B\
"o b
1N ¢ |‘+

Figure 69~ Isomerisation of ion C into a distonic
ion which allows for H/D label exchange.
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The above mechanisms clearly explain how the H/D label mixing occurs in each ion and

also explain the behaviour of ®C labelled ions.

5.3.3 Energedcs

Figure 70 shows an
energy diagram which
illustrates the interconversion

of the three ions. The doted

lines are estimated energies
whereas the full lines were

values from experiment. The

ansition state energy for the

1,4-H shifts has been set at 25 | mgure 70— Energy diagram showing estimated energies (broken
lines) and measured energies for isomeric CgH 50 ions.

kJ/mol which is slightly below
that which has been measured for the 1,4-H transfer in the (smaller) propanol molecular ion (33
kJ/mol). The heat of formation of (CH,);C C"O(H)CH,=402 kj/mol and D[CH,-H]=431 kJ/mol,
were estimated according to the method established in reference 38. The other transition state
encrgies are not known and are only of qualitative significance in the diagram. The barrier for
interconversion between ionized neopeatanol and (CH,),C'O(H)"CH, is set as shown to allow for
casy H/D exchanges. The metastable fragmentation to produce C,H,* and methanol takes place

with a very small kinetic energy release and indicates a threshold dissociation ie. no excess
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energy barrier before obuining the products. Thus, the (CH,), CCH,"O(H)CH, ion is the key
species from which the products are obtained and its ground state should lie in a deep energy
well. The barrier between that ion and (CH,).(CH.)C O(H)CH, is set higher than that between
(CH,),C"O) CH;, and (CH,),(CH,)C"OH)CH, in order to allow for complete label exchange
and rearrangements. The ion leading to the products, (CH,),"'CCH;"O(H)CH,, is proposed to
rearrange into its final reacting configuraton via a simple bond extension leading to an

clecrrostatically bound complex between CH;OH molecule and a methyl propene ion (Figure 45).

5.3.4 Isotope Effect

That the same number of H and D atoms in all three ions produces the same distribution
ratio of label in the fragments, independant of their initial position, (Table V) almost centainly
results from H and D atoms losing their positional identty prior 1o metastable fragmentations.
To obtain the observed ratios, and the observed excess of deuterium in the methanol produced
can be rationalized by there being an isotope effect involved in the final separation of the
products. This isotope effect produces the apparent non-randomization of the labels at lorge:
lifetimes. This effect arises from the electrostatic bonding between CH,OD and ionized
methylpropene being weaker than for CH,OH and methylpropene in that the density of states for
the CH,OD-C/H," complex will be smaller than for 2 CH,DOH-C,H,” ion. This is shown by
the CIDI experiments where there is a clear preference for the label to be retained in the
methanol (more specifically on the oxygen atom) rather than in the methy! propene fragment.

This isotope effect thus governs the kinetics of the metastable decompositions and, depending
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on the number of labels in the ion, the ion/molecule complexes dissociate at different rates.

Table VI H/D distribution (%) among C,H,™ ions produced from labelled C.H,.O™ isomers,

in different field free regions compared with predicted statistical rados.

To prove this hypothesis, it should follow that at shorter lifetimes (higher internal
energies) the labelled ions should produce fragments in abundance ratios closer o random, and
$0 another experiment was performed. It consisted of measuring the relative ratios of the MI

processes of variously labelled ions in the first field free region (1 FFR) of a mass spectrometer,
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1.e. at shorter times than for the results shown in Table V. The experiments with the ZAB-2F
show the 2 FFR MI processes whereas the MS-902S experiments were for the I FFR processes.
In this first field free region, the ions have shorter lifetimes and the isotope effects are predicted
to be smaller. Table VI shows the results obtained for d,, d, and d, labelled ions where the
results obtained with the MS-902S are compared with those from the ZAB-2F and with the
random statstical ratios. The table clearly shows that at shorter lifetimes, MS-9 versus ZAB. the
ratios tend towards complete randomization. Therefore, the hypothesis that there is complete H/D
randomization prior to dissociation is strongly supported. It is possible to calculate the isotope

effects according to the number of labels in the ions (see Appendix III).

3.4  CH,,-methyl ethers.

The behaviour of ionized neopentyl methyl ether was reported by Hammerum and
Audier™. They observed extensive loss of H/D positional identity prior to metastable loss of
CHO. The ion was briefly studied in this work to &y to obtain information in relation with the
behaviour of neopentanol. A quick glance at the metastable dissociation of t-amyl! methyl ether,

CH,CH,C(CH,),0CH, was also made since its structure could permit a possible loss of methanol.
This is described first.

3:4.1 1-Methoxy-1,1-dimethyl propane (t-amylmethy! ether).

The EI mass spectrum of this molecule shows no molecular ion (m/z 102). The base peak
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is m/z 73 (loss C.Hy") with weaker signals at m/z 87 (34%), loss CH,", m/z 59 (17%). loss C,H.",
and m/z 55 (24%). loss of [C:Hs, H,O). The only mue MI process is loss of C.H, to give rise
to 2 signal at m/z 72, the peak at m/z 70 in the MI mass spectrum arises from the *C
contribution of the intense CH,,0™ — m/z 69. There is no process which might relate to
neopentanol. The only analogy which can be made is with t-butyl methyl ether which also loses
an alkane fragment (CH,). It could be predicted that the only metastable processes which would

take place for R-C(CH,),OCH, is los. of 2 R-H fragment.

5.4.2 Neopentyl Methyl Ether

The base peak in the EI mass spectrum is m/z 57 (C,H,") and the molecular ion, m/z 102,
is of significant importance (20%). Other important peaks are m/z 56 (65%), loss of CH,O, m/z
45 (47%), CH0, and m/z 87 (24%), loss of CH,". The MI mass spectrum displays only two
peaks: m/z 56 (CH,"), 100% and m/z 70 (loss of CH,0), 57%. The kinetic energy release
measurements (T, ) for these peaks were 4.3 meV and 15.4 meV, respectively. Using the aH,
of the molecule, -299 ki/mol, its IE (9.30 £ 0.05 ¢V) and the metastable AE values for m/z 70
(10.0£ 0.1 eV) and m/z 56 (10.1 £ 0.1 &V), the energy diagram was constructed, Figure 71. The
threshold for CH(O climination corresponds to loss of dimethyl ether and the ion m/z 70 was
identified as the (CH,),C=CHCH," ion. The latter has a aAH=795 kJ/mol and its structure was
confirmed by comparing its O, charge stripping (CS) mass spectrum with the results for other
CsHyo hydrocarbons®. Note that this isomer is the only one showing 2 significant peak at m/z
70™ and is therefore easily distinguishable.
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Note also that although CH,OCH,
loss takes place at the thermochemical
threshold the reaction leading 10 m/z 70, loss
of CH,OH has a considerable excess energy
(50 kJ/mol), see Figure 71. This is quite
unlike the behaviour of neopentanol. The He
CA mass spectrum of neopentyl methyl ether
shows that m/z 56 doubles in intensity upon
introduction of the collision gas whereas m/z
70 was barely affected

Two other

significant peaks appeared: m/z 47 and m/z
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Hgure 71- Energy diagram for dissociations
of neopentyl met.hyi ether.

57 (both 14% of m/z 56). Therefore, one may conclude that the ion structure leading to m/z 70

is of lower abundance than that producing m/z 56; the latter behaves in a manner similar to

neopentyl alcohol.

Three labelled compounds were studied. The MI mass spectrum of neopentyl *C-methyl

ether showed only m/z 56 indicating that the label is always lost, and two peaks at m/z 71 and

70 of equal abundance indicating that the a-C
and methyl-C atoms have equal chances of
being lost (Figure 72). In the EI mass spectra
of the labelled compounds, very little, if any

H/D mixing before fragmentation was

C“! T s B

CHy— € —— CH,0°CH,
58 CHOH + CCatyy
CHy —<:
S8 13,08 + Cotyg™
Fipure 72- Dissociation channels for
*C labelled neopentyl methyl ether.
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observed. The labelling resuits for metastable ions are shown in Table VIIL.

Table VII H/D distribution (%) ameng C.H,,™ and C,H,™ ions produced from metastable D-
labelled neopentyl methyl ether ions. Numbers in parentheses are the random
statistical ratios.

ION GH, | GHLD | CH,D, { CH.D, § CH, | CH,D | CHD, | CHD,

S

| «cuycon-| 4 38 58 20 | a6 25

| |

| RANDOM { 7 44 49 16 53 31

| |

1 1 !

: 11 42 39 8 }

6 | 33 46 15 |

The loss and retention of H/D among metastable ions is apparenty not a random process

and for the formation of C.H; ions, there is greater retsntion of label in the neutral {as in

neopenty] alchohol) whereas there is a different label retention for m/z 70 with results closer to

random. The H/D randomization in m/z 70 may be expected since the PC labelled compound

showed an exacly equal retention/loss behaviour.

To explain the metastable fragmentations of this ion, two mechanisms may be required.

116



The formation ¢f the wimethylethene ion is explained by close analogy with the series of phenyl
alkyl ethers™ ie. the methoxy radical-neopentyl caton pair separates sufficiently for the cation
0 isomerise to the tertiary amyl cation and a B-H atom wransfers from the ion to the radical to
yield the preducts. The 7C kJ/mol of excess energy of the wansiton state above the products is
typical of such reactions™ in which the energy requirement for a secondary 8-H atom transfer has
been reported to be 60 kJ/mol for the analogue reaction with neopentyl phenyl ether. In light
of the results obtained with neopentyl alcohol and of the labelling results for metastable loss of
C.HO from neopentyl methyl ether, one can only speculate a reasonable mechanism in which
the participation of an isobutene ion-dimethy! ether complex as the final reacting configuration

is a plausible final intermediate.

+
? - M +=

0\ (H = 0. C.H.’—" OH +
©— O oy T o, (g

N c
! P S =
0‘3-!_0‘20&5 3 l oy — CH=—C4—CH,—" +
m3 C“! 'Ecua G’ﬁ“

Hpue 73— The formation of the trimethylethene ion can
be explained by analogy with the lormation of phenol ion.

3.5.1 Chemicals

The a-CD, analogue of neopentyl alcohol was prepared by reduction of pivaloyl chloride

with LiAID, and the a-"C compound came from 2 previous study®. The OD analogues for
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alechols were produced by exchange with D,O. The tert-butvl methyl ether and its mideutero
analogue were made by reaction of t-BuO" with CH,I and CD,I respectivelv. The labelled
ncopentyl methyl ethers were prepared similarly. The 1-Methoxy-2.2-dimethyl propanol was also
prepared similarly from 2,2-dimethyl propanediol. The 2-t-butoxyethanol was synthesized by
refluxing t-butyl chloride with an equimolar amount of sodium (dissolved in ethylene glycol) for
15 heurs. The same reaction was performed with ethylene-d, glycol and ethylene-d, glveol 10
obrain respectively (CH,),CCTH,CD-OH and (CH,),COCD,CD,0OH. The (CH,),C(CH.D)CD,0H
was made by reducing methyl (3-bromo-22-dimethyl) propionate with LiAID, and
(CH,),C(CH,D)CH,OH by 2 similar reduction with 3-bromo-2,2-dimethyl propanol. All other

compounds were of research ~Tade and were obtained from Aldrich Chemical Co Inc.

5.5.2 Experiments

All Electron Ionization (EI), Metastable Ion (MI), Collisional Activation (CA), Charge
Stripping (CS), Collision Induced Dissociative Ionizatira (CIDI) and Neutralizaton-Reionization
(NRMS) mas specra were recorded using the VG Analytical ZAB-2F mass specometer
described in chapter 2 of this thesis. In the experiments involving collision gases, the He or O,
pressures were maiatained such that the main beam’s intensity was reduced by no more than 10%
(essendally single collision conditions, see chapter 3). The Xe/O, NRMS were also recorded
under single collision conditions. Except when kinetic energy releases were being determined,

all energy resolving slits were wide open to avoid instrument discrimination effects.
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Merastable peak AE values and first field free metastable abundance ratos were measured
using the AET MS-902S mass specrometer described in chapter 2 of this thesis. The AE of the

various compounds were obtained via comparison with the reference metastible loss of methyl

from ionized diethyl ether.

Ionization Energy (IE) and other Appearance Energy (AE) values were measured with
energy-selected electrons using an apparatus comprising an electrostatic electron monochromator

with mini-computer data system',
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CHAPTER 6

INVESTIGATION OF ISOMERIC C,H," SPECIES

IN THE GAS PHASE

6.1  Introduction

In this chapter C;H," ions produced from various precursors were studied. The labelling
technique, which was extremely useful in the previous chaprer, was not applied to this system
because of the prevalence of atom "scrambling” in aromatic ions™. Therefore, we will rely upon
thermochemical information, metastable ion (MI), collision induced (CA) and charge stipping

(CS) mass spectra 1o help to assign a structure to the various isorners.

Much interest has been shown in aryl cations because all attempts to generate them in the
condensed phase by solvolysis of various precursors have failed'™. It is known that the phenyl
caton has a very low relative thermodynamic stability aHJCH, = 269.6 kcal/mol. The 2-
propenyl cation is one of the least stable vinyl cations produced by solvolysis but is, however,
thermodynamically more stable than the phenyl cation by 27 keal/mol (ab-initio calculations).
At this point, it may be useful to define what is meant by stability. The stabilization of one even
electron ion, A", relative to another, B, is often represented by the difference in the heterolytic

bond dissociation energy D[A™-H] - D[B*-H]'. This energy can be estimated using the
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following equation:

D(R™-H) = aH{R") + aH{H") - aH{neutral) (3

)
—

Many experiments have been designed to find a substtuted aryl cation more stable than
the phenyl cation'®. The conclusions were that substituents are not very effective in stabilizing
singlet aryl cations. Ab-initio calculations have been performed to show two substitution patterns

which stabilize the phenyl cation: the hyperconjugation

between an empty 2p(C") orbital and -C-R bonds and
hyperconjugaton with high-lying strained C-C bonds. The
major stabilizing interaction is between the empty 2p(C")
orbital and the highest occupied Walsh orbital of a fused

cyclopropane ring. This was calculated to stabilize the phenyl Pigure 74- Stabilization of

the cyclopropaphenyl cation.

cation by ca 23 kcal/mol (38 kcal/mol if considering HBDE,
se¢ Figure 75). Other calculations'® show that the 2-cyclopropaphenyl cation is more stable than
CH,=C"CH, by 5 kcal/mol. However, estimates of the relative stability of D{R*-H’} the phenyl
cation, the 2-propenyl cation and the 2-cyclopropaphenyl via heterolytic bond strengths produced
different numbers. Using the values shown in Figure 75, it is seen that the effect of the
cyclopropane ring is to stabilize, not by 23 kcal/mol, but by 27 kcal/mol and that the 2-
cyclopropaphenyl cation is stable by more than 5 kcal/mol i.e. 14 kcal/mol, relative to the 2-
propenyl cation. Therefore, the 2-cyclopropaphenyl cation should be stable enough for it to be

observed in a solvolysis experiment.  Calculatons comparing cyclopropabenzene and
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cyclopropaphenyl catons showed that the C,-C, bond is longer in the lanter, thus releasing the

strain in the cyclopropane ring.

=elative Staliltity. L(R™-E7?

D(R"-X") = JH(R") - AH,(E") - AX laeutral)

Berzerne DIR*-E") = QE,IC,H;")Y « AH, (X"} - AX,{heazene)
DIR"-H") = (263 « 24 - 23) = 282 ¥Xcal/mol

2-Prcpene DIE™-E™) = QAE,{CyH;") « AM,(E") - AX,{C.H,
DCE*-E") = (2231 - 2§ - 4.8} = 270.2 kzalszo0l

cyclopro- DIR™-E") = BE{C.H,") « AMH,(E") - AH,{C,H,)

pabenzene
D{R*-H") = (341 = 34 - B3) = 256 kcal/eol

|Bgure 75— Determination of heterolytic bond strength energies.

Experiments designed to study the cyclopropaphenyl cation (m/z 89) were recently
reported by Uggerud et al'®. The AE of the 2-cyclopropaphenyl cation obtained from the
fragmentation of bromo-2-cyclopropabenzene was found to be 10.5 ¢V. By definition, the
relative stabilizaton energy (S.E.) of compound (2) relative to (1) is given by the different
berween their respective AE (S.E.= AE(2)-AE(1)), see Figure 76. Using this relationship and a
thermochemical cycle, the aH, of the cyclopropapheny! cation was calculated to be 311 kcal/mol.
The most important factor to take into account when estimating the aH, of cyclopropabenzene
is the presence of wwo rings causing strain in the molecule. Thus, our estimate for
aH(cyclopropabenzene) is probably an upper limit because it is assumed that the smaller ring
is cyclopropene. If it were considered as a cyclopropane ring, the aH, value would be smaller.
Strangely enough, the value given in reference 9 is 89 kcal/mol. Therefore, it is possible that

the value found in the literature for cyclopropabenzene is related to another C,H, species.
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This short project was conducted to see if the conclusions of Uggerud et al'™ were correct
e.g. if the CHy” ion generated from a wide variety of precursor molecules is a single species
and/or if there is any evidence to suggest that the cyclopropaphenyl cadon is actually generated
by loss of Br' from 2-bromocyclopropabenzene and with a aAH{(C,H,)=309-312 kcal/mol. In the
present thesis artempts have been made 10 generate the 2-cyclopropaphenyl cation and 10 perform
a direct measurement of its heat of formaton. Many aromatic compounds give rise to a
significant peak at m/z 89 in their normal EI mass spectrum and the following were studied:

benzyl formate, benzyl acetare, benzyl alcohol, 1,6-heptadiyne, 1,5-decadiyne and 2-bromo

+ Be & +
SheeNe>
® ® ® ®
(AE(C7FsBr) = HACHS) - He(CoHishr)
AE(CgHgBr) = H{GHS) - He(CaHigBr)
SE = AE(2) - AE(1) = Hy(2) - EHf3) -~ H(1) + HQ)
Hy(2) = AE(2) ~ AB(L) + Ep(1) + [ Bel3) - Ee4)]
H,(z) = 10.5 eV = 11.7 eV + 270 keal/mol + 67-70 keal/mal
\_H;(2) = 308-312 keal/mal

Blgure 78— Determination of the heat of formation of 2-bromo
cyclopropylbenzene using stabilization energiea (S.E)

cyclopropabenzene.

6.2  Whatis known about these compounds?

The electron impact and chemical ionization mass spectra of benzyl acetate and benzyl

formawe have been recorded many Gmes!™IOVTIMONIG  gurncnely, mfz 90 is a2
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very intense fragment for both compounds. Emery'® proposed that m/z 89 and m/z 90 arise both
from loss of water from m/z 107 and m/z 108 respectvely, and that the increase in intensity of
the peaks from benzyl acetate relative to benzyl formate is due to the fact that the R group(CH,
or H) is larger for benzyl acetate. However, the ion at m/z 90 does not arise from m/z 91,
(CH,"), otherwise a peak at m/z 90 wou.d be observed in the mass spectrum of toluene (in which
m/z 91 is base peak), nor from m/z 108 because there is no m/z 90 in the mass spectrum of

benzenemethano! (where m/z 108 a major peak).

Therefore, m/z 90 would arise from the loss of formic acid in the case of benzyl formarte
and acetic acid for benzyl acetate. Although losses of formic acid and acedc acid are
energetcally favored (aH(formic acid)=-378.8 kJ/mol and aH(acetic acid)=-418.1 kJ/mol), some

aromatic stability must be involved to obtain such an intense peak at m/z 90.

The peak located at m/z 89 is also quits intense, From the observation of the normal
mass spectrum, one may suggest that m/z 89 arises from loss of a hydrogen atom from m/z 90.
According to the results obtained by Emery'®, there may even be 2 metastable peak (m*) for

9089 (m*=M,*/M,=89°/90=88.1), because a peak at m/z 88.3 was reported.

Many papers have described the mass spectrometry of benzyl acetats!®-104105.106107.108 1,
relatively few discuss the ion chemistry of benzyl formate'®*®. Orly the normal mass spectrum
of benzyl formate has been described whereas benzyl acetate has been studied in more detail.

The m/z 108 and m/z 91 fragments of benzyl acetate have been examined and it has been shown
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that two forms of C;H," ions are produced: tropylium and benzyl'*S. The conclusions of this
study stated that opylium is favored over benzyl at threshold energies. At higher energies,
benzyl is the major fragment. Other work has shown that m/z 108 corresponds to ionized

benzenemethanol!®.

The electron impact mass spectra of both benzyl acetate and benzyl formate have been
studied by Corina et al'®. The observed peaks are m/z 108, 107, 91 and M™-107 (m/z 43 for
the acctate and m/z 29 for the formate). They concluded that major fragmentation processes for
benzyl esters can take place via two routes: H-migration or, & or 8 cleavage. Benzylic cleavage
combined with H migration was found to compete with simple cleavage. Surprisingly, the peaks
at m/z 90 and 89 which are as intense as m/z 107 in the normal electron impact mass spectrum,

were not discussed.

6.3  Results and Discussion

In this section, the behaviour of various C;H,* ions produced from different precursors

will be described from 2 thermochemical and dissociative point of view.

6.3.1 Benzyl Acetate

As mentioned in section 6.2, the EI mass spectrum of benzyl acetate shows a significant

peak at m/z 89. Table VIII lists of the most intense fragments in the normal mass spectrum, the
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numbers reported ecarlier for 70 eV EI mass spectrum by Emery'® are also included.

Table VIM- Relative intensities of tiie peaks in the EI spectrum of benzyl acetate.

e———ert e m——————
m——— e —— ———————

m/z 150 [ 108 | 107 | 91 | 90 | 8 | 79 | 77 | 65 | 51 | 43
relatve % 51 | 100 16 | 48 | 37 8 18 | 12 | 10 S | 40

from ref 103 nfa | 100 19 | 78 | 49 | 13 | 27 | 25 | 18 { 24 | 75

R e e e e———

The peak at m/z 108 may arisc from direct loss of 42 u, C;H,O. The peak at m/z 91 may
be formed by direct cleavage, loss of CH,COO. Subsequent losses of H' and H, may give rise
to m/z 90 and 89. The different mass spectra obtained in our experiment and that reported in
reference 103 may be explained by at least two factors: a different instrument was used to record

the spectra and the experimental (ion source) conditions may have been different.

The MI mass spectrum of the molecular ion of benzyl acetate (m/z 150) contains only one
peak at m/z 108. This peak corresponds to the loss of a2 CH,CO fragment to form CH,CH,0H"
and with 2 kinetic energy release, To =12 meV. The He CA mass spectrum of m/z 150 shows
peaks at m/z 108, 107, 91, 90, 89, 79, 77 and 43, reproducing the features of the EI mass

spectrum.

The MI mass spectrum of m/z 108 was also recorded and apparently five metastable

processes occur: m/z 107 (loss of H'), 98%, m/z 90 (loss of H,0, 4%, m/z 80 (loss of CO), 5%,
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m/z 79 (loss of HCO), 100% and m/z 78 (loss of CH,O). However. the m/z 107, m/z 80. m/z
79 and part of m/z 78 arise from “C contribution from m/z 107. Thus, only H.O and CH.,O
losses produce true metastable peaks. The He CA mass spectrum of m/z 108 is not very intense:
the peaks at m/z 78, 79 and 90 are not very sensitive to the collision gas. however, a new peak
at m/z 77 appears, characteristic of the CH," fragment. The O, CIDI mass spectrum of m/z 108
shows peaks at m/z 30, 29 and 28 with 2 18: 100: 15 ratio. This is in keeping with the presence
of CH;O, HCO and CO as neutral fragments. It also rules out the possibility that m/z 30 is C,H,,

otherwise, a cluster of hydrocarbon peaks, m/z 24-30 would have appeared.

The peak of interest, m/z 89, was also studied. Its MI mass spectrum shows three
processes: m/z 88 (loss of HY), 190%, m/z 87 (loss of H,), <1% and m/z 63 (loss of C,H,). 9%.

The kinetic energy releases (T values), obtained for loss of H' and loss of C,H, were 26 + 2

meV and 43 + 3 meV respectively.

In the He CA mass specrum of m/z 89, the m/z 88 and m/z 63 processes were both
affected by the collision gas. Their relative ratios were 100:18 with a MI contribution of 70%
for m/z 88 and 56% for m/z 63. Other fairly intense peaks are a cluster at m/z 84-87 indicating
consecutive losses of H from the C;H," jon and a peak at m/z 74 which provides some structural
information i.e. the loss of CH,’ from m/z 89 occurs easily upon introduction of the collision gas,

and this loss may be indicative of structure 1n the m/z 89, C,H," ion.

An attempt 10 measure the AE from m/z 89 was made but because of the intense peak

127



at m/z 90, only an estimate was possible, AE> 13 eV. The AE A
D

of the meastable peak m/z 90 — m/z 89 could not be measured [ calibrant /
[-+]

because of the crossing of the curves (Fig 77). Ideally, the = compound
]

curves are parallel but in "real life” they often converge ie. the |7

distance berween the curves at the top is larger than at the — >

ionization energy
iri 3 i 1 Figure 77~ Crossing of the
bottom. When normalizing the observations it is customary* to calibrant and compound carves,

multiply one of the curves by a certain factor to obtain parailel
curves, but when the curves cross, even the use of a large muldplying factor will never lead to

parallel curves. The energedcs of CH," ions will be discussed in length in section 6.4.

6.3.2 Benzyl Formare

Table IX gives a list of the most intense fragments in the normal mass spectrum of benzyl
formate as well as values taken from reference 103. The loss of CO gives rise to m/z 108 and
the direct bond cleavage at the CH,-O site, to lose the oxygen atom, produces m/z 91. The peaks

at m/z 107, 90 and 89 arise from consecutive losses of H from m/z 108 and m/z 91 respectvely.

Only one metastable peak occurs from the molecular ion, m/z 136. It is loss of a2 CO
fragment to form an ion at m/z 108 with a very large kinetic energy release of ca 800 meV. The
He CA mass spectrum of m/z 136 shows very weak peaks and does not provide any valuable

structural information.
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Table IX- Relatve intensites of the peaks in the EI spectrum of benzyl formate.

e ————————————————— e—_
e —_

m/z 136 1 1351 108 | 107 | 91 { 90 | 89 | 79 | 77 { 65 | 43

relative % 8 81 44 31 100 | 79 17 32 28 22 | 40

from ref 103 wWa {nal 3513301008 | 19|39 |36 |2 |75

The same metastable processes as for benzyl acetate occur from m/z 108 i.e. loss of water
and loss of CH;O in a 1:4 ratio. The He CA mass spectrum of m/z 108 is very similar to that

of benzyl acetate and so one can conclude that the m/z 108 ions from the acetate and the formate

indeed have the same structure.

The m/z 89 ion from the formate shows only two mzjor metastable processes: m/z 88
and m/z 63 in a respective ratio of 100:9. The T, values obtained we.z 23 and 45 meV
respectvely. The MI data are thus in excellent agreement with the results obtained with benzyl
acetate, and so, it can confidently be concluded that both m/z 35 ions have the same structure.
The similarity of both CA mass spectra corfirms this hypothesis. Again, because of the high

intensity of the peaks near m/z 89 in the EI spectrum, it was not possible to perform any

thermochemical measurements.

6.3.3 Benzyl Alcohol

The EI mass spectrum of benzyl alcohol has its base peak at m/z 79 (loss of CHO), a very
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intense molecular ion (93%), swong peaks at m/z 107 (loss of H), 67% and m/z 77 (CH,"), 57%
and weaker processes at m/z 91 (loss of OH), 17%, m/z 90 (loss of H,Q), 9% and m/z 89 (loss
of H;O and H), 8%. The MI mass spectrum of m/z 108 shows only peaks at m/z 90 and 78 with
a ratio of 1:4 therefore allowing one to conclude that the m/z 108 ions obtained from benzyl
acetate and benzyl formate also have the soucture CH,CH,OH™. The He CA mass spectum of
benzyl alcohol also shows the same characieristics as for the compounds discussed in sections

6.3.1 and 6.3.2.

The MI mass spectrum of m/z 89 shows two intense metastable peaks at m/z 63 (28%)
and m/z 88 (100%} and a weaker process at m/z 87 (<1%). The T, values obtained for m/z 88
and m/z 63 are respectively 22 meV and 39 meV. Although the intensity of the m/z 63 is a litde
higher than for benzyl formate and benzyl acetate, the similarity in T, ¢ values and of the HeCA
mass spectra, lend support to the conclusion that benzyl alcohol, benzyl acetate and benzyl
formate give rise to C,Hy" ions of the same structure. As a reminder, the He CA mass spectra
shows a peak at m/z 74 indicating a facile loss of CH,. from C;H;". The O, charge stripping
(CS) mass spectra of the m/z 89 ion from these three precursors were recorded and for benzyl
alcohol, the Q, charge stripping spectrum of m/z 89 skowed peaks at m/z 85, 86", 87+, 88**
and 89™ in a ratio of 5: 80: 24: 30: 100. These numbers will be compared with other data in

section 6.5 where the various C,H,” ion structures are discussed in more detail.

Some thermochemical data were also obtained for benzyl alcohol. The AE for the m/z

90—89 process could be measured and was found to be 13.82 eV. A table coniaining the hears
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of formadon of the various C;H," ions is shown in section 6.4.

6.3.4 2-Bromocyclopropabenzene.

The EI mass spectum of 2-bromocyclopropabenzene shows a pair of fairly intense
molecular ion peaks at m/z 168/170 (41% and 43% of the base peak). The base peak, m/z §9,
corresponds to loss of ”Br" and *'Br. Axother important peak is at m/z 63 and very probably
arises by C,H, loss from the m/z 89 fragment. All other peaks in the mass spectrum are less than
10% of the base peak. As expected, the MI mass spectrum of m/z 168 shews a unique process
giving rise 10 m/z 89 with a kinetic eneizy release of 64 meV, evaluated from the half height

width of the Gaussian metastable peak.

The MI mass spectrum of m/z 89 displays peaks at m/z 88 and 63 (rato 20:100), a
different ratio from that obtained for benzyl alcohol (see table X). There is also a weak but
significant peak at m/z 87 (3%). These two metastable processes occur with Ty = 22 meV for

m/z 88 and Ty, = 37 meV for m/z 63.

The He CA mass spectrum of m/z 89 from 2-bromocyclopropabenzene shows similar
features to that of benzyl alcohol except that loss of H is the most intense process in benzyl
alcohol (intensity of m/z 88 from benzyl alcohol doubles upon introduction of collision gas). All
collision induced fragments are very weak in the bromo compound, possibly indicating a very

stable structure for m/z 89 i.e. possibly the cyclopropaphenyl cation.
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The O, charge stripping mass spectum displays peaks at m/z 857-89™ in the following

ranos 2: 70: 26: 24: 100 (see rable XII).

The [E of 2-bromocycloprupabenzene was measured using energy selected electrons and
a value of 10.02 eV was obrained. The AE of the metastable peak for m/z 168—89 was also
measured and gave a value of 10.5 eV, significandy above the result using enercy selected

electons, 10.15 eV. These observatons will be discussed later.

6.35 1,6-heprdiyne

The EI mass spectrum of 1,6-heptadiyne displays a small peak for the molecular ion, m/:
92 (8% of the base peak, m/z 91). All other peaks in the spectrum are fairly weak (less than 5%)

except for mfz 65 which is 9% of the base peak’s intensity.

The MI mass spectrum of m/z 92 displays a pair of peaks at m/z 65 and m/z 66 but the
latter is due to ®C contribution from m/z 91 and part of m/z 65 (75%) is due to that isotopic
interference also. The MI mass spectrum of m/z 89 shows the same two peaks which seem to
be characteristic of m/z 89 ions i.e. m/z 88 and m/z 63, and there is also a peak at m/z 87 which
is fairly intense; the peaks appear in a ratio 100: 70: 22. The kinetic energy release values were
found to be Tos = 13 meV for m/z 88, T, = 32 meV for m/z 63 and for the weaker m/z 87, only

an estimate could be obtained, T, ~ 260 meV.
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The He CA mass spectrum of m/z 89 shows the same peaks as for the other m/z 89 ions
but in different ratos. The intensity of the m/z 88 peak relative to the subsequent H losses is
different from that in the benzyl alcohol and bromo compounds. The CA mass spectrum may
indicate an easier loss of CH, fragment because of the increase in intensity of the m/z 63 peak
with introduction of the collision gas. It could perhaps arise from a structure which can lose

C,H, with minimum rearrangement.

The O, charge stripping mass spectrum displays the same five doubly charged ions in the

42.5-45.5 region in a ratio of 5: 94: 28: 31: 100 (see mable XIT).

The AE of the metastable peak for the m/z 91-»m/z 89 process was also measured and a

value of 11.46 ¢V was obtained.

6.3.6 1,5-decadiyne.

The base peak in the EI mass spectrum of 1,5-decadiyne (m/z 134) is m/z 91 and
corresponds to loss of CH,CH,CH,". Other important peaks are m/z 119 (loss of CH,?), 23%, m/z
105 (loss of CHy), 36%, m/z 95 (loss C,H,), 38% and m/z 92 (loss of C,Hy), 34%.; The peak
at m/z 89 is only 2% of the base peak. The MI mass spectrum of m/z 89 shows the same three
processes as for the previous molecules but in a completely different ratio. The ratios for m/z
88/87/63 are 9: 100: 5. The T4 values are respectively 26 meV, 12 meV and 51 meV. In the

He CA mass spectrum of m/z 89, the peak at m/z 87 is almost unaffected by the collision gas.
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There is only a small increase in intensity for m/z 63 and m/z 88.

The O, CS mass spectrum also shows a series of doubly charged peaks at m/z §5~-89—
in the following ratios: 6: 100: 54: 32: 97. Thermochemical information was also obtained for
the m/z 89 ion from 1,5-decadiyne. The AE of the metastable peak 91—89 was measured to be

11.38 eV.

The following two sections will discuss the thermochemistry related to the various m/z
89 ions and will compare the information available. Finally, an anempt will be made to assign
a structure to each m/z 89 ion.
64  Thermochemistry

As discussed in chapter 3, knowledge of the thermochemistry related to ions in the gas
phase is very important when trying to identify and compare a series of ions. Table X contains

measured AE values and aH; values for m/z 89 ions from each precursor.

The heats of formation of the neutral precursors were obtained using Benson’s additivity'®

method and the following equation was used to estimate aH, of all the ions

AE = ZaH, (products) - ZaH, (reactant) [341
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Table X- Thermochemical data related to the various C.H," ions.

PRECURSOR PROCESS | AE V) aH, aH(n)
+ 0.05 %2 kcal/mol | 1 keal/mol
Benzyl Formate loss CH,O 14.04 298 -61
loss OH
90—89
Benzyl Alcohol loss H,O 13.82 301 -24
90—389
2-bromocyclopropabenzene 168—89 m* 10.5 309 94
(10.15) (302)
1,6-hepradiyne loss H 11.46 307 95

According to Table X, benzyl alcohol and benzyl formate may yield the same ion since
they have a similar value for the hear of formation. Furthermore, as seen in section 6.3, the
dissociative behaviour is also similar. Unfortunately, thermochemical data was not obtainable
for benzyl acetaw, bur its dissociative behaviour was very similar to benzyl alcohol. By

comparing aH{ions) in Table X, one can say that there are three ions produced: a first ion with
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osH=300%2 kcal/mol, another one with aH=307 kcal/mol and a last one with aH=313 kcal/mol.

6.5  Comparison of Information

From Table X, one can propose that at least three different m/z 89 ions may have been
identified. Using the results of sections 6.3 and 6.4, it was proposed that benzyl acetate, benzyl
formate and benzyl alcohol produce the same CH," ion, therefore, only benzyl alcohol will be
discussed hereafier. However, the results found in Table XI suggest the existence of four

different structures since all the results are clearly different from one another.

Table XI- Metastable peaks for CH," ions (T, values (2 meV) are in brackets).

28 (39)

3 100 (37)

1,6-heptadiyne 100 (13) 70 (32)

1,5-decadiyne 9 (26)

The CS mass spectra were not sufficientdy different to be structure diagnostic (refer to

Table X3I below).
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Table XTI- O, charge suipping spectra for C,H," ions.

l PRECURSOR 85~ =86"’ 8 88~ 89~
Benzyl Alcohol 5 80 24 B 30 100
2-bromocyclopropabenzene 2 70 26 24 100
H 1,6-heptadiyne 5 94 28 31 100
1,5-decadiyne 6 100 54 32 97

Ton structures which +
Za

should be considered must

j]

@>Nf

be those whose aH, values

can reasonably be expected

to lie within the range 295- W /—<: /\@
315 kcal/mol. The following

figure represents some of the ’*'\/\/@)%/\ +

possible sguctures for m/z

Fgure 78~ Possible structures for m/z 89 ions.

89 ions. As mentioned

earlier, isotopic labelling of the precursors (especially the hydrocarbons) was considered unlikely
to provide any valuable information since a lot of scrambling occurs with hydrocarbons.
Therefore, the structure assignment must be made with the information available. Ions capable
of resonance structures should be considered first, e.g. the various substituted allyl cations, CH.",

ions 2 to § in figure 78.
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The difficulty resides in the estmation of aHions). A graphical method developed by
Lossing and Holmes'” can be used to esimate the heats of formation of ions. A aH{ion)
versus log(n) plot can be made (where n is the total number of atoms in the ion) using variously

substituted allyl species (Figure 79) ions which will be stabilized by resonance.

The value obtained for aH(2) is 308 A ]
310— Cvﬂgc.---" e
kcal/mol making it a plausible structure for L 290 — /c;cuc
: " Cds " 7 CgHgC=CH
one of the present CHy® ions. In general, the [z (ions) 270— o
kcal/mol 250— /’ eyelic Cgis
positional effect of substituents in an allyl ion e
230~ Bfs -
is very small® ie. whether they are at the 210 7
T T
same or opposite ends of the allyl cation does 0.8 : 1-? ) 11
og (n
not affect the aH, value. In other words, the Figure 79~ Determination of heats of formation
of ions using the graphical method. The x are
extrapolated values, the o zre given values.

heats of formation of ions 2 and 5§ should be

quite similar; the same applies to ethynyl substitution at the middle of the allyl ion (as in ion 4).

Ions 3 and 8 can also be written as resonance species, however the aH, values are difficuit
to esumate. They are considered as substituted allene and propargyl ions (which have higher
heats of formation than the allyl ion) and, therefore are unlikely to have a aH, value lower than

ions 2, 4, and 5.

Ion 6 is subject 1o ring strain in the cyclobutene moiety making its sH, certainly iarger

than aliphatic ions. The aH, of ion 7 can also be estimated using the graphical method; a value
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aH{7)=292 kcal/mol was obtained.

Supposing that 2-bromocyclopropabenzene dissociates into a bromine atom and

cyclopropaphenyl ion (1), and using the measured AE values (10.15 and 10.5 eV). sH{C.H,"

is estimated to be 301-313 kcal/mol.

AE = sH(CH,") + aH{Br) - aH{C;H,Br)

(35]

aH{(CH,) = 301 (AE=10.15 eV) or 313 keal/mol (AE=10.5 eV)

Table XTII-  Estimated aH, values and heterolytic bond dissociation energies (HBDE) for ions

1,2,4,5,7

301-313

aH/{neutral) kcal/mol

* 2 kcal/mol

|
HBDE kcal/mol |

* 2 kcal/mol

2 308 120 222
4 <308 120 222 *i

I 5 H 308 120 222 l
7 292 90 237

In terms of heterolytic bond dissociation energies, ions 1, 2, 4, 5, 7 can be considered to

be quite stable species.
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6.5.1 2-bromocvclopropabenzene

Structure 1 of the previous figure may be assigned to the m/z 89 ion from the bromo

compound stnce it would b= formed by 2 simple bond cleavage between the bromine atom and

Br 4 +
\

Figure 80— Formation of m/z 89 ion
from 2-bromo cyclopropabenzene.

the ring (Figure 80).

The CA mass spectrum showing very linle fragmentation upon introduction of gas
indicating that this structure does not fragment easily. The aromaricity of the ion makes it quite
difficult o lose only one hydrogen. The loss of C.H, is the major metastable process occurring
from this ion, and it appears to be unique among the ions studied in terms of the relative

abundance of peaks in the MI mass specttum (Table XI).

6.5.2 1,6-heptadiyne

The next ion which can be "casily” identified by its heat of formation and fragmentation

characteristics is that from 1,6-heptadiyne, where consecutive loss of H, and H' or of 3 H would

lead directly to structure 2.
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Y — & S F 3
Figure 81- Formation of m/z 89 ion from 1.6-heptadiyne.

If these hydrogen losses occur so easily, it may explain why the most intense process for
metastable m/z 89 from 1,6-heptadiyne is loss of H. Furthermore, the loss of H, or 2 H to
produced m/z 87 can also be explained with this stucrure. The loss of CH. could also take

place via a stmple bond cleavage followed by a H transfer.

+
N v N " Gy + Oty

Figure B2~ Dissociation of m/z
89 ion from 1,6-heptadiyne.

6.5.3 1,5-decadiyne

For the m/z 89 jon from 1,5-decadiyne, structure 8 can be proposed since it already
contains two triple bonds separated by three single bonds. To obtain that structure from 1,5-
decadiyne, a bond cleavage followed by two H losses is required. The loss of H, can occur
casily from the CH, site. The loss of C;H, does not take place so easily either because it would

involve appreciabie rearrangement of stucture 8.
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Eiguee 83— Formation of m/z 89 ion from 1.5-decadiyae.

6.5.4 Benzyl Alcohol

The structure of the m/z 89 ion from this compound is the most difficult one to assign.
Structure 4 is quite plausible, its formaton could involve a ring opening followed by a H
ransfer. The terminal H may be easily lost and that is why m/z 88 is the most metastable
process. The loss of C.H, is not so intense because it again involves a rearrangement.
Furthermore, the structure can yield a CH, fragment by a simple H wansfer confirming the

hypothesis made from the He CA results.

¥ 2
szoﬂ-’ QC}HHZO_. /\/(+ J
/
N

Fgure B4— Postulated mechanism for
formation of m/z 89 from benzyl alcohol.

6.5.5 Summary

—

1. At least three diiferent C,H.* ions were identified using thermochemistry and

dissociation characteristics.
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2. However, the available information does not allow one to make unequivocal structure
assignments. Nevertheless, there is no evidence to suggest that the cyclopropaphenyl ion

does not exist as a stable species in the gas phase.

3. We were not able to explain in detail explicitly the behaviour of these ions but it was

possible 1o determine what does not happen i.e. the ions do not interconvert because of

their specific characteristics.

Historiczily, awempts to identify aromatic ions using isotopic labelling failed because of

major atom scrambling. Indeed, benzyl and wopy! ions can only be identified from minor peaks

in their CA mass spectra.

6.6  Experimental

6.6.1 Experiments

Electron lonizaton (EI), Metastable Ion (MI), Collision induced Dissociation (CA),
Collision Induced Dissociative Ionization (CIDI) and Charge Stripping (CS) mass spectra were
recorded using a VG Analytical ZAB-2F mass spectrometer, modified as described elsewhere.
In all experiments, collision gas pressures (He or O;) were adjusted such that the main ion
beam’s intensity was reduced by no more than 10%, i.e. essentally single collision conditions.

Except when kinetic energy releases were being determined, all energy slits were wide open to
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avold instrument discrimination effects.

Merastable peak AE values and first field free metastable abundance ratios were measured
using the AEI MS-902S mass spectrometer described in chapter 2 of this thesis. The AE of the
various compounds were obtained via comparison with the reference metastable loss of methyl

from diethyl ether.

Ionization Energy (IE) and other Appearance Energy (AE) values were measured with
energy-selected electrons using an appararus comprising an electrostatic electron monochromator

with mini-computer data system®.

o
o
o

Chemicals

The 2-bremocyclopropabenzene was synthesized according to the method described in
reference . Benzyl acetate was synthesized by refluxing benzy! alcohol with an excess of
acetic anhydride in pyridine for 4 hours. Benzyl formate was made by refluxing benzyl bromide
in an excess of formic acid in DMF for 4 hours. Benzy! alcohol, 1,5-decadiyne and 1,6-

heptadiyne were of research grade and obtained by Aldrich Chemical Co.
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S4- Electron Impact mass spectrum of CD2-neopentanol.

S5- NR mass spectrum of m/z 88 from neopentanol.
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S10- MI mass spectrum of

m/z 88 from methyl-n-butyl
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88 from methyl-n-butyl ether.

v



33

a | . -
CML it l i

/
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S13- MI mass spectrum of m/z Si4- He CA mass spectrum of
88 from 2-methoxy butane. m/z 88 from 2-methoxy butane.
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S18- Electron Impact mass spectrum of methyl isobutyl ether.
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m/z 88 from methyl isobutyl
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S21- Electron Impact mass spectrum of
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S26— MI mass spectrum of m/z 88
from 3-methoxy-2,2-dimethyl propanol.
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S27- He CA mass spectrum of m/z 88
from 3-methoxy—-2,2-dimethyl propanol.

S28- NR mass spectrum of m/z 88
from 3-m.ethoxy-2.2-dimethyl propanol.
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S31- EI mass spectrum of CD2CD2 2-tert-butoxyethanol.
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S32- MI mass spectrum of m/z S33- He CA mass spectrum of m/z
88 from 2-tert-butoxyethanol. 88 from 2-tert—butoxyethanol.
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S34- NR mass spectrum of m/z 88 from 2-tert-butoxyethanol.
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S38- MI mass spectrum of m/z S39- He CA mass spectrum of m/z
102 from neopentyl methyl ether. 102 from neopentyl methyl ether.




APPENDIX II

MASS SPECTRA - CHAPTER 6



43

51 65

i,

\.

g1

150

s

—y

63

-
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Im/z 89 from benzyl acetate.

S40- Electron Impact mass spectrum of benzyl acetate.
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S47- MI mass spectrum of S48- He CA mass spectrum of
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S52- Electron Impact mass spectrum of 1.6-heptadiyne.

m/z 89 from 1.6-heptadiyne.

S54- He CA mass spectrum of
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ESTIMATION OF ISOTOPE EFFECTS

The isotope effect will be different depending whether 0. 1 or 2 D atoms are present in

the fragment produced.

ONE D

CH.O CH,DO
Random 66.6 333
Observed 44 56

Therefore, 0.44 = 66.6/(66.6 + 33.3 1,), where i, is the isotope effect when only one D atom is

involved. Solve fori,: 2.55.

WoD

CHO CH,DO CH,D.O
Random 424 48.5 9.1
Observed 17 55 28

Therefore, 0.17 = 42.4/(42.4 + 48.5 i, + 9 i,), where i, is the isotope effect when two D atoms

are involved. Replace i, and solve for i,: 9.14.

To check, y = x/(42.4 + 485 i, + 9.1 i,), where x is the random ratio and y should correspond

10 the observed rato.

XX1m



For 0 D atom: 17.0 For 1 D atom: 49.6 For 2 D atoms: 33.4

Thus, i, is too small and i, is too large. By "playing” with the numbers. we can obtain more

satisfactory values with a smaller error of %= 1.2,

So, for i,=3.05 and i,=8.55, we obtain 15.8, 55.2 and 29.0 for 0. 1 and 2 D atoms respectively.

THREE D
CH.O CH,DO CHD,0  CHD,0

Random  25.5 50.9 21.8 1.8

Observed 8 37 43 12

Therefore, 0.37 = 50.9i,/(25.5 + 50.9 i, + 21.8 i; + 1.8 i,), where i, is the isotope effect when 3

D atoms are invoived. Replace i,=3.05 and i,=8.55 and solve for i,: 29.2.

To check, y = x/(25.5 + 50.9i, + 21.8i, + 1.8i,).

For 0 D atom: 6.1 For 1 D atom: 37.0

For 2 D atoms: 444 For 3 D atoms: 12.5



This i, number produces values very close to the observed values (2 21, By "plaving” with the
3 P b h ving

numbers (decreasing i, and i), very ligtle improvement is obtained.
Therefore, the isotope effects for 0,1 and 2 deuterium atoms are 1,=3.05. i.=8.55 and

1,=29.2 respectdvely. Although this may not have any real significance. note that the isotope

effects increase approximately according to 3, where n=number of D atoms.
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