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ABSTRACT

The structure elucidation of gas-phase isomeric species C:HLX" ( X = F, C, Br
and 1), GHeX* ( X = C, and Br ), (C;Hs)}yO"C;H.X ( X = Cl and Br ), and CsHsO>™ has
been accomplished by employing tandem mass spectrometric techniques, i.c. metastable
ion (MI) mass spectrometry, collision induced dissociation (CID) mass spectrometry,
collision induced dissociative ionization (CIDI) mass spectromerry and neutralization
reionization (NR) mass spectrometry.

For C;H.X" cations, apart from the ¢ isomer, CHyCHX', the cyclic ethylenchalonium
x*

ions, CH, CHa are also stable for X = Cl, Br and I (Chapter 3). The two isomers have
readily been characterized by CID mass spectrometry and their neutral counterparts have
been produced and studied by NR mass spectrometry. It was found that based on an
analysis of the heat of formation values of these ions and the electronegativity and
polarizibility data of the X atoms, the relative stability of the two isomers is essentially
controlled by the C—X bond strength. The relative stability of the cyclic species,
however, is also controlied by the polarizibility of the X atom, which indicated that its
polarization by the charge-centered carbon involved the outer-electrons in the X atom to
form a back-donating bond with the charge-centered carbon.

The isomeric halogen substituted triethyloxonium ions (C:Hs)O'CHX, (X =C
and Br ) were generated by appropriate gas phase ion molecular reactions between

diethylether and appropriate CH/XBr™ via Br” loss (Chapter 4). The a- substituted

isomer, (CzHs),0"CHXCHs, and the B- substituted isomer, (C.Hs)»0"CH,CH:X, are both

=4}



stable in the gas-phase and do not interconvert on a time scale of 10”s.

Three C3HgX" isomers (at least) were found to be stable in the gas-phase (Chapter

A BT

5). They are CHy~"CX~CH;, CH;~CH~-CH;, and . These ions were characterized
by their CID mass-spectra and their different behavior in forming oxonium ions —
(C,Hs)20"C3HeX — with diethyl ether.

The distonic radical cations "CH.CH,O"CHOH and "CH,CH,"C(OH),. have been
directly generated and characterized by their MI and CID mass spectra (Chapter 7).
Comparing the dissociative process of "CH,CH,O*CHOH to that of HCOOCH,CH,™ led
to the conclusion that this distonic ion is the key intermediate in the dissociation of the
latter. Thus the previous proposal, based only on the dissociation of HCOOCH.CH,"™,
was confirned. The heat of formation of "CH,CH,O'CHOH was estimated from an
appearance energy measurement to be 137 + 4 kcalmol®; this is 16 kcalmol” lower in
energy than HCOOCH,CH; ™.

A detailed study of distonic ions is presented in Chapter 6, including a survey of
the common methods to generate and characterize these ions. Properties of such ions
which were consided were: stability, isomerization, bond cleavage and ring-strain. The
results showed that the characteristics of distonic ions which distinguish them from their

conventional counterparts result from the specific interaction of charge and radical sites.
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Chapter 1

Introduction

For more than 30 years tandem mass spectrometry, (mass spectrometry / mass
spectrometry, MS/MS) has been a valuable physical tool to study gas-phase organic ions,
in particular to gain structural information and to elucidate fragmentation mechanisms.

The study of unimolecular or collision induced dissociations of ions is performed
by using the first mass spectrometer to select ions with a certain mass. The fragmentation
products of these ions are mass analyzed by a second mass spectrometer, In the tiple scan
technique, using three mass analysers (MS/MS/MS), further structural assignments can be
made for individual fragment ions of the originally mass selected species.

The study of the fragmentation behaviour of gas-phase ions has recently led to the
recognition of non-classical ion structures, such as DISTONIC IONS;" ION-NEUTRAL
COMPLEXES;® and HYDROGEN-BRIDGED COMPLEXES.® The first category
refers to radical cations having the formal charge and radical sites separated; The second
refers to those 1ons which consist of an incipient ion co-ordinated to a putative neutral, the
two species being bound by ionic forces, rather than a covalent bond; The last type has
two parmers, a radical and a cation, bonded by a hydrogen atom.

This thesis is mainly concerned with exploring and expanding the use of tandem
mass spectrometry to investigate some specific ionic families. They are ions of formula
CH.X" (X =F, Cl, Br and I), G;HeX" (X = Cl and Br), CH;sO0X" (X = Cl and Br) and
GHeO;".



N

The aims of the thesis are:

To assign the structures for the above ion groups based on their unimolecular
and collision induced dissociations and available thermochemical data:

To deepen our understanding of the factors which affect the stability of both

classical and non-classical species.

References
1 Details will be discussed in Chapter 6
2 a: P. Longevialle and R. Botter, J. Chem. Soc. Chem. Commun., 823 (1930)
b: T. H. Morton, Org. Mass Spectroa., 27, 353 (1992)
3 M. George, C. A. Kingsmill, D. Suh, J. K. Terlouw and J. L. Holmes, J. Am. Chem.

Soc., 116, 7807 (1994)



Chapter 2

Instrumentation and Experimentation

2.1 History

Although the first mass spectrometers of J. J. Thomson and F. W. Aston"! were
built over 80 years ago, the major development leading to the technique of tandem mass
spectrometry occurred in 1945 when Hipple and Condon observed and explained the
presence of metastable ions in a mass spectrum.” A metastable ion is one that is
sufﬁciently stable to leave the ionization chamber, but that decomposes before reaching
the collector. This requires a lifetime of 10 - 10™ sec. Investigation of metastable ions
brought fundamental studies on the use of metastable ions as a source of chemical and
physical information. This work was the driving force that has led to tandem mass
spectrometry as it is practised today.

In the 1960s, the first experiments were performed in which instruments were used
in unconventional modes to study the decompositions of metastable ions. These studies
were made possible by developments in three different areas. The first development was
the introduction of the accelerating-voltage scan on sector instruments by Barber and
Elliott.”™ The next major development was the discovery of the enhancement of magnitude
@d quantity of peaks in a "metastable ion” mass spectrum upon introduction of a collision
gas into a localised region of the mass spectrometer.”) The fragmentation of a polyatomic
ion following la.n energetic collision with a target gas is referred to as collision-induced
dissociation {CID). At the time of the initial experiments using CID, the focus of the

studies was very narrow and directed primarily toward exploration of the physical aspects



of the phenomenon. Not until a few years later, at the time of publication of the book
Metastable ions,”! did tandem mass spectrometry start to gather momentum. Publication
of this book marked the beginning of the modem era of tandem mass spectrometry. a
period in which instruments would be designed expressly for MS/MS and MS/MS/MS
experiments.

More recently the development of the neutralization-reionization technigue'® has
made tandem mass spectrometry a valuable tool to generate and study novel neutral
species. In a tandem mass spectrometer the neutrals were generated by charge exchange of
the fast ions with a permanent gas and further downstream the neutrals (and their
fragmentation products) were collisionally ionized. Next, the ions were detected and if a
species was observable which had the same m/z ratio as the mass-selected ion, it was
concluded that the neutral counterpart was stable. The mass spectrometer used by
Tomlinson et al” contained a furnace, which made neutralization by metal vapours
possible. In the eighties the technique was extended for the investigation of the stability of
the neumal counterparts of (well-characterised) poly-atomic, mostly organic ions.™ Both
metal vapours and permanent gases were successfully used for neutralization.

The first MS/MS/MS instrument was constructed in the late seventies.” The
principal reason for developing triple sector mass spectrometers is to provide high mass
resolution mainly for analytical purposes. The advantage of these instruments when used
to study gas-phase organic ions is the ability to examine consecutive reactions taking place

in sequendal field-free regions of the instrument.



2.2  Instrument description

There are a number of instrumental components common to all mass
spectrometers. The basic design requires an jon source, where ionizaton, and some
fragmentation take place. The ions then must be separated according to their mass-to-
charge ratio in the mass analyser. The detector detects the ions, measuring the relatve
abundance of each. Usually a data system records, processes, and stores the information.
The vacyum system maintains a low pressure in the instrument; the low pressure minimises
ion/molecule collisions so that the ions can move through the instrument in a well-defined
path. To facilitate sample inroduction, an jnlet system provides a link between the outside
world and the inside of the mass spectrometer.

The VG Analytical ZAB-3F mass spectrometer, a triple sector instrument, was
used for the research presented in this thesis. Thus the instrument description will

concentrate on the function of the various parts of the VG ZAB-3F mass spectrometer.

2.2.1 The ionization chamber

The ion source in the VG ZAB-3F is a typical electron impact ion source as shown
in Figure 2.1.

Electrons are produced from an incandescent helical filament or ribbon usually
made from tungsten or rhenium. The electrons are accelerated towards the ionization
chamber and enter it through a system of collimating slits. The kinetic energy of the
electrons can be varied simply by changing the potential difference between the filament

and the ionization chamber.



The region within the ionization chamber is essendally free of electric fields and the
electrons traverse it at constant velocity. Elecrons which pass through a slit at the far end
of the ionization chamber are accelerated towards an electrode at a potential higher than
that of the ionization chamber and collected. This electrode is known as the "map”. One or
two repeller electrodes are usually located within the ionization chamber. When a small
positive voltage is applied to them, positive ions formed by the electrons will be repelled
towards the slit A. The ions which leave the ionization chamber under the influence of the
repeller electrodes do so with a very small kinetic energy ;:orresponding to about one
electron volt. Outside the ionization chamber, however, they come under the action of a
strong electric field corresponding to a potential drop of several thousand volts over a
distance of the order of a few mm and are accelerated towards a plate containing 2 slit,

known as the source slit.

Figure 2.1 Ion source
Sample

Repeller

Tonizadon Chamber l

vl

Filament™, .u =:::::::::'.'.ZIZZ::: ::: Trap

'\'\sm A

Source slit ——

The kinetic energy of an ion of mass m and charge ¢ accelerated through a



potential drop V... is given by mv?/2 where v is the terminal velocity and
12mv? = eV (N

The beam of ions that has a kinetic energy equal to the full accelerating energy is

known as the "main ion beam”.

2.2.2 The magnetic analyser

The function of a mag'ncﬁc analyser is shown in Figure 2.2. The use of an
electromagnet as a mass analyser is based on the principle that charged particles which
pass through a magnetic field, B, perpendicular to their motion, will follow a circular path

of radius ry. The 1y, is determined by mv = By,

Figure 22  Focusing action of a sector magnetic analyser

Suppose that ions of mass m and velocity v emerge from the object point O with a
half-angular spread in the plane of the paper & (& << 1). An ion with median direction,
after traversing the distance L, enters the magnetic field, where it is constrained to follow
a circular path of radius r,. After deflection through the angle &, it emerges from the field

.and proceeds to the image point I at which there is a convergence of the ion beam which



diverged from O. For a certain magnetic analyser, the rn is fixed. lons of different m/z
ratios are focused by varving the magnetic field swength B, m/z = Bry, / V. Since the

ranslational energy of the source generated ions is equal 10 ZV ... It follows that:
B = mfz* 2Vl Tw (2)

223 The elecrostatic analyser

An electrostatic analyser produces a radial electic field (E) If the outer plate is
made positive with respect to the inner plate, and a beam of ions of various energics is
injected midway between the plates and perpendicular to the direction of the electric ficld,
there will be sorne ions which will describe a circular trajectory along the curve of radius r.
which is 2 line of equipotential. This condition is met when the translation energy (E.) of
these ions, mv® / 2, is such that the electrostatic force on the ions is exactly balanced by

the centrifugal force:

mv’ /1.=2E 3
Combining with that E =mv*/ 2,

E = 2°E,lrc.'z 4

Thus the ESA separates ions according to their translational encrgy-to-charge ratio. A
fragment jon m;" formed by dissociation of m;™ in the FFR-2 will have translational

energy (Exz) equal to the ratio of the masses times E.

En = m/m*E. (5



By scanning E, all fragment ions of m;™ can be recorded. Alternadvely by setting E

to match E,, the fragment ion my™ will be transmitted to FFR-3.

Figure 2.3 Focusing action of an electrostatic analyzer

slit slit

2.2.4 The detector

The detectors in VG ZAB-3F mass spectrometer are off-axis Daly detectors,
which employ a scintillator to detect secondary electrons emitted when ions strike a
conversion dynode (V2) , as shown in Figure 2.4. The conversion dynode is at a high
negative potential (-20 kV) and attracts the ions that emerge at ground potential from the
exit slit of the mass analyzer. The high energy positive ions impinge on the central portion
of the conversion dynode and secondary electrons are emitted ( about 6 electrons per jon
over a wide mass range). The secondary electrons are accelerated by the electric field
produced by the conversion dynode potential and strike CaF, scintillator, The scintillations

produced are detected by an optically coupled photomultiplier



Figure 24  Daly detector

Vi Ion beam

l/ Scinailator

P

> MM | Photomultiplier

VZ, = 20 kV \

Conversion dynode Electron beam

2.2.5 Tandem mass spectrometers used for this thesis
The VG ZAB-3F triple sector mass spectrometer with BEE geometry is

schematically shown in Figure 2.5.

Figure 2.5 VG ZAB-3F mass spectrometer

FFR-2
delleclor
------ e
: C-1 C2
z m
@ C-l3 # FFR-3
C-4 T deflector
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Where, IS:  Ion source

B: Magnetic analyzer

ESA: Electrostatic analyzer

C: Collision cell

FFR: Field-free region

D: Detector

The GEC-AEI MS-902s is also a tandem mass spectrometer with an EB geometry.

which was used to measure the appearance energy (AE) of metastably generated ions
produced in the first field-free region. Ions were also detected by a Daly Photomultiplier,

the advantage of which is that the metastable ion signals may be enhanced relative to

source generated species

2.3  Reactions in a tandem mass spectrometer

In general there are four types of reaction involving charged species that can be
studied in a tandem mass spectrometer. First of all is ionizarion of an organic molecule in
the ion source. There are quite a few ionization techniques applied to tandem mass
specrometry."™ However, in the region of this thesis only electron impact (EI) ionization
will be discussed. .

The most commonly observed reaction in a mass spectrometer is a unimolecular
reaction, which includes unimolecular dissociation and isomerization. The unimolecular
dissociatior can occur either spontane;ously from metastable ions or from initially stable
ions rendered unstable by an activating process. The latter is also important, known as
collision activation reactions, the third type reaction in a tandem mass spectrometer. Not
only the collision process activates an ion to fragment, but also it results charge

permuutation, which facilities to study the chemistry of neutrals.

11



The last type of reaction is an ion-molecule reaction, which can be obtained in the

VG ZAB-3F ion source at pressures greater than about 107 torr.

2.3.1 Ion formation by electron impact (EI) ionization

El ionization of gaseous molecules is a widely practised ionization technique.
Electrons accelerated through a potential of several electron volts have a wavelength of ~
0.1 nm, which is similar to the molecular dimensions. This results in mutual quantum
effects (distortions). The distorted electron wave can be considered to be composed of
many different sine waves and some of these waves will be of the "comrect” frequency
(energy) to interact with a molecular electron, that is, to promote an electron from a lower
to a higher orbital {(excitation) or - if the eléctron energy is greater than a critical value (the
ionization energy or appearance energy) - to eject an electron from the target, thus

producing a positive ion (cation).
m + ¢ = [m]” + 2¢ (6)

The minimum energy required to remove an electron from the highest occupied

orbital of a molecule is termed the ionization energy (IE). A vertical ionization energy

(IEv) is determined when ionization process ;s not involved geometric change (Figure

2.6a), while an adiabatic ionization energy (IEa) is the energy differ‘encc between the ion
and its precursor when both are at their round states (Figure 2.6b).

Because of the very short time for ionization (~107° s) compared to vibrational

periods (~ 10 s) EI ionization can be considered largely to be a vertical process in the

Franck-Condon sense, a process in which inter-nuclear distances remain essentially fixed

12



at those appropriate for the neutral molecule. A stable ion can be formed by ionization
without geometric change (Figure 2.6 a). An ionization process which involves a
significant geometric change may produce no stable ion counterpart as shown in Figure

2.6 b.

Figure 2.6  Energy diagram for ionization process

IEv

The energy of the electrons is variable, but is usually set at ~ 70 eV at EI
ionization, a value much larger than the ionization energy of molecules. Hence, the
molecular jons are generated with a Jarge amount of excess intemal energy and may

dissociate to fragment ions (m,") and neutrals (m,"):

m]™ - [m]" + m, )]
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The minimum energy necessary to form a fragment ion from a given neutral
precursor is termed the appearance energy (AE). IE and AE values can be measured with
good accuracy, = 0.05 ¢V, but only with the aid of specialized apparatus such as
photoionization mass spectrometers' " or mass analysers equipped with an energy-selected

electron impact ion source.

23.2 Unimolecular reactions

The EI mass spectrurn is suited to determine the structure of an organic compound
if the compound is sufficienty volatle. The molecular ion in such a spectrum contains
information about the molecular weight and the clemental composition, while the
numerous fragment ions in an ideal case reflect the structure directly. In practice,
however, the elucidation of an unknown compound’s structure from its EI mass spectrum
is complicated not only by the fact that the molecular jon decomposes via rearrangement
reactions, but also by multistep dissociaions. The unimolecular reaction of organic ions,
thus, is crucial to establish a fragmentation map, which is helpful to elucidate the
molecular structures. Unimolecular reactions of mass selected ions can readily be studied

in 2 tandem mass spectrometer.

le ion
Jons in a mass spectrometer can be classified rather arbizarily as stable, unstable,
or metastable (Figure 2.7), depending upon when, or if, they fragment during their passage

through the instument.
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Figure 2.7 Energy distribution of ions

Unstable ions

................. Metastable ions

Stable ions

Stable ions are those that have lifeimes longer that the time of passage through
the instrument. Unsiable ions are those that fragment within the ion source, and
metastable ions dissociate spontaneously outside the ion source but before detection. Ions
with high internal energies can fragment with rate constants greater than about 10° s? and
therefore do so before leaving the ion source. Metastable ions have intermediate internal
energies and therefore dissociate with intermediate rate constants (10° - 10° sec™).

The primary use of metastable ions in analysis is to elucidate fragmentation
pathways. By using a tandem mass spectrometer with BE geometry, the magnet current is
adjusted to select a precursor. A scan of the electrostatic analyzer then records all its
fragment ions. The fragmentation pattern thus can be identified. The identification of a
particular reaction pathway can provide valuable evidence as to the arrangement of atoms

in 2 molecule. For example, in 2 hypothetical spectrum the presence of ions corresponding
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in mass to AB and ABC could indicate either of the molecular structure possibilitics A-B-
C-B-A or A-B-B-C-A. However, a metastable decomposition of ABC — AB would be
possible, barring rearrangements, only for the structure of A-B-C-B-A.

Detection of metastably generated fragment ions depends upon where, within the
instrument, the fragmentation occurs. Fragment ions generated within the magnetic or
electric analyzer cannot be detected, the equation of motion, eq. (2) and eq. (4) do not
apply to mid-sector changes in mass. Fragmentations occurring after the electric analyzer
will also go undetected, since no further energy or momentum analysis is made before
detection. Only those fragments due to dissociations in the first or second field-free
regions, between the source and magnet and the magnet and electrostatic analyzer
respectively, can be independently detected.

By eq. (5) the fragment m,", produced via fragmentation in the second field-free
region, will be transmitted through the electric analyzer at an E, value corresponding to

m; / my @ V.. Thus the mass of a product ion may be calculated from its kinetic energy.

This is not only applicable to fragments of metastable ions, but to all fragments produced
(unimolecularly or by collision ) in the second field-free region from mass selected
precursors.

The ratio of metastable peak intensities was proposed to be related to the structure
of a fragmenting ion." The “metastable peak abundance ratio test” was based on the
premise that when two (or more ) competing fragmentations from the same ion give
reasonably intense metastable peaks, thcn‘ the ratio of the abundances (measured under

carefully controlled experimental conditions) may be used as a criterion for ion structure.
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Simply, dissociation to give the same m/z peaks, with closely similar intensity ratios, is
good circumstantial evidence that the reacting configurations of the two precursor species
must be the same. Here we use term of reacting configuration, because all source
generated ions, under the EI conditon (70 V), may have enough energy to undergo

rearrangement to another structure prior to fragmentation.

Kineti 1

In the dissociation of a singly charged polyatomic ion, represented by eq. (7) some
fraction of the internal energy in the reaction co-ordinate in excess of that of the ground-
state products is partitioned into the kinetic energy of separation of the fragments. This
so-called kinetic energy release (KER), symbolized by T, leads to a spread in the kinetic
energy of the daughter ions (m"), since the daughter ion is ejected isotropically in the
centre-of-mass frame of reference. The excess internal energy can be viewed as consisting
of two components, the reverse critical energy (T°) and the nonfixed energy (T*). The
reverse critical energy is the energy difference between the ground state of the products
and the critical energy for the fragmentation. The nonfixed energy is the intemnal energy in
excess of the critical energy required to achieve a dissociation rate consonant with the
lifetime of the metastable ion. The observed ki;'leﬁc energy release includes a fraction of

the reverse critical energy & and a fraction of the nonfixed energy &' such that:
T = Tt + T (8)

where T# is the contribution from &* and T" is that from &". When € is negligible, the value

of T is due to T*.

17



When dissociation occurs in the second reaction region of a BE instrument, the ionic
products can be analyzed for their kinetic energy by a scan of the electric sector plate
voltage. The kinetic energy release, T, will result in a broading of the signal corresponding
to the metastable generated ions. T values are commonly reported for the peak widths at

their half-height, T, irrespective of the shape of the peak."!

Tos = (m)Y16mome * (AFos) Ve )

and  (AEgs)® = AE(mp) - AE(m;)

where AE(m,) and AE(m;) are the peak widths at half-height for ma” and my*, respectively.
Metastable peak shapes, which are recorded under conditons of good energy

resolution, fall into one of three categories (Figure 2.8).

Figure 2.8  Metastable peak shapes

f_—\(u

—/ — _

Gaussian type peaks (a) are generally associated with small kinetic energy
releases, Tos typically no more than ~ 80 meV. Flat-topped (b) and Dished peaks (c) are
associated with larger kinetic energy releases due to reverse activation energy, €', although

the inverse statement is not necessarily true. The observed dish is produced by Z-axial
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discrimination against the ion beam and will be insoument dependent. Composite peaks
(d) are the result of the combination of two or more metastable peaks. A composite
metastable peak indicates the involvement of more than one transition state and/or the

production of more than one isomeric fragment ion.

I o .

Metastable ions typically have Lifetimes of several tens of microseconds and
internal energies in excess of the critical energy for the lowest energy dissociation of
several tenths of an electron volt. Metastable ions therefore typically produce few product
ions in their dissociative reactions, and those product ions that do form result from the
lowest energy dissociation mechanisms. These dissociations are characteristic of the so-
called reacting configuration of the ion. This configuraton may or may not also
characterize the structure of stable ions in the mass-selected beam used in MS/MS
experiments, because the energized ions are not limited to decomposition alone. A wide
range of excess internal energies is transferred on ionization and so it is also possible for
the molecular and fragment ions to rearrange to various isomeric structures, of classical or
non-classical form. These isomerization reactions can greatly complicate the interpretation
of mass spectra and thus some understanding of the parameters involved is necessary. The
relative energy barriers for decomposition, Es, and isomerization, E;, are the parameters
which principally determine whether and to what extent an iorn A" reamanges to an
isorneric jon B* at a given internal energy E. Figure 2.9 shows a two-dimensional energy

diagramto illustrate this point.
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Figure 29  Energy diagram for isomerization and dissociation

a b c

B+

If an isomerization reaction has a critical energy higher than that of energy for a
dissociation reaction (Figure 2.9 a), the isomerization cannot occur and so the metastable
dissociation may be characteristic of the ionic structure A*."™ In the case of (b) where E;
is less than both E, values, then isomerization is expected. At increased internal encrgies
decomposition becomes possible, however having been preceded by a number of
interconversions, the original placement of the atoms with respect to one another may
have changed resulting in partial or full rando:ﬁization of the inmitial structure. The
observed metastable decomposition will depend on the dissociation encrgy and the density
of states of these isomers. If both isomers have similar dissociation energies, the one with
a higher density of states is expected predominantly to dissociate. Thus for (b)
isomerization will not hide the structural elucidation of A* and B*, whereas for (a) the

| investigation of the decompositions of these ions will give no information unigue to one or

the other structure. Situations between these limiting cases are also possible, such as (c)



must isomerize to B” prior to fragmenting and thus both A” and B* will generate similar

mass spectral observations.

2.3.3 Activation reactions

Increasing the pressure in a field-free region of a mass spectrometer causes ion-
neutral collisions in which some of the ion’s kinetic energy is converted into intemnal
energy. The resulting ion decomposition products can be studied using the same
techniques developed for unimolecular metastable ion decompositions. The collision of a
high-velocity ion with a target gas is the most widely used method to elucidate ionic
structures.

The overall mechanism for collision-induced dissociation (CID) in generally
accepted as proceeding in two steps.®'¥ The sequence involves collisional activation of

the selected ion in the first step and unimolecular dissociation in the second step, Le.:

N
m.* - m{"' - m2+ + m, (10)

where m"” is the activated parent ion. The overall net equation of the CID process,

including a mass and energy balance is:
q+m" " +N =m'" +m, + N+ T (11)

where q is the endothermicity of the collision (i.e., the amount of energy converted from
the translational energy of the collision partners into intemnal energy), N is the target

molecule in its postcollision state, and T is the kinetic energy liberated in the unimolecular
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dissociation. Provided that no photoemission occurs, the intemnal energy of m* ” appears
as T and the internal energies of ma" and m,.

The most frequently used collision gases are helium and oxygen. Although
maximum vields of fragment ions are obtained at pressures corresponding to J0-80%
beam reduction, collision gas pressures are usually maintained at a 10% reduction to avoid
multi-collisions.! ™"

The second step of CID, namely unimolecular dissociation, differs from MI
dissoctation which involves only a narrow range of internal energy (Figure 2.7). The mass-
selected ions which suffer collisional activation are ions, originating in the ion source,
which have insufficient energy to fragment on the pis time-scale. These non-decomposing
ions (m;"), as shown in Figure 2.7, possess a broad range of internal energies. If it is
initially assumed that m,” jons retain their structure irrespective of their internal energy
within this range, then the CID mass spectrum for these ions can tentatively be taken as
structure-specific. However, to substantiate this assumption it is necessary to inspect m,*
ions of low intemal energy. This can be done in several ways: (I) by transmitting
metastably generated my" fons with the second mass analyzer in the VG ZAB-3F mass
spectrometer;, (i) by lowering the ionizing electron energy to the lowest value compatible
with a reasonable signal-to-noise ratio and transmitting the resulting source-generated,
low-energy m;" ions. If the CID mass spectra of ions having broad and narrow internal
energy ranges are the same, then it may provisionally be concluded that only a single ion

structure is present.“‘]

2.3.4 Charge permutation



2.3.4 Charge permutation

Three types of charge permutaton reactions can be studied by tandem mass

spectrometry.

o ioping (CS:
Collisional excitatdon of fast mass-selected ions (m;™) may be sufficient to cause

the loss of an electron, resulting in a doubly charged species (m;>*).
m™+N > m”*+N+¢ (12)

The signals resulting from CS may be easily differentiated from those of CID. They
are greatly reduced in width, and appear at one half the elecric sector voltage for
transmission of their singly charged counterparts. Amplification of the CID mass spectrum
is usually needed to detect charge stripping peaks because their intensity is in general far
less than those from CID. The use of "soft” target gases, particularly O,, resulting in less
energized products, will increase the relative intensities of the CS peaks. As well, these

* target gases will yield more non-decomposing doubly charged parent ions relative to

doubly charged fragments.!**¥

The neutral fragment (m,) from metastable or collision-induced dissociation of a

parent ion may be reionized by charge permutation with target gas.

m+N - m'+N+e (13)



This can be done by applying an ion beam deflector set before the collision cell to
deflect the ionic species or by applying to the collision cell a positive voltage which is
greater than the ion acceleration voltage. Thus all ions were repelled and only neutral
species resulting from the unimolecular dissociations of the mass-selected ions entered the
cell. The neutral species suffered collisionally induced dissociative ionization in the
collision cell and could be identfied by the positive ions which were generated. The
method proved to be of use in solving problems associated with the structure of the
reutral fragment produced in certain ion fragmentations. For example, it was shown that

*CH,OH rather than “OCHj is lost from ionized methy! acetate.""”

Neutralization-Reionization (NR)

NR mass spectrometry is used to generate and characterize various transient
neutral species.” In its simplest form, NR mass spectrometry is carried out as a two-
collision experiment in which precursor ions of kilovolt kinetic energies are neutralized by
collisions with thermal gaseous atoms or molecules (14), and the neutral species formed
are allowed 0.5-5ps to. dissociate (15). The surviving neuwral intermediates and their

dissociation products are reionized by another collision (16) and the ions formed are

analyzed and detected.
N .
m;*' — Iy { 14)
my - m + ms (15
m = m" =  m",m’, eee | (16)



Characterization of the intermediate neumral is based on the NR mass spectrum in
which the survivor and fragment ion relative abundances reflect the stabilities and
dissociations of both the neutral and reionized species.

Because of the very short time-scale for electron transfer neutralization (107 s}, it
must be considered as a vertical Franck-Condon transition, i.e. the neuwal is formed
initially in the nuclear configuration of the ion. If the geometries of the ion and
corresponding (stable) neutral are closely similar, stable neutrals will be generated upon
necutralization of the ion. However if the geometries are markedly different then wansidon
to an unstable part of the potential energy surface of the neutral may take place. If the
neutral counterpart of the mass-selected ion is intrinsicaily unstable, or is stable but is
generated with a large amount of internal energy due to exothermic neutralizaton, the

generated neutral will fragment and/or rearrange to a more stable species (m; ).
ml*' 4 my* — m;’ (17)

It is also possible that upon neutralization, stable electronic excited states of the
neutral are populated.?’! These can undergo spontaneous radiative or radiarionless
transitions to lower electronic states, which could be stable or dissociative. Thus the
absence of a recovery signal, i.e. ions which survive the neutralization-reionization process
intact, does not necessarily indicate that the corresponding neutrals are unstable.

The natures of both the neutralization and reionization agent influence the internal
energy of the ion obtained after neutralization-reionization. Since collision induced

ionization is also vertical, it is possible that, although the comresponding ion is stable,



excitation to a repulsive part of the potential energy surface of the ion takes place.
Consequently no recovery signal will be present. The convolution of these cnergies is
shown in Scheme 2.1. The excitation energy deposited in the neutral (AE) can be passed
on to the reionized survivor ion and fragment ions and augmented by reionization (€) to

promote their dissociations. The nct result of neutral excitation thus depends on the

cridcal energies for the neutral and ion disscciations.

m" B
AE € (Ei+AE+£)
m" —

m m” . m
(E) (Ei+AE) ~<E
\* m; + m; /sv

(E+AE-Ey)

U, eee

Scheme 2.1
E; is the internal energy of mi™ and Eg, is the dissociation energy.

Excitation of neutral intermediates that have one or more low-energy dissociation
channels will induce neutral dissociation, while excitation of stable neutral species will be
passed on the reionized ions and promote thicir dissociations. Likewise, stable neutral
fragments formed by neutral dissociations will pass their internal energy on the reionized
species to promote their fragmentations. Collisional energy transfer at kiloelectronvolt
kinetic energies is non-specific, resulting in a broad range of internal energies, convolution

of neutral and ion fragmentations is an inevitable feature of NR mass spectromeiry.



2.3.5 Jon-molecule reactions in the ion source

Most mass spectra are a result of a series of competitive and consecutive
unimolecular reactions. However, when a high-pressure ion source is used, such as a
chemical ionization source, bimolecular ion/molecule reactions can occur. The most
commonly observed ion/molecule reaction is proton transfer, but the formation of
molecular ionimolecule adducts and fragment ion/molecule adducts has also been
confirned with conventional tandem mass spectrometry.”® Although ion cyclotron
resonance (ICR) spectrometers are ideally suited to study many bimolecular reactions,
high-pressure ion sources have the advantage of allowing collisional stabilization of the
ion-molecule complexes. Thus the intermediates in exothermic reactions may be observed

in many cases, while only the ionic products will be detected in an ICR spectrometer.™

24  Ion thermochemistry
The IE and AE measurements are fundamental to ionic thermochemistry because
the heats of formation of organic ions, which are often correlated with ion structure, can

be obtained from these values provided that the heats of formation of the comresponding

neutrals are known.

AHY (m;") = IE (m) + AH® (my) (18)
and

AF® (m;") = AE(m;") + A (my) - AH (my) (19)

The ionic heat of formation gained from the IE value will be specific for the ion

having at least initally the same structure as the neutral molecule. The ion enthalpy



derived from eq. (19) will be the same as that from eq. 18 on the conditions that (1) the

fragmentation of m;” has no significant kinetic shift and (ii) the reverse reaction has no

energy barrier.'"

Thousands of AH® values of organic ions have been measured through IE and
AE measurements,”" facilitating ion structure assignment and the understanding of ionic
thermochemistry. With these values an empmcal relationship between AH° (Ion) and ion
size (as represented by the number of atoms, n) in homologous series of organic

_ compounds has been confirmed.®!
AB Jon) = A -Bn+ Ch (20)

Where, A, B and C are constant for a given homologous series and n is the number of
atoms in the molecule. An alternative approach is to evaluate the effect of stepwise

substitution on a substituted methyl cation”*:

A AFC [ XCH;" / XC(CHs)oHs ]
= AH(XCH:")- AH'[ XC(CH3)nHsm] = A + Bm @1

Where, m represents the number of methyl groups and A and B are the intercept
and slope, respectively.

By analyzing the values of A and B, one can not only evaluate the heats of
formation of these substituted cations, but also evaluate the capacity of an ionic species to
accept the substitution. The latter results from the analysis of B values. A large B value

indicates a localized charge and a small B value indicates a delocalized charge.



The discovery of Equation 21 follows the point of view that the stability of a
caton is related to the electronegativity of the heteroatom (X) in the cation. The scale of
electronegativity suitable for evaluating the stability of organic ions is Vx,*” which is
obtained from the ratio of the number of covalent electrons (n,) of atom X to the covalent

radius {r,):
Vx = Ny l Tx (22)

2.5  Jon structure assignment

With tandem mass spectrometry the ion structure is assigned specifically as to
how the atoms are joined together and the probable (formal) locatons of radical and/or
charge sites. Details of geometry, such as bond lengths, bond angles and charge
distribution are not yet accessible to experiment for polyatomic ions. Considerable
progress has, however, been made in these areas by means of ab iniio molecular orbital
calculations, performed at a sufficiently high level of theory.®®

The two chief expeﬁmenml methods involving conventional tandem rmass
spectrometers currently available are: (i) Ion thermochemistry, ie. IE and AE
measurements; (ii) Jon dissociation characteristics, including Ml, CID, CS and NR mass
spectrometries.'**? Each of these now is commonly assisted by employing isotopic
labelling experiments. High level ab initio calculations have also contributed greatly to the
solution of the ion sTucture problem especially for those with unusual structures.”®

A good example to illustrate the combination of these technique to assign ionic

structures in the gas phase is the study of isomeric [ C, Hs, N, O 1** ions.”"



[HiaNC(H)O]™ (1) was generated by clectron ionization of neutral HoNCH)O:
[H:NCOH]™ (2) was generated by fragmentation of [H:NC(O)CH2CH;]™ via CaH, loss:
[HiCNOY™ (3) was generated by fragmemtation of [H CNOa]™ via O loss: and
[H.CNOH]™ (4) was generated by thermolysis of trimetric formaldoxime hydrochloride.

The heats of formation of the four isomers were cither experimentally measured or
calculated by ab initioc MO theory. The values were 189.0, 190.7, 231.1 and 230.9
kealmol™ for jons 1, 2, 3, 4, respectively.

The four isomers were identified by MI mass spectrometry, as shown in the

following.
Tos (meV)
HNCH)OI™ (1) - H,NCO]" + B 33
[H.NCOH]™ (2) - [H.NCOJ* + H 10
- HsN]” + CO 43
HaCNOT™ (3) - [NOI* + CH;" 0.5
[HCNOH]™ (4) - [NO]" + CH;" 35
- H:NCO]" + H 63

The CID mass spectra of these isomcls; provided further evidence. The signals at
m/z 14 (CH)", 18 (H.0)", and 31 (NOH)" in the CID mass spectrum of ion (4)
confirmed its structure with a terminal CH, group. Moreover, some identical dissociation
channels for ions 1 and 2 , i.e. CO loss and NH; loss, indicated that the isomerizaton
energy barrierfor 1 «* 2 islower than these dissociaﬁon barriers. The calculated

isomerization energy value supported this proposal.
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Chapter 3

C>H,;X cations and neutrals

3.1  Introduction

The structure and energetics of halogen substituted cations have generated
widespread interest since their involvement in the bromination of alkenes was first
proposed by Roberts and Kimballl¥, Several decades later, the direct observation of an
isolated cyclic halonium ion in the condensed phase came from Olah and Bolinger™ by
proton magnetic resonance spectroscopy of the tetramethylethylene halonium ions, formed
via jonization of 2,3-dihalo-2,3-dimethylbutanes in superacidic media [(CH,);CXCX(CH,),,
with X =Cl, Br and I).

'fhis observation of the non-classical T,H,X" cation in the condensed phase
sparked the theoretical calculations aimed to evaluate the relative energies of these cations
and their isomers and related transition states. According to calculation there are two
stable isomers of C;H,X" for X = Cl and Br. They are the o-substituted haloethyl cation—,
CH;CHX" (I), and the cyclic- ethylenehalonium cation, MHZ (ID). For C;H,F",
isomer IX is about 30 kcalmol® higher in energy than isomer I The B-substituted
structures, XCH,CH," (II), were calculated to be transition states between isomers I and
I, and do not exist as minima on the potential enei gy surfaces. No calculations on CH,I*
have been reported. The results of the calculations are summarized in Table 3.1. Although
the calculated values are scattered, the differences between F-, Cl- and Br- substituted ethyl

 —
cations are clear from the average values. The cyclic-CH, F* CH, ion is ~ 30 kealmol! higher



in energy than CH;CHF" and about as high as FCH,CH,". Tt is noteworthy that the energy
H'
of the transition state for hydrogen bridging, CHF-CH, is about the same as that for
fluorine bridging. Thus the CH;CHF" ion is unlikely to isomerize to the cyclic —
'g'lz?CHz. In the case of G;HaX" (X = Cl and Br), the cyclic-rC-[-Iz;ICHz ion is similar in
enerpy to CH;CHX'. However, the acyclic ion XCH,CH," is much higher in energy. Thus
isomers I and II have a similar stability but are separated by a high energy barrier.

The theoretical calculatons strongly support experimental values for the heats of
formation of C;H.X". The measured heats of formation of CH.X", for X = F, Cl, Br and
I, are shown in Table 3.2, along with a brief description of the experimental method. The
experimentally derived values for AH’ GHX' (X =Cl, Br) and CH;CHF from
different measurements are very close to each other. The heat of formation of cyclic-
CH;F%H: was only obtained by estimation using the method of equivalent cores, which
assumes that "The energy of the process in which an electron is transfered from a core
level of ar atom to the nucleus of the atom is independent of the chemical environment of
the atom".""

In the gas phase, the unimolecular and bimolecular reactions of both CH,CHX®

and cyclic-CHr_XICI-Iz, for X = C1 and Br, have been reported by several groups using
tandem mass spectromemry™®® and ion cyclotron resonance mass spectrometry™ !,
However for CHLF', the cyclic ethylenefluorinium ion has only been observed as a
proposed intermediate species in the gas phase during the electron impact-induced

decomposition of 2-phenoxyethyl fluoride.!"?* The gas-phase reactions of C;H.I"* cations
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have not been reported.

The results reported in this Chapter are from detailed studies of the gas-phase
unimolecular reactions of the CELX" cations, the chief aim of which was to identify the
isomers. The Neutralization-Reionization mass spectra of C;H,X" cations are reported
here for the first time. Compared with C;H.X", fewer studies have been reported on the
corresponding C2H.X radicals.™"

The heats of formation of C:H.X radicals (X = F, Cl and Br) have been
measured™*” via kinetic studies and by appearance energy measurements. The values are
summarized in Table 3.3.

Nost of the theoretical studies of C;H.X radicals were performed in regard to
bridging in the B-haloethyl radical, Q&y.“”“ Engels and Peyrimhoff calculated the
energy difference between the minimvm asymroetric stucture XCH.CH,' (X =F, Cl
and Br) and the optimal symmetric structure CH,X"CH., using MRD-CI calculations.P**?
The differences were 33, 8 and 1 kealmol” for X = F, Cl and Br, respectively. Thus
CHLF is certainly expected to behave as a classical unbridged radical®. Guerra's
calculation agreed that the symmetric bridged structure is less stable than the classical
structure for C;HaX™ (X = F and Cl). The energy differences between the two structures
were 36.0 kealmol® for X = F and 13.3 kealmol” for X = Cl, respectively.® The
symmetric structure was found to be stable with respect to dissociation.®" Robinson et al,
calculated that the dissociation of CELF to C;H, + F* was endothermic by 46 kcalmol™
and the energy barrier to C:H:F + H' was about 44 kcalmol™.” The C-F dissociation

/
energy in CH,F® was calculated to be 37 kealmol™.P® However, the C-Cl dissociation of
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C;H.Q" was only 17 kcalmol.®® The lower stability of CIC,H," (with respect to Cl-CzH.
separation) can be traced to the different strengths of the fluorine-carbon and chlorine-
carbon bonds."™?

Barat et al, studied the reaction of hydrogen atoms with vinyl chloride.*” At low-
pressure, room temperature conditions, the consumption of C;H,Cl by reaction with H'
occurs primarily by n-ipso attack by H on the =CH, group to form (CH,CHCI)". This
energized complex then undergoes a H-shift to form (CHCH.Cl)", which decomposes to
form Cl + G;H,.

The decomposition behaviour of C;H.X" radicals may also be examined by NR

mass spectrometry; results will be shown in this chapter.

3.2  Experimental

All metastable ion (MI), collision induced di#sociaﬁon (CID) and neutralization
reionization (NR) mass spectra were performed with 2 VG-ZAB-3F mass spectrometer.
The ionizatior't energy was 70 eV and the ion translational energy (accelerating voltage) 8
keV, unless, otherwise indicated. The correction of the CID mass spectra for MI
contributions was done by setting a potential of -1000 V on the collision cell. The NR
mass spectrum was performed using a potenﬁ;al of -1000 V on the ion beam deflector
electrode between the neutralization and reionization cells. The distances between the two
cells were 10 cm and 2 cm in the 2ffr and  3ffr, respectively. Appearance energy (AE)
measurements were performed either using the MS-9 mass spectrometer or an electron

monochromator. For greater detail of the experimental procedues, see Chapter 2.
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3.3  Results
3.3.1 Formation of the C,H, X isomers

In general C-X (X = Br or I) bond dissociations in molecular ions proceed with a
negligible reverse energy barrier. Thus a good way to produce a desired cation is 1o use an
appropriate halogen containing precursor. To produce the CH.X" cation, the selected

precursor was C;HaXY (X =F,Cl, BrandI; Y =Brand I).

CH;CHX" (I) is produced from CH,CHXY ™ by Y loss.

CH;CHXY™ —» CH,CHX' +Y - 1)
1
CH:X"CH: (H) is produced from CH,XCH.Y™ by loss of Y.
1

CHXCH,Y"™ — CH.X'CH; (ID+Y @)

The C;H.X" cations are numbered as showﬁ below:

1
X CH,CHX CH;X'CH.
F Ia IIa
a Ib IIb
Br Ic Iic
I id IId

3.3.2 Unimolecular dissociation of C;H X" isomers

The metastable jon (MI) dissociations of C;HLX" (X = F, Cl and Br) were
dominated by HX loss with a large kinetic energy release (KER) for X = F and a very
small kinetic energy release for X = Cl and Br. The KER values are shown in Table 3.4.

No fragmentation was observed in the MI mass spectrum of CH.I".

38



In CID mass spectra, as shown in Table 3.5, the eight cations, Ia-d, ITa-d, show
structure distinguishing dissociations. The dissociaton energies of C.H.X" ions are
summarized in Table 3.6. The comparison of CID mass spectra of CH;CHF" ar different

translational energies is shown in Table 3.7.

3.3.3 Neutralization-Reionization (NR) mass spectra of CoH. X"

The NR mass spectra of CHLX" (X = F, C1 Br and I) are shown in Figure 3.1 -
3.7. The neutralization target was dimethylamine (DMA). Xe was also used as
neutralization target and it showed results similar to those with DMA. Q. was used as the
reionization target. The NR mass spectra of each C;H.X™ were obtained both in the 2ff
(the distance between two cells is 10 ¢cm) and in the 3ffr (distance is 2 cm). No recovery
signal was observed in the NR mass spectrum of C,H.I* (Figures 3.6 and 3.7). The NR
mass spectrum of GHLI™ was dominated by I'. The erergy values related to the

dissociations of C-H. X" radicals are shown in Table 3.8.

3.3.4 Deuterium-labeliing of t:yclic-CrITIz;I CD» (X =CI, Br).

The MI mass spectra and CID mass spectra of XCD;CH-,;*' (XCD,CH-Y™ - Y, X =
Cl, B Y = Br, Cl) and XCH,CD," XCH.CD.Y™ - Y, X = Cl, Br; Y = Br, Cl) are
idendcal. Both metastable C;H.D,Cl" isomers showed the same ratio of DCI loss to HCl
loss as 1:16. The ratio sharply increased 10 1:1.6 in the CID 1nass spectra. Both metastable
C;H,D:Br"* isomers showed the sam.e ratio of DBr loss to HBr loss, namely 1:14. The
ratio increased to 1:1.06 in the CID mass spectra. Table 3.9 shows the partial CID mass

spectra of C:H,D.X" (X = Cl, Br).
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3.4  Discussion
3.4.1 C;H.F isomers

The C;HLF cations produced either from CH3;CHF: or from CH.FCH.Br showed
similar dissociatons in their CID mass spectra. as shown in Table 3.5. The appearance
energy (AE) measured for the process of CH:FCH,.Br — GHLF + Br is 10.94+0.05 eV
(252 kcalmol™), corresponding to a heat of formation for CH.F* of 165.6 kcalmol™
[taking AR® (CH.FCH,Br) = -60 kealmol”, AH® (Br) = 26.7 kcalmol™ |, This value i
the same as the heat of formation of CHyCHF* (165 kealmol™ )™, Thus the G.H.F".
produced from CH,FCH,Br™, appears to be CH;CHF* ({a). Moreover, since the threshold
for production of CFHLF" is the same as the calculated enthalpy change of the reaction [AE
= AHP° (CH:CHF) + AHP® (Br) - AH® (CH,FCH,Br)) and this dissociation has litde
reverse energy barrier (Tos = 0.76 kealmol™), indicating the threshold product ion cannot

F

be CH; ~CH. (AH: = 183 kcalmol™). So the hydrogen shift may happen before the Br

Cleavage, ie.
H H__
[ /o :
CI'IF-CHz—Bl’h -3 [CH:F - CHz...Bl‘]h -3 CH:;CHI? + Br’ 3)

Marton et al, showed that the cleavage of the O-C bond in PhO-CH,CH,F"
involves an ion-neutral comnicx, [PhO" *CH,CH.F]. In the complex, the cyclic-CH.F'CH;
: 1 '

(IIa) was proposed to be an intermediate in competition with H-bridged CH,H*CHF. In

contrast, the free CHLF" jons have the structure of CH,CHF'. However, in the case of



1
the cleavage of the Br-C bond in CH,FCH,Br", the cyclic-CH,F CH, cannot have been

an intermediate, otherwise, the AE value should have been at least 17 kcalmol™ higher

than that observed.
CH.,FCH;Br — CH,FFCH+Br' - CH;CHF +Br @
AH; (kcalmol™) 269 252

In the 2ffr CID mass spectrum the dissociation of C;H.F" was dominated by HF
loss. However in 3ffr CID mass spectrum the major dissociations were H and H; losses, as
shown‘in Table 3.7. The parent ions in the 3ffr have a slightly Jower average internal
energy than those in the 2ffr. The CID mass spectrum of CHLF', generated from
metastable BrCH,CH,F* ions also showed a more intense peak for G;H;F~ (H loss) than
for C;Hs" (HF loss). Thus the fragmentation of CH;CHE' is very sensitive to its intemal
energy. The dissociation of CHLF" ions having lower internal energy is dominated by H
and H, losses and the dissociation at slightly higher internal energy is dominated by HF
loss. It is proposed that the HF loss channel may involve an isomerization into a stable
isomer, CH,CHFH". The isomerization barrier for CH;CHF" — CH,CHFH" is less than
the energy required to dissociate the ion into C;HF* (AH?° = 227 kealmol™) + Ha.

The absence of C;H:™ in the CID mass spectra of GIHLF', although it is less
endothermic than some observed fragmentations (see Table 3.6), shows that the energy
barrier for the F loss is at least as high as 63 kcalmol” (compare with the energy required
for dissociation to C;HF™ + H, + H), as shown in Table 3.6.

In Figure 3.1, it can be seen that the NR mass spectra of C;HLF" are similar to the

corresponding CID mass spectra, even though the total ion current after NR with
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DMA/O, was judged to be approximately a factor of 10" lower than the current of the
mass selected ions entering the coilision cells, indicative of a small overall cross-section
for the process.™ The NR mass spectra performed in the 2ffr (Figure 3.1 b) showed the
fragments F', HF™ and CaH.™, which are not observed in the corresponding CID muass
spectrum. These fragments must arise from decomposition of the neutral GHYF'. In the
NR mass spectrum of C;H.F performed in the 3ffr (Figure 3.1 ¢), the recovery signal
increased and neutral fragments decreased. In the 3ffr the distance between the two
collision cell is 2 cm, significantly shorter than that in the 2ffr (10 cm) where the neutral
CzH.F spends a longer time before reionization, and so in the 3ffr the neutrals showed less
dissociation. In the NR mass spectrum of C;H.F" performed in the 2ffr (Figure 3.1 b), the
more intense C;H,”, GH;* and CF', CHF"™, CH;F" ions compared to those in the 3ffr
(Figﬁrc 3.1 ¢), indicated that the C;HAF radicals may have some dissociation channels
similar to that of the ion. Note that C;H,F may dissociate to C;H; + HF, the reaction of

the lowest energy among its dissociatons, see Table 3.8.

3.4.2 CH.Cl"isomers
The identical MI and CID mass spectra (see Table 3.9) of D-labelled C;H,D.C1*
—
ions (IIb) confirmed the cyclic structure of CH,CI*CH,.

The CID mass spectra of the CHL.CI" isomers (Table 3.5) indicate that the two
isomers, CH.CHCI" (Ib) and cyclic ~ CH,CI"CH, (IIb) are readily distinguishable. Isomer
Ib fragments to CH;" + CHCI and CHCI" + CHs; However, isomer IIb fragments to CH,™
4+ CH,Cl and CH,CI* + CH,. The small fragment at m/z 49 (CH,(1") from Ib indicates

some H shift from the CH; group to the CHCI group. Thus this H-shift is energetically
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accessible by collision activition,

H
/o
CH: -CHCI" —» *CHz - CH:C[ o 4 CH:CF + C.Hz (5)
The CID mass spectra of D-labelled IIb showed neither a fragment at m/z 50
(CHDCI™) nor one at m/z 17 (CHD,"), indicating the reactions in Scheme 3.1 did not

occur. This reveals that the ensrgy barrier for H-shift (reaction i) or cyclic-opening

(reaction i) is relatively high.
9’ RN
DaC* T CHp " DaCc ™ cHC!
AL A
D28 —CH; l

\ AL

Py _ﬁ" ——= DoHC —TCHCI ™ CHD3". CHCI
H

l (mix17)

D.
VAN
DKC —CHCEI ™™ DHC"™ CHDCI — ™ CHDCI*+ CHD

(miz580)

Scheme 3.1

in the MI mass spectra both isomers dissociated to C;H;* + HCI, with a very small
KER value (Tys = 1.4 meV). The appearance energy (AE) values for this dissociation are
12.530.2 eV for Ib and 12.7%0.2 eV for IIb. The results indicated no reverse energy
barrier for the dissociation processes. The D-labelling experiments showed a swong
isotope effect for HCLDCI losses (M, 16; CID, 1.6). Furthermore, the observation of

HQI" in the CID mass spectra of the two isomers and the presence of HDCI*, D,C1* in the
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CID mass spectrum of cyclic-rC-I;;ﬂjCD; (see Table 3.9) confirms that the fragmentation
may well involve another isomer, either CH;CHCIH" (like CH,CHFH") or an ion-neutral
complex [C;H;" CIH], which will be discussed later. Theoretical calculations have set the
complex 4.5 kcalmol ™! below the product energies!"’l,

The NR mass spectra of both isomers Ib and IIb showed a small recovery signal
(Figures 3.2 and 3.3). However the fragmentatons of the two isomers were still
distinguishable, indicating little or no interconvertion between the two C.H,Cl" radicals. It
is noteworthy that as the distance between the neutralization cell and reionization cell is
increased (in 2ffr, Figures 3.2 b and 3.3 b), the recovery intensity is lower due to the
decomposition of the neutral C;H.Cl". However the intensity of C;H,", supposed to be
produced from the reionized neutral, is not lower. This phenomenon reveals that the
decomposition of the neutral may also produce C:Hj'" + HC], as in the case of CHsF. The
energy required for this dissociation is about the same as that of dissociaton to C:Ha +
Cl’, see Table 3.8.

Comparing the NR mass spectra of CH;CHCI" (Figure 3.2) and CFCH;
(Figure 3.3) the former showed the more intense recovery signal. The latter showed more
intense peaks for CI" and HCI". These results indicate that neutral CH;CHCI® is more
stable than CH,Cl CH,"; AH°(CH;CHCT") ~ 18 kcalmol” whereas AH°(CH,CICH,’) is ca
22 kealmol .72

-y ar
The CH, CH, produced from neutralization of CHy-CH, (1Ib) would be the

transition state between CICH;CH,” and "CH,CH,CL- This transition state has been i



calculated to be 6 - 13 kcalmol™ higher in energy than CICH,CH,".®""! It is therefore
@

possible that CH;CH; may isomerize to CICH,CH," before reionization. The different

peak ratio of CCI” to CH2CI" in the NR mass spectrum of IIb compared to that in the CID

mass spectrum of IIb indicates that the reionized C:H.CI" ions are not pure IIb ions.

3.4.3 CH.Br"isomers

The identical MI and CID mass spectra of D-labelled ¢ ions confirm the structure
as <:3,rcli<:-CI-I---Iz;:"TI CH,. The CID mass spectra (Table 3.5), indicated that the two isomers,
CH;CHBr" (Ic) and C}’CHC-C';Iz—B? CH, (Iic) are distinguishable. Isomer I¢ fragmented to
CHBr" + CHs, whereas, isomer IIc fragmented to CH,Br* + CH,. The CID mass spectra
of D-labelled IIc showed no fragment at m/z 92 (CHDBr"), inciicaling no H-shift between
the two carbons, as in the case of C;H,D.(1".

In the MI mass spectra both isomers showed the fragment CH;", with the same
extremely small KER value (Tos = 0.1-0.2 meV). The D-labelling experiments again
showed a strong isotope effect (MI, 14; CID, 1.06). Furthermore, the observation of
HyBr* in the CID mass spectra of the two isomers confirmed the proposal that the
fragmentation may involve another isomer, either CHCHBrH" or an ion-neutral complex
[C;H:™ ‘BrH] which also will be discussed later. The binding energy in this complex is
probably less than that in the complex {C,Hs* CIH] (4.5 kcalmol ™4,

The NR mass spectra of both isomers Ic and Xc (Figures 3.4 and 3.5) showed a
small recovery signal. However, the fragmentaton of the two isomers was stll

distinguishable in the region CBr*, CHBr™ and CH;Br*, indicating no interconvertion
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between the two C:H.Br radicals. In Figure 3. 4, a large recovery signal was observed in
the 3ffr NR mass spectrum of CH;CHBr", indicating less dissociaion of neutral
CH,CHBr'. The very small recovery signal in Figure 3.5 indicates CH.BrCHy' is less

stable than CH;CHBr" under these experimental conditions.

344 CHJI isomers

In the MI mass spectra of CoHiI', no dissociation by H! loss was observed,
indicating presumably that C;H;IH" ions are not formed. Unlike the other C:H.X® cations,
the CID mass spectra of C;HiI™ ions are not dominated by HI loss, but by GH, loss
instead, see Table 3.5 and Figures 3.6 and 3.7, even though the energy for CaH;* + HI is
about 6 kealmol™ lower than that of I" + C;HL, see Table 3.6. Thus the HI loss process
must have a higher activation energy than that for C;H, loss. The CID mass spectra of
CH;CHI" (Id) and cyclic—([:;z'l? CH; (IId) are distinguishable via the diagnostic CHI™
and CHLI" peaks, see Table 3.5. The complete absence of CH,I* in the CID mass spectrum
of CH;CHI" shows that any H-shift is inaccessible by collision activation.

The NR mass spectra of the C;H.I" isomers were dominated by I' (~ 90%, Figures
3.6 and 3.7). No recovery signals were observed. If I was produced by the reionization of
I" which may result from the dissociation of néutml CoH.I', the C;H,* ion should be also
observed, as the ionization energy of G, (10.51 eV) is close to that of I.(10.45 eV).
Thus the I' is most likely produced from the dissociation of the reionized CoHLI*, which
may be formed in an excited state during neutralization-reionization process. This excited

C,H.I" ion dissociates completely to I" + CoH.



3.4.5 Some features of C;H, X" ions
3.4.5.1 CH XH" and [C,H,” XH] species
The very small KER values in the MI dissociations of CaHuX™ (X = Cl. Br) indicate

the possible existence of an ion-neutral complex [CoHs* XH]™,
C-_.I-LX’ o CzH;XH‘ —_ [CzH:r,+ XH] )]

The observed HX™ in the CID mass spectra of C:HaX™ (X = Cl, Br) supports this
proposal. In such complexes, proton (or hydrogen) transfer is common®™®. Furthermore,
the formation of [C;Hy" XH] involves an H-shift from carbon to halogen (reaction 7) and
so there should be a strong isotope effect. This was indeed observed for the D-
labelled CD;I_X*ICHZ (X = Cl, Br) ions which showed very strong isotope effects of 1:16,
for X =Cl, and 1:14, for X = Br in favour of HX loss.

The strong isotope effect was also observed in the HCI loss from CHsCI* ions.*!
According to ab initio calculations this dissociation involves an ion-neutral complex
[CH.™ HCIL.*¥ Thus the HX losses in the dissociations of C;H,X* and G;HsX™ ions
show similar features.

In the case of GELF", the HF loss was the chief high energy dissociation, but lost
its importance among low energy ions. Thus a stable isomer may be produced if the
precursor ion contains enough energy to pass over the isomerization barrier. This isomer is
proposed to be CH;FH'. The difficulty in the formation of CH;FH* (compared to

C:H,CIH" and C;H;BrH") could be explained by the lower proton affinity (PA) of fluorine,
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compared to the PA of other small halogenated molecules, see Table 3.10.

However the PA of Rl is the highest among RX (R = H, CH,, CH,. C:Hs, CoHa,
C:Hs), and HI loss was not observed in the MI dissociation of C;HaI™. In the CID mass
spectra of C;H.I", the HI loss was overwhelmed by the C;H, loss channel. The geometry
of CoHLI" has not been calculated. The C-1 bond in G:H.I" is expected to be longer than
the C-X bond in C;H. X" (X = F, C|, Br) and so the energy barrier for the H-shift in CaHal”

should be higher than that for the direct C-I bond cleavage.

3.4.5.2 H-shift in CH,CHX'

An H-shift in CH;CHX" is required to account for the observation of CH;X" in the

CID mass spectra of CH;CHX" ions.

H

I
CH,-CHX* — “CH;-CHX = CHX+CHy (7)

™ ()

According to some high level theoretical calculations, see Table 3.1, the average
energy difference between I and T is ~ 31 kealmol™ for X = F** and ~ 21 kealmol” for
X = CI" and Br'™. However the energy barrier for CH;CHCI" isomerizing to CICH,CH,"
is ~ 32 kealmol ™V which is higher than that for CH;CHBr" (21.8 kealmol ). Thus the
H-shift from the CH; group to the CHX group requires an energy ranging from 22 - 32
kealmol™. Note that for the classical ethyl cation, the carbon to carbon H-shift requires po

energy'®.
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3.4.5.3 Relative stabilities of CH X"

The heats of formation of CH;CHX™ increased in going from X =Fto X =1, (see
Table 3.2) and they can be related to the electronegativity (EN) of the halogens. Indeed,
the AH° values for CH:CHX", X = F, CI, Br, showed a Lnear relationship with Vx, see
line 1 in Figure 3.8. The Vx is a new scale of EN," and has been shown quantitatively to
relate to the bdond dissociation energies (BDE) of many common organic compounds.*
The linear relationship between AH, (CH;CHX™) and Vx reveals that the BDE C-X in
CH,CHX" determines the stability of CH;CHX". From the slope of line 1, the heat of
formation of CH;CHI" can be estimated to be ~ 219 kealmol™.

. . . ' '

The heats of formation of the cyclic ions CH; X* CH, (X = Cl, Br, I) also showed a

linear relationship with VX, see line 2 in Figure 3.8. The slope of line 2 is smaller than that
. . - | .
of line 1. This reveals that the stability of cyclic-CH,X"CH; is not only affected by the EN
of the halogens. Another factor affecting the stability of these latter ions is the
polanizability of the halogen atoms, as shown in Figure 3.9, where the AAH® = AR®
— :
(CH;CHX") - AH® (CH.X'CHy). The higher polarizible atom (such as I) is showing that
4 -

the cyclic species is more stable (AAH® > 0), because the halogen atom in CH, X*CH, will
. - +e L) -+ .
be polarized by the charge on GH,™. Thus, in‘the case of CH,X"CH. (X = Br, I), the
polarizability of X stabilizes the cation by a back electron donation. In contrast, the

polarizability of X (X =F, Cl) destabilizes the cation by decreasing the BDE of C-X.
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Table3.3  Heats of formation of C-H X radicals (kcalmol™)

CH;CI'IX CH;XCH; Methods
X=F -17.7 - Kinetic
-172 - HF/6-31G
X=Cl 193 228 EREEM-AE'
17.6 21.8 Kinetic
X=Br 27.3 323 EREEM-AE!
29.6 - Kinetic

Ref.

25
26

27
28

27
29

1. EREEM-AE: Energy resolved electrostatic electron monochromator-Appeareuce endrgy

measurements

Table 3.4 Kinetic energy release values (Tos, meV) of C,H X" cations

X= F Cl
I - C1H3++I']X 445 14
O — GH +HX 461 14

Structure I = CH;CHX, O = CHX"CH;

Br

0.1

0.2
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Table 3.6 The energies' of the dissociation products of
CHX'

GH.F" C;H.CI C;H.Br’ CH.I'

CoHy"+HX 201 244 257 272
GH.+X 274 284 282 281*
X" +CoH, 433 340 311 278
1-n<“+czﬁ; 368° 335 323 309°
HX"+CH, 238* 261 272 279°
CX"+CH, 253 279 344 -
CHX"+CHy’ 303 333 320 -
CHX*+CH; 292 322 317 -
CHX+HAH' 337 357 349 .
CH X +H, 227 - - -
GHX"+H 258 288 297 298

1. All values from reference 38 in kcalmol”. Some heats of formation of the
cations are not available.
2. The fragment is not observed in CID mass spectrum of C;H.X".
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Table 3.7  CID mass spectra of CH;CHF" at different energies’

Second field-free region Third field-free region

8kV? 5kv? 8kV 5kv°
CH;* 35 0.5 0.8 -
C;Hyt+e 36 10 12 83
CH;" 100 48 43 9.3
cF 21 9.7 12 53
CHF" 20 14 15 8.0
CH:F* 83 6.7 8.8 3.0
GF 04 0.7 0.7 0.7
GHF” 9.7 19 18 11
GHF 25 64 62 49
GH.F” 32 100 100 100

1. The GH.F" is produced from BrCH,CH,F"™ and the collision gas is O, with
90% transmission of the ion current.

2 The translational energy.

3 The CID mass spectrum of C;ELF', generated from MI of BrCH,CH,F*™®.
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Table 3.8  The energies of the dissociation products of
CHX'

C:HF C:H,Cl C.H.Br C.HLI

CHA+CHX 85 124 135 -
CH,+CHX 61 106 - -
GH+HX 2 41 54 69
GH+X 32 42 40 39
CHaX+H 19 57 n 83

1. All values from reference 38 in kcalmolI™. Some heats of formation of the
neutrals are not available.

Table39 Partial CID mass spectra of C;H,D-X* (X =Cl,
Br)

Relative Abundances

Fragmention CICH;CD,” CICD,CH,;" BrCH:CD;" BrCD,CH;"

(o o 23 23 33 32
CHX" 14 14 - -

CH X' ,CDX"™ 33 33 42 45
DX 30 30 25 23
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a {CH,CHE

CF-CHF

b GH,F™

CH,CHF

CH,CHF"

CH-CH;" CF-CHF

Figure 3.1  The CID and NR mass spectra of CH,CHF"
a. The CID mass spectrum of CH,CHF', O,
b. The NR mass spectrum of CH,CHF" in 2ffr, DMA/O,
c. The NR mass spectrum of CH,CHF" in 3ffr, DMA/O,
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a CH,CHCT
CHy
cne
. ocrs
N saaliir sl | |
b CHy
CH™ CH,CHOT"
o ka-
ccr.CHa"
CHy
c CH,CHC*
-
arHQ"  ccrcHaT AAM
Figure 32 The CID and NR mass spectra of CH,CHCI"
a. The CID mass spectrum of CH,CHCI, O,
b. The NR mass spectrum of CH;CHCI" in 2ffr, DMA/O,

c.

The NR mass spectrum of CH,CHCI" in 3ffr, DMA/O,
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a CH,CI'CH,
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a cHar
- N A e
b o Ha
CGH," CH,’
cHOr

cajbc:,w AJ.L

s HO™

CHO'
ccr-cnar

M

Figure 33 The CID and NR mass spectra of CH,CI"CH, (Ilb)
a. The CID mass spectrum of IIb, O,
b. The NR mass spectrum of IIb in 2ffr, DMA/O,
c. The NR mass spectum of IIb in 3ffr, DMA/O,
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a CH,CHBr*

CHy
CH,CHBr™ Br*
CBr" . CHBr™

] A ey .Jll_

b CHy'
Br* HBr™
CH ,CH BI"
' CBr,
j CHBr™

C Br HBr™ CH,CHBr"

L

Figure 3.4 The CID and NR mass spectra of CH,CHBr"
a The CID mass spectrum of CH,CHBr", O,
b. The NR mass spectrum of CH,CHBr" in 2ffr, DMA/O,
C. The NR mass spectrum of CH,CHBr* in 3ffr, DMA/O,
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CN,BrCH,

a
E S—
cliy
Gl e B CH,hr
1 . ay
b Be' HBe™
CoHy"
/‘k j CBr*-Cil,Br* I GILBr
C Be* HBe™

Gy
A J CB:"-CH.Bs* CH,Br

1
Figure 35  The CID and NR mass spectra of CH,Br*CH, (Ilc)
a. The CID mass spectrum of Ic, O,
b. The NR mass spectrum of Ilc in 2ffr, DMA/O,
c. The NR mass spectrum of Ilc in 3ffr, DMA/O,
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CH,CHI"

r

CHy

I

Figure 3.6  The CID and NR mass spectra of CH,CHI" (Id)
a. The CID mass spectrum of Id, He
b. The NR mass spectum of Id, Xe/0,
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CH;‘CHI

CHy CH

I
7\
Figure 3.7 The CID and NR mass spectra of CH,-CH, (11d)
a. The CID mass spectrum of 11d, He
b. The NR mass spectrum of IId, X=/O,
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Chapter 4
Halogen substituted triethyloxonium ions

4.1  Introduction
The wiethyloxonium ion is a well known ethylating agent in the liquid phase. It is
easily attacked by a nucleophile, which can be either an anion or a neutral, as shown in the

following Reactions.!"!

(C2H5)30* + Y = CszY + (Csz)zo (1)

(CHs)O0" + Y =  GHsY™ + (CHs):0 @)

With both field desorpton (FD) and fast atom bombardment (FAB) mass
spectrometries (C;Hs);O', (Et;0") was observed as an intact cation from the salt
(C:Hs);0°SbsCls.™ Whereas in a FD mass spectrometer the dissociaton products of
(C2Hs):0°SbClg” are (C:Hs)s0" (100%), (C2Hs)0™ (33%) and C:HsQI™ (23%), in a2 FAB
mass spectrometer the products are (C;Hs);:0" (100%), (C:Hs)OH" (C;H: loss, 52%),
C:HsO" (C:Hs loss, 55%), C:HsOH," (68%), C;HsO" (85%) and CHs™ (95%). The
authors™ indicated that the C.:H;O* was produced by C;H; loss from the cation. However
recent studies on the triethyloxonium ion in a Z.‘AB-3F mass spectrometer””’ showed that in
the metastable timeframe only C,H. loss was observed. The (C;Hs);0* was derived from

the ion-molecule reactions 3 and 4 in the ion source of the ZAB-3F mass spectrometer.

(CHs0" + CGHl - (CGHs0" + T 3)

GHI™ + (CHshO = (CHsk0" + T | @
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Although the C;Hs loss (reaction 6) has a lower endothermicity than Ciily loss
{reaction 5), it was not observed in the MI mass spectrum of (C:H»)0" and was only

very weak peak in its CID mass spectrum.

(CGHs»:0" - (CGHs)OH™ + CaH, (M
AHP 105 13 kealmol™
(C:Hs):0" - GH0" + GHs (6)
AHP 125 =20 kcalmol™

Based on the MI and CID mass spectra of various deuterium labelled precursors
the authors™ proposed that the loss involves a simple B-H* transfer from ethyl to oxygen
followed by the C;H, loss from a protonated diethylether-cthene ion-molecule complex.
Therefore the (CHs);O" ion produced from Reactions 3 and 4 has structure a in which the
C.H;s groups have classical configuration.

CH,
(CzHs):0"CH,CH, (CaHs);0veeH oo |
CH.
a b

It was also proposed that the (Csz);d* ion formed from reaction of protonated
diethyl ether and C;HsI (reaction 7) has structure b in which one C;Hs group has a
proton-bridged non-classical configuration. The observation of H/D mixing, which is the

evidence for a non-classical structure ethy) group™, supports the proposal of structure b.

(CHsO0H" + GHsI — (CGHshO%(CHs) + HI (7



Whereas the C;H loss from (C;Hs);O" is only a very minor reaction,” it was a
major MI reaction of the diethylhalonium ions, (C;H;s)X" (X = Cl and Br), as shown in

the following,”!

Intensities (%)
X=0a Br
(C2H5hr e CH;W + CzHe 74 39 (8)
(Csz)zr —3 CI'I;CH:X* + C2H4 0.7 58 (9)

As shown above (C:Hs):(1" and (C;Hs).Br" exhibited different behaviours in the
CoH, loss (reaction 9). The C:H: loss was a minor peak in the MI mass spectrum of
(C:Hs)C1", whereas it was a major peak in the MI mass spectrum of (C;Hs).Br".

The diverse reactivity of the ethyl group in triethyloxonium ions and
diethylhalonium ions challenged us to investigate onium ions which contain both an

oxygen atom and a halogen atom, e.g. (C;Hs),0"CH.X and C;HsOCH.X"C;Hs lons.

4.2 Experimental

Electron impact (ionizing electron energy - 70 ¢V), metastable ion (MI), collision
induced dissociation {CID) and collision induced dissociative ionization (CIDI} mass
spectra were recorded’™ using a modified VG Analytical ZAB-2F mass spectrometer with
BEE geometry. Oxygen and helium were used for the collisional activaton of ions.
Oxygen was also used for the ionization of neutrals originating from metastable and
collisionally activated ions. In all cases the target gases pressure reduced the main beam by
15%. In the MS/MS/MS experiments, ions formed in the second field-free region (2-FFR)
by the metastable or collision induced dissociation of mass selected precursor ions, were

transmitted into the 3-FFR and then collisionally activated. Recording the MI, CID and



CIDI mass spectra was carried out using the ZABCAT program.'™ Kinetic energy release
(KER) measurements have been performed on the same mass spectrometer at sufficient
energy resolution to reduce the main ion beam width at half height to 3-5 V. The
reproducibility of Tos values was better than 10%.

To produce the onium ions, precursor molecules were introduced into the ion

source in about a 1:1 mixture. The total ion source pressure was set at 1-3 x 10°° mbar.

4.3  Results and discussion
4.3.1 Observation of the halogen substituted triethyloxonium ions

The halogen substituted tricthyloxonium ion (C.Hs)O"C;H.X was observed in the
normal mass spectra of mixtures of C:H.XY + (C.Hs)0 (X, Y = C}, Br) at myz 137 (for
X = () and m/z 181 (for X = Br), as shown in Figure 4.1. No molecular adduct
(C:Hs),0°CH XY™ was detected. The oxonium ions formed from different C;H. XY
precursors have different dissociadon characteristics as shown in Table 4.1. Thus the ion
formed from XCH,CH;Y + (CzHs)0 is of type I and the ion formed from XYCHCH; +

(C2Hs)20 is of type IL. The subscripts a and b refer to X = Cl and X = Br, respectively.

(CoHs):0"CH.CH:X (C:Hs)O"CHXCH;
Ia X=0Q) IMDa X=qQ)
Ib X=Bp IIb (X=Bn

4.3.2 Formation of ions I and I

Tons I and II may be produced from the following reactions in the ion source: 'l
GH.XY"™ (X=C1, Y) +(GHs),0 = (CHs),OGHXY]"— (CH:s)O0CGHX" + Y (10)
CHXY + (CHs0" = [(C:Hs)hOCGH.XY]™ — (CHsROCHX + Y (an
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GHXY™ + (CHs)0 —» GHX + Y + (CHs)0 = (C:HsROGH.X +Y  (12)

Although no molecular adduct was observed in the normal mass spectra, reactions
10 and 11 cannot be excluded if the lifetime of the adduct is < 10 s. However, reaction
11 is unlikely to produce the oxonium ions X and II, since if the charge were located on
the oxygen the halogen would be attracted to the charged oxygen, which is not a favorable
geometry to form the oxonium ions. It is also shown in Table 4.2 that when the proportion
of (C2H;),0 is high (CICH2CH,Br / (C2Hs);O = 1:3) the yield of the oxonium ions is the
lowest. This indicates that the high (C;Hs);O™ concentration does not favor the formation
of L
Reaction 12 is also unlikely. If it were the case, the yield of the oxonium ion would

be only proportional to the intensity of C;H.X" no matter what kind of precursor was
used. However, when the precursor is CICH,CH,Br the ratio of Ib to C;HaBr™ is 0.11 and
when the precursor is BICH,CH,Br the ratio of Ib to CHiBr" is 0.02. Reaction 10 is the
most plausible. The overall reaction is an addidon-elimination process, as shown in
Scheme 4.1.

Br”

|
XCH2CHzBrh + (Csz)zo - [XCH:CH: ]—) XCH2CHzO*(CzH5)2 + Br
| @

O(CzHs),

Br"

l
CH:;CH}{BI'“ + (Csz)zO -3 [CH3CHX ] - CHgCH(X)O*(Csz)z + Br

| (m
O(C:Hs),

Scheme 4.1
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Three observations support this mechanism:
@) It is shown in Table 4.2 that when the ratio of CICH.CH.Br (or BrCH.CH,Br) :
(C5Hs):0 is 1:1 the yield of (C:Hs):>O"CH:CH-Q (Ia) or (C:Hs).O"CH.CH:Br (Ib) is
greater than that at ratios 1:3 and 3:1. Both low concentrations of XCH.CH>Y™ and low
concentrations of (C;Hs),O will lower the yield of L
@) It is also shown in Table 4.2 that the yield of Ib is higher when the precursor is
BrCH,CH:Br than that when the precursor is BrCH>CH,Cl. This is expected by the
Scheme 4.1 since Br is a better leaving atom (i.e. more weakly bonded) than CL
@) The much lower yield of (C;Hs)O"CHXCH, (II) than that of I may be accounted
for by both the shielding effect and steric effect of the X atom on the a-position.

In Scherae 4.1 the oxonium ions I and II are formed by the covalent binding of O-
C as (CoHs) O C:HuX isomers. Ion I has the halogen on the B-position and ion II has the
halogen on the a-position. It is shown in Table 4.3 that the dissociation of I is not affected
by the composition in the ion source, indicating I is a thermochemically stable species. As
a halogen substituted triethyloxonium jon both I and II should have some reactions in
common with (C;Hs);0", which shows the major dissociation by C;Hs loss. In addition I
and II may have some specific reaction related to the halogen atom. Moreover since I and
IX have the halogen atom in different positions (B- and a-), the isomers should display

different dissociation characteristics.

4.3.3 Fragmentation of (C;Hs).0"CH.CH.X (T)
From the MI and CID mass spectra of Ia and Ib (Table 4.1) and the CIDI mass

spectra of Ia and Ib (Figure 4.2) their dissociations can be characterized by C:Hs, C;HsX,
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and (C;H;s),0 losses as shown in reactions 13-15.

nthalpies mol*
X= 04 Br
(C;HQ;O’CH;CH;X - C4H1oor + CZI'IA 117 128 (13)
- CHO" + GHsX 124 136 (14)
- CGHX" + (CH;s)»O 14212 146+1 (15)

The product enthalpies were obtained either from Reference 7 or from the
estimations which will be discussed in 4.3.6. The above values show that the C;H. loss has
the lowest endothermicity and the (C;Hs);O loss has the highest endothermicity among
these three MI dissociations. The energy differences between the two processes are 25
kealmol™ and 18 kcalmol” for Ia and Ib, respectively. Reactions 13 and 14 were not
sensiive to collisional activation indicating the involvement of other intermediates or
isomers. However, reaction 15 was sensitive to collision indicating it is a direct bond
cleavage without involving other intermediates. The different kinetic energy release (KER)
values for the (C:Hs)20 loss (Ia, 109 meV; Ib, 33 meV) indicate different reverse energy
barriers. In the MI mass specttum of Ib the (C;Hs),O loss (48%) was competitive with
C:H, loss (100%), even though it is 18 kcalmol” more endothermic, indicating that C;H,
loss involved an energy barrier of this magnitude for either dissociation or isomerization.
The latter is pronounced since this process was insensitive to collisional activation and the
KER values were relatively small (Ia, 38 meV; Ib, 26 meV).

The weak signal of C;Hs(1" in the MI mass spectrum of Ia may be accounted for
by collision induced dissociation by residual gas in the field-free region. Thus the energy

barrier for Ia to dissociate via (C;Hs)20 loss is much higher than that for Ib to dissociate



via (C2H;):0 loss. This explains why the KER value tor (CaHs)-O loss from Ia is greater
than that from Ib.

Another common fragmentation in the MI mass spectra of In and Ib is C:HsX loss.
In the MI mass spectrum of Ia the relative intensity of CaHsCl loss was ~ 13% of that for
C:H; loss and it was not sensitive to collision activation, indicating that another isomer
may be involved, This will be discussed later in detail (4.3.5). The energy barrier for
C.H;sCl loss is approximately 5-10 kealmol™ higher than the energy barrier for C;H, loss.
In the MI mass spectrum of Ib the relative intensity of CoHsBr loss was ~ 6% of that of
C;H, loss and it was collision sensitive. Thus the energy barrier for C.HsBr loss is
approximately_210 kcalmol™ higher than the energy tarricr for GH, loss. The discuss jon

of the above thermochemistry will be presented in 4.3.6.

4.3.3.1 GH. loss

The MI and CID mass spectra of both Ia and Ib (Table 4.1) are dominated by
C2H, loss. The ionic product is CaHi00X", which was examined by recording its CID mass
spectra (Table 4.4) and found be CzHSO*a{)CHzéHzx. This reaction resembles the CH,
loss from (C.Hs)O" which produced CHs;O'M)C:Hs™. The deuterium labelling
experiments showed that the CH, lost from Ia and Ib originates only from the diethyl
ether and that the hydrogen transfered to the oxygen originated in the methyl group of the

diethyl ether (Table 4.5).

(C2Hs).0"CD,CD:X = GHO'HCDX  + GH, (16)

CDyCH,0"(CHs)CHL.X - CGH:O'D)C;HX + CHoDa 5
- CDyCHO"H)CH.X + CH, (17
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The 1sotope effect for this process was obtained from the ratio of C.H;D;0X"/
CGHyDOX™ (Table 4.5) in the MI mass spectrum of CD;CH,O(CaHs)*CoH. X", The values
are 100/49 and 100/51 for X = Cl and Br, respectively, This result indicates the existence
of a transition state TS (Scheme 4.2) involving direct mansfer of H or D in a rate
determining step. It is generally observed that a transition state involving a direct hydrogen
transfer will result in a significant isotope effect™ Compared to the dissociation of
(C:Hs);0" ™ an ion-neutral complex [CoHsO(CHLX)H'**+C,HL], C1 (Scheme 4.2) may
be involved in this process, although the KER values (Tos = 26-38 meV, Table 1) are not

small enough to support such 2 proposal.

H-CH,
(CH1O"CH.CHX — CHyCH- O-CHy — [CH{Owr Foe GEL] = G5O (H) CHCEXs G
® XCHzéHz éﬂzCHzx
(TS) (1)
Scheme 4.2

It is also noticible that no H/D exchange was observed in this process. Harrison
suggested™ that when the APA of the two parters is > 12 kealmol™ there would be no
H/D exchange. Since the PA of CzHSOCI{zCH;X is ~ 200 kcalmol™ (assumed to be the
same as C;HsOC;H;™ and the PA of C,H, is 163 kealmol™ ™ the APA is larger than the
suggested limit. Therefore the observation of no H/D exchange is reasonable. However
the absence of H/D exchange in the dissociation of D-labelled ¥a and Ib indicates that their

ethyl groups must likely have the classical configuration.®
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4.3.3.2 C;HsX loss

In the MI and CID mass spectra of Ia j.md Ib (Table 4.1) the second most
important fragment is CsHsO", corresponding to a CaHsX loss. The intensity of CiHeO' in
the MI mass spectra of Ia and Ib is 6 - 13 % of the major peak CiH0OX*. The CIDI muss
spectra of Ia and Ib (Figure 4.2} further confirmed the lost neutrals to be CoHWX. The

deuterium labelling experiments showed that the C;Hs in the C;HsX lost originates from

the diethylether (Table 4.5).

(CGHs):0'CDCDLX = GHs0CD,* + CyHsX (18)
CD:CH O (CH)CHX = CDsCH,OC:H.” + CoHsX

CHsOGH," + CH-D3X (19)
Two possible mechanisms which account for this C:HsX loss (Scheme 4.3) are a

concerted reaction (1,3-elimination) or one involving an intermediate halonium ion

CHsOCH.X"C,H; ().

I — CH:CH,- (i- CH;?H: 1,3 climination

> C:HsOCH," + CHsX
CH:CH, X

~N S

Scheme 4.3

It is shown in the energy diagram (Figure 4.11) that the isomers IIla (A 114
kealmol™) and IIb (AH® 123 kcalmol™) lie below the dissociation limit for reaction (18),

even though they are higher in energy than isomers Ia (AH® 93 kcalmol™) and Ib (AH©
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104 kealmol™). The smaller KER value of Ma (Tos, 22 meV, Table 4.7) in the MI
dissoctation via CaHsCl loss, compared to that of I2 (Tos. 34 meV) illustrated that the
isomerization barrier from Ia to ITla is higher than the product enthalpies, thus only he la
ions containing higher inm energy can isomerize to ITla and release more kinetic
energy in dissociation via C;HsCl loss than stable ITIa fons.

That 1 having isomerized to I showed C:H;sCl loss could explain the absence of
C,Hs loss from (CoHs)sO" ions®! which cannot form isomers such as M. Moreover, the
proposed C;Hs loss in the dissociations of (C;Hs)sO**SbCle in FAB mass spectrometry™™
could possibly be C2HsCl loss instead.

The structure of the ionic product CsHs0" in the dissociation of I via C;HsX loss is
most likely C;HsO*CHCH," (Figure 4.3). However the instantly formed species could be
C;HsOCH,CH,", which rapidly isomerized to the more stable isomer C;H,O0"CHCH; on
the time scale of < 10% s,

In the CID mass spectra of Ia and Ib (Table 4.1), the fragments C;HeOX" and
C,HsO" are the results of two consecutive neutral losses, as shown in reactions 20 and 21. |
The structure of C>HsO* was shown by its CID mass spectrum to be CHyCHOH™ (Figure

4.4 a) and the stucture of C;H,OX" was found similarly to be HOCH. X" (Figure 4.4 b).

. -CoH, -C;H,
(C;Hs)O'"CH,CH, X —» GCH;O'(H)CHCH X —* H,0"CH.CHX (20)

-G HsX -C2H,
(C:HshO'CH.CH X — CHOC.H,Y —» CH,CHOH" (21)
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4.3.33 (Csz)zO loss
The loss of (C;Hs):0 is a major fragment in the MI dissociation of Ib, but is only 2
minor peak in the MI mass spectrum of Ia (Table 4.1). A deuterium labelling experiment

(Table 4.5) confirmed that the dissociation is an O—C bond cleavage.
(CHs)0CD.CD: X —  GDX + (CHs)0 (22)

The CID mass spectra of CH.X" ions produced from I are similar to the CID
mass spectra of Cr;zx—*lCHz produced from CH;XCH,Y"™ via Y loss (Y =Clor Br,
Figure 4.5), indicating that the cyclic structure CI'I:’.I_)'E*-I CH, was formed from the
(C2Hs)0 loss. The high reverse energy barrier (Tos = 109 meV) in the formation of
@Cﬂz from Ia may be indicative of the O-C bond cleavage being followed by
isomerization of CICH,CH," to a more stable E—IE&IH; In the dissociation of Ib the
relatively smaller KER value (Tos = 33 meV) may be accounted for by the concerted
formation of the cyclic mcﬁz at the same tme as the O-C bond cleavage. In MI
dissociations of Ib the (CHs)»O loss (48%) was competitive with C:Hs loss (100%)
indicating that the two processes have similar activation energies. In contrast, the
dissociation of Ia by (C:H;s):0 loss (3%) has a significantly higher activation energy than
C.H: loss (100%).
In summary, (C:Hs);0"CH;CHX (X = C1 and Br), formed from BrCR.CH,X"™ +
(C;Hs),0 - Br, is a covalently bound species. The CoHs loss from I is a similar process to
that from (CzHs);0". The C;HsX loss indicates the involvement of an isomer III, which is

the dissociation configuration for C;HsX loss. This result leads to the conclusion that



when the halogen is substituted at the B-position, it will show strong tendency to form a
C-X bond. According to the fragment intensities in the MI mass spectra of Ia and Ib the

activition energy for O-C bond cleavage of I increases in the following series:
C2&0+(C2F.4X)-CH2CI'I3 < (Csz)zo*-CHzﬂ'IzBr < (Csz)zO‘-CH:CHzCl

4.3.4 Fragmentaton of (C;Hs),O"CHXCH; (IX)

The MI and CID mass spectra of (C;Hs),O"CHXCH; (Ila, X = CI; Ib, X = Br)
formed from the reaction of XYCHCH," + (C;Hs)0 - Y are given in Table 4.1. The
CIDI mass spectra of IIa and IIb are shown in Figure 4.6. The MI dissociations of ions Ia

and Ib are characterized by C:HsX, C;H,, and (C;Hs)20 losses.

X= a Br
(C:Hs)O'CHXCH; — CHj0" + GH:X 100 100 (23)
= CH;o0X" + CH. 2 3 (24)
— GH.X" + (CHskhO - 7 (25)

Unlike the M1 dissociations of X, which showed C;Ha loss as the major process, the
MI dissociations of II showed C:H,X loss as the dominant fragmentation. Even though
C;H. loss has approximately the same endothermicity as C:HX loss, its intensity was only
2-3% of that of C;H;X loss. The different intensities may indicate the different energy
barriers for the hydrogen shift, since the two processes involve a hydrogen shift from the

C,H,X group or the C,Hs group to the oxygen.



4.3.4.1 C;HsX loss

The dissociations of IJa and IIb are dominated by CoH3X loss, (reaction 23). The
CID mass spectrum of the product C.H;,0" ions (Figure 4.7) is identical to that of
protonated diethyl ether (CHsCH,),OH". The deuterium labelled ion (C>Ds);O*CH(CH)CH;
dissociated to (C:Ds);OH" + C:H;Cl without H/D exchange, which confirmed that this
reaction involves a hydrogen transfer from haloethyl to the diethyl ether; as shown in

Scheme 4.4,

H-CH,
1§ — (Csz)za-CHX — (GHs)OH" + CH:X

Scheme 4.4

Heck et al'" investigated the reactions between CHs*CHX and D;O by ICR-MS.
It was shown that the total population of the ions rapidly exchanges up to three hydrogen
atoms for deuterium atoms. It was proposed that the three chemically identical methyl
hydrogen atoms can be involved in the reaction with water. No fourth hydrogen atom
exchange was observed because the exchange of the a-hydrogen atom was enérgedcally
inaccessible. From this point of view, the proton in adduct Ila and IIb likely originated
from the methyl hydrogens in the CH,CHX" ion.

The major C;H:X loss from I indicates that the (C>Hs),0" - CHXCHa bond must

be weaker than the (C;Hs),0"-CH,CH,X and C;Hs0*(C;H.X)-CH>CH; bonds.



4.3.4.2 C;H. loss

Ethene loss, which is predominant in the dissociations of ion I, is only a minor
process in the dissociations of ion II. The jonic fragment C;H;00X", produced in reaction
24, is different from that produced in reaction 13. It is shown in Figure 4.7 that the major
fiagment i the former ion's CID mass spectra is C;H;0", comresponding to C2HsX loss.
The CaHoOX+ ions produced from C,H, loss from I, however, prefer lose C:Hs (Table
4.4). This result reveals that the C;H.X groups in the two C;H;00X" isomers (I - CoHs
and II - C;H,) are indeed completely different (Scheme 4.5) and so confirms that the

(C2Hs),0"C,H.X isomers (I and II) are in no way interconvertible.

-CoH,
I I
-CH,
axn — CHsO'H)CHX)CH; —>  H,0"CHs + C:H:X

CHO'H)CH,CH X ——  H:0'CH:CH:X + CoH.

Scheme 4.5

The C:H»X loss in the CID mass spectrum of CeHioOX™ (IT - C;F.) indicated that
* the X is still at the a-position, i.e. the jon is C;HsO"(H)CHXCHs. An ion-neutral complex,
[C;HsO(CHXCH,)H'***C;H,] (C2) could be involved in the dissociation of II via CoH,
loss.

The different behaviours of II and I shows that when X is on the_a-position (II),
it promoted the hydrogen transfer from the neighbouring methyl group (C;H:X loss) and
the hydrﬁgcn transfer from the ethyl group (C;H, loss) was less competitive. When X sits

at the B-position (I), the hydrogen transfer originated only from the ethyl group. A
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comparison of all the hydrogen transfers in I and II showed that the activity of hydrogen

decreases in the following series:

(CzH_;);OCHXCHz -H > XC2H40(C2H5)CH2CHg -H > (Csz)zOCI‘IzCI‘iX -H

(I M & (1) @M

4.3.4.3 (CoH;s),0 loss

The loss of (C2Hs),0 is a major fragmentation in the MI dissociadon of b, bur is
not observed in the MI mass spectrum of ITa (Table 4.1). The CID mass spectrum of the
daughter jon C;H.Br" confirmed its structure as CH;CHBr". Thus the dissociation is a
simple borid cleavage producing CH;CHBr™ + (C,Hs),O. This shows that there is no
hydrogen shift between the two carbons in the haloethyl group, and again the isomers I

and H are not interconvertible with each other.

43.5 Reaction of C;HsI™ + CICH,CH,OC;H;

The gas-phase diethylhalonium ions have been throughly studied.™ To search for
the possible formation of CH;CH,OCH,CH,X"CH,CH; (1), an ethoxy diethylhalonium
ion, we investigated the reaction between CH,CH,OCH,CH,Cl and CHsI". Unlike the |
system of C;HsOCH;s + CH.CIBr™, which showed no molecular adducts, the molecular
adduct ion of CICH.CH,OCH,CH3*C:HsI™ (A, m/z 264) was observed in the normal
mass spectrum of CHsI™ + CICHCH,OCHCH; (Figure 4.8). The MI and CID mass
spectra of A (Table 4.6) showed a major fragment CH,OCT" (Ma, m/z 137),
corresponding to I loss. The MI and CID mass spectra of Ila are given in Table 4.7, and

they showdyd the same fragments as Ia but with 2 differeat ratio of CH,0" / CiHioClO”
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(Table 4.1). Figure 4.9 shows the same structure of CaH;O'(H)CH:CH.Ql from Illa -
C:H, as produced from Ia - CoHs (Table 4.4). Two possible CsH,OCI* isomers could be

formed and may be interconvertable, as shown in Scheme 4.6.

e
~

A comﬁarison of deuterium labelled Illa and Ia is given in Table 4.8. which
showed that ion Ila from { CICHCH>OCH;CH; + CHyCDI™ (or CD;CH.I™) } - I'lost
more CH,CD;Cl (or CD3CH2C1) than CH,CH,Cl. The CID mass spectrum of metastably
generated ITa showed an even higher ratio of CiHyO*/C.H,0CIO". Furthermore the CIDI
mass spectrum of Ila (Figure 4.10) barely showed (C;Hs)20™, but only C,HsCI™. Those
results support the proposal that the structure of Ila is CH;CH,OCH,CH,ClI*CH.CH,.

Thus the adduct A produces ion IIla by I loss. Ton IIla dissociates competitively to

C>HsCl loss and C;H, loss.
CszI*' + CICH,CH.OC:H;s
v .
i i

[CH3CH;***O(C;Hs)CH,CH,Cl) [CH;CH,***CICH,CH,0C,H:;]

¥ i

Ia IIIa

' ' +
CGH;O'E)CH.Cl + CH, C:HsOCGH," + CHsQl

Scheme 4.6

4.3.6 Thermochemical evaluations
To thoroughly understand the dissociation processes of I, II and IIX a knowledge of

their energetics is needed, including the heats of formation of I, I, II, their fragmentation
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products, the energy barriers for both isomerization and dissociation, and also the energies
of the possible intermediates such as ion-neutral complex C,. All estimated heat of
formation values are summarized in Table 4.9 and the energetcs of configurations

involved in the dissociation processes are illustrated in Figure 4.11.

4.3.6.1 Heats of formation of I and Il
The heats of formation of I, I and III are not available from experiment. However
the heats of formation of onium ions can be obtained by estimation using the ethyl cation

affinity (ECA) of the molecules based on Eq. 1.

AHr
CHsOCH,CHX + GHs" — (GHs):0"CH,CHX (18)
Ia&Ib

ECA(C,HsOCH:CH:X)
= -AHr = AH*(C;Hs;OCH,CH,X) + AH(CHs") - AHP[(C:Hs):0'CH,CH:X]  Eq.1

The heat of formation of C;Hs" is readily obtained from Reference 7 to be 216
kcalmol™ and the heat of formation of C;HsOC;H.X can be obtained using the additivity
rule™,

CszOCHzCHzC! CszOCHzCHzBI‘ CszOCHCICH3

AH_P (kcalmol™) -66.6 -542 -73.6

The key step to get the heats of formation of Ia and Ib is to estimate the ECA

values. First we need to estimate the ECA of C;HsOC;Hs, and then find the correction

term for substitution of the B-halogen. It has been found that for some homologous



molecules the difference between the MCA (methyl cation affinity) ana the ECA is

approximately constant™ ', as shown below.

MCA ECA A =MCA -ECA (kcalmol™)
H,0 67 37 30
CH,;0H 83 50 33
C,HsOH 87 55 32
Average 3242

Thus it is reasonable 1o assume that the difference between MCA (C:HsOC:Hy)
and ECA (CH;sOC:Hy) is also about 32 kealmol™. The measured MCA of (CH;),0 was
92+5 kealmol™"”, which may be close to the MCA of (C;Hs)2O. Thus the ECA of diethyl
ether is estimated to be 92+5 -32 = 60£5 kcalmol™. The correction term for the presence
of the B-halogen is estimated from the differences between the proton affinity (PA) values

of C;HsOH (188 kcalmol™), CICH,CH,OH (184 kcalmol™) and BrCH.CH,OH (185
kecalmol™)'!l, The B-position effect of halogens is thus taken as 3 + 1 kealmol” and so the
ECA(C:HsOCH,CH,X) is taken as ECA(C;HsOC:Hs) - 3 = 57+5 kcalmol”. Thus from
Equation 1 the heats of formation of Ia and Ib are obtained to be 93 kcalmol” and 104
kealmot™!, respectively, with an uncertinty of +5 kcalmol™.

The heat of formation of I was estimated from the ECA of C;HsX (36 kcalmol™
for X = Cl and 38 kcalmol” for X = Br™). The estimated values are 114 kcalmol” and 123
kealmo!? for ITla and IMIb, respectively.

The heat of formation of II cannot be evaluated since the halogen effect at an a-

position (C;HsOCHXCHa) is not available.
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4.3.6.2 Heats of formation of the product ions

The heats of formation of GHsO'(H)CH.CH,X were estimated from PA
(C:HsOCHCHzX), which can be obtained from PA(CHs;OC:Hs) - 3 kecalmol® ( a
correction term for the halogen in the neutral ether). The results are given in Table 4.9.

The heat of formation of CHs;OCH.CH:"® was estimated by comparing
AHP(HOCHCHS) (139 kealmol™) and_AH° (HOCH.CH,") (165 kcalmol™). The stable
isomer is 26 kcalmol” lower in energy. By the same consideration it is resonable that
AH(C;H;O0CH,CH,") > AH® (C;HsO*CHCH;) + 26 kealmol™ = 125 kealmol*™ + 26

kcalmol™ = 151 kecalmol™.

4.3.6.3 The energy of intermediate C;

An ion-neutral complex [XCH,CH,O(C;Hs)H"***C;H,] (C,) has been proposed as
an intermediate in the dissociation of I via C;H, Ioss. The energy of C; could be estimated
through the stabilization cﬁcrgy (SE) in the complex. The SE values in some analogous
ion-neutral complexes have been calculated. For instance, the SE of [H;0"**C;H,] has
been calculated to be 215 kcalmol™™@ or 19.6 kcalmoI™™™ and the SE of
[CH3OH,"*+*C;Hg] to be 12 kcalmol*!*®,

The SE decrease from [H;0% s« C,H,) tc; [CH;OH,"***C;Hy] is expected smcc the
charge density decreases from H;O" to CH;OH," Consequendy the SE of
[XCH,CH,O(C;Hs)H"***C>H.,] should likely be less than 12 kcalmol”. We will assume an
SE of ca. 10 kealmol™, and so the energy of C; is estimated to be about 107 kealmol” and

118 kcalmol™ for X = Cl and Br, respectively.



4.3.6.4 Energetics of dissociations

It is known that metastable ions contain a narrow range of intemnal energies. In
other words, for dissociations detected in an MI spectrum, their energy requirements will
be similar (covering an energy range of ca < 10 kcalmol™). In the case of the Ml
dissociations of Ib the C;H, loss and (C:Hs),O loss are competitive, so both processes
may involve a similar energy barrier. Dissociation via (CaHs)2O loss has been shown to be
a direct O—C bond cleavage without isomerization. So the activation energy barrier could
be set above the product energies [AH® (C;HiBr") = 206 kcalmol® and AHP
(C2HsOC;Hs) = -60 kealmol™]. The KER value (Tos, 33 meV) for this process is a little
higher than a simple bond cleavage and so a small reverse barrier should be considered.
Thus the activation energy barrier is estimated to be > 206 - 60 - 116 (AH.° of Ib) = 30
kealmol™, ca. 32 kealmol”, which is the same as the activation -energy barrier for
dissociation via C;H; loss (Figure 4.11). Radom et al™®, calculated the energy of the
transition state for hydrogen transfer in CH;CH,OH,® followed by C;H; loss. The
transition state is 23 kealmol™ above C;HsOH,". In the case of (CyHs),0*CH,CH,X (I)
the difficulty for hydrogen transfer can arise for two reasons: the steric and the inductive
effects of the CH.X and C:Hs groups. By the same arguments the activation energy

barrier for Ia to dissociate via CoH, loss was also set 32 kealmol™ above Ia.
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4.4. Conclusion

The isomeric (C;Hs) O C;H.X ions (I and ) are not interconvertable. Only the
hydrogen in a methyl group will transfer to oxygen. The halogen substtuted at the B
position has a srong tendency to form a C-X bond with an ethyl group, however, in the o
position the halogen promotes O-CoH.X bond cleavage.The dissociation energy of the O-

C bond increases in the following series:

(CaH15),0™-CHXCH; < CHsO™(CH:X)-CHiCH; < (C:Hs)O*-CH:CH.X .
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Table 4.6 MI and CID mass spectra of the adduct ion
CH™ CICH.CH;OC,H;

Fragments MI CD
CICH,CH, O (H)CoHs + GHLI 33 37
CH;OCH CHCI'C;Hs +1 100 100
CHsI™ + CHsOCHCH( 14 34

Table 4.7 MI and CID' mass spectra of ITIa?

Fragments MI CID cm’®
CH;oCl0™+CoH, 100 (31) 100 67
CH,0+GH;sCl 79 (22) 80 100
GH.CTH{CHs»0 1 25 17
CzI-'IsO*+CszCl+CzI'I4 2 24 17

1. O, is the target gas with 90% transmittance of the mass selected ion.
2. KER values (Tos, meV) are shown in brackers.
3. Metastably generated Ila in 2ffr.
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GHO® CHCT CHC™  (GHY,0™

b. GH,0"
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Figure 42 CIDI mass spectra of (C,;Hy),0*CH,CH, X
a. X=0Ca
b. X=Br
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Figure 4.3 CID mass spectra of CH,O" ions

a (CH,),0'CH,CH,C! - GH,CI
b.  (CH.),0'CH,CHBr - CHBr
c. (CH,0),CHCH;" - CHO
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| T
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Figure 44 CID mass spectra of the fragments
from (C,H,),0"CH,CH,CI
a.  (CGH),0"CH,CHCI - CH, - CH,CI
b (GH),0'CH,CHCI - 2 GH,
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a. CH,CI”

CHCI

b. CH,Br™

Figure 4.6  CIDI mass spectra of (C,H,),0°CH(X)CH,
' a. X=04d
b. X=Br
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Figure 4.7 CID mass spectra of CH,,0" ions
a.  (GHy),O"CH(CHCH, - GH,Cl
b. (CH,),0"CH@®BnCH, - CH,Br
c. (CH,),0 + H"
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Chapter 5

C3;HgX™ Cations

5.1 Introduction

In Chapter 3 the C;H,X" isomers have been described in detail. Studies of the
analogous C3HeX" jons (X = Cl and Br) will be presented in this chapter.

The possible structures for GGHgX™ are given in Scheme 5.1. IV to VII are so-
called open halogen cations; IX is a four-membered cyclic halonium ion. Of special
interest is the effect of methyl substitution on the C,H,X" isomers. CH:"CXCH; (IV) and
CH;CH,"CHX (VIH) result from methyl substitution on CH;*CHX; CH,CHX'CH, (V)
and CH;"CHCH:X (VT) result from methyl substitution on XCH,CH,"; propenehalonium
ions (X) result from methyl substitution on the cyclic ethylenchalonium ions,
XCH,CH,CH," (V) and its cyclic isomer, the wimethylene halonium ions (IX) are also

| |
important, being analogous to XCH,CH,"* and CH, X* CH,.

CH,'CXCH, CH,CHX'CH. XCH."CHCH; XCH.CH;"CH;
Iv) V) (VD) (VID)
X
CH:CH;’CHX CH,— CHz CH;_ CH-CH3 CH,- CH:
(VIII) (IX) X) (XI)
Scheme 5.1

When substituted 1,3-dihalo-prop§nes were dissolved in superacid media,”" four
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-membered ring halonium ions IX were observed, based on the observaton of a 1,3-
halogen shift. The participation of the 1,3-shift decreased in the sequence I > Br > CL®!
According to theoretical calculations, the four-membered cyclic chloronium ion (IXb) is
~18 kcalmol™™ (or ~21 kcalmol'®) lower in energy than the open structured 3-chloro-
propenyl ion (VIIb). For bromo analogues, the cyclic structure is also ~20 kcalmol™ more
stable than the opened form,!

Lambert et al suggested that the possible intermediates in the electrophilic

*CH.X

/7 \
opening of cyclopropane attacked by X* also involve another bridged species, CHz-CH.
(XIb).! The 1-chloro-cyclopropanyl ion (XIb) was calculated to be 6 kcalmol” more
stable than the 3-chloro-propenyl ion (VIIb).”

Olah et aI™™ found that when 1,3-dihalo-propanes were treated with SbFs-SO- at -
78°C, the propenchalonium ion (X) was formed. Jon X could be formed through the
trimethylenehalonium ion (IX) but this latter was not observed as an intermediate. The
isomerization to X must therefore be fast. In addition, they found that 1,1-, 1,2- and 1,3-
dichloropropanes exhibited identical pmr spectra and behaviour when dissolved in SbFs-
SO.CIF solution.

cr
CH;CH,CHCl; or strsoqr / \
CH:;CHCCH,( or —» CH;CH,'CHCl «— CH;"CHCHR,Cl <> CH, CH-CH; (1)
ClCHzCHzCHzCl S
VIiIb Vb Xb
These observations suggest the formation of rapidly equilibradng ions VHIb, VIb

and Xb. The experiment also showed that the methyl hydrogens are not involved in any
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exchange with the other three hydrogens. Finally the authors suggested that the chlorine
atom, instead of stabilizing the charge by forming a ¢ bond, Xb, or via chlorine back
donation, VIIIb, destabilizes ion VIb by its inductive effect.

Hehre and Hiberty™ calculated the methyl substituent effects on CHyCHX" and
XCH,CH;* (X =F, Q) from the energies (E) of the isodesmic reactions (reaction 2) using

theoretical calculations at the STO-3G level.
C;I'W + CH; — sz + CHg (2)

The results showed that when the methyl group was substituted on the a-carbon
(charge site), i.e. CH;CHX" — CH;"CXCH; or XCH;CH," — XCH."CHCHj, the ion will
be stabilized by about 22 - 26 kcalmol™, however, when substituted on the B-carbon, i.c.
XCH,CH," = CH;CHXCH,*, the ion is only stabilized by about 6 kcalmol ™ (Table 5.1).

The gas phase C;HBr” isomers have been produced from ionized dibromopropane
molecular ions followed by Br loss."™ The heats of formation of CHy"CBrCH; (IVc)
and CH5"CHCH,Br (VIc) have been measured using an electron monochromator."” The
heat of formation of IVc is 178 kcalmol™ and that of Vc is 195 kcalmol™. This shows that
the ion with the Br on the a~position is more stable than that with Br on the B-position.
Compared to the heats of formation of C;H.Br" ions (Table 3.2), it can be seen that the
methyl group is a more effective stabilizer at the a-carbon of an acyclic isomer than at a

ring carbon of the cyclic isomer, as shownin Scheme 5.2.

CH,, -H
CH:;‘CHBI‘ ———l CH:‘CBI’CH;
(AH? =208 kcalmol™) (AH? = 178 kealmol™)
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Br* Br

/S N\ CH,,-H /7 N\
CH;- CHz BES— CH;- CHCH;
(AH° = 206 kcalmol™) (AH? = 195 kealmol™)
Scheme 5.2

Moreover, when methyl substitution is made on the ring carbon of the cyclic
/Br
structure, the calculated angle of C — C increased from 70.6° to 90.7°.* In the
/Cl
analogous chloronium ion, the angle of C — C increased from 69.6° to 86.8°." These
results indicate that the stabilization by the methyl group replaces the electron-donation of
the halogen.

Recently, Heck and Nibbering studied the bimolecular reactions of C;HeBr"
isomers by FT-ICR mass spectrometry. Three stable isomers IVe, IXc¢ and Xc were
identified."™ Isomer IVc reacted with substrate molecules predominandy via proton
transfer whereas isomer IXc predominantly reacted via adduct formation. Since the
C;HgBr" ion, produced from BrCH,CHBrCH," by Br’ loss, did not easily transfer a
proton to a suitable substrate, the structure Xe¢ was proposed for it.

The C3HBr" isomers will be further distinguished and the C;HsCl* isomers will be

characterized in this chapter.

5.2  Experimental
All metastable ion (MI), collision induced dissociation (CID) and neutralization
reionization (NR) mass spectra were performed with a VG-ZAB-3F mass spectrometer.

The conditions are same as described in Chapter 2. Collision induced dissociative
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ionizagon (CIDI) mass spectra were recorded using a potential of -1000 V on the ion
beam deflector electrode in the 2ffr; the ionization target was oxygen. The CID mass
spectra of the daughter ions were obtained by transmiting them to the 3ffr. where the
target gas was O, Appearance energies (AE) were measured using an clectron
monochromator.

To examine the reactions of C;HeX" ions with diethylether, appropriate
halogenated precursor molecules were admitted to the ion source such that the ratio of the
ether to the precursor was 1:1. The total ion source pressure was set at 2-4 x 10™° mbar,

The C;HeX" ions were produced by loss of Y from the ionized dihalo-propane
CHeXY"™ (X and Y = Cl and Br). The dihalo-propanes were commercially available.

Table 5.2 shows the formation of C;HeX" ions, the structures of which required further

examination.

5.3  Results and discussion

5.3.1 Unimolecular dissociations

The MI mass spectra of CGHeX"™ ions were dominated by HX loss ( GHeX" —
C:Hs" + HX). The metastable peak for this process was composite. The distribution of
released energies, n(T) vs the released energ;, T (meV) was obtained by the method
described in Reference 62. A representive plot of n(T) vs T (meV) from the metastable
peak of CH;C"CICH; is shown in Figure 5.1. The metastable peak components of C3HC1*
isomers were thus separated into a narrow peak with the KER value (Tos) ranging from 6
to 16 meV and a wide peak with Tos ranging from 79 to 225 meV. The results are given

in Table 5.3.
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A detailed CID mass spectrometric study of the C3Hs™ danghter jon was attempted
by tansmitting CsHs™ ions at the center (4260 ¢V) of the metastable peak from
CH,*CCICH; to the 3ffr, where the G;H;™ ions were collisionally activated by target gas.
The ratio of m/z 26 to myz 27 in the CID mass spectrum thus produced was close to 1.0.
It has been demonstrated™™! that at 2 translational energy of 4200 eV the ratio of m/z 26 10
m/z 27 is 2 and 0.67 for CH;"CCH, and CH,CHCHS,", respectively. Hence the ratio of 1.0
indicated that the MI dissociation process produced mainly the allyl cation. An attempt t0
separate the two isomers by ransmitting the C;Hs"™ ions at the edge (4306 eV) of the
metastable CH;*CCICH, peak to the 3ffr failed, because the ratio of m/z 26 to m/z 27 in
the CID mass spectrum remained close to 1.0. Possibly some of the C;Hs" ions transmitted
from the edge of the peak were collision induced in the 2ffr. Moreover, the components of
the metastable peak were not easily separable given the resolution of the mass
spectrometer.

Further study by increasing the collision gas pressure in the 2ffr showed that the
ratio of myz 26 to m/z 27 in the CID mass spectrum of the C;Hs* danghter ion did not
change, indicating that the two isomers of C;Hs" ions were produced with the same energy
barrier. The production of the allyl cation will give a higher kinetic energy release value
than the production of CH;CCH," since the heat of formation of CH,CHCH," is 226
kealmol P, being 5 kcalmol™ lower in energy than isomer CH;CCH,". Thus the broad
component, which is also the greater component in the MI composite peaks of C3HeCl"
isomers likely arises from the allyl cation. The cogeneration of CHyCCH," with

CH,CHCH,* resulted in the observed composite metastable peak but with CH:C'CH,
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giving rise to the small, narrow component. Moreover the dissociation energy barrier for
CH;CCI*CH, ions to dissociate to C;Hs™ via HCI loss was estimated to be above 209
kealmol! [AHO(CH;CCH.") + AHPEHCH = 231 - 22 = 209 kcalmol"). The other
C;H(CI" isomers also showed a product mixture of C:Hs” isormers (Table 5.4) and similar
kinetic release energy (Tos) values in their MI mass spectra (Table 5.3), indicating they
have a similar dissociation energy barrier for HCl loss.

The CID mass spectra of the CiHgX" ions are still dominated by the HX loss
(Tables 5.5 and 5.6), which is the dissociation of lowest energy requirement. The next
fragmentation process is C;Ha loss, which requires 38 kealmol” (X = CI) or 20 kecaimol™

(X = Br) more energy than HX loss.

E 1 ] l . u | 1.1]
X= a Br

CGHeX" - CGHs* + HX 204 217 3

C:HeX' - CHX" + GCH, 242 236.5 4

5.3.1.1 The C:HsCl" isomers

The CID mass spectrum of CH,*CCICH; is distinguishable from the other C;HeCl™
jons by the production of C;Hg™ (Table 5.5), indicating an easy hydrogen shift from a
methyl group to the center carbon. In radical ions hydrogen tends to act as an
eiectrophile." The center carbon atom may have some electron density which could be
obtained by electron-donation from the halogen atom. A mechanism is shown in Scheme

5.3.
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CHg CH3 CH3 CHJ
\ . / \ / 12 H - shift
(I: +—p I(I: ——— [ (.71'13(1.1'1(."1'12+ ] —» CH;CH=CH," + X’
X X X
Scheme 5.3

The ions of formal structure CH;'CHCH,Cl (VIb), CH;CH;"CHCI (VHIb) and
CICH.CH,CH," (VIIb) are indistinguishable (Table 5.5). A more detailed CID mass
spectrometric study on the region of GHX™ to C;H;X™ (Figure 5.2) also failed to clearly
distinguish these isomers. This indicates that the hydrogen atoms may be able to transfer
freely between carbons.

VIb is approximately 20 kcalmol™ lower in energy than VIIb, analogous to that of
CH;"CHCH; (AH® = 191 kcalmol™) and CHyCH,CH," (AH° = 211 kcalmol™). VIXIb
may be similar in energy to VIb, but the latter can also form a more stable isomer Xb
involving a Cl bridge. Thus a sequence of hydrogen shifts may be proposed, as shown in
Scheme 5.4. The esumation of the heats of formation of these isomers will be discussed

later.

12-H 12-H
CH,CH;"CHCl ———» CHy'CHCH:O1 «—— CICH.CH.CH,'
(VIIIb) (VIb) (VIIb)

|

cr

/7 \
CH,CH-CH:

(Xb)

Scheme 5.4
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As the CID mass spectrum of VIIb was identical with that of VIb and VIIIb, the
four-membered isomer IXb could not be identified by CID mass spectrometry.

The NR mass spectrum of CH;"CCICH; (Figure 5.3) showed an intense recovery
signal of C;H¢CI", indicating that stable neutral C3HsCl' survived the neutralization
process. Moreover, the NR mass spectrum of CH;"CCICH; is generally similar to its CID
mass spectrum, indicating no geometric change in the neutralization process. The
observed CI* and HCI™ in the NR mass spectrum of CH;*CCICH; likely results from the
collision induced dissociation of CH;*CCICH; accompanying the neutralization process
with dimethylamine (DMA), as shown by reaction 4. The dissociations of CH;*CCICH;
via (1 and HCI losses are reactions of low energy requirement, the latter producing the
pase peak in the CID mass spectrum. The dissociation of neutral CH;C