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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-Hl', 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 is

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 ofMass

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 in 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 I. 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 19405 and 19503,

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 (Fl) [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 (E31) [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

Eflespond to the firstiustained use.

Electron ionization (El). 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 CH5"’, 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 syspported on a thin foil and energized by

the passage of high-energy fission fragments from 2Cf, 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 TOP

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/2 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 El 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

MALDI, 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 El. 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. THEORYAND METHODS

Introduction to Fast Atom Bombardment Mass Spectrometry

In the past twenty years a number of new desorption/ionization (D/I)

methods for the analysis of large, often thermally labile molecules have been 1

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 El, 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

mm

The FAB gun used in this research was manufactured by IEOL

(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 Xet-

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.

Masafipegtrometer

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 60-700, 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' —'> Xe+° + 2e'

Ionization chamber \

Wire mesh anode

   

  

  

   

Rhenium filament (cathode)

Extraction lens \5

Focus lens \‘

X-Y deflector __>

Exit nozzle

‘— Gas chamber

6keV Xe atoms \ Xe (g) + Xe+- (fast) _p

Xe" (slow) + Xeuast)

- / 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
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Quadrupole lens

[I 00/ Magnetic sector
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Electric sector  

  

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

mass spectrometer.
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Ion source

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=-;-mv2 or v= 222V“ 

where K. IS. is the kinetic energy of the ion, 2 is the charge number, e is the

elementary unit of charge, Vacc 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-llO 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:

 

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

zeVaccz-émv2

zzeV,,,_ m 1,2 _ _27-'Vacc
r _ r —Ee then r——§—
 

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-l 10, 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:

zeVacd=%m v2

  

R= EL? v =

Bze or m2

then

2zeVacc= RZBZZZBZ 01' fl=eRZBZ

m m2 7" 2Vacc
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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 105.

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



17

stable for about 100 usec or longer thus reach the detector intact, (b) those that

decompose immediately (less than 10'7 sec) after formation and are detected

as fragment ions, and (c) those that decompose in 1 to 10 usec 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, Va“, is held constant, while the electric and magnetic

fields are "linked scanned" keeping either the ratio of B/E or BZIE constant.

(For double focusing mass spectrometers with reverse geometry, there is one

additional mode of linked scanning, keeping BZE 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 m1+ and m2+ and neutral species n1 and n2:

1111+ + n1

+/ \

b m2+ +n2
 

Thus, a portion of the my‘ fragment ions are formed by a secondary

fragmentation process from m1+. Since all of these ions are produced before

acceleration, they all are transmitted through the electric sector, held at a

constant potential of E0- 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 n2 in the first field free region, between

the ion source and the electric sector, the fragment ion m2+ 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 Elk? ratio for mt, where E is

the potential at full accelerating voltage at which In+ is transmitted through

E, and B is the magnetic field strength required to detect this ion. Since m2+

has lower kinetic energy than m+, the electric potential is lowered from E to a

value E2, 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 mzt can be

detected.

E = mv2/R and E2 = m2v2/R, so E/Ez = m/m2 => E2 = sz/m

B=mv/randB2=m2v/r,soB/B2=m/m2 => B2=m2B/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 mvz. While the

magnetic sector is a momentum filter, selecting ions with the same



20

momentum, mv. Thus, when B/E is constant, B/E = constant = 2mv/mv2 ~

l/v)

A linked scan at constant B/E can be done on fragment ions, such as m1+ as

well.

For the precursor ion scan on an EB instrument, a fragment ion, such

as m2+ 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 mzt.

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

mt ions that decompose to give an m2+ ion by the loss of a specified n2 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/Arn , 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

311‘ u ornament

  

 
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].



23

(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/2

values corresponding to multiples of glycerol matrix molecules (C3H303) plus

some added cation. For example a series of ions appears at mass-to-charge

ratio values 93, 185, 277... for [(C3H303)n + H]+, another series at m/z 115, 207,

299,... for [(C3H303)n + Na]+. A similar series, at m/z 91, 183, 275,... for

[(C3H803)n - H]' 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 run 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 ~ 10“. In neutral glycerol, the

GH+ concentration is about 10'7 [19] and the ion/neutral ratio is 103.

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
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Reactions in the interfacial region:

For ionic analytes (Mz') lowering their charged state.

(1) Proton abstraction from matrix:

Glycerol + M2' —-——> [G - H]’ + M '

(2) Ion/ion recombination:

M2” + Na+ —> MNa'

Reactions in the selvedge region:

(1) Cluster formation:

GH+ + G —> GZH+

(2) Protonation/Cationization:

M + GH+/fragments —> MH+

M + Na+ —> 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 (-AG,-,m) is approximately equal to

the proton affinity PA (-Aern) 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 CH4t- radical

cation is formed:

CH4(g) + e‘ (200 eV) —> CH4“ + 2 e’ (1)

The CH5+ methane reagent ion is formed by an ion/molecule reaction from a

bimolecular collision between a radical cation and another methane

molecule:

CH4+- + CH4 (3) —> CH5+ + CH3° (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 CH4, then an exothermic
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proton transfer from CH5+ to M will occur to form the protonated analyte

molecule:

C1415+ + M(g) —> [M+H]+ + CH4 (3)

The proton affinity (PA) is defined as the exothermicity (PA = - AHnm) of the

proton attachment to a particular analyte, M, as shown below:

M(g) + Ht —> [M+H]+ PA=-AHm. (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 CI-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 Gp+ that are related to glycerol are formed near the impact site of the

keV Xe atom. The Gr:+ 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 + Xeaast) —> GI:+ (5)
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GF‘“ + 6(3) —> [G+Hl+ + [Gr-H0 (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+I-I]+ + M(g) —> [M+H]+ + G(g) (7)

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.

Gr:+ + M(g) --> [M+H]+ + [Gpt-Hfl (8)

What are these (313+ 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.

[GM-I]+ + G(g) —> [2G+H]"’ (9)

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 OFTHE 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

34
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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'l. 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-l10 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-DASOOO 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 D20 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.

I. The mechanism of the ion formation in the Past 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-Hl',

m/z 779, in Figure 3.2b, (M represents the intact molecule). The FAB mass

spectrum contains peaks representative of the deprotonated molecule [M—Hl',

m/z 779, and fragment ions derived from the digoxin and the glycerol matrix

(G) adduct ions [Gn-Hl' (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 Briinsted 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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such a case according to the relative acidity of the analyte and the matrix,

proton transfer reactions can occur.

B(soln) + M(soln) n“) ((BH)+ + (M'I'D'ksoln) (1)

(M-H)"(so|n) -FAB---> (M-H)’(gas) (2)

B = base, M = analyte

soln a 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 Kt 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—Hl' ---> 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:

C(g) + e’ -—-> [G']" (4)

M(g) + e" ---> [M']' (5)

G = glycerol

M = analyte

Green et a1 [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 H2 from the deprotonated glycerol. The

ion at m/z 71 is formed by eliminating a water molecule from the [G-Hl‘ 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?

[GT --—> [G-Hl‘ + 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'ICI

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 Brtinsted 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 relint.‘ composition designation max Amb maxAmc

779* 100 C41H63014 [A'H0810820830Hr +7 +8

[A08105208301'

777 2 C41H61014 tA-3HOS1082083OHJ-

[A'HOSIOSZOS3OH-H2r

763 21 0401157014 [A'H'CH40510320530HI'

761‘ 2 C41H61013 [A'H’H200510320330Hl'

[A'H0510320330H'H201‘

649* 20 C35H53011 [A-Hosloszom- +5 +7

[AOSIOSzol'

647 1 C35H51011 [A-3“0810820m-

631 1 0351151010 [A'H0310520H'3201’

(NH-“200810820111-

519’ 8 029114303 [A'HOS 10111- +4 +6

[A08101'

501 1.5 029114107 [A‘HO810H-H201'

[NH—“200810111-

389‘ 3 C23H3305 [A-Hom- +2 +5

387 3 C23H3105 [A'HOH-Hzl'

(213112709 [H053032051'H-3HI'

371‘ C23H2904 [A'HOH-Hzol‘ +2 +3

129* 2 C6H903 [11053:H -H]' +0 +0

127‘ 3 C6H703 [11083'H -3H]' +0 +0

111* 2.8 C6H502 [11083;H -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-d5 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 prowdure in reference [8].

The ions denotedby * are present in the 01170 spectrum ofdigoxin reported by Bruins [l4].
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formation of the quasi-molecular ion, [M-Hl‘. 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:

MH(g) = M’(g) + Hflg) AHO = AHacid



Figure 3.3
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The extended structure of digoxin based on

crystallographic data, showing the possible deprotonation

sites.
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Figure 3.4 Estimates of the gas phase acidities of the acidic sites in the

digoxin structure, and the estimates of the acidities of the

possible deprotonating agents from the glycerol [20].
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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'l. 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 CH2 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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Figure 3.5 Time dependence of the relative intensities of the

ions from pure glycerol (A), and the ions from the

glycerol matrix (B) containing digoxin (C).
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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-Hl' at m/z value 183 and the ions at m/z 91,

[G-Hl', m/z 59, [G-H—CH3OHl", m/z 71, [G-H-Hz-Hzol' 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-Hl' 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-Hl' 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-Hl', 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, [Mds-Dl". 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 [Mas-Hr. 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 [Mds + 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 CH2 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'l, 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-Hl', 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 [AOS1OS20530H], can be [AOS1OS205301' , if the proton

is from the terminal sugar moiety , and [A‘HOS1OS2OS3OH]', 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:

(MeCOCH2)' -9 ’CH2COCH2' + 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 H2, H2O, CH4 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-H2l' 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 H2 and H20 from the

deprotonated digoxin, and as the site of the elimination is not known yet, we

designate them as [M-H—H2l’ and [M-H-H2Ol'. 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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Scheme 1

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-Hl' ion to the [M-H—HzOl' 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-2H201'. 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 H2

and H20 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'H2OS10520S301'

if the molecular hydrogen is from the aglycone and [A'H0510S2OS30H-H21‘

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'H200510520530H], and [A'H0510S2OS30H-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‘HOS10520H]', corresponding to the loss of a dehydrated terminal sugar, as

well as at m/z 633, [A'H'H200510S20Hh 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—

H2l', resulting in the formation of the ion represented by the ion current at

m/z 759, designated as [M-H-H2-H201'. These elimination processes are

outlined in Scheme 2.

~H20

[M-Hl' —> [M—H—H201'

m/z 779 m/z 761

l ' H2 1 ' H2

- - H20 -

[M-H-H2] ——> [M'H‘Hz'Hzol

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 H2 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-Hzl' ion. However, the

relative intensity of the peak at m/z 371, [M-H-18l', is about six times greater

than the relative intensity of the peak at m/z 387, [M-H-H2l' suggesting that

the water loss is the dominant process, not the molecular hydrogen loss. It

should be pointed out also that a consecutive CH4 elimination from [M-H-

H21” should have been represented by a smaller ion current as it would

originate from the ion formed by the molecular hydrogen loss (as there is no

ion current at m/z 375 which would correspond to [M-H-CH41‘). Moreover,

the peak at m/z 371 is also accompanied by a peak at m/z 369, [M-3H-H201',

confirming that the peak at m/z 371 in not a result of a subsequent H2 and

CH4 loss. The probability of the H20 loss versus the consecutive [H2 + CH4]

elimination can be further justified by thermochemical data. Substituted

cyclohexanes were used as model compounds in calculating heats of reactions

for the elimination processes mentioned above. According to these the

dehydration of cyclohexanol requires 43.6 kJmole'1 energy [18]. In contrast

75.3 kJmole'l energy is required to eliminate methane from methyl-

cyclohexanol, and 118.7 kJmole'1 is the heat of reaction for the elimination of

H2 from cyclohexane. Elimination of H2 from cyclohexene forming the

conjugated compound is less endothermic, 110.9 kJmole‘l. This suggests that

water losses are expected before losses of H2 and CH4 from a cyclic system such

as the aglycone of digoxin and that elimination of H2 after loss of H20 is

possible.
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Thermochemistry of eliminations from cyclohexanol and cyclohexenol

The appearance of these peaks due to H20 and H2 losses, in the spectrum of

the digoxigenin, suggests that the peaks at m/z values 777 and 649 in the

spectrum of the digoxin can be attributed to similar neutral losses from the

aglycone portion of the molecule. However, the possibility of eliminating the

water and the hydrogen molecules from the sugar portion of the molecule

still cannot be excluded. In order to identify the sites of the elimination,

additional deuterium exchange experiments were performed according to the

procedure described by Soldin et al. [8]. They reported that, after keeping the
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digoxin in D20 at 363 K in a vacuum sealed vial for 17 hours under basic

conditions, not only the 0H protons are exchanged but also the protons at

sites h and iin the butenolid ring. This means the incorporation of nine

deuterons shifting the signal of the deprotonated (dedeuterated) molecule by

eight mass units to m/z 787. The mass spectrum of this fully deuterated

digoxin is shown in Figure 3.9, the mass shifts of the various ions in the

spectrum are shown in Table 3.3. In the linked-scan spectrum of this ion,

losses of 17 and 19 were observed suggesting the elimination of CH3D and

HOD. This provides evidence for 1,2 elimination of water. The mechanism

of the methane loss is not straightforward. In order to eliminate CH3D the

deuterium from one of the 0D groups has to be shifted. There are three

possibilities for this shift. In two of these the deuterium is shifted from either

one of the 0D groups in the 12 or 14 position to the methyl group (position

18) via a five membered ring or in the third case the deuterium is shifted

from site h (position 21 in the butenolid ring) to the methyl group through a

six membered ring. To prove the involvement of site h in the methane

elimination we back-exchanged the 0H sites leaving only the three sites in

the butenolid ring deuterated. In order to determine the deuterium content

of the digoxin after this back-exchange the positive ion FAB mass spectrum

was taken in the presence of Na+ ions. In this spectrum the quasi molecular

ion, of the analyte, [M+Na]+, appeared at m/z 806 which means that the

molecular weight of digoxin is shifted to 783 after the back-exchange meaning

the presence of three deuteriums. Furthermore, the linked-scan studies

showed losses of non-deuterated sugar thereby proving that the deuterium is

incorporated in the aglycone unit. In the negative ion spectra (Figure 3.10),

the quasi-molecular ion is characterized by an ion current at m/z 781. Thus, a

deuteron is removed from the digoxin-d3 upon the formation of this ion.
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This is evidence for the deprotonation at site h in the butenolid ring. The

loss of 17 was observed again thereby proving the shift of the deuterium from

site h to the methyl group. The site of the water loss can be identified using

the linked-scan spectrum of the parent ion 761 from the undeuterated

digoxin. The loss of a dehydrated sugar produces an ion with m/z 649, and

the loss of an intact terminal sugar results in an ion at m/z 631. Both of these

ions are present in the CAD spectrum with similar relative intensities thereby

providing evidence that the water loss can occur from the terminal sugar as

well as from the intermediate sugars or from the aglycone. Examine the

linked spectrum of the ion at m/z 631 (unfortunately it also contains

fragment ions from the ion at m/z 633). In this spectrum there is an ion at

m/z 501 which shows that the parent ion contained an intact sugar unit. This

means that the ion at m/z 631 could be dehydrated in the first sugar or in the

aglycone moiety. To decide which of these two sites is more probable let us

look at the linked-scan spectrum of the parent ion 501. There is an indication

for the loss of a dehydrated sugar (fragment at m/z 389) and also there is

another ion at m/z 371 which indicates a dehydrated aglycone. From these

results we can conclude that the elimination of water can take place from the

terminal sugar units as well as from the aglycone moiety. Regarding the

latter case consider again the spectrum of the gitoxin which has the same

trisaccharide unit as the digoxin and differs only in the positions of the OH

groups in the aglycone portion of the molecule (012 in digoxin, C-16 in

gitoxin). In the case of gitoxin the loss of H20 is enhanced, which can be due

to the proximity of the OH group on C-16 to the possible charge site.

According to Montaudo [28] the water elimination in oligosaccharides is a

charge initiated process, which suggests that if the water was eliminated from

the sugar portion of the digoxin, the spectra of digoxin and gitoxin would be
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similar, since their sugar residues are identical. This also confirms that the

deprotonation takes place in the aglycone portion of the molecule and the

neutral losses under discussion are the results of inductive cleavage reactions

in the aglycone. Based on the above observations the structural assignments

for the fragment ions discussed so far can be made. These are the following.

The ion at m/z 779 is designated as [A‘HOS1052053OH]‘, the

assignment of the ion at m/z 777 is [A'3HOS10520830H]’, and

finally the ions formed by the elimination of water from the above two

ions at m/z values 761 and 759 can be designated as [A'H'

H200510520530H ] ' and [A'3H'H20051052053OH1' respectively. These can

be further justified by literature data. Loss of H2 and H20 from the [M-Hl'

alkoxide anions in the case of diols is a well-known phenomenon [30].

Similar results were reported in the OH' negative chemical ionization spectra

of 17§-R-5a, l4 B-androstane-14,17§-diols [31]. In our case the digoxin has

three possible deprotonation sites in the aglycone portion. These are the two

OH groups and the CH2 group in the lactone ring. However, if the

deprotonation occurs at one of the OH groups the resulting alkoxide anion

can be stabilized by an intramolecular hydrogen bond involving the other OH

group. According to references [30] and [31], if such a stabilization can take

place, further fragmentation is inhibited, so we assume that the digoxin is

deprotonated in the CH2 group of the lactone ring. This deprotonation site is

labeled as h in Figures 3.3. and 3.4, and is expected to be one of the most acidic

sites in the molecule. Thus the H2 and H20 elimination reactions are

inductive cleavages. They seem to further extend the conjugation to the D

ring of the steroid structure. Possible structures of the products are presented

in Figure 3.11. As a result of the subsequent water and molecular hydrogen

losses the ring conjugation is extended, which provides a basis for the
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stabilization of the negative charge remaining in this portion of the molecule.

The elimination from the sugar portion is also possible. Possible mechanism

for this is presented in Scheme 4.
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Elimination of water and hydrogen from the deprotonated terminal

digitoxose
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m/z 759

Figure 3.11 Possible structures for the digoxin fragment ions at m/2 values

779, 777 and 759.
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2. Discussion of the structure of the fragment ions characteristic of the

cleavage of the glycosidic bonds (tn/z 649, 519, 389 and 387, 129, 127, 111).

The following ions are characteristic of the cleavage of the glycosidic

bonds. The first of them is represented by the ion current at m/z 649. The

terminal glycosidic bond is cleaved such that the glycosidic oxygen remains

on the fragment containing the aglycone. This cleavage, if our assumption

about the site of the deprotonation being in the aglycone part is correct,

should be accompanied by a hydrogen shift from the leaving sugar unit thus

resulting in an ion at m/z 649 and a neutral loss of 130. This ion can be

designated as [A'HOS1OSzOH]' . Similar to the terminal glycosidic bond

cleavage, fragmentation occurs also about the other two glycosidic bonds of

digoxin followed by H shifts leading to ions at m/z 521, designated as

[A'HOS1OH1' and at m/z 389, labeled as [A‘HOH]' . The other possibility

would be deprotonation in the sugar moiety followed by inductive cleavage

of the glycosidic bonds. Thus, the ions produced are [AOS1OSzol', [AOS1O]'

and [AO]' . The corresponding ions from the lost sugar moieties appear at

m/z values 129, 127 and 111. Since the neutral sugar portion lost in the

cleavage of the terminal glycosidic bond has a mass of 131 Da if there is no H-

shift from it to the aglycone containing moiety, and 130 Da after a H-shift, the

ion corresponding to this has an m/z value of 129, [HOS3'H-Hl' and the ion at

m/z 127 can be obtained via a molecular hydrogen loss from it. The ion at

m/z 111 is formed by the elimination of a water molecule from the ion at

m/z 129. Another ion at m/z 387 could have two different origins. This ion

could be formed by a hydrogen molecule loss from the aglycone ion (m/z 389)

and be designated as [A'H'HzOHl' or could come from the sugar moiety after

an H2 loss,[HOS3OszOS1‘H -3H]'. The confirmation of these assignments
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could be done by peak matching, however the intensity of these ions is very

small and accurate mass measurement is hard to achieve. 80 the following

experiment was done to confirm the origin of the ions at m/z 387 and at m/z

389. The spectrum of the digitoxin (case C in Figure 1) was taken. The

Spectrum is shown in Figure 3.12. Digitoxin has one less OH group on the

aglycone, its sugar portion is the same, so its [A'HOHT' ion should appear

sixteen mass units below the mass of the corresponding ion from the digoxin,

that is at m/z 373. In the negative FAB mass spectrum of the digitoxin there

is an ion at m/z 373 , [A'HOH]', and also another ion at m/z 371, whose

assignment is [A'HOH-Hzl', and is the result of a molecular hydrogen loss

from the aglycone, consistent with our assignment for the structure of the ion

at m/z 387 in the case of digoxin. But an ion at m/z 387 is also present in the

digoxigenin spectrum, which must come from the sugar moiety. These

experiments confirmed again that the ion current at m/z 387 in the spectrum

of digoxin has two origins. It has contributions from both the sugar and also

from the aglycone portion of the molecule and can have a double assignment.

The extent of these contributions could be determined by separate studies of

the CAD spectra of the sugar and the aglycone moiety. However, the small

intensity of these ions makes these experiments hard to realize accurately. It

is interesting to note the pattern in the fragment ions characterizing the sugar

moieties. They are all appearing three mass units below the mass of the

corresponding neutral. For example the ions at m/z 129 and 127 are

corresponding to the neutral species with a mass of 131. This can be explained

assuming that during the cleavage of the glycosidic bond an anion dipole

complex is formed. When this complex dissociates one possibility is that the

aglycone containing part carries the negative charge and the sugar is the

neutral. However, there is another possibility for a proton exchange between
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the aglycone containing anion and the sugar forming the ions at m/z 389 and

129 which can be designated as [HOS3OSzos1'H-Hl' and [HOSg'H-Hl'

respectively. These ions can fragment further by eliminating H2 or H20.

These processes are outlined in Scheme 5 for the cleavage of the terminal

glycosidic bond. Another possibility is that the molecular hydrogen loss

forming the ion at m/z 777 occurs from the terminal sugar. This is supported

by the fact that in the CAD spectrum of the parent ion at m/z 777 the most

intense daughter ion is the one at m/z 649, which contains an intact aglycone

and two intact digitoxoses.

Besides the ions formed by the water losses from the deprotonated

molecule and the cleavages of the glycosidic bonds another type of ion is also

formed resulting in the ions represented by the ion currents at m/z 631 and

501. They can be due to a water molecule loss from the digitoxose (sugar)

moiety of the ions at m/z 649 and 519, or can be formed by losing the terminal

and internal sugars from the [M-H-H201' ion. A CAD study on the parent

ions at m/z 631 and 501 will provide experimental evidence for the favor of

one of these possibilities. If, in the linked scan spectrum, the loss of the intact

sugar can be detected, the ion at m/z 631 should be from the [M-H-

H20]' ion (m/z 761) by losing its terminal sugar and the formation of the ion

at m/z 501 is a similar process from the ion at m/z 631. These processes are

consistent with the assumption that the charge is located in the aglycone

portion and the glycosidic cleavage occurs remote from the charge site

accompanied by H-shift from the sugar residue. This would imply the

operation of a mechanism similar to that of proposed by Allison and Light [5]

for the glycosidic cleavage in positive mode FAB.
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Scheme 5

Cleavage of the terminal glycosidic bond trough an anion-dipole complex.
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AsitcanbeseeninTable3.1lossofanintactsugarcanbedetectedintheCAD

spectrum of the parent ion at m/z 501. In the case of the ion at m/z 631 the

CAD spectra could not be interpreted unambiguously as the spectrum also

contains the daughter ions of the ion at m/z 633. In order to get further proof

for the site of the deprotonation and for the occurrence of the hydrogen shift

we examined the spectra of the deuterated digoxin-d9. In this spectrum

(Figure 3.9) the ion formed by cleaving the first glycosidic bond appears at m/z

656 which means that, it is shifted by seven mass units relative to the normal

mass spectrum (m/z 649) meaning that there are seven deuteria present in

this fragment. This is only possible if the original site of the deprotonation

(dedeuteration) was in the terminal sugar, not in the aglycone. Had it been

the aglycone, then upon the cleavage of the glycosidic bond two deuteriums

would have left with the terminal sugar leaving six behind and after a H-shift

the ion would have had an m/z value of 655. In order for this fragment to

appear at m/z value of 656 one deuterium has to shift from one of the OH

groups of the terminal digitoxose. However, both of these hydroxyl groups

are probably too far away from the glycosidic oxygen for such a shift to occur.

However, there is an ion at m/z 655 that could have two origins. On the one

hand, it can be formed from the ion at m/z 786 through the inductive

cleavage of the first glycosidic bond, or it is also possible that it is a product of

the remote site cleavage of the first glycosidic bond and formed via a

hydrogen shift. The ratio of the relative intensities of the ion currents at m/z

787 to 656 is 100:10.52 = 9.5 and that of ion currents at m/z 786 to 656 is

65.36:8.17 = 8. This supports that the ion at m/z 655, indeed, has a double

origin and that both the inductive cleavage and the remote site mechanism

accompanied by a H-shift are operational. These experiments also yielded

important information about the ions from the digitoxose residue. Namely,
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the ions at m/z 127 and 111 are not shifted in the negative FAB spectrum of

the digoxin-d9. This is only possible if during their formation they lost the

incorporated deuteria. At this point we can conclude that the cleavage of the

glycosidic bond can occur via remote site reaction as well as through charge

initiated fragmentation. The proposed mechanism has to account for the

structure of the sugar ions.

IV. Summary of the tentative assignments for the digoxin fragment ions.

The mechanism of the glycosidic cleavage.

Tentative assignments for the fragment ions were based on low

resolution mass spectral data and where the intensities of the ions allowed

accurate measurements were confirmed by linked scanning and peak

matching results. The fragment ions of the digoxin, their compositions and

designations can be seen in Table 4.3 together with the mass shifts in the

deuterium exchange spectra of digoxin-dé and digoxin-d9.

These assignments can be altered where mechanistic information

suggests different possibilities, or rules out one of the double assignments. At

this point let us summarize the discussion so far. The data from the mass

spectrum of the related cardiac glycosides, gitoxin and digitoxin, and the

aglycone digoxigenin confirms that the deprotonation takes place in the

aglycone and the fact that the majority of the fragment ions contain the

aglycone also supports this, however there are indications that the

deprotonation can also occur in the sugar residue. The loss of the water and

the molecular hydrogen are probably results of inductive cleavages from the

digitoxose moiety and also from the aglycone which, in addition can also

eliminate methane. Now we will focus on the mechanism of the glycosidic
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cleavage and see if it can be understood in terms of the above assignments or

if they require reconsideration. The cleavage of the glycosidic bonds of

oxyanions generated by FAB has been studied by several authors [28, 29, 34-38].

It has been shown that in the negative spectrum of methyl glycosides the

main decomposition pathway is the loss of methanol [35] which means that

the glycosidic cleavage is accompanied by a hydrogen shift. According to the

proposed mechanisms for the glycosidic cleavage in oligosacharides in their

negative ion spectra [34, 35] one possibility is a hydrogen atom transfer to the

interglycosidic oxygen atom from the C-2-H bond of the sugar ring (Scheme 6

a) followed by the cleavage of the glycosidic bond. An alternative pathway

could be a proton exchange between the anion which is formed in the first

decomposition step, and the remaining part of the sugar. In this case the

hydrogen atom in the hydroxylic group of the methanol molecule comes

from the most acidic sites of the sugar molecule, i.e. from the hydroxyl

groups (Scheme 6 b). In these cases the cleavage takes place remote from the

charged site. These processes both are consistent with our proposed

mechanism in Scheme 5. However in solution chemistry it was shown that

arylglycosides were cleaved by strong bases, such as OH', or CH30‘, through a

vicinal attack by the C-2 oxyanion on the anomeric carbon atom [38].

According to Savagnac et al. [36] in the gas phase the chemistry is different.

They proved that the hydroxyl group at C-2 does not participate since the

glycosidic cleavage was not affected by a 2-0 methylation. It was also observed

experimentally that the configuration of the anomeric carbon has no effect on

the cleavage which rules out the possibility of an intramolecular

nucleophyllic attack on C-1, that would expected to be highly stereospecific.

They suggest that the glycosidic cleavage occurs after opening the sugar ring

by a vicinal attack at the C-5 carbon atom. Then the formed hemi-acetals
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fragment into methanolate anion and 4,5 anhydro sugar which exchange

another proton before their separation into charged and neutral species

(Scheme 7).

a CHZOH CH20H

OH OH

0R(- H) ———> , ROH(- H)

OH
OH

OH OH

b 20H

0

H 0R(- H) —* [ RO' . CsHmOs]

OH

OH

ROH + CJ‘IgOs-

Scheme 6

Possible reactions for the glycosidic cleavage of deprotonated

oligosacharides
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Scheme 7

Charge induced cleavage of the glycosidic bond through

hemiacetals.

In these cases the fragmentation is induced by the charged site. Studying the

spectrum of digoxin it seems that in our case the charge remote

fragmentation is the more probable, as it is consistent with the previously

proposed H-shifts and the higher relative intensity of the ion containing the

aglycone after the glycosidic cleavage. However as we concluded from the

study of the digoxin-dg, charge induced cleavage is also operational in which

case the anion-dipole complex, formed in the first step, dissociates by

transferring a proton from the sugar to the aglycone containing anion

forming the ion at m/z 129 in the case of the terminal digitoxose. It is
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interesting to mention that although there are some ions present from the

terminal sugar unit in the low resolution FAB spectrum of digoxin they are

missing from the CAD spectrum of the parent ion at m/z 779. The

implication is that there is a different mechanism operational in the CAD

experiment. Such a behavior has been reported by Cross [39] who found that

the collisional activation of the [M-Hl' anions of sulfate steroid conjugates

predominantly yields fragment ion arising from reactions occurring remote

from the charge site. However, in the case of glucouronide conjugates, ions

primarily from charge driven fragmentations are present in the linked scan

spectrum of the quasi-molecular ion. As in the normal FAB spectrum of

digoxin the formation of the ions at m/z 129 and 127 can be explained by both

charge-initiated process and charge-remote processes as well. It is possible

that in CAD, the remote site fragmentation is the major process. This can be

understood since in the charge-remote mechanism the driving force is the

internal energy content of the molecule which can be increased by collisions

with the inert gas [40]. Furthermore, if an anion—dipole complex is formed as

an intermediate during the glycosidic cleavage only the primary

decomposition products of this complex would be expected to appear in the

CAD spectra. Thus, those species that are formed via proton transfer within

this complex could disappear from the CAD spectrum implying that under

MS/MS conditions the anion-dipole complex decomposes before the transfer

reaction can occur between the dipole and the anion. This is accordance with

the results of Longevialle and Botter [41] who calculated that the reorientation

for a proton transfer in difunctional steroids would take about 10 psec. Thus,

complex-mediated proton transfers are reactions of low energy ions. The

above mentioned fragmentation pathways, both the remote-site and the

charge-induced glycosidic cleavage, are outlined in Scheme 8. The proposed
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charge induced mechanism for the glycosidic cleavage not only is in

accordance with the structures of the sugar fragment implied by the results of

the deuterium exchange experiments but also explains the different

appearance of the MS/MS and the normal MS spectra.
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Conclusions

The mass spectrometric analysis of the digoxin and related cardiac

glycosides were performed by negative ion mode FAB mass spectrometry.

Our studies suggest that in the case of digoxin in glycerol, in the

desorption/ionization process, the ionization occurs after desorption, in the

gas phase via Bronsted acid/base reactions. This is confirmed by the

similarities between the negative FAB spectrum and the negative OH/CI

spectrum reported by Bruins [14]. The deuterium exchange experiments and

the study of the gitoxin FAB spectra suggest that there is no single, specific

deprotonation site for the digoxin. In case of such a large molecule with

many possible deprotonation sites one has to take into account a distribution

of deprotonated species at different sites. It is highly likely that not the most

stable quasi-molecular ion produces the majority of fragment ions in the

spectrum. In our case, the digoxin is deprotonated in both the aglycone and

also in the sugar residue.

The data presented from the digoxin mass spectrum show that the

majority of the fragment ions contains the aglycone portion, suggesting that

after the fragmentation the negative charge most likely resides in this residue.

There are three major types of fragment ions. First, there are ions that are

formed by the elimination of water, methane and molecular hydrogen.

Second and third, ions resulted from the cleavage of the glycosidic bond and

either contain the aglycone moiety or formed form the carbohydrate residue.

The loss of H2 and water from the aglycone is a facile process, which can be

rationalized by the extension of the conjugated double bond system. The

elimination processes are taking place by charge retention in the aglycone

containing fragment. However, it was shown that similar small neutral
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losses can occur from the sugar residues also. The relative intensities of these

ions are significantly different and characteristic in the case of isomeric

molecules. The cleavage of the glycosidic bonds was explained as a result of a

remote charge fragmentation and also as an inductive cleavage involving an

anion-dipole complex intermediate. In the latter case the sugar ions observed

in the spectrum can be formed by transferring a proton from the digitoxose

containing dipole to the aglycone containing anion. This is consistent with

the fact, that these ions corresponding to the digitoxose fragments are missing

from the CAD spectrum of the [M-HI' parent ion. The mechanistic study

suggests that, although to a different extent, remote site cleavages

accompanied by H-shift, as well as charge initiated processes can occur in the

case of large organic anions. In the latter case it is proposed that a long range

hydrogen transfer occurs within the anion dipole complex. Under high

energy conditions (CAD) this complex simply dissociates before the proton

transfer can take place.

From the comparative study of the spectra of digoxin and related cardiac

glycosides, together with their aglycone portions it can be concluded that the

negative FAB/MS is a valuable tool to distinguish between the isomers of

these compounds.
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CHAPTER FOUR. MATRIX-ASSISTED LASER DESORP'TION IONIZATION

MASS SPECTROMETRY

Introduction to Matrix Assisted Laser Desorption Ionization - Time of Flight

Mass Spectrometry (MALDI-TOP MS)

Among the numerous desorption/ionization techniques developed in

the past two decades for the analysis of large, non-volatile and thermally

labile compounds, matrix-assisted laser desorption/iOnization and

electrospray (ES) show the greatest promise for the mass spectrometric

analysis of biopolymers with molecular weights ranging from a few

thousands to a few hundred thousand Daltons [1].

The first attempts to generate ions of organic molecules by direct laser

desorption/ionization date back to the early 19705 [2, 3]. However, the size of

the molecules that can be desorbed and ionized was limited to ~ 1,000 Da for

biopolymers and up to 9,000 Da for synthetic polymers. In these early laser

desorption experiments the desorption is the result of resonant absorption at

the laser wavelength, thus the molecular weight limitation is believed to be

due to the photodissociation of the sample. The main breakthrough toward

higher molecular masses came when Hillenkamp and Karas' research group

realized that the use of a matrix could circumvent this problem [4].

As the technique now stands, a small amount of analyte molecules,

which usually exhibit only moderate absorption at the laser wavelength, is

embedded in a solid matrix consisting of small, highly absorbing species. The

most often used matrices are sinapinic acid (3,5-dimethoxy-4-

hydroxycinnamic acid), 2,5-dihydroxybenzoic acid, and a-cyano-4-
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hydroxycinnamic acid. The structures of these compounds are shown in

Table 4.1.

The structures of the most commonl used MALDI matrices.

 

 

O

CH3O \ OH

HO

OCH3

sinapinic acid (3,5-dimethoxy-4»hydroxycinnamic acid)

CN 0

\ °“
HO

a-cyano-4~hydroxycinnamic acid

COOH

I OH

OH

2, 5-dihydroxybenzoic acid   
The production of ions in matrix-assisted laser desorption/ionization

depends on the production of a suitable composite material, consisting of the

matrix and the analyte biopolymer.
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Practical methods for MALDI sample preparation

A number of different methods have been described in the literature

for growing analyte-doped matrix crystals. The original method described by

Karas and Hillenkamp has been named as the "dried-droplet" method. It

involves drying a droplet of a solution containing the matrix (1-10

millimolar) and the analyte (1-10 micromolar). A variant of this method was

proposed by Vorm, et al. [5]. They first placed a thin layer of the matrix

compound onto a metal surface and then put a droplet of analyte-containing

solution on top of the layer of the matrix compound. As the droplet dries it

dissolves some of the matrix which crystallizes onto the substrate matrix layer

when the droplet dries completely. The crystallized matrix layer is very thin,

allowing for more reproducible mass measurements.

It is possible to grow large, protein-doped crystals under near-

equilibrium conditions, rather than in a rapidly drying droplet [6].

Supersaturated matrix solutions containing the protein will form crystals that

can be used directly in an ion source. Supersaturation can be achieved by

heating and cooling or by slow evaporation. The slow crystallization method

produces higher doping levels than the dried droplet method, especially if

there is gentle agitation of the crystallization chamber during the crystal

growth.

A recently developed technique of producing crystals for use in MALDI

ion sources involves growing thick films of matrix crystals [7]. The substrate

for the crystals, usually a flat piece of metal, is first covered with the matrix

material, by rapidly drying a solution of the matrix dissolved in an organic
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solvent, such as 2-propanol. The small matrix crystals that cover the surface

are then crushed and smeared over the substrate surface, resulting in a well-

adhered layer of crystalline matrix. A saturated solution containing the

matrix and the analyte is then deposited onto the surface and allowed to dry

slightly. The crystalline material on the substrate acts to seed crystal

formation at many sites on the surface, resulting in the rapid growth of a

rather uniform polycrystalline film of analyte-doped matrix crystals over the

surface. The liquid drop can be removed by blotting. The resulting film is

very strongly adhered to the substrate and can be washed thoroughly to

remove any contaminants that were present in the sample solution.

The prepared samples are introduced into the mass spectrometer

where the deposit is desorbed/ionized by a pulsed laser. The laser pulse

widths are typically in the 1-100 ns range. The lasers used most often emit in

the UV-range of the spectrum and the radiation wavelength depends on the

laser type, most often 266 nm (frequency—quadrupled Nd-YAG laser) or 337

nm (Nz-laser). The spectra presented in this work were obtained on an

instrument equipped with a pulsed N2 laser emitting at 337 nm, with a laser

pulse width of 3 ns. The irradiance is controlled by an attenuator and is

increased gradually until the desorption/ionization threshold is reached. The

irradiance of the laser has proven to be one of the most critical parameters in

the MALDI experiment. The threshold irradiance is typically ~ 1 MW/crn2 [8],

and is necessary to produce ions from the sample. Below this threshold the

ion production falls off to the fifth power of the laser irradiance [8]. Laser

irradiances higher than the threshold dramatically decrease the mass

resolution in the spectra obtained. The size of the laser spot and the angle of

incidence of the laser beam on the sample surface do not seem to be critical.

Laser spot sizes of 10-300 um in diameter and angles of incidence of 300-750
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are used typically. Because of the pulsed nature of the ion ejection, the ions

are usually analyzed by time-of-flight (TOF) mass spectrometers.

Time-of-flight mass spectrometry

The most straightforward TOF spectrometer consists of an ion source

and a collector situated at the opposite end of an evacuated tube. The ions are

formed in the ionization region of the source, in the case of MALDI, by

irradiating the sample with a laser. They are then accelerated out of the

source toward the collector by a constant or a series of constant electric fields.

Assuming that all ions ejected from the target have zero initial velocity, they

all acquire the same kinetic energy (105 = 1/2 mv2 = zeVacc). Thus, the

velocity of the ions in the field free region is a function of the ratio of their

mass, m, to their charge, 2. Therefore, when the ions reach the collector they

have separated into bunches corresponding to m/z. If only singly charged

ions are present, the lightest group reaches the detector first and is followed by

groups of successively heavier mass. The flight time of the ions can be

calculated by the following equation:

t= t(in ion source) +t(in flight tube) =1/an— [1,831 + L," 2e; J (4.1)

acc QCC

where Vacc = accelerating voltage, Vacc/d = electric field in ion source, 2 =

  

number of charges, e = 1.609 x 10'19 C, m = mass of the ion, and L = the length

of the flight tube. Time of flight instruments are well suited to be combined

with an ion source producing ions at a point source in space and time and

also have a theoretically unlimited mass range which is essential for the
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analysis of large molecules. A unique advantage of the TOP mass

spectrometers is the speed with which a spectrum can be obtained. A second

advantage is that the entire mass spectrum can be recorded for each

ionization pulse. The third major advantage is that, the accuracy of a TOF

mass spectrometer depends on electronic circuits rather than on extremely

accurate mechanical alignment and on the production of highly uniform

magnetic fields. The main disadvantage of the TOP mass spectrometers has

been their limited resolution. If all ions were formed in a plane parallel to

the source electrodes and with zero initial velocity the flight time would be

the same for all ions which had the same m/z, and the resolution would be

limited only by the detecting equipment. In practice, the resolving power of a

TOF mass spectrometer depends on its ability to reduce the time spread

caused by the ever-present initial space and initial kinetic energy

distributions. In the case of MALDI-TOF mass spectrometry, since the sample

is in solid form deposited on a sample plate, the low resolution is primarily

due to the relatively large initial kinetic energy spread of the ions rather than

the initial spatial distribution of the ions. This energy spread is a result of the

explosive expansion of the matrix from the surface which accelerates the ions

by supersonic jet formation [9]. Efforts have been made to improve the

resolution by decreasing the initial kinetic energy spread of the ions by

preparing more homogeneous samples, using reflectrons or applying time-lag

focusing [10] to correct for the energy distribution.

In a reflectron instrument, an ion mirror (reflector) as first proposed by

Mamyrin and coworkers [11] is placed in the flight path of the ion packets.

The reflectron voltage is higher than the source voltage thereby ensuring that

all the ions (those above normal energy as well) get reflected. Ions with

higher energy penetrate the mirror further before reversing direction, while
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low energy ions reverse early. By properly selecting the mirror voltage and

the mirror and drift tube lengths, all the ions in a packet will arrive at the

detector at the same time even though they left the source with different

energies.

Time-lag focusing as introduced by Wiley and McLaren [10], uses a time

delay between the formation of the ions and the application of the

accelerating potential. During this delay time, the ions, because of their initial

velocities, move to new positions which sacrifices the space resolution.

However choosing the proper delay time corrects for the initial energy

(velocity) distribution, thereby improving the resolution in overall. The

concept of time-lag focusing can be understood with the help of Figure 4.1.

(— Detector is located to the left.
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Figure 4.1 Curves of flight time vs. initial position used in

discussion of time lag focusing. Adapted from

reference [10].

Consider three ions produced at the same initial position but with different

initial velocities 0, and 3: v0. Without time lag their flight time would be
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different, as indicated by the open circles in Figure 4.1. The ion with -vo

having the shortest flight time, and the one with +vo the longest, since this

latter ion at first moves away from the detector against the accelerating field

until it stops and starts to be accelerated out of the source. Thus, the

difference in the flight times of the ions having initial velocities +vo and -v0

is the so called turn around time. Since the velocities do not change, during

the lag period each ion moves on its own curve to a new position (indicated

by black circles) which changes its flight time. By appropriate choice of the lag

r a situation can be achieved where the flight time is the same for all three

ions. The same concept is applied in MALDI-TOF mass spectrometry in the

recently introduced method of delayed-ion extraction (DE) [12, 13]. In this

case, besides the above described energy focusing effect, it is also believed that,

in the DE experiment, ions are allowed to disperse in the ion source due to

their initial velocity while the neutrals are pumped away [12]. The reduction

in ion-molecule collisions minimizes the associated spread in translational

energies.

Recent advances in coupling MALDI with Fourier-transform mass

spectrometry (FT-MS) also show great potential in accurate analysis of high

mass (i.e., > 10,000 Da) ions [14-16].

The experiments described in this dissertation were done on a Voyager

Elite MALDI-TOP mass spectrometer (Perceptive Biosystems, Vestec

BioSpectrometry Products, Cambridge, MA). The schematic diagram of this

reflectron-time-of-flight mass spectrometer is shown in Figure 4.2.

In the Voyager Elite MALDI-TOF mass spectrometer, the ions

generated by irradiating the sample with the laser are accelerated by a two

stage electric field of maximum 23.5 kV toward the flight tube (field free
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region). The flight times of the accelerated ions can be calculated using

equation 4.1. However, in practice, the mass of an ionic species is not
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calculated by that equation. Instead, the mass-to-charge ratio values are

assigned by calibration. The square root of the mass-to-charge ratio value,

m/z, is proportional to the flight time for a given mass spectrometer with

fixed values of d, Vacc, and L. That is,

m

47“

(m _ 4.2
or, 7 -C1Xt

The flight time , t, is the duration between the time when the ions were

generated and when they reach the detector. However, the actual starting

time is difficult to measure, so a reference point in time is registered by a

photodiode which receives a part of the pulsed laser beam. The time relative

to this reference point, t', and the actual flight time, t, differ by a constant

value, C2. Therefore,

m I

— =c xt+c

7- ‘ 2 4.3

At least two known points of (m/z, t') values, obtained by the use of standard

samples, are necessary to calculate the values of c1 and c2.

The most common type of detector is composed of a conversion

dynode and an electron multiplier. The former generates electrons or small

ions from the impinging ions. The latter multiplies the number of electrons

to generate a larger electrical current. The detector used on the Voyager Elite,

is a microchannel plate. Microchannel plates are photo-electric devices

consisting of a parallel array of independent channel electron multipliers

capable of ion, electron, UV-photon, and soft-X-ray detection and signal

amplification. Thus, they function as a conversion dynode and as an electron
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multiplier at the same time. Typical channel diameters are in the range of 10-

100 um and have length-to—diameter ratios between 40 and 100. The channel

matrix is usually fabricated from lead-glass and the channel walls are coated

with a semiconductor, for instance silicon-dioxide. High output technology

(HOT) microchannel plates (MCP) are capable of a signal amplification of 107

[17].

The main problem in ion detection is that the high mass ions

generated by MALDI move too slow to generate electrons efficiently on the

conversion electrode. The yield of secondary electrons from the conversion

electrode is a function of the momentum of the impinging ions [1]. A high

acceleration voltage in the ion source or post-acceleration before the detector

may be used to increase the momentum of ions and thus increase the

detection efficiency. Post-acceleration is often used in the reflectron-time-of-

flight instruments, with typical acceleration voltages of 3~5 kV.

MALDI spectra are dominated by peaks representing the intact

protonated molecules in the positive ion mode. Peaks corresponding to

fragmentation are rarely observed in the spectra. The lack of fragmentation

makes this technique ideal for mixture analysis [18-20]. Although, peptides

and proteins are the main biocompounds investigated by MALDI, the

technique can be applied to oligonucleotides [21-25], oligosaccharides [26-28],

glycoconjugates [29, 30] and synthetic polymers [31-33].

Later studies using reflectron-TOF mass spectrometers revealed that

MALDI ions undergo post-source fragmentations [34, 35], but the fragments

are not separated from the protonated molecules by a linear TOF mass

spectrometer. However, in a reflectron-TOF instrument they could be

separately detected. As was mentioned earlier in this Chapter, in the

reflectron-TOF instruments an ion mirror is placed at the end the flight tube.
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Without potential applied to the reflector, all fragment ions from post-source

decay (PSD) are detected at the end of the first field free (FFR) region as an

increase in the peak width of the intact [M+H]+ because they have

approximately the same velocities as this precursor ion. However, these PSD

fragment ions have kinetic energies (KE) that are different from each other

and less than the precursor ion's, and it is this characteristic that enables them

to be separated by their mass in the reflector. By lowering the potential

applied to the reflector, a particular mass range of lower KE fragment ions

will fully penetrate the reflector comparable to that of the intact [M+H]+ ions

at full reflector potential. As a result, these specific PSD fragment ions will

become focused onto the second detector at the end of the second FFR. The

entire mass range of PSD fragment ions for a particular precursor ion can be

detected by lowering the reflector potential in several intervals. Typically, the

ratio of the mirror voltage to the acceleration voltage is lowered in steps, in a

way that each ratio is about 75% of the preceding ratio. The observable

fragment ion mass is proportional to the mirror ratio times the parent ion

mass. Basically, the reflectron is tuned to sequentially focus the lower energy

fragments, and a series of related spectra are obtained. A special program then

combines the spectra into a single spectrum showing the parent ion and its

fragments.

Once the formation of PSD fragment ions had been discovered, the

question of how the precursor ions are activated for subsequent

decomposition has been raised. In the next chapter the results of the work

done with regards to the mechanism of activation in MALDI-PSD are

described. Glykoalkaloids were used as model compounds. Comparisons are

made with high and low energy collisional activation used in FAB-MS.
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CHAPTER FIVE. MALDI/POST-SOURCE DECAY

Do MALDI/PSD Spectra Sugest High- or Low-Energy Collisional Activation?

The MALDI Spectra of Glycoalkaloids and their Use as Probes

of the PSD Process

When introduced, matrix-assisted laser desorption/ionization time-of-

flight mass spectrometry (MALDI-TOF MS) [1] provided only molecular

weight information by yielding a single mass spectral peak for analytes such

as peptides. As the use of reflectrons for the analysis of fragment ions

developed it was found that peptides did fragment post-source, thus the

possibilities of structure elucidation for high molecular weight compounds

has been extended by using Post-Source Decay (PSD) analysis [2, 3].

How are ions activated in MALDI-PSD for subsequent fragmentation?

One possibility is that the energy is deposited during the D/I process in the

form of photoexcitation [4]. Ehring et al. [4] proposed a photochemical model

for ion formation in UV-MALDI. This model assumes the photoionization

of the absorbing matrix molecules, followed by ion/molecule reactions to

form the observed ions (protonated molecules in the positive ion mode).

The total energy absorbed by the analyte molecules is usually very low, thus

their photoionization is negligible. In the above mentioned model, it is

proposed that the protonated analyte ions are formed in proton transfer

processes between the different matrix-related species and the analyte

molecules. The processes leading to protonated and deprotonated analyte

molecules are shown in Figure 5.1. The key idea of this ionization model is

that ionization of highly absorbing compounds by UV lasers is initiated by a

photoionization step yielding radical molecular photoions.

108
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_>M+’ +A —> Am... (MJ—I).

+MH+ +A ——> AH"+M

M+nhv —>M‘ +A —> (A-H)'+ (Mi-H).

--> F’ ' + A -—> (A-H)‘ + (F+H)‘

—>(c' +A -—> A-'—-> (A-H)'+H')
 

Figure 5.1 Photochemical ionization processes for analyte ions in

MALDI. M = Matrix; F = Fragment; A = Analyte

For typical polar organic molecules which all have ionization energies in the

range 7.5-9 eV in the gas phase, the required energy may be provided by a

resonant two-step absorption (the photon energy: 266 nm, 4.6 eV; 337 nm, 3.7

eV) of two single photons or by sharing the energy of two singly excited

molecules. The radical molecular ions may undergo chemical reactions with

neutral molecules. As a result of this reaction, protonated matrix or

protonated analyte molecules can be formed as shown in Figure 5.1. The

absorbing matrix molecules undergo extensive fragmentation. Their

fragment ions can also participate in proton transfer reactions with the

analyte molecules. The electrons, resulting from the photoionization of the

matrix molecules may be captured by an analyte molecule forming a radical

anion, which can subsequently be stabilized by losing a hydrogen radical, as

also shown in Figure 5.1. In the case of the matrix molecules, their

fragmentation can be due to photochemical activation. However, for analytes

the energy desposited by the laser radiation is too small to induce considerable

fragmentation.

The second possibility is that the activation is due to collisions. If so,

collisions could take place during acceleration in the desorbed "plume", or

they could take place throughout the flight tube with the residual gas
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molecules [3, 5]. In these cases, comparisons with collisionally activated

dissociation (CAD) spectra obtained by means of other mass spectrometric

methods could be useful to answer the question whether the PSD spectra of

peptides, the most highly studied analytes in MALDI, resemble high or low

energy CAD spectra. The answer to this might help to understand the

contributions of in-plume activation, which would be relatively low energy,

and activation in the flight tube, in which case the ions have their highest

kinetic energies. Unfortunately peptides may not be the best compounds to

probe these questions. Rouse et. al. [6] has suggested that the MALDI-PSD

spectra are remarkably similar to those obtained by low energy CAD in

tandem mass spectrometry in case of peptides. While in case of "in-flight"

collisional activation the spectra are similar to those obtained in the high

energy CAD [7], since side chain losses are usually observed in case of high

energy collisional activation. Others have discussed the fact that the

cleavages observed in MALDI-PSD are a combination (or mixture) of both

types of CA - high and low energy [8].

High and low energy CAD spectra of glycoalkaloids by means of [SIMS

have been recently reported [9]. The spectra are strikingly different, suggesting

that such compounds may be good probes of the PSD process. Glycoalkaloids

produce strong response in MALDI spectra, and PSD spectra can be obtained

which are rich, since glycosidic bonds cleave and the aglycone fragments as

well. These results will be presented, and their similarities to high and low

energy CAD spectra discussed.
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Fundamental Aspects of Collision-Activated Dissociation of Ions

In the second chapter it was discussed how to obtain collisionally

activated dissociation spectra on a double focusing mass spectrometer. Next,

the basic mechanisms of CAD will be briefly summarized.

Collision-activated dissociation (CAD) [also called collision-induced

dissociation (CID)] of ions in a mass spectrometer plays an increasingly

significant role in ion structure determination. CAD has attained even

greater importance with the advent of fast atom bombardment, laser

desorption, matrix assisted laser desorption and electrospray techniques for

generating ions from large , nonvolatile molecules. These techniques usually

produce (quasi)-molecular ions with very little fragmentation. Collisional

activation of these "molecular" ions and subsequent dissociation to various

fragment ions provides structural information required for identification and

characterization. The CAD studies of polyatomic ions as presently practiced

had their origins in the study of metastable ion dissociation in the field-free

regions of double focusing mass spectrometers, first introduced as a technique

by Barber and Elliott [10]. Collisional activation in time of flight instruments

by increasing the flight tube pressure was demonstrated by Jennings [11] and

Haddon and McLafferty [12]. These studies showed that CAD spectra were

qualitatively similar to those obtained by electron impact ionization, and they

provided definitive information on fragmentation pathways. Low-energy

CAD experiments were performed by combining two or more quadrupole

mass filters in tandem [13].

Basic mechanisms of CAD were investigated in early experimental and

theoretical studies of simple di— and triatomic ions [14]. Molecular beam-

scattering studies of small molecular ion 02+, N2+, NO and H2+ have defined
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the basic mechanisms often invoked in discussing the CAD of polyatomic

ions at low collision energies [15]. In these small ion systems, particularly at

low energy, the dominant dynamics feature is a pronounced peak of product

ion intensity that forward scattered with essentially the velocity of the

primary ion beam. This follows the predictions of the spectator-stripping

model, where one atom (or molecular fragment) is essentially stripped away

and the remainder of the ion or molecule proceeds in flight with little or no

change in momentum.

For the di- and triatomic ions cited, it is postulated that lengthening the

bond connecting the struck atom to the rest of the ion or an electronic state

change to a weakly repulsive or nonbonding state causes the bond energy to

decrease during the collision to a negligible value so that momentum

exchange with the non interacting ion or fragment is minimal [16].

The fundamental studies of small ions have provided invaluable

insights into the basic CAD mechanisms. However, it can hardly be expected

that these principles can be applied directly to polyatomic ions. For this

reason, the pioneering studies of Herman et al. [17] on the CAD of CH4+

provides a starting point for interpreting the CAD of polyatomic systems. For

CH4+, the reaction

CH4+ + He —-) CH3+ + H + He (5.1)

was investigated and a number of important characteristics of polyatomic

CAD were established.

It is useful to consider CAD as proceeding via two steps that are

separable in time. The first is collisional activation where a fraction of an

ion's kinetic energy is transferred into internal energy of the ion, followed by

unimolecular dissociation of the internally excited ion.

M1+ + M2 —) M1” + M2 (5.2)
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Mr" —-) M3+ + M4 (5.3)

The formal requirement for applying the above two step mechanism is that

the neutral M2 not be present in the force field of the excited ion M1+' during

the dissociation step. This interpretation is rationalized in terms of typical

collision times for CAD. For example, if the interaction distance (molecular

diameter) is 2 A, the collision time for an 8-keV energy ion of m/z 44 with a

low velocity neutral is 10'15 sec, too short for nuclear motion to occur (the

time scale for such a process is 10'“ -10'13 8). At 5 eV the collision time

increases to 4 x 10'14 sec, still much shorter than the time scale typical for an

ion dissociation (10‘12 - 10'5 sec) in mass spectrometry. This mismatch in the

characteristic excitation and dissociation times allows one to consider the two

processes as sequential. Another assumption often made in interpreting CAD

experiments is that the relative kinetic energy of the ion and neutral after

fragmentation is small. That is the two fragments move collinearly with

nearly the same velocity. [For those cases where kinetic energy release cannot

be neglected, the maximum in the velocity distribution remains interpretable

as the average velocity of the excited precursor ion, while the distribution is

broadened by energy release]

The activation step has been the most elusive goal in understanding

CAD. Knowledge of the internal energy distribution of activated ions is the

essential first step in applying unimolecular decay theories to describe the

fragmentation step. Using the center of mass (CM) reference frame to describe

the collision pair, the precursor ion and the neutral collide collinearly at 180°,

and the excited ion and the recoiling neutral retreat from the CM after the

collision. The kinetic energy and momentum of the CM of the collision pair

is unchanged in the collision. In this frame the kinetic energy of the system is

KE=1/2 uvr2 where,u=M1xM2/(M1+M2)
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M1 and M2 are the masses of the colliding particles, and v, is the relative

velocity. Since the kinetic energy of the CM is conserved in a collision

process, only the relative kinetic energy of the collision partners is available

for conversion into internal energy.

Variations in fragment ion distributions occur because of differences in

the amount of acquired internal energy, which depends on the chosen

method of activation. Variations in ion distributions can also be attributed to

such factors as dissimilar reaction times, the form of energy deposited, the

amounts of ion scattering upon excitation, and the different angles over

which the ions are collected. Two major methods of ion activation are:

collision of accelerated ions with a "stationary" gas phase target in the (1)

high-energy (keV) and (2) low-energy (eV) ranges of laboratory kinetic energy.

Mechanism of High-Energy Collisional Activation

In reference [14] Durup discussed four basic mechanisms of CAD:

(1) vertical electronic excitation to a dissociative state,

(2) adiabatic dissociation following momentum transfer,

(3) complete inelastic collision with an orbiting complex formation,

(4) collision induced pre-dissociation.

Efficient conversion of ion translational energy into internal energy

occurs when the collision interaction time (tc) and the period of the internal

mode that is being excited (I) are comparable [18]. For an ion of m/z 1000 and

with a translational energy of 8 keV, the value of tc for an interaction path

with target molecule of several A is about 10‘“ sec. The Bohr period of a

valence electron is of similar duration. Thus, collisions at kiloelectronvolt

energies are expected to result in excitation of electronic modes.
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Redistribution of the excitation energy to vibrational modes results in bond

cleavage. Excitation of rotational/vibrational modes is also possible but

would be less efficient since the interaction time is 10 times shorter than the

period of a molecular vibration. From the center-of-mass considerations

shown above we have seen that the maximum amount of kinetic energy

available for conversion into internal energy of the ion depends on the

relative kinetic energies of the ion and the target gas and their masses.

Increasing the kinetic energy of the ion or increasing the molecular weight of

the collision gas will increase the available energy, whereas increasing the

mass of the ion will decrease the available energy. In studies of internal

energy deposition it was demonstrated that an average energy of about 1-3 eV

(1 eV= 23.06 kcal/mol) is deposited into an ion in a high-energy collision, but

that the distribution of deposited energies exhibits a high-energy tail

extending beyond 15 eV for internal energy [19, 20]. The probability of a

collision depends on the target gas pressure and the collision cross section of

the collision between the ion and the target gas species.

Low-Energy Collisions

Low-energy CA is most often carried out in quadrupole and hybrid

sector-quadrupole mass spectrometers. Collisions at low energies are no

longer expected to result in excitation of electronic modes. The typical

interaction time of a projectile ion of mass 200 and a translational energy of 30

eV with a target molecule over a few angtroms is on the order of 10'13 sec.

This length of time is longer than the time of an electronic transition thus,

the probability of the excitation of such a transition is reduced. This

interaction time however, is comparable to the reciprocal of most vibrational
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frequencies. Under such conditions, the collisions are nonadiabatic, and the

interaction is said to have an impulsive character that can effectively induce

energy transfer [21]. The subsequent transfer of translational to vibrational

energy is believed to occur by internuclear momentum transfer. The most

important observation in a comparison of low- and high energy-CA is the

superiority of CAD at high energy over low energy for large organic ions. The

differences in the extent of fragmentation obtained by using low- and high-

energy activation methods can be explained in terms of the amount of

internal energy deposited by a collision. High-energy CA deposits an average

of 1-3 eV internal energy with a high energy tail up to 15 eV. Conversely,

low-energy CA deposits low average energies with an energy distribution

exhibiting no significant high-energy tail. It is generally observed, that in

high-energy CAD additional fragmentation pathways are opened up and the

spectra contain more fragment ions relative to the low energy CAD.

The Use of Glycoalakaloids as Test Compounds for the Mechanism of

Activation in MALDI-PSD

In the case of glycoalkaloids, which are nitrogen containing steroidal

glycosides found in potato tubers and green tomatoes, the high and low

energy CAD spectra are considerably different [9]. We have decided to obtain

MALDI-PSD spectra for these compounds to determine which activation

mechanism(s) is operational in case of MALDI-PSD. The analysis of these

compounds in minute amounts in mixtures (typically well suited for MALDI

analysis) is also of importance, since they are natural toxins, occurring in all

parts of plants of the Solanum species [22]. These toxins are considered to
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form a natural resistance of the plant against parasites and diseases. In the

potato plant, high concentrations of glycoalkaloids occur in the peel of the

tuber (concentration about 300-600 mg/kg), in the sprouts (about 2000-4000

mg/kg) and in the flowers (3000-5000 mg/kg) [23]. The glycoalkaloid level

averaged over the whole potato tuber is about 100 mg/kg. This realatively

high level may even increase when the potato tuber experiences a kind of

stress situation, e. g. resulting from tuber injury or storing under non-ideal

conditions [22, 23]. Glycoalkaloids consist of a C27-steroidal alkaloid skeleton

(aglycone) to which one or more sugar groups are attached. (The structures of

the glycoalkaloids in this study are going to be shown later together with their

mass spectra.) In cultivated potatoes, a-solanine and a-chaconine, with

solanidine as the aglycone, form about 95 % of the total alkaloid content [23].

Glycoalkaloids are toxic to humans. The lethal dose is considered to be about

3-6 mg/kg body mass [24].

Experimental

Chemicals. The glycoalkaloids, a-solanine, tomatine, solanidine,

tomatidine and solasodine were purchased from Sigma Chemical Co. (St.

Louis, MO). The a-cyano-4-hydroxycinnamic acid matrix was obtained from

Aldrich Chemical Co. (Milwaukee, WI). Acetonitrile and trifluoroacetic acid

(TFA) were purchased from EM Science (Gibbstown, NI).

Mass Spectrometry. All MALDI spectra were obtained on a Voyager

Elite (PerSeptive Biosystems, Vestec BioSpectrometry Products, Cambridge,

MA) reflectron TOF mass spectrometer equipped with a nitrogen laser

(337nm, 3 ns pulse). The accelerating voltage in the ion source was 20 kV.
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Data were acquired with a transient recorder with 5 ns resolution. The matrix

selected for this study was a-cyano-4-hydroxycinnarnic acid, because it was

found to give the best sensitivity. The matrix and the glycoalkaloids were

dissolved in acetonitrilezTFA (0.1%) 1: 1 mixture at room temperature. The

matrix solution was saturated at room temperature (~ 20 mM). The

concentration of the glycoalkaloids was between 1-4 x 10‘5 M. To prepare the

sample 1 ul of the matrix solution was deposited on the stainless steel sample

holder then 1 ul of the sample solution was applied. The mixture was

allowed to dry prior introduction into the ion source of the mass

spectrometer. Each spectrum was produced by accumulating 128 laser shots.

The accelerating voltage was 20 kV. This voltage was decreased to zero in two

stages. In the first stage 74 % of the full acceleration voltage was applied to a

grid located at 3 mm from the sample plate. In the second stage the electrode

located 3 cm from the sample plate was grounded. The spectra were obtained

in continuous extraction mode, unless otherwise stated. In some cases,

delayed extraction with 100 ns delay time was used. For each PSD spectrum

the mirror ratio was decreased in 8 steps. The laser irradiance was increased

by about 5 % in each step. Time-of-flight to mass conversion was achieved by

internal calibration.

The high energy CAD spectra were obtained on a JEOL-HX-11O (JEOL,

ltd., Tokyo, Japan) of forward geometry with an accelerating voltage of 10 kV

and a FAB gun voltage of 6 kV with 5 mA emission current, using xenon as

the FAB gas and He as the collison gas. Glycerol was selected as the matrix.

Product ion spectra were obtained with 1-2 nmole sample quantities.

Precursor ions were selected at a mass resolution of 1000. The total collision

probability for an ion with a nominal collision cross section of 5 x 10'16 cm2,

traversing through a 1-cm collision region, depends on the pressure of the
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collision gas as follows. If the main ion beam is attenuated by 30 %, 95 % of

the encounters are single, 5% are double and 0% are triple collisions. If the

attenuation is 50%, the corresponding values are 70, 20 and 10 % respectively.

In general, attenuation higher than 70% corresponds to multiple collisions

[25]. In our experiments, the pressure of the collision gas was set to attenuate

the precursor ion beam by approximately 50%. Precursor ion beam

attenuation of 10% was also tried to test whether the unique features of the

high energy spectra exist under single collision conditions as well.

Results and Discussion

The low- and high energy CAD spectra of selected glycoalkaloids were

reported by Claeys et al. [9]. They also pointed out important differences

between the spectra obtained on a VG70SEQ hybrid instrument using Ar as

the collision gas at an energy of 50eV (laboratory frame) or lower. Their high

energy spectra were recorded on a four-sector instrument with He target gas

with an energy of 4 keV under multiple-collision conditions (70%

attenuation of the precursor ion beam). According to their evaluation of the

spectra low-energy CAD favors charge driven fragmentation of the aglycone

rings, while high-energy CAD spectra are more complex and contain

additional fragment ions from charge-remote fragmentations, multiple

cleavages, or charge-driven rearragements.

In Figure 5.2 the low- and high-energy CAD spectra reported by Claeys

et al. [9], the high-energy CAD FAB spectrum and the MALDI-PSD spectrum

obtained in our laboratory of tomatidine (M.W. 415) are shown. The MALDI-
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PSD spectrum resembles the low-energy CAD spectrum reported, except for

the fact that the relative intensities of the ion currents corresponding to

fragment ions at m/z 124 and 126 are higher in the MALDI-PSD spectrum.

The fragmentation pattern is shown in Figure 5.3. As can be seen in this

figure the ions at m/z values 124 and 126 are formed by multiple cleavages of

the E ring. It is hard to compare the relative intensities of the ion currents

represented in the MALDI-PSD spectra since the spectra are stiched together.

Since the high energy spectrum reported was obtained under multiple

collision conditions we decided to record the high energy FAB spectrum at

lower collision gas pressures to ensure that the unique features of the high-

energy spectra persist and were not only present at high collision frequencies.

The product ion intensities were very low under our experimental

conditions. We found that changing the primary beam attenuation from 10%

to 50% and to 75% did not change the composition of the high-energy CAD

spectrum, but the relative intensities of the product ions were higher at

higher collision frequencies. In Figure 5.2 the FAB-CAD spectrum obtained at

50% primary ion beam attenuation of tomatidine is also shown. It is not
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identical to the spectrum reported in reference 9, and is not expected to be,

since the experimental conditions (acceleration voltages, collision gas

pressures, instrument geometries) are different. However, the spectra are

very similar and clearly different from the MALDI-PSD spectrum. The ions at

mass to charge ratio values, m/z 344, 330 and 138 which appear to be

characteristic of high-energy CAD [9] are clearly missing from the MALDI-PSD

spectrum. Claeys et al. [9] explained the formation of the ion at m/z 344 as the

result of a charge remote fragmentation of the A ring (see Figure 5.3). The

formation of the other two ions at m/z 330 and 138 is harder to explain. As

shown in Figure 5.3, they may be the result of multiple cleavages in the

neighboring rings.

The low- and high-energy CAD, the FAB-CAD and the MALDI-PSD

spectra of solasodine (M.W. 413) are shown in Figure 5.4. The fragmentation

pattern is outlined in Figure 5.3. Again the characteristic high-energy product

ions at mass to charge ratio values, m/z, 398, 380, 342 and 328 are clearly

missing from the MALDI-PSD spectrum. Also there is an ion current at m/z

357 which is present in our high-energy CAD spectrum as well as in the

spectrum in reference 9. The structure of this ion has not been assigned. It is

possible that it is formed via multiple cleavages of the A and B rings, since it

is 29 mass units above the ion with m/z value 328.

The spectra of solanidine (M.W. 397) are shown in Figure 5.5. The

MALDI-PSD spectrum is clearly richer in low mass ions then the low energy

CAD spectrum reported by Claeys et al. [9], but again is very different form the

high-energy CAD spectrum shown also in Figure 5.5. The ions at m/z values

368, 354, 342, 328 are characteristic of high-energy CAD and can be interpreted
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as a result of multiple cleavages, remote from the charge in the A, B or C

rings. The ion reperesented by an ion current at m/z 136 is also a

characteristic high energy fragment resulting from multiple cleavages in the

D ring.

Figure 5.6 shows the MALDI-PSD spectrum of tomatine (M.W. 1033). It

is clearly different again from the high-energy CAD spectra also shown in

Figure 5.6, and is also very different from the low-energy CAD reported in

reference 9. The series of Yn‘t ions at m/z values 902, 872, 578, 416

characteristic of the carbohydrate sequence reported in reference 9 are not

present in the MALDI-PSD spectum. The high-energy CAD spectrum shows

ring fragmentations. These fragmentations are shown in Figure 5.7.

Figure 5.8 shows the MALDI-PSD and FAB high-energy CAD spectrum

of a-solanine together with the spectra from reference [9]. The PSD spectrum

of the [M+H]+ ions shows the formation of Y1+ ions at m/z 722 and 706 which

correspond to the loss of terminal rhamnose and galactose residues. Other

sequence related ions at m/z 398 (Yo+) and 380 (20+) can also be found in the

spectrum. These are all present in the low-energy CAD spectrum [9].

However, from the aglycone fragments only m/z 98 is present in the PSD

spectrum and the other two ions at m/z 150 and 204 present in the low-energy

CAD are missing from the PSD spectrum. Instead, a new ion appears at m/z

126 which could also be a product of a multiple cleavage in the E ring. Two

other new ions, not present in the LSIMS and FAB spectra, are the ion at m/z

561 and 366. The former may be rationalized by the simultaneous loss of the

terminal rhamnose and galactose residues accompanied by H shifts to the
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glycosidic oxygens. The ions characteristic of the high-energy fragmentation

processes (m/z Q6, 688, 704, 734, 750) are clearly missing from the PSD spectra.

The comparison of our spectra with the reported ones results in the

conclusion that for the aglycone components the MALDI-PSD spectra

resembles the low-energy CAD spectra, while for the glycoalkaloids the

resemblance is not unambigous. The MALDI-PSD spectra are different from

the low- and high-energy CAD spectra. While they contain peaks

representing ion currents resulting from low energy fragmentation processes

and clearly lack the signature of high-energy fragmentation, they also show

the appearance of new ions which have not been observed in the CAD

spectra. However, the appearance of the MALDI-PSD spectra suggests the

importance of low-energy activation.

It has been suggested that the activation mechanism of PSD is largely

determined by collisional events (ion/neutral) occurring in the acceleration

field during early plume expansion [26]. Is this in-plume activation model

plausible? To answer this question let us consider the typical kinetic energy

obtained by the ions formed at the target surface while they are accelerated out

of the ion source and the possible number of collisions they undergo. It has

been mentioned in the previous chapter that the MALDI ion source produces

ions with a significant initial kinetic energy which is due to the fact that

irradiation with the laser causes the evaporation and expansion of the sample

with supersonic velocity [27]. Several research groups measured the initial

velocities of the ions and neutrals produced by MALDI. Huth—Fehre et 111128]

determined a common velocity distribution for the desorbed neutrals in case

of felluric acid matrix and gramicidine-S analyte, having a maximum

between300—400m/s.
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Figure 5.9. Schematic of the MALDI ion source. Assume that an

ion formed at the sample plate has to travel through the

dense cloud of neutrals ejected with a velocity of 350 m/s

while it is accelerated out of the source.
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This common velocity distribution suggests strong entrainment of the

desorbed analyte molecules in the matrix. Beavis and Chait [29] measured the

initial velocities of the ions. They found that sinapinic acid matrix ions had a

maximum velocity of 1140 m/s, while polipeptide ions (1000-15600 Da) had

velocities of around 750 m/9. Others also measured initial ion velocities

within this range [30-32]. Imagine a situation that an ion is formed at the

sample surface and it has to travel through the dense cloud of material,

usually referred to as the plume. The plume mostly consists of matrix

molecules because of the high matrix to analyte ratios (~ 10000:1) used in

MALDI. The thickness of the expanded plume can be estimated as the

ejection velocity times the laser pulse width. If, we assume an ejection

velocity of 350 m/s for the neutrals [27] then for a 3 ns pulse laser this value is

1 um. Using the higher ejection velocity of the ions 1140 m/s, the thickness

of the plume is 3.4 um. Figure 5.9 shows the schematic diagram of the

MALDI ion source.

As was mentioned earlier, the Voyager Elite uses a two stage acceleration

field. Next, we are going to show that the collisional events for an ion

formed at the back of the plume (on the sample plate surface) take place

within the first stage of the acceleration field. The time, it takes for a neutral

matrix molecule ejected with a velocity between 350m/s and 1140 m/s, to

travel to the grid placed at 3 mm from the sample plate, ranges between 8.5 us

- 2.6 115. For the ions this time would be shorter because they are accelerated

by the field. In the ion source of the Voyager Elite at 20 kV acceleration

voltage and a grid voltage of 74 % in the first stage, an ion with a mass of 1000

Da undergoes an acceleration of

1: _ Eez _ 5,200 V/3x10'3m x 1. 602 x 10% x 1 11 2
_ _ = 1.7 x 10 m/s

m m 1kg/mole/6.02 x 1023 1/mol

a: 
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The mean initial velocity of the desorbed ions of similar size was measured to

be ca. 750 m/s [29]. Thus, for an ion of 1000 m/z, it would take 1.84 x 10 '7 s to

reach the grid, meaning that the ions would pass the neutrals within the first

acceleration region. Considering the initial velocity and the acceleration field

in our instrument (see. Figure 5.9) the velocity and the kinetic energy of an

ion formed at the surface of the sample plate can be calculated at any time and

at any distance from the surface, assuming that no collisions occur to change

the velocity of the ion. These values are presented in Table 5.1

Table 5.1 The kinetic energy of an ion of m/z 1000 as a

function of time and distance from the sample plate.

 

 

Time (us) Distance above Kinetic energy (eV)

sample plate (um)

0 O 2.9

0.001 0.83 4.38

0.002 1.84 6.15

0.003 3.02 8.22

0.005 6.12 13.69

0.008 11.44 23.06

0.05 2.50 443

0.1 925 1632

 

In Figure 5.10 the situation is depicted as the packet of neutrals and ions

travels in the ion source towards the field free region. According to our

calculation an ion formed at the surface of the sample plate will reach the

front of the plume after 5.15 ns at which point it has about 13.69 eV kinetic
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energy and it is about 6 um above the target surface. In MALDI, the molar

matrix to analyte ratio is generally 10,000:1. Thus, it is proposed that a dense

plume consisting mostly of matrix molecules is formed upon irradiation. If

the ion with an m/z value of 1000 and a kinetic energy of 13.69 eV collides

with an a-cyano-4-hydroxycinnamic acid matrix molecule (M.W. 189) which

has a kinetic energy of 0.3 eV, both velocity vectors are in the same direction,

giving a relative kinetic energy of 13.39 eV. This is the maximum amount of

available energy for collisional activation, which would correspond to low

energy activation.

The number of collisions an ion undergoes while accelerated through

the plume can be estimated by estimating the number density. Ens et al. [33]

reported the ejection of 4 x 107 neutral molecules from an irradiated area of 5

x 10'9 m2 at threshold irradiance. Using an ejection velocity of 750 m/s (v),

for the desorbed species and assuming that the same plume exists during the

laser pulse, (1:), the thickness of the plume can be estimated as v x 1:. For a 3 ns

laser, this value is 2.25 x 10'6 111 (see Figure). Thus, the volume of the plume

is 11.25 x 10'15 m3. This gives a number density of 3.6 x 1021 molecules/m3.

The number of collisions an ion undergoes while traveling through this

dense plume can be calculated using the equation:

Z = GCrelN

where o is the collision cross section, crel is the relative velocity (1625-750=875

m/s) and N is the number density. The collision cross section is estimated to

be ca. 3 x 10'18 m2. The collision frequency calculated is, 2 ~ 1 x 107 s". It takes

about 5.15 ns for the ion to get through the plume, which gives 0.05 for the

number of collisions. This suggests single collision conditions in the plume,

meaning that only about 5% of the ions undergoes collisions in the expanded

plume. This may be consistent with the observation that using delayed
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extraction did not significantly change the PSD spectra. In the continuous

extraction mode, the precursor ion intensity is generally lower than in the

delayed extraction mode, and the relative intensity of the product ions is

higher then under delayed extraction conditions. This would be consistent

with the in-plume activation model. In delayed extraction, before the

acceleration field is switched on, the ions and the neutrals are travelling with

the same initial drift velocities and the plume density decreases. When the

field is switched on the ions are accelerated through the low-density plume

where the probability of collisions is smaller, which explains the higher

precursor ion yield.

As we saw, in the expanded plume the probability of collisions is rather

low and such a low probability does not account for the very similar initial

velocities observed for ionic and neutral species of a wide mass range. This

suggests that the early stages of plume-expansion should be reconsidered. In

the very early stages of the plume formation the number density in the

plume can be approximated by the number density of the solid. For nicotinic

acid matrix this value is 7.21 x 1027 molecules]m2 [34]. The relative velocities

of the desorbed species are smaller than at the time when the ionic species are

accelerated considerably. Using an estimated relative velocity of 250 m/s, and

the same collision cross section as before, the collision frequency calculated is,

Z = 5.8 x 1012 $4. Assuming that this rather dense plume is maintained for

1/10 of the time an ion spends in the expanded plume, 5.15 x 10 '10 s, the

number of collisions an ion undergoes is about 2989. This implies multiple

collision conditions in the early plume, however the available energy for

collisional activation is small.

The possibility of high energy collisional activation with residual gas in

the flight tube should also be considered. At 20 kV acceleration voltage, the
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kinetic energy of the ions when they enter the field free region is 20 keV. For

an ion with a mass of 1000 Da this corresponds to a velocity of 6.21 x 104 m/s.

At a base pressure of 10'7 torr the number density in the instrument is 3.24 x

1015 molecules/m3. Using the same cross section and the velocity of the ion

as the relative velocity the collision frequency is 648 molecules/s. The flight

time of the ion in the flight tube of 1.2 m is 19.23 us. Thus, an ion can

undergo about 0.012 collisions in the flight tube, that is only about 1 % of the

quasi-molecular ions will undergo collisions. This explains, that unless the

residual gas pressure is increased, high-energy collisional activation will not

OCClll'.

Conclusions

Compared to mass spectra obtained by FAB, MALDI mass spectra

provide only limited structural information because of the low extent of

fragmentation. In the second chapter of this dissertation, and in the

published paper in Appendix One, mechanisms of ion formation in the case

of FAB were considered. We have shown that FAB can be described as a

glycerol chemical ionization experiment. Ions and neutral molecules are

desorbed into a high pressure region called the selvedge, where they can

undergo multiple collisions and participate in ion/molecule reactions. The

average energy imparted by the fast atoms is high enough to induce

fragmentation following bombardment, and the contribution of the gas phase

ion/molecule reactions to the ion yield represented by the mass spectrum is

also considerable. In this last chapter the possible activation mechanisms for

the ions formed in a MALDI ion source were considered. Clearly, the MALDI

ion source is different from the FAB source in terms of the nature of the gas
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phase species above the target, electric fields, and ion kinetic energies.

However, the possibility of ion/molecule reactions in the dense plume

formed upon laser irradiation should still be considered. The estimated

collision frequencies are much lower in the laser-desorbed plume than in the

FAB selvedge region. Thus, the contribution of gas-phase ion/molecule

reactions to the ions represented in the spectrum are expected to be smaller.

The possibility of in-source collisional activation was also considered.

Though the probability of collisions is low, if an encounter occurs, the

available kinetic energy is in the range of 1-10 eV which is consistent with

low-energy activation. To increase the fragment ion yield in MALDI-PSD, the

desorption, ionization, and in-source activation mechanisms need further

understanding. The effect of laser fluence should be studied. The

fragmentation may potentially be increased by adjusting the number of

matrix molecules ablated into the gas phase, through sample preparation,

and/or by changing the acceleration field or applying delayed extraction. The

continued studies on the mechanisms of desorption/ionization will

hopefully lead to a unifying description of the different methods.
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If the Ionization Mechanism in Fast-Atom

Bombardment Involves Ion / Molecule

Reactions, What Are the Reagent Ions?

The Time Dependence of Fast-Atom

Bombardment Mass Spectra and Parallels

to Chemical Ionization

Gabriella Székely and John Allison

Department of Chemistry, Michigan State University, East Lansing, Midtigan, USA

 

The evaporation in vacuo of the matrices used and the particle-induced desorption of matrix

molecules in fast-atom bombardment (FAB) contribute to a tprgoposed high pressure region

above the FAB matrix known as the selvedge region. If 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 ioniza-

tion (CI) experiment have been pointed out previously and are further developed here. If

FAB is similar to C1, then the response depends on the structures of the reagent ions—those

ions that react with gas phase analyte molecules. We consider here the time dependence of

positive and negative ion FAB spectra 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. (J Am Soc Mass

Spectrom 1997, 8, 337-351) 0 1997 American Society for Mass Spectrometry

 

 

egardless of whether it is "an old maxim" or

I; not, desorption/ionization methodology for

spectrometry clearly does demonstrate that

you "do not always need to know what you are doing

to get useful information" [1]. Although several groups

are currently investigating the details of the desorption

and ionization steps in matrix-assisted laser desorp-

tion/ionization (MALDI), many of the same questions

remain for fast-atom bombardment (FAB) and liquid

secondary ion mass spectrometry (LSIMS). Nonethe-

less, each is used daily to solve diernical problems.

Characterization of these systems continues with the

promise that, once the physical and chemical aspects of

the process are understood, the overall experiment can

be optimized, for improved analytical capabilities.

In the case of FAB, a number of descriptions of the

desorption aspect of particle bombardment have been

put forth [2-6]. Details of this facet may be most

closely related to the molecular weight limits of the

technique. However, the response of analytes and the
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fact that not all analytes yield detectable signals in

FAB mass spectrometry may well be more closely

related to the chemical aspects of the technique. How

are analytes ionized in the FAB process?

In the development of FAB, its parallels with chemi-

cal ionization have been discussed [7]. Analyte re-

sponses appear to depend on gas phase proton affini-

ties [8-11]. Protonated and deprotonated analytes are

formed. With the introduction of the concept of a gas

phase selvedge region existing above the liquid target

[12], FAB could be described as essentially a glycerol

chemical ionization experiment. Ions and analytes are

desorbed not into the high vacuum, but into this

region where collisions can occur. Although not incor-

porated into this model to date, the time dependence

of FAB spectra could also be explained by invoking

gas phase ion/molecule reactions.

More recently a very different mechanism has been

developed in which the chemistry through which the

observed ions are formed takes place in high pressure

gas cavities, which constitute the initial interfacial re-

gion linking the distinct condensed and gas phases of

the experiment [5] (see Figure 1). In these cavities,

formed upon fast-atom impact as a result of the colli-

sion cascade, a variety of reactions can occur [5]. Of
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Figure 1. Sdrematicshowing the site of fast-atom impact into a FAB target containing glycerol

mauixNaQarrdananalyte. Whipactcavityisahownaswellitscontributiontotheguplnae

selvedge region. in tieregionlabeledAtheinterfacebetweenliquidandgnion/ion

mbuufionmcfimsoxurwimhighramOnadaorbedfiommbngiortuulyuiaumove

into the "selvedge region." where ion/molecule reactiorucanoccur, but notion/iarrecombina-

tions.Dimemionsindicatedarediacuaaedinthetext.

particular importance are ion/molecule reactions,

throughwhichanalytesacquirechargewhentheana-

lyte(M)ispresentinthematrixinneutralfom1.lnthis

discussion, the matrix is glycerol (G). These reactions

include various kinds of proton transfer, such as

FH*+M—-MH*+F (1)

or anion/cation attachment, if salts such as NaCl are

present:

Na*+ M -0 MNa+ (2)

Cl‘+ M _. MCl' (3)

In reaction 1, Fl-l+ represents any organic ion derived

from glycerol that could protonate M.

When the analyte is ionic, introduced into the glyc-

erol matrix as an NazM salt, for example, a variety of

processes can occur to yield singly charged species,

such as

M"+ Na*-+ MNa‘ (4)

G+M"—-[C-H]'+HM' (5)

Recombination reactions such as reaction 4 maybe the

fastest in this interfacial region [5]. As desorption takes

place, attractive ion/ion interactions overcome the in-

fluence of the solvent. When insufficient energy is

available to desorb the multiply charged analytes pro-

ton abstraction involving matrix molecules is also an

attractive option for M ‘ [reaction (5)] because the

desolvation energy is considerably less for species with

lower overall charges [13].

Although chemistry in the interfacial region is

clearly important, especially for charged analyte

species, there are aspects of FAB

that cannot be explained bythe high pressure gas

cavity alone. One is thetrrne dependence of FAB,

whichwillbethefocusofthiswork. lfallofthe

chemistry responsible for the ions observed takes place

in very small microvolumas at fast-atom impact points,

then FAB spectra would not be expected to have a

substantial time dependence. The time-dependent

spectra correlate with decreasing matrix/sample

amounts, which could decrease the number of colli-

sions in the gas phase, yielding fewer products of

ion/molecule reactions. This concept will be devel-

oped and evaluated here, with a focus on the forma-

tion of the protonated matrix molecule and the higher

mass proton-bound matrix clusters in positive ion mass

spectra, as well as the analogous anions formed. The

details of the time-dependent aspects of FAB will be

discussed and the possibility of the contribution of gas

phase ion/molecule reactions to the observed'rons will

be evaluated. We specifically attempt to define, if

ion/molecule reactions are occurring the reactant iom

for the most common matrix—glycerol.

massspectrometry

The "Chemical Ionization" Model of

Fast-Atom Bombardment

If a situation is created in a portion of the FAB ion

source that resembles a glycerol Cl experiment, in

which particle bombardment supplies reagent ions and

desorbed neutral analyte molecules, then what are the

reagent ions? Which ions are responsible for protonat-

ing desorbed analyte molecules M? Consider the simi-

larities between the FAB experiment and methane

chemical ionization (CI). In methane Cl, CH; once
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formed collides with many additional methane

molecules, with little subsequent ,allowing

for the accumulation of large numbers of these reagent

ions. In contrast, Girl+ reacts upon subsequent colli—

sions with glycerol molecules, leading to proton-bound

clusters as large as (G),5H* [14]. If one considers the

high pressure ion source and the spectrum of methane

alone, it is clear that most analyte molecules that

collide with a gas phase ion will encounter CH; and

these are considered as the reagent ions (in addition, of

course, to CZH; ). In the FAB spectrum of glycerol, the

most abundant cation is frequently m/z 93, GH‘.

Thus, one may consider glycerol Cl as involving ion-

ization of analytes through the following proton trans-

fer reaction, as described by Kebarle et al. [8, 11],

011,}, + M“, _. Mug, + G“, (6)

and the response, or lad: thereof, would depend on the

relative proton affinities of the analyte and glycerol.

Wsanalysisisbasedontheassumptionthatmany

protonated matrix molecules are available for reaction

becausedreyarerepresentedbyoneofthemostin—

tense in the mass 9 Another possibility

is that Gl‘l+ ions are products of ion/molecule reac-

tions as are Ml-l+ ions for neutral analytes M. One

may also consider the various Gui-1* ions as reagent

ions, but thae are expected to have high proton

affinities, de1 makes them less likely to protonate

analyte molecules than GH‘ [15].

Although FAB has many similarities with Cl, there

arecritical differences.0nethatismostcrucialtolhis

discussion is the spatial aspects of the experiment (see

Figure 2). When energetic particles collide with the

glycerol target, primary ions are formed in the cavity

created by the impact. Sunner et al. [16] refer to these

ions as collision cascade ions. For simplicity, we will

refer to them as reagent ions because, as the interface

between the condensed phase and the vacuum breaks

down forming the selvedge, the primary ions formed

at the interface will pass through the selvedge and

continue to react. The concentration of reagent ions

and daorbed neutrals will be highest at this liquid/gas

interface. As molecules diffuse away from the target,

theClmodelsuggeststhatcollisionsoccurandreagent

ions are converted into ion/molecule reaction prod-

ucs, whid'r react further, and so forth. At some point

in space the average number density becomes suffi-

ciently low that no additional d1emistryoccurs(the

outer edge of the selvedge region) [12, 17], andit is the

ionic species that exist at this point, after the diemistry

is over, that are sampled and represented in a FAB

mass spectrum. Although m/z 93, representing GH‘,

isthemostintenselowmasspeakinthemassspec-

1mm of glycerol, this does not mean that GH‘ isthe

reagent ion in this experiment [11]. In this model it

would be a' reaction product. When analyte molecules
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first desorb from the target, they encounter reagent

ions. As they move away from the target and the ionic

composition of the gas changes, they may be proto-

nated by species such as GI-i+ that will contribute to

the MH* signal. However, both M and G are proto-

nated in this model by the reagent ions generated from

particle bombardment, and it is one purpose of this

article to consider the identity of these ions.

In addition to GH *, G" is a reagent ion candidate,

as are fragment ions, possibly similar to those ob-

served in the electron ionization (EI) mass spectrum

of glycerol [18]. When gas phase glycerol molecules

are ionized by energetic electrons, there is essentially

no molecular ion detected at m/z 92 (Cg-1,03”). the

‘ four major fragment ions are m/z 61 (Cg-1502+), £3

(C2H30*/C3H;), 31 (0130+), and 29 (Czrrg/

CHO“). These are all even-electron ions.

We propose that the identity of the reagent ions of

FAB—those ions that play the role of primary reactant

ions for subsequent gas phase ion/molecule reactions

—can be experimentally determined. If a substantial

fraction of the reagent ions are converted into product

ions because of the high pressure selvedge region, then

one need only to reduce the number density in this

region, and the primary ions will be able to pass,

unaltered, from the surface of the FAB probe to the

mass analyzer. How might one remove the selvedge

region? Remove/limit its source. The approach evalu-

ated here involves decreasing the amount of glycerol

present on the probe. With less glycerol surface area

present, the contributions to the number density at

points within the ion source decrease. As the number

density decreases, there are fewer collisions—less con-

version of reagent ions to reaction products. There are

several ways to decrease the amount of glycerol pre-

sent on the probe tip, and we propose that an informa-

tive way to do so is to begin with a typical amount of

glycerol and let desorption in vacuo and particle bom-

bardment deplete the sample to the amount desired.

That is, the time-dependent spectra of glycerol should

lead to a situation where very small amounts of glyc-

erol remain (at long times), the spectrum of which

could represent the reagent ions of FAB. This aspect of

the model is summarized in Figure 2. It is well known

that FAB spectra are time—dependent and that the ions

from the matrix vary with time [19, 20]. As time passes

in a FAB experiment, the most noticeable change is in

the glycerol cluster ions. As the number of gas phase

glycerol molecules in the source decreases, less duster-

ing occurs, which would be consistent with having

fewer collisions. Thus, for the G.H* ions, the average

value of it decreases as time increases, consistent with

a gas phase clustering mechanism:

0H,}, + Gm) -v 61H?!) (7)

6211;, + c“, _. G,H&, (8)

(iv-”<21 + Gus) " G,,,H&, (9)
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It also suggests that, at sufficiently long times, spectra

can be obtained under conditions of reduced collision

numbers. It is this proposal that we evaluate here, to

identify the reagent ions, both positive and negative,

formed in FAB from glycerol, realizing that we are

evaluating a model, to determine the extent to which

ion/molecule reactions could play a role in generating

the ions observed.

Experimental

All experiments were performed on a JEOL FIX-110

doublefocusing mass spectrometer (JEOL, Ltd., Tokyo,

Japan) of forward geometry with an accelerating volt-

age of 10 kV and a FAB gun voltage of 6 ltV with 5 mA

of emission current, by using xenon as the FAB gas.

Resolution was set at 3000. The total cycle time for a

single scan was set at 1 min. When data were acquired

over a mass range of 0-400, each spectrum was ac-

quiredin15.4switharesettirrreof44.5$.Whenthe

mass range of 0-800 was being studied, the time

required to obtain each spectrum was 21.9 5, again

with a reset time that allowed for the generation of one

spectrum per minute.

The glycerol was mixed with an equal volume of

methanol to allow for reproducible amounts of matrix

to be transferred to the FAB probe tip. Typically, 1 “L

was applied to the probe tip. The methanol was

pumped away before the FAB experiment began. Sepa-

rate studies were carried out with pure glycerol and

were compared with the results of the experiments

where the methanol:glycerol mixture was used, to be

certain that residual amounts of methanol did not

contribute to the mass spectra obtained.

The 1,1,23,3,-ds-glycerol was obtained from Cam-

bridge Isotope Laboratories (Woburn, MA). The extent

of deuteration was reported to be 98%. The digoxin

was purchased from Sigma Chemical Co. (St. Louis,

MO). Both diernicals were used as received. Digoxin

was dissolved in a 1:1 methanol:chloroform mixture to

a concentration of 5 pg 11.1.". One rnicroliter of this

solution was mixed with the matrix on the FAB probe

tip prior for insertion into the mass spectrometer.

Results and Discussion

The Chemical Ionization Modelfor Fast-Atom

Bombardment

Results will be presented first for the positive ions

formed by fast-atom bombardment of glycerol. Several

studies have been reported on the ions formed from

glycerol, which may be candidates for reagent ions

[19-22]. In 1982, Field [19] discussed the time depen-

dence of selected ions in the FAB spectrum and pro-

vided strong evidence for radiation damage to the

matrix upon particle bombardment, wherein a fraction

of the glycerol is converted into radicals, which react
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to form larger molecules. These species appear in pro-

tonated form in the FAB mass spectrum (as does

glycerol). According to Field, continuous bombard-

ment leads to crystalline products from the viscous

glycerol target. Ligon [21] also suggested the possibil-

ity of radical formation in glycerol. However, one of

the major advantages of FAB that has been discussed

is the constantly refreshed surface of the liquid matrix

[1]. That is, any decomposition products are desorbed

when formed. In 1994, Caldwell and Gross (referred to

as CC) [22] reported a detailed study of the glycerol-

derived ions. In their study, sufficient resolution was

used to establish the ions' elemental compositions.

They also report data that demonstrate that free radical

chemistry occurs as particle bombardment takes place,

leading to higher molecular weight species in the glyc-

erol matrix, which contribute to the observed chemical

background in FAB spectra. Proposed free radical reac-

tion products were supported by both positive and

negativeionspectra.WewillusetheCGdataasthe

basis for a discussion of the possible reagent ions of

FAB, keeping in mind the radiation damage model.

and expand the information available by considering

the time dependence of some of the dominant ions.

The Positive Ion System

Figure 3 shows six mass spectra obtained at various

times when a glycerol sample is bombarded by fast

xenon atoms. One mass spectrum was obtained per

minute. Not shown is an example of the final, un-

changing spectrum obtained when glycerol is com-

pletely depleted and the stainless steel surface is bom-

barded.lnthiscase,the containspeaksrep-

resenting Na+ (m/z 23), I<+ (m/z 39), Cr“ (m/z 52).

and Fe* (m/z 56). Spectra undergo relatively small

dianges in early periods (in this particular experiment,

thefirst30min),thenbegintochangemorerapidly.

First consider the protonated glycerol and

bound clusters m/z 93 (GI-P), 185 (G,H*), 277

(Gali‘), and 369 (OJ-P). If formed in the gas phase,

their relative intensities are sensitive indicators of the

mean number of collisions that ions undergo when

passing from the target surface to the free vacuum of

themassspectrometer.Astimepasses,thepeakrepre—

senting m/z 369firstdisappearsfromthespectra,then

277, then 185, and eventually, in spectrum 52, even

m/z 93. This is consistent with a set of comecutive

reactions 7-9. If one considers the relative intensifies

oftl'iem/2185,277,and369peaksinspectra1,10,and

30, it appears that throughout the course of a FAB

experiment the average collision number in the gas

phase is not constantly decreasing. When the FAB

beam is first turned on, the number density of glycerol

molecules above the target is established by the des»

orption rate in vacuo. Particle bombardment increases

the rate of desorption, resulting in an increase in aver-

154

ION / MOLECULE REACTIONS IN FAB 341

 
O O“ an ass as

mlz

Figaro 3. Positive ion FAB mass spectra of glycerol. The glyc-

erolsamplewasbombardedoontlnuouslyforlhwithonemass

spectrum eadiminute.‘lheimetsinspectra40,46,and

52showthe massportiortofthemassspectnmagrufiedby

afactorofS.

age number density until a tenums steady state is

achieved. This may also be influenced by a spreading

of the glycerol, increasing the surface area, upon bom-

bardment. That is, the data suggest that ions are un-

dergoing more collisions to yield the ion distribution

inspectrum 10thaninspectrumLFromthatpointon,

glycerol is depleted and its number density above the

surface decreases.

Next, consider ions of intermediate mass, such as

m/z 183. This ion could be a simple fragment ion of

m/z 185, formed in a process sudi as

GH++ c -. G,H*(185) -+ [GZI-I - H,]* (183) + H2

(10)

However, the m/z 183/185 ratio increases throughout

theexperimentlnthefirstspectrumofFigure3, the

ratio is zero, while in s 46, the ratio is greater

than 1. Field [19] and CC [22] are clearly correct in

their discussions of radical formation and radical cou-

pling. Compound I is formed upon particle bombard-

ment, presumably due to radical chemistry. It accumu-

lates to some extent in the matrix, being less volatile

than glycerol. It is desorbed and protonated to yield

the peak at m/z 183, which represents (GmH-P. The

time dependence is consistent with this mechanism.

We will use here the designation for free radical chem-

istry products of glycerol that was employed by CC, in

which the neutral molecule derived from glycerol with
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a molecular weight of 182 is designated as Gm:

HO—(lIHICIIHz—OH (Iii-{20H

HO-C—C—OH CH2

HO—CHZCHZ—OH CHO

Cm G74

I II

HO—(l:—(|:—H

Gr“

III

Other ions are of note regarding proposed free radical

mechanisms. Consider two pairs of ions that are ob-

served: m/z 93 and 75 and m/z 185 and 167. Both

pairs are separated by 18 u and could result from

dehydration following protonation in the gas phase, as

suggested in the reactions

FH++ c —» Gama/z 93)

-. [CH - H,0]* (m/z 75) + H20 (11)

GH*+ G —’ G2H+(m/2185)

-. [62H - Hp)“ (m/z 167) + H20 (12a)

Certainly water loss from protonated alcohols is a

facile process [23]. However, it has been proposed that

radical chemistry in the matrix leads to compounds 11

and III, with molecular weights of 74 and 166. Both

then can appear in protonated form in the FAB spec-

trum. Which description is correct? Both probably con-

tribute. If one compares spectra 46 and 52 in Figure 3,

it appears that when m/z 93 vanishes, 75 does so as

well, suggesting that a gas phase mechanism, process

11, links 93 and 75. However, the ratio of m/z 167 to

185 increases throughout the experiment, which would

be most consistent with a buildup of the free radical

coupling product Gm, with the m/z 167 peak repre-

senting this compound in protonated form. If pressure

changes with time, the data also suggest that the direct

protonation of G,“ as a process leading to m/z 167

may be more important, at least at long analysis times,

than other options such as a gas phase mechanism

involving clustering of m/z 75 with glycerol:

[CH — Hzol“ (m/z 75)

+ c -» [62H — 14,0]+ (m/z 167) (12b)

In terms of the accumulation of products of radical

chemistry in the matrix during FAB, the ions with m/z

75 and 167 may suggest that products with higher

molecular weights (higher heats of vaporization, such

I Am Soc Mass Spectrom 1997, 8, 37—351

as III) accumulate more so than products such as II,

with molecular weights less than that for glycerol.

Now consider the low mass portion of the first spec-

trum in Figure 3. The intense fragment ions of glycerol

are m/z 45, 57, and 75. These might be the primary

ions of FAB, dominant at the surface, but attenuated as

they pass through the selvedge region and are con-

verted into (3H+ and its subsequent products. The first

mass spectrum of Figure 3 may suggest

m/z 45, 57, 75 + G -o GH*+ neutral products (13)

As time passes and the GRH“ ions decrease in abun-

dance, the ions with mass»to-charge ratio values less

than 92 increase in relative intensity, consistent with

reaction 13; fewer collisions lead to less conversion of

reactants to products. However, additional ions appear

in the spectra acquired after many minutes of bom-

bardmentsuchas m/z 31 and43.‘1'hesemaybethe

most reactive reagent ions, as reflected by their low

relative intensities in FAB spectra taken early in the

experiment. Spectrum 52 suggests that when so little

glycerol is present that a selvedge region cannot be

established, the primary ions formed are m/z 31, 43,

45, and 57. Clearly many other low mass ions are

formed in lower abundance; however, we will focus

our discussion here on this set.

If these four ions constitute the primary "reagent

ions" of FAB, then they must be consistent with reac-

tion 13 representing exothermic processes. Can these

ions protonate glycerol? First consider possible ion

structures. CC [22] assigns the formula C3HSO to the

m/z 57 ion. In Table 1, possible structures are given. If

m/z 57 is the product of multistep processes, it may be

due to prompt fragmentation of m/z 75, upon elimi-

nation of water. Two pathways are shown in Figure 4,

depending on whether the H that shifts in the process

is from carbon or oxygen, to form an enol or epoxide

ion. To assist in understanding ion structures, the FAB

spectrum of (is-glycerol was obtained. The (is-glycerol

has the structure CDz(OH)CD(OH)CDz(OH), with all

deuteria on carbon atoms. With this modification, the

peak at m/z 57 shifts to m/z 62. All five deuteria

remain in this ion, which is consistent with the epoxide

structure given in Table 1.

Next consider m/z 45. Caldwell and Cross [22]

report an elemental composition of CZHSO. In Figure

4, a possible mechanism for its formation is shown,

involving elimination of formaldehyde from m/z 75.

In ds-glycerol, the mass-to-charge ratio value for this

ion shifts to m/z 48. Two hydrogen atoms remain in

the fragment, consistent with a mechanism involving

formaldehyde elimination to form this 2-C fragment

ion. The m/z 45 ion can eliminate H2 to form the ion

at m/z 43, consistent with one of C05 elemental

assignments of CzHaO. At least two distinct species

are represented by the peak at m/z 43; CG identified a

second component with the formula C3H7. It is not
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Figure 4. Possible mechanisms for formation of reagent cations.

Theobservedionscsnallbegenerstedfromaprecursorof m/z

75, which could evolve chemically from protonated glycerol. The

species in parentheses indicate possible precursors to the reagent

ions observed.

=04,  

unequivocally obvious what the mass shift is for m/z

43 in the deuterated glycerol experiment. The m/z 43

ions become dominant at long times, but while domi-

nant, the ion currents for all species are low. It appears

that the m/z 43 ion splits to yield two species, m/z 45

and 46, of approximate equal abundances, at long

times in the (is-glycerol experiment, consistent with

the indicated structures in Table 1.

The fourth ion to be considered is m/z 31, which

CC [22] assign as CHaO. When d5-glycerol is used, the

peak splits, providing ion current at m/z 33 and 34.

An inductive fragmentation of m/z 75, shown in Fig-

ure 4, would lead to formation of m/z 33 in the

partially deuterated experiment, supporting a struc-

ture of PIC-CD; The ratio of peak intensities for m/z

33:34 changes throughout the experiment.

Table 1. Reagent cation candidates from glycerol
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It should be noted that this set of four ions is

different from those formed by 70-eV electron impact

ionization of glycerol, where the fragment ions evolve

from the molecular ion. The four most intense El

fragments are m/z 31, 43, 45, and 61. We note that

m/z 61 corresponds to loss of CH20H' from the

molecular ion, upon C—C bond cleavage. It may well

be an intermediate, similar to m/z 75 proposed in

Figure 4, for the ions observed in the FAB experiment.

We note that m/z 75 is most easily formed not from

C", but from CH *, upon loss of water. Thus, the

primary ions formed by particle bombardment of the

matrix may evolve from prompt fragmentation of

highly excited GH+. The primary ions from a liquid

may resemble ion/molecule reaction products more

than El-like fragments, at least when mechanisms for

their formation such as those shown in Figure 4 are

considered. This parallels reports of the ionization of

alcohol clusters in the gas phase [24].

With some candidate structures to consider, is pro-

ton transfer possible from these primary ion candi-

dates to glycerol? Can they participate in reaction 13?

To answer this question, proton affinities (PA) can be

considered, as well as an additional, very useful fact.

When its-glycerol is used, protonated its-glycerol

(C3DSH3O3)H+ is formed at m/z 98. The "reagent

ions" that protonate the glycerol molecules, as well as

analyte molecules, transfer protons, not deuterons. Ac-

tually, an analysis of the ratio of peak intensities for

m/z 98 and 99 reveals that the m/z 99 peak does not

only represent the 13C isotopic variant of this ion. but

(C3D5H303)D+ as well. However, in the process, 95%

of the glycerol is protonated, and only 5% is deuter-

ated. A similar observation has been reported by Ligon

[21]. This ratio persists in the G,H* clusters as well,

consistent with their formation via reactions 7-9.

Can m/z 57 protonate glycerol? Its d5 variant

formed in the deuteration experiment does not appear

to do so to any great extent, because the ion only
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contains deuteria, and protonation clearly dominates

in the experiment. It is not clear which compound

should be considered when evaluating the gas phase

acidity of this ion, because it may rearrange as it

protonates a neutral molecule. We do note that of the

four candidates for primary ions, m/z 57 is the largest

in the first FAB spectra formed, when the number of

collisions occurring following ion desorption is pre-

sumably highest. This may reflect the fact that it is

not efficiently converted into products, as are m/z 43

and 31.

Can m/z 45 and 31 protonate glycerol? The proton

affinity of glycerol is 874 k] mol" [9]. As m/z 45 is

written in Table 1, the proton affinity of oxirane should

be considered. PA(cyclo-CZH.O) - 786 k] mol" [25].

Proton transfer can occur in an exothermic process.

Also, as written, it would be expected that protona-

tion, not deuteration, would occur in the ds-glycerol

experiment. The reaction would be exothermic by ap-

proximately 88 k] mol’I for thermal energy reactants.

Reaction 14, involving species for which heats of for-

mation are known, involves elimination of water in an

inductive cleavage from a protonated alcohol in an

anal 5 process; it requires approximately 80 k]

mol’ [25]:

>—*OH,-—r >+ +H20 (14)

Thus, it appears that m/z 45 can participate not only

in reaction 13, but in reaction 11 as well. In considering

m/z 31, the proton affinity of formaldehyde is rele—

vant. PA(CH2 =0) is 718 k] mol“. With a PA even

lower than oxirane, obviously m/z 31 can also pro-

tonate glycerol and induce further fragmentation to

some extent. No information is available on the struc-

ture of m/z 31. The +(ii-1,,OH ion is estimated to be

139 k] mol‘1 more stable than CH,O* [25]. If this ion

is a direct fragment of ionized glycerol, then the

+CHZOH form muld be formed easily via ionization

of a nonbonding electron on an oxygen atom followed

by an a-cleavage reaction. If this is the case, then the

ion would protonate by using a hydrogen that initially

resided on an oxygen atom.

Can m/z 43 protonate glycerol? In the “normal"

FAB spectrum, high resolution analysis shows that two

species are present. One is C3H;. This is probably not

a primary fragment of glycerol. It is the minor compo-

nent of the m/z 43 peak; CG attribute it to a fragment

of " various species higher in mass," that is, they

suggest that it is a fragment of a radiation chemistry

product. Thus, we will not consider it here, although

protonated propene [PA(C3H6) - 750.31 k] mol“]

would certainly transfer a proton to oxygen-containing

molecules sud-I as glycerol. The other species repre-

sented by the m/z 43 peak is C2H30". Regardless of

whether the hydrogen atom that is transferred in a

J Am Soc Mass Spectrom 1997, 8, 337-351

protonation reaction is initially bound to a C or O

atom, proton transfer to glycerol should be exothermic.

Present in the spectra shown, but not listed in Table

1, is a peak representing H3O", which is formed in

low abundance. The m/z 19 ion has been explained by

CC as a degradation product of glycerol, although its

evolution from small amounts of water in the glycerol

is possible as well. Whereas PA(H20) is 697 k] mol"

[25], the H3O+ ion certainly would transfer a proton to

glycerol or most analytes, although the low relative

intensity of the peak at m/z 19 in all spectra would

suggest that this ion would be a minor source of

protons.

Thus, a consistent picture emerges. Low mass ions,

with mass-to—charge ratio values less than 93, could act

as the primary cations of FAB by using glycerol as a

matrix if they emerge into a reactive gas phase envi-

ronment—the selvedge region—where the number

density is sufficiently high that ion/molecule reactions

occur. They would protonate glycerol and analytes

that desorb in neutral form. Certainly, under multiple

collision conditions, GH+ can protonate analytes as

well. However, this model suggests that it is not the

proton affinity of G that determines whether an ana-

lyte will be protonated in the gas phase. More spedfi-

cally, if reaction 6 represents “the chemical ionization

process” of FAB, then only analytes with PM higher

than glycerol would be ionized. With the model con-

sidered here, analytes with lower PAs could be ionized

as well. The PAs relevant for the primary ions would

then be what control the system thermochemistry, not

PA(G).

The Negative Ion System

In negative ion FAB, deprotonated analyte and matrix

molecules are usually observed. Multiple mechanism

for the desorption/ionization have been proposed that

may each contribute. Again consider a mechanism

involving gas phase ion/molecule reactions. The most

intense low mass peak in the negative ion spectrum of

glycerol is at m/z 91, representing deprotonated glyc-

erol [G - Hl‘. It could react with desorbed neutrals,

ionizing them via proton transfer:

[G-H]'+M-oG+[M-H]- (15)

The time dependence of the negative ions formed by

fast-atom bombardment of glycerol was studied and

representative spectra from a single experiment are

shown in Figure 5. In this experiment, spectra were

acquired for approximately 1 h. Over that period of

time, the total ion current decreased by more than an

order of magnitude as the glycerol was depleted. (Not

shown are spectra obtained at very long times when

the glycerol is completely depleted.) Although bom-

bardment of stainless steel yields iron and chromium

cations, analogous anions are not observed. Instead, the
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Figure 5. Negative ion FAB mass spectra of glycerol The glyc-

erol sample was bombarded continuously for 1 h, with one mass

spectrum acquired each minute. The inset in 1 shows

thehighmassportionofthespectrummagnifiedbyafactorofz

"clean” probe spectrum contains peaks representing

0', and fragment anions of pump oil at m/z 77, 89,

100, and so forth. As in the positive ion data, the

spectra change as the glycerol is depleted and, in the

model being considered, the number density of the

neutral molecules in the source/selvedge region de-

creases. The set of ions that includes deprotonated

glycerol [G — H]‘ at m/z 91 and its glycerol clusters

([6 - H] + G)’, m/z 183, (IG - H] + ZG)‘, m/z 275,

and (IG - H] + 3G)‘, m/z 367, are shown in spec-

trum 1 of Figure 5. The relative intensities of these ions

change with time, with the higher mass ions being lost

first. In spectrum 1, m/z 183 is larger than 91. By the

timespectrum38wasobtained, thepeakrepresenting

m/z 91 is larger and the higher clusters are no longer

being formed. Spectrum 41 is typical in that moder-

ately intense chemical noise (peaks at every mass)

frequently appears at intermediate times; however,

such signals make less of a contribution as bombard-

ment continues.

In the cation spectra, we discussed the [M + H]"’

and [M + H — H20]+ ions, suggesting that dehydra-

tion follows gas phase protonation—a common pro-

cess for protonated alcohols that is known from the

chemical ionization literature [23]. Obviously, al-

though O-protonated alcohols can eliminate water in a

facile process, there is no analogous mechanism for

deprotonated molecules, and anionic analogs 18 u

lower than some major peaks are not observed in the

spectraofFigure5.Thisfurthersupportsthepremise

that m/z 75 in positive ion FAB is more accurately

written as (IM + H] — H20)+ rather than [M -—

HIO]H*.

In the intermediate region of the spectra the peak at

m/z 181 becomes larger than m/z 183 as bombard-

ment time increases. Although 181 could be a fragment

of 183, it is probably [Gm2 - H]", a deprotonated free

radical coupling product, supporting evidence for Gm

from the cation data. Although there is no direct de

scription of the process leading to the m/z 113 ion, our

data are consistent with the observation of CG that this
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species grows with increasing time of particle bom-

bardment.

The spectra taken at long times suggest that the

following ions would be the primary anions of FAB,

the glycerol negative reagent ions: m/z 17, 25, 43, 45,

59, 71, and 91. However, spectra taken after 60 min

contain this set without m/z 91 present, so 91 will not

be considered as a primary ion candidate. Could these

ions act as reagent ions to deprotonate desorbed glyc-

erol and analyte molecules? To answer this question.

we will again consider possible ion structures, utilize

data from FAB of Its-glycerol, and evaluate the ther-

mochemistry. The “bond strength" between an anion

A' and a proton H+ is reported as the gas phase

basicity of the A" ion. [Note that the gas phase acidity

(GPA) of HA is equal to the gas phase basicity (GPB)

of A'.] For example, to evaluate reaction 15, one factor

is the proton affinity of [G - H]‘, which is equal to the

GPA(G) - 1546 k] mol“, the energy required to het-

erolytically cleave the RO—H bond.

Consider the anion with m/z 71. CG provided the

elemental composition C3H30, for this ion. The peak

shifts to m/z 74 in the Its-glycerol spectrum, consistent

with the structure shown in Table 2 We will at this

point exclude m/z 71 as a candidate for the set of

primary anions of FAB. Consider again Figure 3. We

proposed that, at long times in the FAB experiment,

sample size is depleted and the selvedge region is of

sufficiently low number density that primary ions can

pass through the source, experiencing few collisions, to

the mass analyzer. From this standpoint, spectrum 50

in Figure 5 represents the ions formed at the

matrix/vacuum interface (still, some reactions could

be occurring in the gas phase to form m/z 91). How-

ever, italsoisaspectrumtakenafteralmostanhourof

particle bombardment and is more likely to contain

ions arising from bombardment of accumulating free

radical chemistry products. Such ions will not domi-

nate the primary ions formed early in a FAB experi-

ment (short bombardment times). The m/z 71 ion may

well fall into this category. CG suggest that m/z 71 is

a deprotonated form of a degradation product, not a

primary product of intact glycerol. It may come from

two sources, because it is present in early spectra,

although only in small abundances. While the relevant

GPA is not known, we can suggest an approximate

value of 1502 k] mol", based on data for a similar

structure, CH2 =CH-OH [25].

The ion with m/z 59 may have similar reactivity to

m/z 71. The formula C2H3O2 and the fact that the

peak shifts to 01/2 61 in the dyglycerol experiment

suggests the structure shown in Table 2. Again, it may

have a GPB of approximately 1533 k] mol” . However.

when considering the p structure of the m/z

59 ion and that of vinyl alcohol (for which the GPA is

given), one might expect m/z 59 to have a somewhat

lower GPB. Hydrogen bonding in the ion, between the

anionic oxygen and the adjacent hydroxyl group.
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Table 2. Reagent anion candidates from glycerol

15%?
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should lower its proton affinity. Obviously, fragment

ions such as m/z 71 and 59 would deprotonate glyc-

erol. Thus, all such reactions should be possible—

slightly endothermic or exothermic depending on

structural details such as hydrogen bonding that in-

fluence ion and neutral stabilities. Also, if the ions are

formed with additional energy, this would be critical

in inducing such chemistry.

The ion at m/z 45, observed in Figure 5, spectra 41,

50, and 60, is not observed early in the FAB experi-

ment. It appears to yield an ion at m/z 46 at long

times in the ds-glycerol experiment. CC [22] also re-

port a peak at m/z 43 and assign it as C2H30‘. There

is no m/z 43 in the its-glycerol spectrum at long times;

it may contribute to the ion current at m/z 46 in this

case. The relevant GPB is 1502 k] mol“1 and it would

deprotonate glycerol in an exothermic process:

nr/z 43‘+ C -¢ [43 + Hlneutrsl + [G — H]_ (16)

The peak at rn/z 25, again observed at long times,

represents CZH‘. It appears in the 115-glycerol spectra

at m/z 26. The relevant GPB 'm that for acetylene, 1576

k] mol“. The last ion in question is m/z 17, OH'.

Water has a high gas phase acidity, 1635 k] mol“;

thus as a primary ion it would deprotonate glycerol in

a promos that is exothermic by 89 k] mol“.

Thus, low mass fragment ions are realistic reagent

ions for the negative ion FAB (glycerol CI) experiment.

The CI model would then support the proposal that

the primary ions cited contribute to the m/z 91 signal

and form deprotonated glycerol clusters with subse-

quent glycerol molecules. When analytes are present in

the glycerol and are desorbed in neutral form, they

would first encounter the primary anions rn/z 17, 43.

59, and so forth and would participate in ion/molecule

reactions, most likely involving proton transfer to form

[analyte - Hl’ species.

Can Ions Emerging from the Past-Atom

Bombardment Target be Converted into Gas

Phase Ion / Molecule Reaction Products?

Estimate of Collision Frequencies in the Selvedge Region.

The selvedge region has been defined as a region of

space above the FAB target that extends to the point

where chemistry/collision stops [12]. We use the term

as shown in Figure l to represent a region of space

separate from the interfacial region. Gas phase l(+ ions

have been injected into this region to show first gas

phase analyte and matrix molecules are present and

collisions can occur [26, 27]. Campana and co-workers

[28—30] coupled CI with FAB to analyze desorbed

molecules as well. Glycerol and analyte molecules are

present in the gas phase: they desorb, pass through the

ion source, and are pumped away by the mass spec-

trometer vacuum system. They also condense on ion

source surfaces, to be desorbed at later times and again

pass through the ion source. In addition to the contri—
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butions of evaporation in vacuo, molecules are des-

orbed in the FAB process. At low ion fluxes, one might

expect complex distributions of gas phase

molecules—changing on a variety of time scales. Sin-

gle desorption events send a collection of molecules

and ions into the gas phase, in an expanding “packet.”

As the number of collisions on the surface becomes

large, these small ”pressure pulses” contribute to the

average number density in the gas phase above the

surface.

Local pressures in the selvedge region encountered

in FAB as high as 10‘5 torr have been suggested [17],

cited as sufficient to maintain CI-type conditions. If a

selvedge region exists in which gas phase chemistry

occurs, the question is not whether the region extends

throughout the ion source or only a small distance

above the surface. The important parameter is the

number of collisions that a desorbed ion might experi-

ence. Whereas the ion is desorbed during a collision

event, the desorption is accompanied by a "burst” of

molecules. Consider the number of collisions that a

desorbed, neutral glycerol molecule might experience

as it leaves the FAB target surface and passes through

the ion source. According to the kinetic theory of

gases, the collision frequency Z in a gas can be calcu-

lated through the relation Z -= t/Z—acN, where or is the

collisioncrosssectiortcisthemeanspeed,and Nis

the number of particles per unit volume (n/V). As-

sume, that an incident fast Xe atom sputters 1000

glycerol molecules [31] from an area of 1rr2, where r is

estimated to be 50 A [17]. These molecules are present

in some volume of the selvedge region, with a ”thick-

ness" d and a volume of nr’d. The glycerol molecule

spends some time in this region, which depends on the

dimension of the region and the speed of the molecule,

t - d/c. Thus, the mean number of collisions a desorb-

in glycerol molecule will undergo is z x t -

2 an/1rr2. According to this simple model, the

number of collisions depends only on the collision

cross section and the number of particles sputtered per

unit area. With an estimated molecular diameter of 6 A

[32], the hard sphere collision cross section for a glyc-

erol molecule would be 113 A2, yielding a mean num-

ber of 20 collisions. Collision cross sections for reac-

tions between ions and polar, polarizable molecules at

thermal energies are usually an order of magnitude

greater than for neutral-neutral collisions. Suppose

the mean collision cross section for glycerol ions

with lycerol molecules is 550 A2 (the mean of 100 and

1000 2). In this case, the average number of collisions

would be as large as 100. Although obviously a crude

estimate, this calculation does show that multiple colli-

sion conditions are plausible. To keep the calculation

simple and to avoid calculating speeds or the variable

d, one assumption is that the set of molecules desorbed

in a single collision event exists in essentially a cylin-

drical gas phase volume of 1r(50)2d. In fact, the

”packet” diverges, lowering the number density with

increasing distance from the surface. This leads to the
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second contributor to the selvedge region—molecules

desorbed from neighboring impact sites. The third

contributor is the evaporation in vacuo of glycerol. If

the selvedge is, as suggested by some, a gas phase

region within 10—500 A from the surface, then only the

first and the third contributing factors may be signifi-

cant. However, because all molecules, once desorbed,

pass through the entire ion source, one can imagine a

distribution of number density throughout the source,

with all three processes contributing to the total num-

ber of collisions a desorbed molecule experiences. If

the time-dependent aspects of FAB spectra are due to

number density changes in the selvedge region, then

the first contributor considered would not be a major

contributor. Such considerations may be consistent with

the observed temperature dependence of FAB spectra.

FAB spectra of neat glycerol at a variety of tempera-

tures have been reported [33, 34], with the relative

intensities of the Gull+ cluster ions decreasing with

decreasing temperature. Although changing viscosity

and variations in hydrogen bonding are reasonable

explanations, the changes in the spectra at reduced

temperatures could also be due to the reduced number

density in the selvedge region because thermal desorp-

tion no longer contributes.

Are the Ions Observed at Long Irradiation

Times from Glycerol or Products of Radiation

Chemistry?

long Evaporation, Short Irradiation Experiments. We

have developed a model that considers the ions formed

at long times in the FAB experiment and evaluated the

proposal that these are the primary ions of FAB. How-

ever, the sample was bombarded for a period of al-

most an hour to sufficiently deplete the glycerol and

create the situation where the mean number density of

neutrals above the target was minimal and primary

ions could be identified. We also note that other species

are formed upon particle bombardment, which have

been proposed to accumulate and yield ions. Are the

ions discussed here as primary ions of glycerol not that

at all, but representative of accumulated radical chem-

istry products? This does not appear to be the case. If

higher molecular weight species are formed and accu—

mulate, then ions with higher massto-charge ratio

values should be represented in the mass spectrum not

the small fragment ions observed. Some candidates for

primary ions can be ruled out on this basis. The ques-

tion can also be addressed through analogous experi-

ments without lengthy particle bombardment. It has

been suggested that particle bombardment roughly

doubles the rate of glycerol desorption [19]. Thus, if a

glycerol sample is introduced into the low pressure ion

source and the fast-atom beam is not initiated, then

one should need to wait approximately twice the time

to achieve the situation where the amount of glycerol

on the probe is very small. These are difficult experi-

ments. The time difference required between glycerol
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introduction and initiation of the FAB process and data

collection is difficult to establish, because one has to

determine when there is just enough glycerol left on

the probe so that the neutral number density in the

source is low, but to do so without turrting on the FAB

beam.‘ To determine when the sample is sufficiently

depleted, we had to irradiate the sample for short

periods of time (typically 5 s) to follow the course of

evaporation. Representative results for these long time

evaporation/short time irradiation experiments are

shown in Figure 6. Pure glycerol was introduced on

the FAB probe tip into the vacuum system of the mass

spectrometer and was allowed to evaporate for up to

an hour prior to the bombardment. It was then irradi-

atedforlOswhileamassspectrumwasobtained

(spectrum 60). In this spectrum, the most intense ions

are m/z93and185.TheFABbeamwasthentumed

off. In the spectra taken several minutes later (spectra

65 and 67 in Figure 6) these ions are no longer domi-

nant and the relative intensities of the low mass frag-

ment ions at m/z 45, 57, and 75 here increased. These

results suggest that the low mass ions are formed from

particle bombardment of glycerol and they are not the

fragments of radiation damage products because the

irradiation time in this data set was very short.

An interesting feature of these long evaporation/

short irradiation experiments is the appearance of rela-

tively intense ion currents at m/z 167 and 189. These

ions are usually assi as [GI - H20 + H]”- 167

and [G2 - H20 + Na]+ - 189. CC [22] however, sug-

gest a different possible assignment for the ion at m/z

167 based on collision-activated dissociation spectra.

Because no detectable loss of water can be observed

from the tentative precursor ion [G2 + H1", but con-

secutive losses of up to three water molecules can be

observed for the ion at m/z 167, they prOpose that the

possible structure is [Gm+ H1“; that is, this ion is

formed by the protonation of a radical coupling prod-

uct. In the experiment presented irt Figure 6, the accu-

mulation of radiation damage products is not ex-

pected. Instead, it seems that a compound with a

molecular weight of 166 is originally present in the

glycerol and its vapor pressure is lower than that of

the glycerol; it becomes more concentrated as the glyc-

erol evaporates from the probe. As the concentration of

glycerol decreases, the rate of its protonation by the

primary ions becomes lower than the rate at whidr the

ion at m/z 167 is formed; thus this ion becomes more

dominantinthemasss .Whatistheoriginof

the ion at m/z 167? It is known that upon heating in

vacuo glycerol forms diglycerol ether and this com-

pound could be present in the glycerol [35]. We dis-

tilled the glycerol used but have not been able to

completely separate out diglycerol ether. In addition to

the ion at m/z 167, another ion appears at long times,

m/z 189. This ion deserves to be discussed because it

isfor'rnedbyadifferentmeclranismltcanbethe

sodium ionadductofthediglyceroletherorcanbe

formedviaprotonationofthesodiumsaltofthe

I Am Soc Mass Spectrom 1997. 8. 137-35]
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target on whid'r glycerol had been deposited
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fiedbyafactoronO.

diglycerol ether. The ion current representing the

sodiumionsisusuallysmallintheFABmassspectra

of the system discussed here, but the relative intensity

of the Na+ peak increases in the long time evaporation

experiments because the solution becomes more con-

centrated in contaminants that desorb more slowly. In

Figure 6, spectrum 120 shows the result when glycerol

was allowed to dry on the probe tip prior to analysis.

Themajorionsinthemassspectrumare m/z 52and

56representingchromiumandironionsfromthe

stainless steel and sodium and potassium ions at m/z

23 and 39. The glycerol is evaporated so there is no ion

current at m/z 31, 45, 57, and 75. The ion at m/z 189

still can be seen when the environment is presumably

not protonating. suggesting that the ion is a sodium

adduct rather than a protonated sodium salt. The fact

that this ion is still present when the glycerol has been

evaporated also verifies that the compound from which

this ion is formed is present originally in the glycerol.

Is There a Time Dependence of Analyte-Related

Ions that Would be Consistent with the

Chemical Ionization Mechanism for

Past-Atom Bombardment?

When Analytes Are Present. Relative intensities for the

ions related to the neutral analyte molecules that are

dissolved in the glycerol matrix also change with time.

This is frequently not appreciated when "the FAB

mass spedrum” of a compound is obtained. To

demonstrate the behavior that can be observed, con-

sider the cardiac glycoside digoxin (MW 780) [36]. The

structure is shown in Figure 7, with spectra obtained at

various times during the FAB analysis of a

digoxin/glycerol mixture. Early in the analysis, a small

peak representing the protonated molecule is praent
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Figure 7. Positive ion FAB mass spectra of 1.5 nmol of digoxin in 0.5-ul. glycerol. The sample was

continuously bombarded and one mass spectrum was acquired per minute. The protonated digoxin

molecule has a mass-to—charge ratio value of 781. Fragment ions with m/z 651, 521, 391, and 131 are

indicated in the figure. The m/z 391 species eliminate multiple water molecules to form the m/z

373 and 355 species. The species with m/z 261 is not observed. but its dehydration product m/z 243

in the positive ion mass spectrum at m/z 781, and

several fragment ions are observed throughout the

mass range. At later times, fragment ions are observed

while the [M + I-l]+ peak is no longer present. Digoxin

is a particularly interesting case. It appears to have

some surface activity; thus it is depleted more quickly

than compounds chemically more similar to the ma-

trix. Would the time dependence of these analyte-re-

lated peaks be consistent with their formation via

ion/molecule reactions in an experiment in which the

average ”pressure” changes in time? We believe this

to be so. Early in the experiment when the number of

collisions experienced by desorbed ions is large, a

substantial fraction of the initially formed reagent ions

(F‘) react to protonate glycerol and analyte. The rela-

tive abundance of the CH‘ ions is highest at this

point, and these may react to protonate desorbed ana-

lytes as well. Thus, in addition to the reactions dis-

cussed to this point for glycerol, we have the reactions

Witt-[F - Hlo (17a)

F+ + M—C

analyte fragment ions (17b)

MH+ + G (18a)

CH * + M—C

analyte fragment ions (18b)

Proton transfer from GH" to M is less exothermic than

from F *, so the branching ratio between 17a, b may

favor 17a, while processes 18a, b may favor 18b. Thus,

as the selvedge is depleted, a larger fraction of reaction

products of F‘ are observed—fewer from MH*—

favoring the formation of analyte fragment ions as

opposed to the protonated molecule. Also, early in the

experiment when collision frequencies are the highest,

the opportunities for collisional deactivation of the

protonated molecule would be most likely (reaction

19), again favoring Ml-l+ formation:

MH“ + G -¢ MH*+ G‘ (19)

Similar trends are observed in the negative ion spectra

of this system, again consistent with this mechanism.

Practically, such observations suggest that if sufficient

fragmentation is not observed for an analyte in the

typical FAB spectrum, the spectrometrist should con-

tinue to acquire spectra; later data may provide addi-

tional structural information.

Conclusions

Developed here is a glycerol chemical ionization mech-

anism for the generation of ions from neutral analytes

and the glycerol matrix, consistent with previous pro-

posals and observed correlations between analyte re-

sponses and their proton affinities. Cl and FAB have

many aspects in common, such as the matrix (reagent

gaskanalyte ratios and the formation of protonated

molecules rather than molecular ions. We have at-



350 szEKELY AND ALLISON

tempted to refine this model by using time-dependent

data in a number of ways, one being to identify possi-

ble reagent ions of the glycerol FAB experiment. The

time-dependent nature of the species formed in FAB

resembles data from an experiment in which

ion/molecule reactions are under study—one in which

the sample partial pressures are decreasing with time.

With candidate reagent ions defined, formation of pro-

tonated analyte molecules via proton transfer reactions

would be exothermic.

The dynamics of the system are complex, but

molecules are present in the gas phase. Three pro-

cesses contribute to the selvedge region and the num-

ber of collisions experienced by desorbed ions. At

points in space above the target desorption from each

unit area of the surface contributes. Second, discrete

fast-atom collisions on the surface eject molecules into

the gas phase. Third, ions desorb within a set of

desorbed molecules. Ions can react with these

molecules. Simple calculations suggest that multiple-

collision conditions can exist. Thus, this model remains

viable, consistent with many aspects of the experi-

ment, and useful for predicting analyte response in

many cases.

This does not in any way negate the importance of

the interfacial region and chemistry in the short-lived

cavities that are formed when a fast atom strikes the

liquid surface. This must be where multiply charged

analytes in solution are converted into singly charged

gas phase ions, through recombination processes and

reactions with matrix. Ion/molecule reactions must

also occur in the interfacial region. However, after ions

are formed, they must pass through a region of space

in which desorbed molecules are present.

There may, of course, be other explanations for the

time dependence of the spectra discussed here. Cer-

tainly, as bombardment time increases, one may ex-

pect the bulk temperature of the glycerol/analyte tar-

get to increase. The temperature increase has been

calculated to be small [37]; however, we observe con-

siderable warming of the probe upon bombardment.

Although this may be the case, higher temperatures

appear to favor more cluster formation, not less [34].

The data available for FAB seem to be consistent with

a CI mechanism contributing to the ions observed and

may be the dominant mechanism in some instances,

depending on analyte, matrix, and the many variables

associated with the ion source design.

Clearly, FAB is not currently receiving the attention

of newer desorption/ionization techniques today, such

as MALDI. We note that some discussions have ap-

peared in the MALDI literature in which ions observed

are cited as being formed in the selvedge region ”simi-

lar to FAB." The nature of gas phase species above the

target, electric fields, and ion kinetic energies in the

MALDI ion source are clearly much different than in

the FAB source. The continued discussion of mecha-

nisms of desorption/ionization will hopefully lead to

descriptions that involve all of these methods and the

163
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time-dependent aspects of the spectra that are fre-

quently overlooked.
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