


LILTHRIEL DR

1293 01571 1595

This is to certify that the

dissertation entitled

Mechanisms of Ion Formation and Fragmentation by
Fast Atom Bombardment and Matrix Assisted Laser

Desorption Ionization Mass Spectrometry
presented by

Gabriella Szekely

has been accepted towards fulfillment
of the requirements for

Ph.D. Chemistry

degree in

/@y L. L b

Major professor

Date_ April 28, 1997

MSU is an Affirmative Action’Equal Opportunity Institution 0-12T"



LIBRARY
Michigan State
University

PLACE IN RETURN BOX to remove this checkout from your record.
TO AVOID FINES retum on or before date due.

DA UE ATE DUE DATE DUE

AUG 2 4 2002

i

T

=
EE
— |

MSU Is An Affirmative Action/Equal Oppommny Institution
cAcirc\datedus.

om3-p. 1



MECHANISMS OF ION FORMATION AND FRAGMENTATION
BY FAST-ATOM BOMBARDMENT AND MATRIX-ASSISTED LASER
DESORPTION IONIZATION MASS SPECTROMETRY

By

Gabriella Székely

A DISSERTATION
Submitted to
Michigan State University
in partial fulfillment of the requirements

for the degree of

DOCTOR OF PHILOSOPHY

Department of Chemistry

1997



ABSTRACT

MECHANISMS OF ION FORMATION AND FRAGMENTATION BY FAST-
ATOM BOMBARDMENT AND MATRIX-ASSISTED LASER DESORPTION
IONIZATION MASS SPECTROMETRY

By

Gabriella Székely

The evaporation in vacuo of the matrices and the particle-induced
desorption of matrix molecules in fast-atom bombardment (FAB) contribute
to a proposed high pressure region above the matrix known as the selvedge
region. If the neutral number density is sufficiently high, ions formed upon
bombardment may undergo collisions with molecules, yielding matrix-
related cluster ions and, in cases when the analyte is desorbed in neutral
form, protonated and deprotonated analyte molecules. Similarities with the
chemical ionization (CI) experiment have been pointed out previously and
are further developed here. If FAB is similar to CI, then the response depends
on the structures of the reagent ions that react with gas phase analyte
molecules. The time dependence of the positive and negative ion FAB
spectra were considered to attempt to identify the reagent ions of FAB. A
model is suggested for the FAB ion source which evaluates similarities to a CI
source, as well as spatial aspects that are unique to desorption/ionization

techniques.

The formation and fragmentation mechanisms of negative (even

electron) ions formed by fast-atom bombardment were elucidated in the case



of cardiac glycosides as model compounds. Our studies strongly support a gas-
phase ionization mechanism for these compounds. Deuterium exchange
experiments and linked scan studies suggest that there is a distribution of
deprotonated quasi-molecular ions, [A-H]", meaning that the analyte
molecule can be deprotonated at various sites. The fragmentation pattern
was found to be in good agreement with the negative OH/CI spectra reported
in the literature. The observed fragmentation pattern is characteristic of the
structure of the molecule and provides complete sequence information for
the glycosidic linkages. A comparison of the spectra of isomeric compounds
such as digoxin and gitoxin also reveals that the negative ion FAB spectrum
contains unique characteristics, thus the two isomers can be distinguished
based on their FAB spectra. The formation of the various fragment ions 1s

explained by charge-induced as well as remote-site processes.

The mechanism of activation in matrix-assisted laser desorption
ionization (MALDI) post-source decay (PSD) has been investigated using
glycoalkaloids as model compounds. The high- and low-energy collisional
activation spectra for these compounds have been previously reported, and
they are considerably different. The MALDI-PSD spectra for these compounds
are remarkably similar to the low energy collisional activation spectra,
suggesting low-energy activation in the laser desorbed plume. Calculations
on the energetics and the probabilities of collisional events in the MALDI
source have been performed and the results are consistent with low-energy

collisional activation for MALDI-PSD.
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CHAPTER ONE. INTRODUCTION

Overview of the Ionization Methods and Analytical Capabilities of Mass
Spectrometry

"We are coming to expect more and more of [mass spectrometry] and
our demands seem to be satisfied... The big invasion into everyday chemistry
came when fairly complex mixtures could be analyzed... Analysis of solid
samples, or of high molecular weight compounds is now moving into the
forefront.” "The progress towards the satisfaction of more and more exacting
technical demands is perhaps one of the major themes of the present
conference and it is clear ... that [mass spectrometry] is still rapidly on the
move.” "But ... the accurate and detailed analyses which mass spectrometry
provides are showing us that the things going inm our own fields are often
very much more complicated than we thought they were.” (Cyril
Hinshelwood, First International Mass Spectrometry Conference, London
1958.)

The above statements, which sound contemporaneous, are in fact to be
found in the opening remarks of Cyril Hinshelwood at the first International
Mass Spectrometry Conference, held in London in 1958. How true these same
comments are today.

The first mass spectrometers were developed by J. J. Thompson around
the turn of the century, but the technique was not applied extensively to the
field of chemistry due to the lack of suitable vacuum systems which became
available several decades later. At that time, mass spectrometry was
principally used for the determination of exact masses and relative
abundances of the elements and their isotopes [1, 2]. In the 1940s and 1950s,
characterization of the mixtures encountered during petroleum refining
launched the applications of mass spectrometry to organic compound

identification. At the time of the first international conference, in 1958, mass



spectrometers had provided access to several rich veins of fundamental
chemistry: prominent among them was the question of how dissociation of
polyatomic ions occurs [3-6]. The relationship between the structure of a
compound and its mass spectrum is still a lively subject today. The
development of new mass analyzers and ionization techniques has resulted
in the application of mass spectrometry to such diverse fields as biochemistry,
medicine, and surface science. Thus, in 1997, the scientifically and
economically most important driving force for mass spectrometry is provided
by biotechnology. Today, mass spectrometry is recognized as a powerful tool
for the analysis of organic and inorganic compounds. It is one of the most
widely used methods of chemical analysis that is still expanding in scope as
the limits of mass range, sensitivity and resolving power continued to be
challenged by researchers. An overview of mass spectrometry sources for
molecular studies is presented in Table 1.1.

Ionization of the sample has often hindered the utility of mass
spectrometry in the past. In the early days, electron ionization (EI) was the
only ionization method available. Chemical ionization (CI) [7] and field
ionization (FI) [8] were the other two reliable ionization techniques prior to
1970s. All of these methods require thermal evaporation of the analyte,
thereby limiting mass spectrometry to the analysis of low molecular weight
and thermally stable compounds.

The extension of mass spectrometry for the identification and
structural determination of large, biologically active compounds became
possible with the development of desorption/ionization (D/I) techniques
which are capable of producing ions directly from the condensed phase.

Field Desorption (FD) [9] was the first D/I technique amenable for the
analysis of polar, high molecular weight (M.W.), thermally labile analytes.



From the end of a direct insertion probe (DIP), intact ionized analyte
molecules and a few fragment ions are generated from thermally heating a
microneedle-containing pyrolytic carbon emitter, on which a solid or liquid
analyte resides, in the presence of a very high electric field.

In the late 1970s, particle bombardment techniques, such as plasma
desorption (PD) [10] laser desorption (LD) [11], and secondary ion mass
spectrometry (SIMS) [12] were developed as alternatives to FD.

In 1981, the advent of the D/I technique, fast-atom-bombardment
(FAB) [13] changed mass spectrometry forever, because, for the first time
fragile, high M.W., highly functionalized compounds could be analyzed
routinely. In FAB a low intensity beam of keV Xe or Ar atoms impinges on
the end of a DIP target, which is a nmolar solution of the analyte in a liquid
matrix, most often glycerol, deposited on a stainless steel probe. These
particle bombardment techniques are most appropriate for the analysis of
molecules up to 10,000 Da.

Most recently, electrospray ionization (ESI) [14] and matrix assisted laser
desorption ionization (MALDI) [15] have emerged as important ionization
methods that are particularly well-suited for the characterization of high-
mass compounds. Analysis of synthetic polymers with average molecular
masses as high as ~ 400,000 Da became possible with MALDI [16]. Here, the
solid analyte/matrix is routinely prepared by dissolving picomole amounts of
analytes in a solution saturated in low M.W. UV-absorbing organic matrix
molecules, and a portion of this solution is deposited and dried on a DIP
target.



[Table 1.1 Mass Spectrometry Sources for Molecular Studies. The dates
correspond to the first sustained use.

Electron ionization (EI). 1920. Samples are introduced into the ion source as a gas
where they are ionized by energetic electrons. Use is limited to volatile and thermally
stable compounds. Extensive fragmentation is observed, thus molecular weight information is
sometimes hard to obtain.

Chemical ionization (CI). 1965. The source is held at a relatively high pressure of 1
torr. Under such condition a reagent gas e.g. methane can yield CHs*, which ionizes gas-
phase sample molecules by exothermic proton transfer to form [M+H]*. "Soft" ionization,
provides molecular weight information.

Field desorption (FD). 1969. Samples are placed on microdendrites, usually carbon

grown on a fine metal wire. Ions are desorbed by the combined action of heat and very high
fields present in the source. Commercial sources are available, but the technique has a
reputation for erratic performance, and ion currents are transient and not intense.

Plasma desorption (PD). 1974. Samples are szuspported on a thin foil and energized by
the passage of high-energy fission fragments from 252Cf, or ions from a particle accelerator.
Mass analysis is normally performed on time-of-flight (TOF) instruments. No commercial
source available.

Secondary ion mass spectrometry (SIMS). 1977. Samples, usually in solid form but
often mixed with a solid matrix, are energized by ions of keV energy. Low fluxes of ions are
used for molecular SIMS and high fluxes for inorganic analysis and depth profiling.

Electrohydrodynamic ionization (EHMS). 1978. Samples are dissolved in glycerol
containing an electrolyte. Desorption takes place directly from solution under the influence of
high fields.

Laser desorption (LD). 1978. Samples are prepared in various ways since both reflection
and transmission experiments are performed. Applications in inorganic analysis predated the
first organic studies in the late 1960's. High tendency toward thermal degradation. Mass
analysis on TOF instruments.

Thermal desorption (TD). 1979. Samples are introduced on a direct insertion probe.
Heating of the probe tip desorbs ion and neutrals: no ionization filament is used.

Fast atom bombardment (FAB). 1981. Samples, usually in solution (often glycerol),
are energized by atoms of keV energy. Fluxes are higher than in SIMS.

Thermospray (Electrospray) ionization (ES). 1985. Analysis of liquid samples
takes place by spraying them into high electric field. Multiply charged ions are produced.

Matrix assisted laser desorption (MALD). 1991. Samples are prepared by co-
crystallization of the analyte (high molecular weight biologically active compounds) with a
small M.W. UV absorbing organic matrix. Ionization by UV laser. Mass analysis by TOF
instruments.




Electrospray ionization (ESI) have enabled the direct introduction of
trace amounts of analytes in their native aqueous media by flow injection or
from a liquid chromatography (LC) or capillary electrophoresis (CE)
separation experiment for mass spectral analysis. In this technique, small
highly charged droplets of the analyte solution are sprayed into a high electric
field. As the droplets evaporate, their surface charge density increases until
the Rayleigh limit is reached, and, at this point, a coulomb explosion occurs to
produce an array of smaller charged droplets. Eventually, when solvents are
fully evaporated, a distribution of multiply protonated analyte molecules
emerges. Determination of the m/z values and the charged states enables the
calculation of the molecular weight. The molecular weight limit of this

technique is 100,000 Da.

The Objectives and Organization of the Dissertation

The power of mass spectrometry for analytical applications is the ability
to provide molecular weight and structural information about the analyte
through the interpretation of its mass spectrum. The correct interpretation of
the mass spectra requires the knowledge of the ion formation and
fragmentation mechanisms specific for the analyte under consideration.
General interpretation rules and fragmentation mechanisms for mass
spectrometry were developed in detail by analyzing small volatile molecules,
containing no more than two functional groups, with EI and CI. This was
possible because the ion formation and fragmentation mechanisms were well
understood for both techniques. However, using the D/I techniques, FAB or
MALD]J, to elucidate the structure of polar, highly functionalized, higher



molecular weight molecules is not always straightforward because the
ionization and fragmentation mechanisms are not known with the same
certainty as in EI. Unfortunately, in FAB and MALDI the ion formation
mechanisms are highly complex and even if some of their aspects are known,
the structure of the (quasi)molecular ion cannot be determined
unambiguously because of the high functionality of the analyte molecules.
The many ionizable groups and the three dimensional structures that are
capable of folding make the fragmentation mechanisms more complex to
elucidate. The main objective of this dissertation is to study the fundamental
aspects of the D/I techniques FAB and MALDI, with the goal of trying to
improve the understanding of the ion formation and dissociation
mechanisms for biologically active molecules in order to further improve the
interpretation process.

Chapter two will discuss the instrumentation of the FAB experiment,
introducing the reader to fundamental mass spectrometry principles: tandem
mass spectrometry (MS/MS) scanning techniques, collisionally activated
dissociation (CAD), and high resolution mass spectrometry. At the end of
this Chapter the theories of the ion formation in FAB are summarized. In
the published paper in Appendix One the results of my research considering
the chemical aspects of the ion formation in FAB are presented. Chapter
three evaluates and/or elucidates the fragmentation of organic negative ions
formed by FAB. Chapter four describes the instrumentation involved in the
MALDI experiment. Chapter five summarizes the results of research
regarding the mechanisms of ion formation and fragmentation in

MALDI/MS.
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CHAPTER TWO. THEORY AND METHODS
Introduction to Fast Atom Bombardment Mass Spectrometry

In the past twenty years a number of new desorption/ionization (D/I)
methods for the aﬁalysis of large, often thermally labile molecules have been |
developed. Of these techniques, Fast Atom Bombardment (FAB) has become
the most widely used. In FAB, the primary beam is composed of fast xenon,
argon, or neon atoms with kinetic energies in the kiloelectron volt range.
While solid samples may be analyzed directly by this method, it was found
that the analyte solutions prepared in viscous solvents with low vapor
pressures would generate signal for several hours when bombarded [1). It was
soon recognized that the viscous liquid matrix was the key parameter in FAB,
and the charge on the particles in the primary beam had no effect on the
desorption/ionization process [2]. Ion beams can be focused more than
neutral beams therefore ionization efficiencies are slightly higher and lower
detection limits can be achieved with liquid secondary ion mass spectrometry
(LSIMS). The kinetic energy of the primary beam typically ranges from 2-8
keV. Solid samples are dissolved in a solvent which is miscible with the
viscous matrix material. Most commonly used FAB matrices are glycerol,
thioglycerol, diethanolamine, triethanolamine and nitrobenzyl alcohol.
Aliquots of the sample solution are mixed with the matrix prior or after
deposition on the end of the direct insertion probe. The volatile solvent is
removed under reduced pressure in either the inlet port of the mass
spectrometer or a separate vacuum apparatus. The FAB sample is inserted

into the mass spectrometer and bombarded with the primary beam.
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Secondary ions which are generated during this process are focused by a series
of electrostatic lens elements, then accelerated out of the source and allowed
to pass through the mass analyzer where they are filtered and detected.

The FAB technique has been applied to the analysis of a wide variety of
inorganic, organic, and biologically important compounds. It is particularly
well suited to the characterization of compounds up to 5,000 or 6,000 Da. FAB
mass spectra frequently contain information about the molecular weight of
the analyte in addition to structurally informative ions. The extent of
fragmentation is small relative to EI, therefore the technique is considered to
be "soft". Unfortunately, the chemical noise produced by the matrix and any
impurities that are present in the FAB sample can obscure the analyte
spectrum. Signals persist long enough for high resolution and tandem mass
spectrometry (MS/MS) experiments to be completed.

INSTRUMENTATION

EAB Gun

The FAB gun used in this research was manufactured by JEOL
(Peabody, MA). Its operation is based on a charge exchange process [3] to
produce a beam of xenon atoms with 6 keV of kinetic energy. Initially,
primary xenon ions (Xe*:) are generated in the ionization chamber. Xenon
gas is introduced into the chamber which contains a rhenium filament
(cathode) and a cylindrical wire mesh anode. Electrons are thermionically
emitted from the cathode when current of 5-30 mA is passed through the
rhenium wire. In this research the emission current was usually set to 5 mA.

A potential difference of 200 V is set between the cathode and the anode, so
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that the electrons are accelerated toward the wire mesh. Xenon atoms are
ionized in the region near the wire mesh by the electron impact. The Xe*-
ions are extracted out of the ionization chamber and accelerated to 3 keV of
kinetic energy. The ion beam is shaped and focused, before it is directed into
the gas chamber which is pressurized with unionized xenon gas. Xe*- ions
passing through the gas chamber are accelerated to a final kinetic energy of 6
keV as they pass through the exit nozzle. In the gas chamber they undergo
charge exchange reactions with the neutral xenon gas. The neutralized
particles experience an insignificant change in kinetic energy and direction of
travel during the charge exchange process. The beam that emerges from the
exit nozzle is composed of fast ions and fast atoms, but the ions are deflected
by the potential applied to the mass spectrometer ion source, and only the fast
atoms hit the sample. A diagram of the JEOL FAB gun is shown in Figure 2.1.

Mass Spectrometer

All experiments for this research were performed on a JEOL HX-110
(Peabody, MA) double-focusing mass spectrometer of EB configuration (Nier-
Johnson or forward geometry). The instrument is composed of an ion source,
a mass analyzer, and a detector. Slits and quadrupole lenses are located
between the major components to adjust the shape of the ion beam. A brief
description of each component will be given here. Figure 2.2 shows the
schematic diagram of the HX-110 mass spectrometer.

The FAB gun is mounted at an angle to the ion source of the mass
spectrometer so that the beam of fast xenon atoms enters the ion volume and
strikes the sample holder at an angle of 60-70°, to obtain maximum signal

level. The FAB sample is introduced directly into the ion source via a direct
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insertion probe. Secondary ions are generated from the FAB sample during
the bombardment process. A repeller plate deflects the secondary ions away

from
Xe(g) + e —PB Xet + 2¢
Ionization chamber \
Wire mesh anode
Rhenium filament (cathode)

Extraction lens —

Focus lens —_— \

X-Y deflector ~

Exit nozzle

4—— Gas chamber

6 keV Xe atoms \ Xe (g) + Xet: (fas) —
Xe* (slow) + Xe(fast)
o 4 FAB Sample

Figure 2.1  Schematic diagram of a JEOL charge exchange fast atom
bombardment gun.
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the insertion probe and out of the ion volume through the exit slit. The ions

Beta slit
Quadrupole lens
/ Magnetic sector
| oo

Electric sector

Collector slit

Ion source

Figure 2.2  Schematic diagram of a JEOL HX-110 double focusing
mass spectrometer.

are focused into a beam by a series of electrostatic lens elements, then
accelerated to 10 keV of kinetic energy. The ions pass through the main slit
which determines the horizontal dimension of the beam and, in conjunction
with the collector slit the resolution of the mass spectrometer. In theory, all
the ions emanating from the source have the same kinetic energy, but the
velocity of each ion will be inversely proportional to the square root of the

mass, according to the equation:
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K. E.:zevm=;—m vZor v =1/%

where K. E. is the kinetic energy of the ion, z is the charge number, ¢ is the
elementary unit of charge, V. is the accelerating voltage, m is the mass, and
v is the velocity.

Before entering the electrostatic analyzer, the ion beam is focused in
the horizontal and vertical directions by a quadrupole lens, and the angular
divergence of the beam is defined by the a slit. The electrostatic analyzer in
the JEOL HX-110 consists of a positive and a negative cylindrical electrode
aligned on coaxial circles. During routine operation, the potential difference
between the two electrodes is held constant, creating a fixed electric field, E,
that is linked to the accelerating voltage (10 keV). Ions traveling through the

electrostatic field take a circular path of radius r according to the equation:

2
_mvo
Ee= 7

The radius also depends on the kinetic energy of the ions as follows:

zeV,m.:%mv2

2zeV,,cc_ m 02 _ _szacc
7 = Ee then r =—F

The diverging ion beam is spatially focused by the electrostatic analyzer at the

B slit, located between the electric sector and the magnetic sector. In this
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configuration, the electrostatic analyzer does not separate the ions according
to their m/z ratios.

The B slit defines the energy spread of the ions entering the magnetic
sector, while a second quadrupole lens is used to maintain the shape of the
beam. As the ions pass through the magnetic sector analyzer, the force
exerted by the magnetic field causes the ions to change direction and follow a
circular trajectory that is perpendicular to the direction of the field, according

to the relationship:

where R is the radius of the ion trajectory through the magnetic sector, and B
is the magnetic field strength. For a given field strength B, ions with different
momenta (mv) will follow paths of different radii. In the HX-110, the value
of R is fixed and B is scanned or varied, so that ions of different momenta are
focused at the collector slit as a function of time. Dispersion of the ions by the
magnetic sector analyzer can be related to the mass-to-charge ratio using the

equations for the kinetic energy and the radius of travel:

ze sz%m v?

mo
R= —— D=
Bze or m 2
then
2zeV R?B%222¢2 or m_=eRZB2
m m 2 z 2V .
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Thus, at constant accelerating voltage and a fixed value of R, ions with
different m/z values will pass through the collector slit sequentially as the
magnetic field strength is scanned over a short period of time.

Detector

The detector consists of two parts: the post acceleration detector and the
single channel electron multiplier. The post acceleration detector in the JEOL
HX-110 is located slightly off axis to the ion beam. A potential of +20 kV is
applied to this component in the negative ion mode. In case of positive ion
mode, the applied potential is - 6 kV. Sample ions are accelerated toward the
post acceleration detector, where they strike the surface and cause the ejection
of secondary electrons and positive ions. The positive ions are accelerated
toward the entrance of the electron multiplier, in which the cathode is
maintained at a negative potential and the anode is at ground. Secondary
electrons are emitted from the surface of the multiplier and accelerated into
the channel where they strike the surface of the multiplier and cause the
release of additional secondary electrons. The signal is amplified in this

manner. Typical gains for a single channel electron multiplier are 104 to 10°.

Tandem Mass Spectrometry (MS/MS) and Collision-Activated
Dissociation (CAD)

Until now, the mass analyzer discussion above has only considered
scanning a single mass analyzer to separate, as a function of mass, the ions
formed in the ion source volume. However, from the standpoint of stability

there are three major types of ions produced in the source: (a) those that are
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stable for about 100 psec or longer thus reach the detector intact, (b) those that
decompose immediately (less than 107 sec) after formation and are detected
as fragment ions, and (c) those that decompose in 1 to 10 psec after ion
formation. This classification is based on a time scale defined by the
instrumental parameters, the mechanics of ion acceleration and analysis by
the mass spectrometer. The ions in the first group are called stable ions, those
in the second group are described as unstable ions. Those in the third group,
called metastable ions, are accelerated out of the ion source as one species
(precursor ion) but decompose into another species (fragment ion) before
reaching the magnetic field. The fragmentation pattern (stable or metastable)
observed in the mass spectrum facilitates the structural analysis of the
compound under investigation. Tandem mass spectrometry
instrumentation is necessary for observing the fragmentation of intact
ionized analyte molecules by inducing their decomposition, or for detection
of fragment ions that are formed after their precursor ion has been
accelerated. Instrumentally, true tandem mass spectrometry (MS/MS)
involves interfacing two mass analyzers on either side of a field-free region
that contains a collision cell for the activation technique called collisionally
activated dissociation (CAD). To facilitate interpretation of a given mass
spectrum, ions of any given mass to charge ratio can be selected by the first
mass spectrometer as precursor ions for CAD. The precursor ions are directed
to the collision cell, where their decomposition is induced by collisional
activation using an inert gas, and a second mass spectrometer analyzes the
fragment ions. In the case of FAB, CAD also provides a possibility to
eliminate part of the chemical noise due to the application of the liquid
matrix. Furthermore, in the case of mixture analysis the product-ion scan of

each component coupled with CAD will yield structural information for each
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individual component. Under special operating conditions a double focusing
mass spectrometer can be used to detect metastable decomposition products
and products of collisional activation, thus no second mass spectrometer is
necessary. The operational mode is referred to as linked scan. There are two
possible linked scan operations on the double focusing instruments with
forward geometry, such as the JEOL HX-110. For each of these scans the,
accelerating voltage, Vg, is held constant, while the electric and magnetic
fields are "linked scanned" keeping either the ratio of B/E or B2/E constant.
(For double focusing mass spectrometers with reverse geometry, there is one
additional mode of linked scanning, keeping B2E constant.) Let m* represent
an ion formed upon fast atom bombardment inside the ion source before
acceleration, and consider the following fragmentation reactions producing

fragment ions m;* and mz* and neutral species nj and n3:

ml"' + nl

+/ \

» m?t +n,

Thus, a portion of the my* fragment ions are formed by a secondary
fragmentation process from mi*. Since all of these ions are produced before
acceleration, they all are transmitted through the electric sector, held at a
constant potential of Eo. In the normal operational mode, these ions are
mass-dispersed in the magnetic sector and individually focused on the
detector during the scanning of B. Thus, all of these ions would appear in the
normal mass spectrum. However, if m* decomposes after acceleration, in a
metastable process, to form m2* and n; in the first field free region, between

the ion source and the electric sector, the fragment ion my* will most likely be
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filtered out in the electric sector, since its kinetic energy is going to be less
than that of the parent ion, because its mass is less than that of m* while their
velocities are the same. To sample these ions from metastable transitions on
an EB instrument, a product ion scan can be performed by a linked scan at
constant B/E, in which both E and B are scanned simultaneously, under
computer control, holding the ratio of the two fields constant. In this scan
type only ions of predetermined m/z values are transmitted. These are the
precursor or parent ions whose fragment-ion spectrum is required. The slope
of the linked-scan line can be calculated from the B/E ratio for m+, where E is
the potential at full accelerating voltage at which m* is transmitted through
E, and B is the magnetic field strength required to detect this ion. Since ma*
has lower kinetic energy than m+*, the electric potential is lowered from E to a
value E3, in order to let this fragment ion pass through the electric sector.
Likewise, the fragment ion has a lower momentum than the parent ion, but
their velocities are the same, so B has to be lowered to B2 so that ma* can be

detected.

E =mv2/R and E2 = myv2/R,so E/Ep =m/m2 => E;=myE/m

B=mv/rand B =myv/r,soB/B=m/my => B;=m3B/m

B/E ratio = constant

Essentially, since the precursor ion and its fragments have the same velocity,
keeping the B/E ratio constant while scanning, makes it possible to select the
ions with the same velocity. (The electric sector is a kinetic energy filter,
selecting ions with the same kinetic energy (KE = 1/2 mv2. While the

magnetic sector is a momentum filter, selecting ions with the same
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momentum, mv. Thus, when B/E is constant, B/E = constant = 2mv/mv2 ~
1/v)
A linked scan at constant B/E can be done on fragment ions, such as m;+ as
well.

For the precursor ion scan on an EB instrument, a fragment ion, such
as ma* is user selected from the normal mass spectrum and a linked scan at
constant B2/E is performed to identify the various precursor ions of my*.

Besides the product ion and precursor ion spectra described above, a
third type of spectrum can also be generated. This spectrum type is called
constant neutral loss spectrum. In this spectrum, for the example used, all
m* ions that decompose to give an ma* ion by the loss of a specified n; will be
represented. This linked-scan is performed by keeping B/E constant.

In order to produce good quality linked scan spectra the resolution for
the parent ion selection has to be at least unit mass, otherwise a number of
analyte isotopic peaks and possibly peaks from interfering analytes will also be
selected.

High Resolution Mass Spectrometry - Peak Matching

There are at least three levels of resolution in mass spectrometry. Low
resolution usually means unit resolution in the mass range of interest. In
case of unit resolution two adjacent peaks in a mass spectrum are resolved
sufficiently that the overlap between them is less that 10 to 20 % of their
height. (10 % - 20 % valley definition). Numerical expression of the
resolution can be obtained from the ratio of m/Am , where m and m + Am
are the m/z values of two adjacent peaks. Medium resolution implies a

resolving power of 2,000 to 10,000 (Am = 0.010 m/z unit). For high resolution
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m/Am is at least 10,000 or greater. Double focusing instruments, such as the
JEOL HX-110 are designed to provide high resolution.

High resolution is essential for the determination of the elemental
composition of ions. The technique called peak-matching is used to calculate
exact masses. It involves the careful comparison of the two values of
accelerating potentials that must be alternatively applied to the ion source to
make two different ions (one of them with unknown, the other is with
known mass to charge ratio value) to reach the detector at the same time.
The reference ion should have an m/z value within 10% range of the
unknown ion mass. Whichever ion has the lower mass is focused on the
detector by adjusting the magnetic field at full accelerating voltage. Then the
magnetic field is kept constant (thus the rotation radius of the two ions has to
be the same) as the ion of higher mass is focused on the detector by decreasing
the accelerating voltage through a high-precision voltage divider. (Since in a
double focusing instrument the ratio between the acceleration voltage and
the electric field potential is fixed, the electric field is also changed.) The ratio
of the voltages necessary to bring the two ions alternatively into focus at the
detector is directly proportional to the mass ratio of the unknown and the

reference ion.

Theories of Ion Formation in FAB

Since the invention of the highly successful desorption/ionization
methods the elucidation of the mechanism of the D/I process has been the
subject of great attention. That the deposition of a large energy in a very
small volume should result in the desorption of some intact (ionized)

molecules is quite surprising, in particular since the molecules may be both
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large and thermally labile. However, there is no widespread agreement in the
literature with regard to the D/I mechanism. The most striking feature of D/I
is that similar spectra are produced by ion impact, fission particle impact, laser
irradiation, and other methods of energization of the sample [4, 5]. These
similarities are explicable on the basis of a few dominant mechanisms for ion
formation and a single mode of ion dissociation. In this Chapter a brief
overview of the theories describing the ion formation in FAB will be

presented. Figure 2.3 shows typical FAB mass spectrum of lactosylceramide

M+ He092(084)

Figure 2.3 The FAB mass spectrum of lactosylceramide. The top two charts
show the positive ion spectrum; the bottom two charts the
negative ion spectrum. Ions labeled nG +/- H are due to the
glycerol matrix. [Adapted from reference 6).
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(M.W. 891 Da) published in one of the first papers which evaluated the
technique and found it to be routinely applicable [6]. As can be seen, spectra
can be obtained equally well for positive and negative ions and the two
modes often compliment one another. A typical feature of the spectra is the
occurrence of low intensity peaks at every mass-to-charge ratio value. In
addition to those low-intensity peaks, there are much stronger peaks at m/z
values corresponding to multiples of glycerol matrix molecules (C3HgO3) plus
some added cation. For example a series of ions appears at mass-to-charge
ratio values 93, 185, 277... for [(C3HgO3)n + H]*, another series at m/z 115, 207,
299,... for [(C3HgO3)n + Na]*. A similar series, at m/z 91, 183, 275,... for
[(C3H§O3)n - Hl- is prominent in the negative ion FAB spectra. Analytes are
usually detected as protonated molecules, [M+H]*, in the positive ion mode
and as deprotonated species, [M-H]-, in the negative ion mode. Since the
mass of these species differ by one mass unit from the molecular weight of
the compound in consideration, they are called quasi-molecular ions.

In an early review of FAB (7], three mechanistic models were presented
for ionization and/or desorption. These were desorption of ions preformed
in solution by a localized non-equilibrium vibrational process analogous to
that considered operational in Secondary Ion Mass Spectrometry (SIMS);
evaporation of preformed ions from droplets analogous to proposals by
Iribarne et al. [8] and Vestal et al. [9] for aerosols; and gas-phase ion/molecule
reactions following neutral analyte desorption analogous to the thermalized
processes in chemical ionization. The ideas which have been proposed by
various authors regarding the ionization of compounds which are not
present in ionic form (salts) in the matrix are especially contradictory. Thus,
Clayton and Wakefield [10] postulate that by the interaction of the atom beam
with the condensed phase an electron is abstracted from a substrate or from a
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matrix molecule followed by an ionization cascade. According to MacFarlane
[11], ionization occurs only a few nm below the surface of the liquid drop by
excitation of translational, rotational and vibrational degrees of freedom.
Other authors [12] assume ion sputtering from the surface. Each of these
mechanisms has received some experimental support. It seems likely that
multiple mechanisms exist in FAB, and their relative contributions vary with
different kind of samples, liquid matrices and ionization chambers. Recently,
a more coherent mechanistic picture has been developed trying to focus on
the fundamentals of the desorption/ionization process [13]. According to this
model, in D/I the term refers to all processes responsible for the formation of
gas phase ions from condensed phase neutral species or ions. Three very
different types of processes are involved: formation and destruction of
charges (net ionization); desorption of ions; and ion-molecule reactions. A
summary of the major theories accounting for these reactions will be
presented here.

The collision cascade mechanism was one of the earliest models
suggested [14, 15]. According to this theory, as the primary particle impacts the
surface of the target and penetrates a short distance into the liquid sample its
momentum is transferred to the sample in the form of vibrational energy.
This process is sometimes referred as energy isomerization [16]. Emission or
sputtering of atoms, molecules, and decomposition products occurs from the
area near the impact site if the velocity vector of their vibrational motion is
near normal to the surface and they acquire enough energy to overcome the
binding energy of the surface. The collision cascade propagates randomly in
the sample as the energy of the primary particle is dissipated. Some of the
ions formed in the collision cascade remain in the condensed phase and are

involved in subsequent reactions such as recombination [13]. Rapid
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deposition of a large amount of energy in a small region of the sample results
in a localized thermal spike. Temperatures in this region could be high
enough to vaporize the sample and a deep narrow cavity of hot gas is created.
The interface between the condensed phase and the vacuum breaks down
during this process, forming an interfacial region and a region of high
pressure, high density gas just above the sample called the selvedge [16]. The
above-mentioned spatial aspects of the experiment are depicted in Figure 2.4.
An ion or molecule ejected from the liquid traverses through the selvedge
region and undergoes numerous collisions, which can be stabilizing or
reactive. According to the collision cascade or thermal spike model the direct
desorption of ions formed in the condensed phase produces the largest
contribution to the ions detected in the mass spectrum and the ion/molecule
reactions taking place in the selvedge region has little contribution.
Measurements of the secondary ions yields in FAB are reported to be in the
range of 0.1-1.5 ion per primary particle impact [17]. The estimated neutral
yield is considerably higher, ~ 1000 glycerol molecules per primary atom [18].
Thus, the ratio of secondary ions to neutrals is ~ 104, In neutral glycerol, the
GH* concentration is about 10-7 [19] and the ion/neutral ratio is 10-8.
Ionization in the collision cascade explains why the ratio of ions to neutrals
among the ejected species could be much larger than the same ratio in the
liquid matrix. On the other hand, it has also been shown experimentally that
the secondary ion current from alkali metal halide solutions in glycerol is
nearly independent of the salt concentration from 0 to 1 M [20]. This can be
explained by extensive ion-ion or ion-electron recombination taking place in
the interfacial region during the desorption process. These processes could

also account for the fact that multiply charged ions are rarely observed in



| condensed | | selvedge I high vacuum
phase interfacial
region

Reactions in the interfacial region:
For ionic analytes (M2) lowering their charged state.

(1)  Proton abstraction from matrix:

Glycerol + M ——  [G-HI + M~

2 Ion/ion recombination:
M2 + Nat ——p MNa
Reactions in the selvedge region:

(1)  Cluster formation:
GH*+G ——» GpH*
(2)  Protonation/Cationization:
M + GH'/fragments ——» MH*

M + Nat ——  MNa*

Figure 2.4  Spatial aspects and possible chemistry of the
fast atom bombardment experiment.
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FAB. Instead, singly charged species are produced from multiply charged
solvated ions by clustering with counter ions, by fragmentation or by
reduction.

An alternative description of the desorption/ionization process was
formulated in the gas phase collision model [20). This model suggests that
protonated /deprotonated molecules can be formed in ion/molecule proton
transfer reactions in the selvedge region. Thereby, it accounts for the
experimental observation that if two matrices with different gas-phase
basicities (GB) are mixed on the target, with one having the typical
concentration of an analyte, and analyzed by FAB, the matrix with lower GB
will be suppressed by an amount relative to its concentration in comparison
to the matrix with the higher GB. The GB (-AGrxn) is approximately equal to
the proton affinity PA (-AHrxn) if the entropy change is negligible for the
proton transfer reaction. Besides proton transfer, other types of
ion/molecules reaction can also take place in the selvedge region such as
cationization, cluster formation. The possible reactions taking place in the
selvedge region are summarized in Figure 2.4. Since, the majority of the
desorbed molecules are matrix or matrix-related species, they contribute to the
greatest extent to the high pressure in the selvedge region where the above
mentioned ion/molecule reactions can occur. Thus, the gas phase collision
model portrays FAB essentially as a matrix (glycerol) chemical ionization
experiment using protonated matrix molecules as the reagent ions for
protonating the analyte molecules. The details of this model are going to be
described below.

As was mentioned in the First Chapter before the 1970's chemical
ionization (CI) was the only complementary ionization method to electron

ionization for the analysis of gas phase analytes. Then, in the 1970's and
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1980's the advent of desorption/ionization (D/I) methods extended the
analytical capabilities of mass spectrometry. It was soon recognized that the
mass spectra produced by the various D/I techniques (FAB, MALDI) are
remarkably similar to CI mass spectra. In these techniques, in the positive ion
mode, analytes are detected, almost exclusively, as protonated species, while
the corresponding negative ion spectra contain deprotonated molecules [2].
Thus, the noted similarities between CI and D/I mass spectra urged the
researchers investigating the mechanism of desorption/ionization to go back
to the well known chemical ionization literature in order to find similarities
between the mechanism of ion formation.

The essential reactions in chemical ionization are presented below.
The initial ionization is usually by electron impact on the reagent gas which
is present in large excess (99.9 %) over the sample molecules of interest.
Ionization of the reagent gas is followed by ion/molecule reactions involving
the primary ions and the reagent gas neutrals and produces the chemical
ionization reagent ion(s). In the initial report of chemical ionization
methane was used as the reagent gas [23]. When a 200 eV electron collides
with methane molecules there is a high probability that the CH4*- radical
cation is formed:

CHy(g) + e ey —> CHy+ + 2e (1)
The CHs* methane reagent ion is formed by an ion/molecule reaction from a
bimolecular collision between a radical cation and another methane
molecule:

CHg* + CHy ) —> CHs?* + CHsz (2
The analyte, M, needs to be in the gas phase at a pressure of at least 104 Torr.
If the proton affinity of M is greater than that of CHy, then an exothermic
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proton transfer from CHs* to M will occur to form the protonated analyte
molecule:

CHs* + Mg —> [M+H}* + CHy 3)
The proton affinity (PA) is defined as the exothermicity (PA = - AHyyn) of the
proton attachment to a particular analyte, M, as shown below:

M) + H+ —> [M+H}* PA =- AHpq 4

The extent of fragmentation in CI depends most on the amount of internal

energy in [M+H]*, deposited during protonation, and also on the types of
fragmentation pathways available depending on the protonation site. Thus,
if the proton affinity of the reagent gas is a lot smaller than that of the analyte,
the proton transfer reaction will be more exothermic, therefore the extent of
fragmentation is likely to be greater.

The experimental conditions in FAB, such as matrix to-analyte-ratios
are similar to the relative pressure of the reagent gas to that of the analyte in
CI. The two techniques produced very similar spectra [24]. Thus, it was
logical to assume that FAB can be regarded as a matrix chemical ionization
experiment in which the reagent ions are produced from the matrix and they
undergo Cl-like reactions in the high pressure, high temperature selvedge
region [16]). This is the previously mentioned gas-phase collision or chemical
ionization model for FAB proposed by Kebarle et al. [20]. In the selvedge
region the high number density is mostly due to the desorbed glycerol matrix
molecules (G). Also, analyte molecules (M) are desorbed and ionic fragment
species Gf* that are related to glycerol are formed near the impact site of the
keV Xe atom. The Gfg* ionic species undergo many collisions with G and
initially protonate the intact gas-phase glycerol molecules in the selvedge
region by a process similar to that of CI as shown below.

G + Xe(fast) —> Gf* ®)
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GF* + Gg —> I[G+H]* + [GF* - HY] (6)

A protonated glycerol molecule may undergo a bimolecular collision with a
gas-phase analyte molecule which will result in a proton transfer if the PA of
the analyte is higher than that of glycerol.

[G+H}* + M) —> [M+H]* + Gg @
Thus, according to this CI model for FAB the protonated glycerol molecules
act as reagent ions in the proton transfer reaction to the analyte. However, if
these were the only reagent ions only analytes with proton affinities higher
than PA(glycerol) would be protonated. So it was proposed that the analyte
may also be protonated by the ionic fragments of glycerol.

Grt + Mg —> (M+H]+ + [GF* - HY] 8)
What are these Gr* reagents ions? Attempts to identify these have not been
made. We have conducted a study to determine the possible reagent ions of
FAB for the case of a glycerol matrix. The results are presented in the
published article in Appendix I.

The formation of "cluster" ions in FAB represents another selvedge
region reaction type in which protonated glycerol molecules collide with G to
form a proton-bound dimer of glycerol.

[G+H]* + Gg —> [2G+H]* C)]
The distribution of the cluster ions of glycerol matrix and the relative
intensity of glycerol fragment ions changes with time as it was first shown by
Field in 1982 [21]. According to him this is primarily due to the radiation
damage of the sample caused by the fast atom beam. Later, the time
dependence of the FAB spectra was studied for different analytes [22, 25].
Changes in the mass spectrum with time were related to the differences in the

surface activities and diffusion rates of the sample components. However, no
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model tried to incorporate the observed time dependence in the description
of the desorption/ionization process. In our studies, we used the time
dependence of the mass spectra to try to identify the reagent ions in FAB in
case of glycerol matrix and refine the chemical ionization model for FAB.

Both the collision cascade/thermal spike and the gas phase
collision/chemical ionization models emphasize the charge recombination,
ion-pair formation during the desorption process. Preformed ions and ions
formed deep in the interfacial cavities are more susceptible to recombination
than ions formed in the selvedge. Consequently, the competition between
ion/molecule reactions and charge recombination processes is reflected in the
mass spectrum.

As we have seen so far no single description is able to account for all
the experimental observations in FAB. While, a combination of the theories
gives reasonable explanations for the desorption/ionization process, all
models described so far are static models and do not take into consideration
the observed time dependence of the FAB mass spectra (21, 22] We have
extended the gas phase collision/glycerol chemical ionization model to
include the dynamics of the FAB experiment. The refined model is published
and included in the dissertation as Appendix I. This mechanism also
accounts for the observed time dependence of the FAB mass spectra, and

gives practical suggestions for the analysis of different analytes.
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CHAPTER THREE. ELUCIDATION OF THE FRAGMENTATION
MECHANISMS OF ORGANIC NEGATIVE IONS FORMED BY FAST ATOM
BOMBARDMENT MASS SPECTROMETRY

Mass Spectrometric Analysis of Digoxin and Related Cardiac Glycosides

One of the major advantages of mass spectrometry as an analytical
technique is that, through the m/z values and the relative abundances of the
ions formed in the ionization and fragmentation process, it gives direct
information related to the structure of the molecule under study. The
information provided by the mass spectrum, however, can only be utilized
for structure elucidation if the mechanism of the fragmentation of the
molecular ion is known. In the case of electron ionization, the fragmentation
mechanisms are well described and the relationship between the structure of
the analyte and the m/z values as well as the relative abundances of the ions
in the mass spectrum are well understood [1]. The development of new
desorption/ionization techniques, such as FAB [2], extended the applicability
of mass spectrometry for larger, highly functionalized molecules, but at the
same time created a complex situation in terms of mass spectral analysis.
Namely, the connection between the mass spectrum and the structure of the
analyte is well described by the mechanistic rules for the positive, odd-
electron ions formed by EI mass spectrometry. The same relationship is not
understood and explained in FAB, where the analytes are usually detected as
the protonated molecule in the positive ion mode, and as the deprotonated
molecule in the negative ion mode. In the previous chapter models were

presented and evaluated for the mechanism of ion formation in Fast Atom
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Bombardment. In case of large analytes the exact site of ionization is difficult
to determine. As a large, multifunctional molecule can have more than one
acidic or basic site, secondary interactions can make the problem even more
complex by effecting the proton affinities of the different functional groups.
Furthermore, the ions formed in FAB are even electron ions for which the
fragmentation mechanisms are not as well described as for odd electron ions.
As was shown, positive and negative ions can be formed by fast atom
bombardment. The choice between obtaining positive or negative ion spectra
depends primarily upon the compound to be analyzed, as in some cases the
negative ion spectra provide additional information about the structure of
the molecule. The fragmentation of the ions formed in the negative mode is
different from that of in the positive mode, and quite fascinating due to the
different stabilization factors for positive and negative ions. Although
progress in the elucidation of the fragmentation of even-electron organic
anions has been reported the mechanistic pathways are not as well described,
not even in the case of earlier techniques like electron capture (EC) [3] or
negative ion chemical ionization (NCI) [4], as for the positive ions, thus the
mechanistic aspects of the fragmentation for larger organic negative ions
should be considered. In particular we focus here on the spectra of cardiac
glycosides. These classes of compounds were chosen as models for this study
because they have several oxygen containing functional groups and form
negative ions easily, thereby making it possible to perform MS/MS studies.
Finally, the positive ion study of these molecules by Light and Allison [5] did
not imply the presence of extensive secondary interactions, thus suggesting a
relatively simple model compound for our experiments. In this chapter a
comparative study of the molecules digoxin and related cardiac glycosides

together with their aglycone components are presented. The tools that are to
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be used in this study are available on a conventional double focusing
instrument - high resolution mass spectrometry (peak matching) and
collisionally-activated dissociation (CAD) methodology - for providing
information about the negative ions produced by FAB, and their
fragmentation. In order to elucidate the fragmentation mechanisms, besides
the above mentioned instrumental analysis (high resolution experiments,
linked scanning), deuterium exchange studies and chemical modification

were also performed.

Experimental

The cardiac glycosides and the aglycones were obtained from Sigma
Chemical Co., St. Louis, MO, and were used without further purification.
The digoxin and gitoxin were dissolved in a methanol:chloroform 1:1
mixture to concentrations of 5 ug uL-1. The aglycones were dissolved in
methanol at the same concentrations. Two microliters of these samples were
transferred to the FAB probe tip and mixed with the glycerol matrix. In some
cases the matrix was methanol:glycerol 1:1 mixture in order to make the
amount of matrix used reproducible. All FAB analyses were performed on a
JEOL HX-110 double-focusing mass spectrometer ( JEOL, Ltd., Tokyo, Japan) of
forward geometry with an accelerating voltage 9.9 kV and a FAB gun voltage
of 5 kV with xenon FAB gas. All CAD experiments were performed by linked
scanning ( at constant B/E) controlled with a JEOL JMA-DA5000 software and
using He as the collision gas. The experiments were done under single
collision conditions, therefore the helium was introduced into the collision
cell so that the signal for the parent ion was attenuated by 10%, which

produces single collision conditions [6]. Two, different, deuterium exchange
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experiments were performed. In the first case, only the labile hydrogens on
the OH groups were exchanged according to the procedure described in
reference [7]. In the second experiment three additional, non-labile,
hydrogens were replaced by deuterium using the method given by Soldin et
al. [8]. The sample solutions were made in deuterated methanol. Deuterated
glycerol was used as the matrix. In order to avoid the back exchange the
stainless probe tip of the mass spectrometer was rinsed with DO and
bombarded with the Xe beam for about five minutes in the ion source of the
mass spectrometer immediately before the analysis. The permethylation of

the digoxin was done according to the procedure by Ciucanu [9].

Results and discussion

The way to the understanding of the fragmentation pathways begins
with the assignments for the fragment ions. This is especially difficult
problem in the case of fast atom bombardment mass spectrometry where the
background of chemical noise is large due to the 'peak-at-every-mass'
phenomenon and peaks resulting from the matrix itself. A detailed study of
this is given in reference [10]. Furthermore, in the case of the negative mode
the intensity of the peaks formed is generally smaller than in the positive
mode. Thus, it is difficult to distinguish some low intensity fragment ions
from the background noise. The only possibility to overcome the background
from the matrix is the CAD analysis of the analyte ions. However, this kind
of investigation requires precursor ion candidates with high abundance, thus

extensive studies can be done only on ions characterized by high ion currents.
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In the evaluation of the mechanistic possibilities the previously
described [11] Light/Kassel/Allison (LKA) nomenclature will be used to
identify both the ionic and the neutral species formed and addressed.

1. The mechanism of the ion formation in the Fast Atom Bombardment of

digoxin in glycerol.

The structure of digoxin and some of the major proposed fragment
ions are shown in Figure 3.1 (Case A). The negative ion FAB spectrum of
digoxin is shown in Figure 3.2a and the linked scan mass spectrum of [M-H]J-,
m/z 779, in Figure 3.2b, (M represents the intact molecule). The FAB mass
spectrum contains peaks representative of the deprotonated molecule [M-H]-,
m/z 779, and fragment ions derived from the digoxin and the glycerol matrix
(G) adduct ions [Gy-H]- (denoted by *). All of the fragment ions appear at odd
m/z values thus they are even electron ions. The results of the collisionally
activated dissociation (CAD) studies are summarized in Table 3.1.

The first important question is how the desorption/ionization process
occurs in the case of digoxin in a glycerol matrix. As was mentioned earlier
there has been a variety of pathways proposed for the ion formation in FAB,
and their relative contribution is suggested to depend on the system under
study. We will start this discussion by eliminating those ionization channels
that are not probable in our system. One possible mechanism is that the ions
are formed in the solution preceding the desorption via Bronsted acid/base
reactions. However, this mechanism is more likely for the formation of both
positive and negative ions in systems where, for instance, the analyte
contains groups with dissociable protons and the matrix has a dielectric

constant high enough to support the ion formation in solution. In
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Figure 3.1  Structures of the cardiac glycosides.

The m/z values of the fragment ions are for the anions of digoxin.
(In the shorthand notation S denotes the digitoxose, O is the glycosidic
oxygen and A stands for the aglycone.)

A = Digoxin B = Gitoxin C = Digitoxin
R1 =OH R1=H Ri=H
Rp=H Rz =OH Rp=H

R3 =OH R3 =0OH R3=0OH
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such a case according to the relative acidity of the analyte and the matrix,

proton transfer reactions can occur.
B(soln) + M(soln) —> {((BH)* + (M-H))(soln) (1)

(M-H)"(soln) FAB_—>  (M-H)"(gas) @
B = base, M = analyte

soln = in solution

Where B can be matrix or an additive. This mechanism probably has some
contribution to the ion formation in the case of digoxin, but there is
experimental evidence that suggests that this is not the dominant process.
Namely, if this process is the major one in the D/I, than applying a matrix
that is a stronger base than glycerol, like triethanolamine, should enhance the
ion abundance in the spectrum. A similar effect is expected as a result of
increasing the pH of the glycerol by adding NaOH. To the contrary, our
experiments showed a decrease in the peak intensity in both cases, which
rules out the primary role of the solution chemistry in the ion formation.
The other possibility is that the analyte and the matrix are desorbed as
neutrals, and the ionization occurs in the gas phase as it was reported by
Rouse and Allison for a variety of analytes, among these for digoxin [12]. In
their KIDS-by-FAB experiments they ejected K* ions into the ion source
thereby making it possible to analyze the desorbed neutral species through
their potassium adducts. They found that in case of digoxin in glycerol only
one new analyte-related peak can be observed at m/z 819 (positive ion mode)

representing the K+ adduct of the intact digoxin. Thus their conclusion was
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that FAB results in the intact desorption of digoxin from the glycerol matrix

and the analyte undergoes proton transfer reactions in the gas phase.
M + (G-HI —>G + [M-HJ- 3

There is one more possibility to be considered here, exclusively for the
formation of negative ions. Negative ion formation can take place by
electron capture, as a result of a reaction between the gas phase molecules and

thermal electrons formed under the fast atom bombardment:

G + e —> [GT* 4)

M) + e —> M7 (5)
G = glycerol
M = analyte

Green et al [13] reported the negative FAB spectrum of glycerol. According to
them the most important ions are the deprotonated molecule at m/z 91, the
ion at m/z 89 that is formed by losing H> from the deprotonated glycerol. The
ion at m/z 71 is formed by eliminating a water molecule from the [G-H]" ion.
Finally, the ion at m/z 59 is a result of a methanol loss from the deprotonated
glycerol. Also there are some glycerol cluster ions in the spectrum. The study
of the negative FAB glycerol spectrum raises the question, that if the ion
formed originally was the G™: can it lose a hydrogen atom, thus stabilizing the

negative charge on the remaining alkoxide anion?

G —> [G-HF + H- (6)
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The above electron capture process can be accompanied by a gas-phase acid-
base reaction between the analyte and the matrix, like reaction (3).

These are the possibilities to consider for the ion formation in the gas
phase. To decide which of these is operational in the case of digoxin in

glycerol let us examine the negative FAB spectrum in Figure 3.2.

II. The formation of the [M-HI quasi-molecular ion.

1. Thermochemical considerations for proton transfer reactions.

The negative ion FAB mass spectrum of digoxin is very similar to its OH"/CI
mass spectrum reported by Bruins [14] thus confirming the role of gas-phase
acid-base chemistry (mainly reactions like (3)) in the mechanism of the ion
formation for digoxin in FAB. In Table 3.2 where we summarized the
tentative assignments for digoxin fragment ions we also included the results
of Bruins marking the ions which are present in the negative ion chemical
ionization spectra as well as in the negative ion FAB spectrum. Bruins [14]
also studied the OH/CI spectrum of gitoxin, which is an isomer of digoxin
(Figure 3.1 Case B) and found an odd electron ion at m/z 762. According to
him the neutral gitoxin molecule loses a water and the dehydrated neutral
product captures a thermal electron, generating an ion at m/z 762. He did not
observe any other odd electron ion in the spectra. Thus the fact that all the
ions in the FAB spectrum of digoxin are even electron ions suggests that the
electron capture is not a likely process for primary ion formation. We believe
that the ions are formed in the gas phase via Bronsted acid/base reactions,
first the deprotonated analyte molecule is produced, and the fragmentation
follows deprotonation. Therefore the discussion of the digoxin spectrum

should start with the consideration of the possibilities regarding the
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Table 3.2 Digoxin fragment ions, deuterium exchange results.

m/z  relint8 composition designation max Am® maxAm¢

779° 100 C41H63014 [A-HOS10820830H]" +71 48
[AOS10820830)°

777 2 C41H61014 (A-3H0510820830H]
[(A-HOS10820830H-HaI

763 2.1 C4pHs57014 (A-H-CH408,0520530H]

761" 2 C41H61013 (A-H-H;008,0520830H]-
(A-H0$10520830H-H20]"

649" 20 C3sHs53011 (A-H0S10S20H]) +5  +7
[AOS10820)

647 1 C3sHs 011 [A-3HOS,0S20H]

631 1 C35Hs51010 (A-HOS0S20H-H20)
[A-H-H;008,0520H]"

519° 8 C29H4308 (A-Hos10H]) 4 +6
[AOS0r

501 1.5 C29H4107 (A-HOS10H-H20]-
(a-H-Hy00s,0H"

389" C23H3305 (A-HoH] +2 +5

387 3 C23H3105 (A-HOH-HyJ-

C18H2709 [HOS3082081°H -3H]-

n* C23H2904 (A-HOH-H20]" +2 43

129° C6Hg03 mos3H.H- 0 40

121 3 CeH703 (HOS3-H -3H]- 0 40

11+ 28 CeHs02 Hos3H -3H-H20) 0 +0

a: relative intensity

b: maximum mass shift after deuterium exchange in the negative mode in the isotopic cluster. First type of
experiments: digoxin-dg prepared by the method described in reference (7].

c: maximum mass shift after deuterium exchange in the negative mode in the isotope cluster. Second type

of experiments: digoxin-dg prepared using the procedure in reference [8].
The ions denoted by * are present in the OH"/CI spectrum of digoxin reported by Bruins [14].
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formation of the quasi-molecular ion, [M-H]". This is the most abundant
analyte ion in the spectrum and characterized by the ion current at m/z 779.
In order to determine its structure several questions have to be discussed.
Where is the site of the deprotonation? What is the deprotonating agent? In
the case of the deprotonated molecule formed by FAB the study of the
literature on the negative CI could be beneficiary [15]. Despite the fact that
much work emphasizes the inevitable role of gas phase acid-base reactions in
the mechanism of the ion formation in FAB [16], little information is
available in the FAB literature about this problem. In the evaluation of our
data we would like to address this question also. The similarities between the
negative FAB spectrum of the digoxin and its OH"/CI spectra suggest that the
deprotonation occurs presumably in the gas phase by a proton transfer from
one of the acidic sites of the digoxin to a Bronsted base, probably an ion from
the glycerol matrix. There are many possible deprotonation sites in the
digoxin molecule. The extended structure of the digoxin, based on
crystallographic data [17] indicating the possible sites of the deprotonation, is
shown in Figure 3.3. Their gas phase acidities were estimated based on
acidities of smaller compounds with similar sites [18]. Where secondary
interactions, e.g. hydrogen bonds, could affect the acidity the effect was taken
into consideration. The magnitude of these interactions and their effects on
the gas phase acidities is described in references under [19]. On the basis of
these estimates in Figure 3.4 it can be seen that the possible deprotonation
sites of the digoxin molecule have an acidity in the range of 1550-1750 kJmol-
1. (It should be noted here as a reminder, that the gas phase acidity is defined

as the enthalpy change for the reaction:

MHg = Mg + Htg AHO = AHacid
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Figure 3.3 The extended structure of digoxin based on
crystallographic data, showing the possible deprotonation
sites.
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According to this definition the AHacid values are positive, that is the smaller
they are the easier it is to form the deprotonated molecule.) Also shown in
Figure 3.4 are the gas phase acidities of the ions present in the negative FAB
spectrum of glycerol, that were determined as candidates for deprotonating
agents [20]. These values are in the range of 1550-1600 kJmol-1. Note also that
the fragment ions of the glycerol are stronger acids than the deprotonated
glycerol, [G-H]~. If the gas phase acidity values approximated in Figure 3.4 are
correct the deprotonation of most of the sites of digoxin by the deprotonated
glycerol or glycerol fragment ions would be endothermic. However, proton
transfers between the primary and secondary OH groups, and the CH3 group
in the lactone ring of the analyte molecule, and the deprotonated glycerol
anions is thermodynamically possible. In Figure 3.4 the gas phase basicity of
the OH" ion which is the reagent ion in Bruins negative chemical ionization
experiments, as well as a possible reagent ion according to our results [20], is
also included. The heat of reaction for the protonation of the hydroxide ions
is 1635 kJmol-1 thus the deprotonation of the primary and secondary OH
groups in the digoxin molecule by OH" is exothermic reaction suggesting the
same structure for the pseudo-molecular ion and thereby accounting for the

similarities between the negative ion FAB and the negative CI spectra.

2. Time dependence studies on the mass spectra of digoxin in glycerol

The FAB mass spectra of pure glycerol and digoxin in glycerol were collected

and monitored for a period of twenty minutes. In Figure 3.5 the time
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dependence of the relative intensities as the percentage of the total ion
intensity for various ions is shown. In the pure glycerol spectrum originally
the most abundant ion was [G2-H]~ at m/z value 183 and the ions at m/z 91,
[G-H]-, m/z 59, [G-H-CH30H]", m/z 71, [G-H-H2-H20]" and m/z 45 carried a
smaller portion of the total ion current. However as time elapsed the relative
intensity of the ion currents at m/z values 91, 71, 59 and 45 increased (Figure
3.5a). In another experiment we monitored the mass spectrum of digoxin in
glycerol for twenty minutes. In this case, in the first scan the most abundant
glycerol ion is characterized by an ion current at m/z 71 and the deprotonated
digoxin was the most abundant analyte ion. In the later scans the relative
abundance of the pseudo-molecular ion of digoxin decreased as the relative
abundance of digoxin fragment ions increased as well as the relative intensity
of the ion currents at m/z values 91 and 183 and 181. By the time all the
digoxin was desorbed the most abundant matrix ions in the spectrum were
the ions at m/z 71 and 181. The change in the relative abundances of the
matrix and analyte ions with time is shown in Figure 3.5b and c. The fact that
the changes in the glycerol spectrum with time are different from the changes
observed in the presence of the analyte emphasizes one very important
feature of FAB/MS. That is during the mass analysis it is not the actual
sample introduced into the mass spectrometer, that is analyzed, but the
products of the ion-molecule reactions taking place in the high pressure, high
temperature selvedge region. By studying the time dependence of the mass
spectra we can gain information about these reactions. The KIDS-by-FAB
spectra of glycerol and digoxin in glycerol reported by Rouse and Allison [12]
suggest that FAB induces the desorption of neutral glycerol and digoxin
molecule which undergo proton transfer reactions in the gas phase producing

the protonated and deprotonated species which given the necessary energy
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can fragment. They also concluded that the formation of glycerol clusters
occurs in the gas phase. Our time dependent studies provide more
information about the identity of the reactive species in the selvedge. In the
case of digoxin in glycerol at the beginning of the experiment the
deprotonated digoxin is the most abundant ion in the spectrum carrying
more than 20 % of the total ion current, and suggesting that it has the highest
partial pressure in the selvedge region. At the same time there is no
significant matrix-cluster formation which has two implications. One is that
the probability of a collision between two glycerol molecules is low thereby
cluster formation is not possible, and the other is that there is cluster ion
formation but these ions are acting as deprotonating agents and neutralized
in the process. The increase in the relative abundance of the deprotonated
glycerol and the glycerol fragment ions (m/z 91, 71, 59 and 45) as the ion
current corresponding to the digoxin ions decreases implies the involvement
of these ions in the deprotonation of digoxin. Our conclusion is that the
deprotonating agent is probably the deprotonated glycerol, and possibly the
fragment ions of glycerol. The above observations are consistent with the

"gas phase collision model" and our time dependent studies [20, 21].

3. Deuterium exchange experiments.

To gain more information about the structure of the [M-H]" anion, deuterium
exchange experiments were performed in which deuterated glycerol was used
as the deuterating reagent. The exchange was realized on the probe tip of the
mass spectrometer by first applying the analyte solution and then after the
evaporation of the solvent in the vacuum lock of the instrument quickly

adding the deutero-glycerol. Under these circumstances exchange of the most
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labile hydrogens can be expected. The extent of the deuterium exchange may
provide information about the relative acidities of the different OH groups in
the digoxin, which not only contain the labile hydrogens, but also the possible
sites of the deprotonation in the gas phase. Thus information about their
relative solution acidities could be useful for our considerations about the
formation of the [M-HJ" ion. To be exchanged, the hydrogen of the digoxin
must be less acidic than that of the deuterating reagent and the difference in
the acidities should not be greater than 40-80 kjmol-1 for effective exchange
[22]). The knowledge of the active hydrogen content of the molecule provides
an important constraint in the deduction of the overall structure of the
analyte as well as its subunits. The comparison of the original spectrum to
the spectra taken after the hydrogen-deuterium exchange can provide
important information about the mechanism of the fragmentation [23]. The
accuracy of the determination of the number of exchangeable hydrogens is
very satisfactory in positive FAB/MS [24]. The spectrum of the deuterium-
exchanged digoxin is shown in Figure 3.6. The calculation of the active
hydrogen content of the molecule and the extent of the exchange is
summarized in Table 3.3. After correcting the relative intensities for the
natural isotopes the distribution of the deuterium content of the quasi-
molecular ion is calculated as well as the extent of the deuteration. The
number of labile hydrogens in the digoxin, according to the results of the
calculations in Table 3.3, is seven. Also interesting, that the relative
abundance of the peaks representing the ions containing six and seven
deuteriums (at m/z values 785 and 786) is the same, and each is about ten
percent of the total intensity. This suggests that in about ten percent of the
total possible exchange a non-labile hydrogen is extracted to form [M-H]", not
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[M-D]-. This non-labile site is probably the CH2 group of the lactone
substituent. The fact that the nominal mass peak of the quasi-molecular ion
cluster is shifted by five mass units from m/z 779 to m/z 784 has some
important implications. On the one hand, it can suggest that the precursor of
this ion, at m/z 784, originally contained six deuteriums and lost one
deuteron in the ion formation process, [Md¢-D]-. On the other hand, the five
mass unit shift means that the ion at m/z 784 contains five deuteriums and
can be written as [Mgs-H]~. This is in accordance with the fact that in 90% of
the total exchange extent the alkoxide hydrogens are replaced by deuterium.
However, as the deuterium content of the quasi-molecular ion at m/z 784
could not be determined unambiguously additional measurements were
carried out in the positive ion mode. Namely, NaCl was added to the
solution of the matrix and the analyte in order to get more accurate
information about the number of labile hydrogens exchanged in the digoxin,
as the quasi-molecular ion in that case is the Nat-adduct of the digoxin and
not the protonated or deuterated molecule, making it unambiguous to
determine the number of deuteriums present, from the mass shift after the
deuteration. The result of these experiments is also presented in Table 3.3. In
the positive ion mode the quasi-molecular ion appeared at m/z 809 which is
in accordance with the incorporation of six deuteriums, and can be designated
as [Mgg + Na]*. The exchange extent is 66.69% in the positive, and 66.92% of
the maximum possible in the negative ion mode. This is lower than expected
for a compound with only seven exchangeable hydrogens. The low extent is
probably due to back exchange that is probably fast in this case as the basicity
of the glycerol is close to that of the functional groups of digoxin containing
the labile hydrogens. According to DePuy et al. [25] the H-D exchange for
carbanions in the gas phase is effective if the gas phase basicity of the anion is
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not more than about 20 kcal/mol greater than that of the deuterating reagent
gas, but in the case of closer basicities the rate of the back exchange is large
making the extent of the deuteration low. Similar effects are expected in the
case of exchange in solution. The general appearance of the spectrum of the
deuterium exchanged digoxin is the same as before the exchange. This
suggests that the fragmentation mechanism was not effected by exchanging
the hydrogens with the heavier deuteriums. The mass shifts due to the
deuteration for the fragment ions of the digoxin are summarized in Table 3.2.
The fact that the CH; site in the lactone ring takes part in the deuterium
exchange reaction suggests that its relative acidity is greater compared to that
of the other C-H type hydrogens. We note here that under high temperature
and basic conditions not only the two hydrogens at site h in Figures 3.3 and
3.4, are exchanged in addition to the OH hydrogens but also the hydrogen at
site i. The results of these latter exchange experiments will be discussed later
in the context of the fragmentation mechanisms. Under mild conditions
only site h is participating in the deuterium exchange and as it can be seen it
is really one of the most acidic sites of the digoxin. Although the acidity of a
proton in an ether, next to the O, is in the range of 1625-1640 kJmol-1, the
acidity can increase due to resonance stabilization of the anion. This increase
is about 100 kJmol-1 according to reference [26]. In the case of the
deprotonation at site h, resonance stabilization occurs through an enolate ion,
involving the carbonyl group and the negative charge is delocalized in the
lactone ring. Comparing the acidities of the OH groups and site h in the
digoxin molecule to the acidity of the ions in the glycerol spectrum it can be
concluded that any of these sites in the digoxin can be deprotonated by the
deprotonated glycerol. According to this there can be several possible

assignments for the structure of the deprotonated molecule [M-H]-, at m/z
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779. The proton can be lost from the sugar as well as from the aglycone
moiety. The designation of this ion in the LKA scheme, considering the
intact molecule as [AOS10520530H], can be [AOS10S5,0S30]", if the proton
is from the terminal sugar moiety ,and [A-HOS;05,0S30H]", if the

deprotonation occurs in the aglycone portion of the molecule.

4. Study of the permethylated digoxin

Since the structure of the quasi-molecular ion still could not be
determined unambiguously, it seemed logical to block the deprotonation
sites. The permethylated derivative of the digoxin was prepared. In the
permethylation reaction all the OH groups were replaced by OCH3 groups.
The permethylated digoxin showed very poor response in the negative ion
mode thus suggesting that the replacement of the acidic hydrogens makes the
ionization, not desorption, more difficult. At this point it would not be
justified to decide in favor of any of the possibilities for the site of
deprotonation. The study of the fragmentation pattern should provide some
additional information that can serve as proof for the exact site of the
deprotonation. Regarding the fragmentation we assume that all the
fragmentation follows the deprotonation and there is no fragment ion
formation directly in the desorption/ionization process. How should we

consider the deprotonated molecule in the context of the fragmentation?
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III. The fragmentation pattern in the negative FAB spectrum of digoxin.

1. Structural assignments for the ions at m/z values 777 and 761.

Bowie classified the fragmentation pathways for even-electron organic
negative ions [15] as follows:
1. Simple homolytic cleavage reactions where loss of a radical forms a stable
anion. (For instance:
(MeCOCHj)- = °CHCOCH;- + H°.)

2. Reactions that occur by initial formation of an anion/neutral complex
which may then undergo a variety of reactions involving the bound anion,
including direct displacement of the anion, and deprotonation, elimination
processes.
3. Reactions that are not specifically directed by the first formed deprotonated
species, but where proton transfer to that species forms a new anion isomer
that may fragment as in 2, above.
4. Rearrangement reactions, including internal nucleophilic
substitution/displacement and skeletal rearrangement reactions.
Besides these major types of fragmentation a fifth possibility is the remote site
fragmentation which occurs remote from the charged center (often in systems
where the fragmenting and charged centers are clearly separated because of
the rigidity of the molecule) [27]. In our case we will consider the possibility
of inductive cleavages (elimination reactions leading to the extension of the
conjugation in the ring system thus stabilizing the negative charge), and
remote site fragmentations.

In general we can consider a couple of possibilities for elimination
reactions in negatively charged ring systems. Elimination, depending on the

structure of the molecule, can involve the loss of small molecular weight
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compounds such as Hz, H2O, CHy etc. Regarding the sites of the reaction, in
general, there are three possibilities: 1,1 or 1,2 eliminations and eliminations
via six-membered ring complexes. In the case of negative ions the place of
elimination relative to the charge site could be very important because of the
possible stabilization of the negative charge via extending the conjugation.
This stabilization can be the driving force in the reaction since, in general,
during the elimination process two covalent bonds are cleaved forming one
double bond, which is energetically not favored. In Scheme 1 we considered
some possibilities for eliminations in ring systems. Next we consider which
of the above reactions can take place in the case of digoxin. The highest mass
fragment ion has an m/z value 777, designated by [M-H-Hj3]" as it can be
formed by losing molecular hydrogen from the deprotonated molecule.
Indication for the loss of 2 amu consecutively with 18 amu, from
deprotonated mono- and oligosacharides has been reported in the literature
[28, 29]. These are also well known neutral losses in the case of cyclohexane
diols [30] and steroid diols [31] and are explained as a molecular hydrogen loss
accompanied by a water molecule loss. Thus, we would like to discuss the
possible structural assignment for the ion at m/z 777 together with the next
highest mass fragment ion that is also characterized by a small ion current at
m/z 761, and is 18 mass units below the mass of the deprotonated molecule.
These neutral losses are probably due to elimination of H and H20 from the
deprotonated digoxin, and as the site of the elimination is not known yet, we
designate them as [M-H-H2]- and [M-H-H20]". Though the ion currents
corresponding to these fragment ions are small in the low resolution FAB
spectrum of digoxin, they are enhanced in the CAD spectrum of the parent
ion at m/z 779, [M-H]". The significance of the peak due to the elimination of
water can be appreciated more comparing the negative FAB spectra of the
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Eliminations from ring systems

digoxin and one of its isomers, gitoxin (Figure 3.1 Case B), which differs from
the digoxin in the position of one OH group in the aglycone portion of the
molecule. The negative FAB spectrum of gitoxin is shown in Figure 3.7. The
ratio of the relative abundance of the [M-H]" ion to the [M-H-H0]" is 100:3 in
the case of digoxin, and 100:18 for gitoxin. Also another peak appears in the
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spectrum of the gitoxin at m/z 743, which can be attributed to the loss of a
second water molecule, [M-H-2H20]". The ratio of its relative intensity to that
of the deprotonated molecule is 75:100 = [M-H-2H20]":[M-H]". These peaks
due to the water and molecular hydrogen loss(es) are missing from the
positive ion spectra reported by Light and Allison [5] that, on the one hand,
suggests the operation of different fragmentation mechanisms in the negative
ion mode, and on the other hand, offers the possibility of the use of negative
FAB mass spectrometric analysis to distinguish between these two isomeric
compounds. The determination of the origin of these fragment ions at m/z
777 and 761 is not straightforward as they can be formed by eliminating H>
and H>O from the aglycone as well as from the digitoxose residues. According
to the LKA scheme, assuming that the deprotonation takes place at the
aglycone, the label of the ion with m/z value of 777 is (A-H-H,05,05,05301-
if the molecular hydrogen is from the aglycone and [A-HOS,05,0S30H-H3]"
if the elimination occurs from the sugar residue. Similarly the designation of
the ion at m/z 761-, if the elimination occurs in the aglycone portion, is

[A-H-H;005,05,0530H], and [A-HOS;05;0530H-H20] -, if the water is lost
from the sugar unit. Experimental proof for the origin of this water
elimination can be provided by the CAD study on the parent ion at m/z 761.
The results of the CAD studies on the major fragment ions in the digoxin
spectrum are summarized in Table 3.1. As it can be seen in the linked scan
spectrum of the parent ion at m/z 761 there are ions at m/z 649, designated as
[A-HOS;05,0H]-, corresponding to the loss of a dehydrated terminal sugar, as
well as at m/z 633, [A-H-HyO005,05,0H]-, which is formed by losing an intact
sugar thereby suggesting water loss from the aglycone portion of the
molecule. These two ions are characterized by similar relative intensities

thus suggesting that the water could be lost from the aglycone as well as from
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the sugar portion with equal probability. The possibility of the dehydration in
the intermediate sugar unit could not be excluded either. We shall return to
discuss this later. The water loss also occurs from the ion at m/z 777, [M-H-
Hj]", resulting in the formation of the ion represented by the ion current at
m/z 759, designated as [M-H-H2-H20]". These elimination processes are
outlined in Scheme 2.

-H,0

[M-HJ s [M-H-H,OI
m/z 779 m/z 761
1 -H, l -H,
[M-H-H,]" “HO,  MHHHOT
m/z 777 m/z 759
Scheme 2

Eliminations from the deprotonated digoxin.

In order to decrease the number of these possible assignments and evaluate
the mechanism of the eliminations, the spectrum of digoxigenin (the
aglycone portion of the digoxin) was taken. As can be seen in Figure 3.8 the
major fragment ions in the negative FAB spectrum of the digoxigenin are the
deprotonated molecule at m/z 389, and the ion formed by an H> loss from the

deprotonated molecule at m/z 387. There is a large ion current at m/z 371,
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which is [M-H-18]" that can be formed by a water loss from the deprotonated
molecule or by losing a methane from the [M-H-H2]- ion. However, the
relative intensity of the peak at m/z 371, [M-H-18]", is about six times greater
than the relativ<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>