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ABSTRACT

Systematic variations of certain conditions of the FAB experiments
were carried out in the present work, in order to determine the
importance of Gas Phase Chemistry in the phenomena operating

in the production of the FAB spectra.

The effect of the basicity of the analyte was studied. FAB spectra
were obtained for glycerol solutions of pairs of basic analytes, Al
and A2. Al had higher solution basicity and A2 higher gas basicity.
it was found that the Al peaks are suppressed by the presence of
A2. This effect increased with the concentration of A2. The
dominance of gas phase energetics implies that proton transfer

reactions occur in a gas-like environment.

FAB spectra were obtained for glycerol solutions of diethanol-
amine. The observed intensity changes of protonated molecular
ions, fragment ions and cluster ions were successfully modelled on
the basis of a gas phdse kinetic scheme. A residence time
distribution for the ions in the gas-like region was derived. lons with

longer residence times have lower infemnal energy.

The temperature dependence of the FAB spectra of glycerol solu-
tions of diethanolamine was investigated in the range -30° " to

+40° C. It was found that the appearance of the spectrum im-



proves noticeably as the temperature increases, i.e. more intense
protonated molecular ions and clusters, and less intense fragment
ions and noise ions, are observed. The same kinetic scheme
based on ion-molecule reactions in a high density gas was used
to reproduce the experimental results, with the assumptior: that the
maximum reaction time t,,,, increases with the sample solution

temperature.

The effect of the viscosity of the sample solution on the FAB spectra
was studied. Sucrose was added to glycerol, diethanolamine
and their solutions to increase the viscosity. The spectra showed
strong degradation with increasing viscosity. it was concluded that
the obseived temperature dependence is due to viscosity
changes. At high viscosities the formation of the gas-like bubble is
prevented and the residence time is short, while at low viscosities
the bubble expands and as it cools down there is time available

for the ion-molecule reactions to take place.

The ionization cross sections for 6-7 KeV Xe atom beam and
gaseous toluene, glycerol and 3-nitrobenzyl alcohol were deter-
mined. The values obtc2d are quite large. This indicates that
ionization is produced by the atom beam and brings support to
the mechanisms where ionization is assumed to occur by ion-

molecule reactions.
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INTRODUCTION



CHAPTER |
SCOPE OF MASS SPECTROMETRY

Mass Spectrometry (MS) is a very powerful tool in Analytical, inor-
ganic and Organic Chemistry, since it offers a collection of very
sensitive techniques, able to ::rovide accurate information about
molecular weights, elemental composition and structures, while
requiring very small amounts of sample. In its early stages, only
samples with certain volatility could be analyzed, to provide
molecular weight determinations and structural information by
means of the fragmentation atierns. To overcome this limitation,
new ionization processes have been developed to extend mass
spectrometric analysis to large, non-volatile molecules, and now
mass spectral data of saits and biomolecules can be obtained.
In addition, further improvement of the mass analyzers have
made possible high resolution techniques and with them elemen-
tal composition has become available, and the coupling of mass
spectrometers to gas (GC-MS) and liquid chromatographs (LC-
MS) has made possible the analysis of mixtures. Besides its versa-
tile applications, Mass Spectrometry is also a wide area of re-
search in Physical Chemisfry and Physics, involved in the study of
molecules and ions and a variety of phenomena related to
them,13



COMWOML MS TECHNIQUES AND LIMITATIONS

In the first applications in Crganic Analysis, Electron impact (El) was
the fundamental ionization process on which mass spectrometric
studies were based, although the ionization of atoms and
molecules could be achieved in several other ways. A typical
double focussing instrument is shown in Figure 1.1. Single focussing
machines, with only magnetic sectors, and quadrupole analyzers
are also popular and less expensive, but do not allow high resolu-
tion.

A routine El experiment includes the introduction of the analyte into
the high vacuum conditions of the ion source, where the gaseous
analyte molecules are ionized by interaction with the electron
beam:

— —

M+ e - M' + 2¢° Q.1

Molecular ions M* with a certain range of excitation energies are
formed, and those with lower energies survive Qs intact species
with the same mass as the original molecules, while others un-
dergo decomposition to produce fragment ions that carry struc-
tural information. This mixture of ions is expelled from the ion source
by the positive repeller electrode, accelerated and separated in
the analyzer, that in Figure 1.1 includes an electric and a magnetic



FIGURE 1.1. Diagram of a Double Focussing Mass Spectromster



sectors. Finally the ion current is detected, amplified and
recorded by a computer. The mass spectrum presents the results,
usually as a bar-graph of relative ion intensity versus ion mass-to-
charge ratio.

The energy of the electron beam is usually 70 eV, because the
ionization efficiency is close to a maximum at that value, as shown
in Figure 1.2,

TIC (arbitrary units)

Il 1

0 S0 00
Electron beam energy (eV)

FIGURE 1.2. Total lon Current (TIC) vs Electron Becin Energy
(Adapted from J. R. Chapman, "Practical Organic Mass Speci:meftry. Wiley
Intersclence, Great Bittain, 1985).

A common problem associated with £i = that for certqin
compounds the molecular ions initially preci:.«ced may have very
short life-times, due to the high amount of excitation energy.
relative to that leading to fragmentation, acquired during the ion-



ization process. When this is the case, extensive fragmentation
occurs and molecular ions are not observed in the spectrum. An
electron beam of lower energy can be used to help this situation.
An example of the results is shown in Figure 1.3, in which the El spec-
trum of ethyl acetate at three different electron beam energies is
presented. However, this does not always solve the problem.
Chemical lonization (Cl)45 is often a better alternative. Init, arela-
tively high pressure (approximately 1torr) of a reagent gas, usually
ammonia, methane or isobutane, is introduced to the ion source,
by means of a gas introduction system, like the one shown in Fig-
ure 1.4. The partial pressure of the sample is very much smaller and
makes no significant contribution to the total pressure in the ion
source. The reagent gas is ionized by the electron beam and the
ions produced undergo ion-molecule reactions with other
reagent gas molecules. For example, for methane at 1 torr the

main reactions are:

CHy _____o CHf _____ CHy+H (2

CHj + CHy, » CHg + CHj (1.3)

CH; + CH4 - CzH; + Hs (.4

Subsequent ion-molecule reactions between the reagent gas

ions and the sample molecules are responsible for the formation
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FIGURE 1.3. El Mass Spectira of Ethyl Acelate at Different Electron
Beam Energles v

(Adapted from W. H. McFadden, *Techniques of Combined GC/MS: Applications to Or-

ganic Analysis’, Wiey-interscience, New York, 1973.)



of the sample ions. The most important reactions that take place

qare:

a- proton transfer:

CHi + M > M+ + CHy A5
b- hydride abstraction:
CoHs + M - (M-H)" + CoH, (1.8

c- electrophilic addition:

C,H: + M - (M+CoHg)" a7

The ions produced are closely related to the original structure of
the sample molecules and are usually called “pseudomolecular
ions®. These reactions involve less energy transfer than direct elec-
tron impact ionization. This leads to pseudomolecular ions that
have longer life-times, so that they can be detected as intact
species, with very little or no fragmentation. An example is shown in
Figure 1.5, where the El spectrum of histamine is composed mainly
of the fragment at m/z 82 [(M - CH,NH)*] and other small signals,
while the Cl spectrum, obtained with isobutane as the reagent
gas, reveals only the protonated molecular ion (M + H)* at
m/z 112



ToMS

To pump

FIGURE 1.4. Diagram of a ClI Reagent Gas Introduction System
(Adapted from J. R. Chapman, ‘Practical Organic Mass Spectrometry’. Wiley
Interscience, Great Britain, 1985),

"2
* n+H)*
%‘ i
€ El (o |
g i
-l L Ll L 1 ) L 1§
60 80 100 120 m/z 100 120

Ficur’ .5. El and Cl Mass Spechra of Histamine
(Ad~ ad from G. W. A. Miine, H. M. Fales and R. W. Colbum,
Ano.. Chem.. 48 (1973) 1952),



In both El and ClI, samples which have sufficient volatility are intro-
duced into the ion source via a heated reservoir inlet system.
However, most of the samples submitted for mass spectrometric
analysis have low vapour pressure. Such compounds have to be
introduced directly into the ion source. A standard direct insertion
probe is shown in Figure 1.6. The sample is loaded on the tip and
the probe is introduced into the ion source through a vacuum lock.
An additional advantage of this arrangement is that it requires far
less sample than the reservoir inlet system. If the extension of the
probe is long enough, so that the sample loaded on the tip can
be brought verv close to the electron beam, better quality spec-
tra are obtained for non-volatile compounds.6 This modification is
" called ‘In-beam technique’’ and offers, for both El and CL8 im-

proved sensitivities.-!!

The vaporizaticn of the analyte is a requirement in both El and Cli.
This represents a serious disadvantage and leads to limited appli-
cability when dealing with polar, non-volatile compounds or ther-
mally unstabie molecules. This is especially frue in the case of the
analysis of substances of biological and medical interest.'2-14 This
difficulty has encouraged the development of other techniques,
able to produce diagnostically useful mass spectra from non-
volatile analytes. A diagnostically useful mass spectrum should
provide a relatively intense molecular or pseudomolecular ion, as

well as fragment ions that would reveal structural features of the

10
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compound. Generally this is the case when the molecular ions are
formed with low excitation energies. Techniques leading 10 such
spectra are called “soft® ionization methods.

EXTENSION OF MASS SPECTROMETRY TO INCLUDE ANALYSIS OF LARGE, NON-
VOLATILE MOLECULES.

FIMS, FDMS and Other Techniques.
Field lonization (Fl),'S:' developed by Beckey in 1960, was one of

the first methods used 1o increase the yield of molecular ions. A di-
agram of an Fl ion source is shown in Figure 1.7.

Figure 1.7. Diagram of an FI/FD lon Source
(Adapted from J. R. Chapman, ‘Practical Organic Mass Specirometry’,

Wiley Intersclence, Great Bitain, 1985).

The vaporized sample is introduced from the inlet system and
ionized by the action of a very intense electric field (about 107-

12



108 V/em), produced by an emitter electrode, whose surface is
covered by a large number of microneedles or dendrites. The
very high electric fields near the tips of the microneedies pull
electrons out of the analyte molecules, leading to the so-called
field ionization. The energy transferred during the field ionization
process is much lower than that invoived in El or Cl, a fact that
makes Fl a very soft method. However, the vaporization of the
sample is still a requirement, and the method faiis for non-volatile

compounds.

In 1969 Beckey modified the Fl ion source to introduce Field Des-
orption (FD).'719 In this technique, the sample is coated on to the
emifter prior to analysis. The source is the same as the Fi source
shown in Figure 1.7, but the inlet system is not required. Under the in-
fluence of the electric field, the sample is ionized and desorbed
from the metallic emitter by processes not fully understood. Con-
siderable progress was attained with FD, and an example of the
improvement is shown in Figure 1.8, in which the El, Fl and FD mass
spectra of glutamic acid are presented. However, this method
works well only for certain compounds and the reproducibility is
low. Besides, great care has 70 be quen to prepare the emitters,

and this represents a serious problem in FD.

Soon thereafter other techniques based on very rapid heating
and desorption were developed. In the middle 70's Macfarlane
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FIGURE 1.8. El, Fl and FD Mass Spectra of Glutamic Acid
(Adapted from H. D. Beckey. A. Heindrichs and H. U. Winkler, int. J, Mass

Spectrom. lon Phys., 3 (1970) App. 9).
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implemented 252Cf-Plasma Desorption (PD)2-22, and later on Laser
Desorption (LD),2324 and Thermal Desorption (TD)% became
available. In addition, some other methods capable of sampling
ions from liquid phases were developed,2 with the aim of finding
an interface for Liquid Chromatography/Mass Spectrometry (LC-
MS). Included among these are Electrospray.?’ Electrohydrody-
namic lonization,? Liquid-ion Evaporation,® and Thermospray.30
Howevei, despite some impressive results, none of these methods
proved to be convenient or versatile enough to become suc-
cessful tools in routine mass spectrometric analysis of non-volatile
compounds.

Sputtering Techniques

Secondary lon Mass Spectrometry (SIMS).- A mdjor improvement
was achieved with the application of the already known tech-
nique SIMS31-33 to the analysis of organic compounds. This method,
pioneered by Bennighoven and others34-38 is based on the long
ago discovered?40 and extensively studied4!-46 phenomenon of
physical sputtering.

Sputtering is defined as the removal of atoms and molecules, ei-
ther neutral or ionized, from solid surfaces, by bombardment with
an energetic beam, usually with kinetic energies in the KeV range.

A representation of the phenomenon assumed to occur is shown

15



in Figure 1.9. The bombarding particle transfers energy to the sur-

face, an excited region is generated, and three different regimes

can take place:%#

a- direct knock-on: a particle is emitted because the resulting

motion directs it towards the surface and the particle has
enough kinetic energy to overcome the binding forces (Figure
1.90).

linear cascade: recoil particles from beam-target collisions get
enough energy to generate collision cascades, but the den-
sity of recoil particles is low and knock-on events dominate

over collisions (Figure 1.9b).

thermal spike: the density and energy of recoil particles is high
and mulitiple collisions with splitting of cascades create an ex-
cited volume in which all the particles are in random motion

(Figure 1.9¢).

As a result of any of the above mentioned processes, ions and

neutrals are emitted from the surface. Both the bombardment

conditions and the chemical nature of the sample influence the

secondary particle emission. The main bombardment parame-

ters are mass, energy and angle of incidence of the impinging

particles. All these determine the size and properties of the ex-
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Excitation of Bombardment Site by Momentum Transfer
(Adapted from A. Benninghoven, int, J. Mass Spectrom. lon Phys.. 46 (1983) 459).
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a- Direct Knock-on b- Coliision Cascade c- Thermal Spike
(Adapted from P. Sigmund, in ‘Spuitering by Particle Bombardment I°, Topics in Appiied
Physics, Vol. 47, R. Behrisch (ed..), Springer-Veriag, Berin, 1981).

FiIGURE 1.9. Schematic Representiatlion of the Sputfering Phenomenon
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cited volume at the surface target. The chemical noiure = *@
analyte, its concentration and thie natura of its environment «ifiu-
ence the secondary ion yields.

A diagram of a SIMS ion source is shown in Figu:'e 1.10. The sample
is presented as a solid layer deposited on < metaliic surface.
Generally this is achieved by applying a si.kition, followed by
evaporation of the solvent, on a metallic probe tip. Then, the
sample is exposed to the action of the ion beam. SIMS method-
ology includes two distinct lines: dynamic SIMS, the first and original
method, and static SIMS, a softer method introduced later.

lon beam —_ | I

Probe Analyzer
. I

Solid somple

Figure 1.10. Diagram of a SIMS lon Source

Dynamic SIMS, also called Atomic SIMS by some authors, refers to
high primary ion beam flux (10 A/cm?), and is used for depth pro-
fle and surface analysis 47-5! involving mainly metals, semiconduc-
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tors and inorganic salts. This kind of sample does not suffer exten-
sive damage by exposure to a high ion beam fiux. Figure 1.11

shows the SIMS spectrum of a silicon surface under dynamic con-
ditions.

Static SIMS is useful for the analysis of surface monolayers and non-
volatile labile compounds, iike polymers and biomolecules. A low
primary ion flux (10-° A/cm?) is used to avoid extensive sample
damage. Under these conditions, the relative yield of diagnosti-
cally useful secondary ions is greatly increased. Static SIMS, also
known as Molecular SIMS, produces similar spectra to those ob-
tained by FD or PD for a variety of samples,34-38.52-:56 ncluding
aminoacids, drugs, vitamins, etc., with far simpler experimental
conditions. Two SIMS spectra of glycine on a silver target, one
from a neutral solution and the other from an acidic solution of the
sample, are shown in Figure 1.12. Although aminoacids are very
polar and non-volatile compounds, and thus difficult to analyze, it
can be seen that very good spectra are obtained. This method,
more versatile and easier to handle than FD or PD, became
popular in spite of some practical drawbacks.3857.58 Among these,
it can be mentioned: 1- low intensity of the signal, due to the low
primary ion beam flux, 2- short life iime of the sample, regarding
the production of diagnostically useful spectra, 3- wide kinetic en-
ergy distribution of the ions, due to the deposition of a large

amount of energy, 4- surface charging of the target, due to the
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ionic nature of the beam, and §- difficulty in directing the primary

ion beam towards the high voltage region of the ion source.

Fast Atom Bombardment Mass Spectrometry (FABMS).- Although
the bombardment of metaliic surfaces with high energy neutral
beams to produce sputtering had been studied since 19295 there
was no knowledge about the nature of the ejected particles. In
1966 Devienne reported that ions were produced when a solid
target was bombarded with a neutral miolecular beam, % and the
same group studied this effect during the following ten years, using
mass spectrometric detection.¢%4 However, the major contribu-
tion that led to the most successful application to date in the anaiy-
sis of non-volatile organic, organometallic and inorganic com-
pounds, took place in 1981, when FABMS¢5-68 appeared as an im-
proved version of Static SIMS. The original idea in FAB was to use
an atom beam t9 bombard the sample, instead of an ion beam,
in order t¢ avoid charging of the sample, and to make the tech-
nique readily adaptable to high-mass, high-resolution instruments.
But the most important feature in FAB, which only became evident
in a later publication by the same group.®® was not the use of an
atom beam, but rather the use of a non-volatile liquid matrix to
contain the analyte when it was exposed to the action of the pri-
mary beam. This innovation allowed the use of higher flux beams,
led to intense and stable secondary ion currents and produced

mass spectra with reiatively abundant protonated molecular ions



and structurally significant fragments, overcoming the main
limitation of SIMS, which is the radiation damage associated with
the hombardment of solids. A diagram of a FABMS ion source Is
shown in Figure 1.13. 1t is basically the same as a SIMS ion source,
and the main difference is that the sample is exposed to the
ionizing beam as a liquid solution. The fact that an atom beam is
used instead of an ion beam is not relevant in terms of the
sputtering, and similar spectra are obtained with FABMS or liquid
SIMS.

The major contribution of the pioneers of FAB wus to demonstrate
that large, highly polar biomolecules can be analyzed by means
of a reliable MS experiment. Soon after the appearance of
FABMS many research groups began to use it. In a short time, the
literature was replete with reports of a wide variety of applica-
tions?0-85 and reviews8¢-95 on different aspects of this remarkable
technique. Figure 1.14 shows the FAB spectra of a saccharide, a
kind of compound for which mass spectrometric analysis is usually
difficult because of their high polarity and thermal instability.
However, the FAB spectrum shows not only the pseudomolecular
ions (both protonated and sodiated) but also fragment ions which

provide valuable structural information.
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CHAPTER 2

MECHANISTIC STUDIES ON THE DESORPTION AND IONIZATION PROCESSES IN
SIMS AND FABMS.

Right after the introduction of FAB, a large volume of discussion was
generated about its close similarity with SIMS, from both theoretical
and experimental points of view. FAB and Liquid or Molecular
SIMS became names used with practically no discrimination, de-
spite the differences existing among the three methods. In the
same explosive way, a large number of scientists, including physi-
cists, chemists and biologists, decided to explore the intriguing
phenomena underlying these techniques. This is understandable,
since it is indeed surprising that the deposition of a large amount of
energy in a very small volume over a short period of time could
result in the desorption and ionization of intact molecules, espe-
cially when these are large, highly polar and thermally unstable
biomolecules. There is no agreement in the literature regarding
the mechanism by which the molecules can survive such an ap-
parently violent process. Most of the early mechanistic research
was developed in connection with Atomic SIMS, and when
Molecular SIMS and FAB became widely used, the focus of atten-
tion was switched to them. As a consequence, many models
have been proposed for SIMS and FAB. However, PD and LD
give spectra comparable to those obtained under FAB or SIMS



conditions. This indicates that the phenomena goveming the pro-
duction of the detected ions in each of those cases are similar
and justifies the now popular use of the collective term Desorption
lonization (D) for such mechanisms. A very brief review will be
given here, with more emphasis on Molecular SIMS and FAB.

Atomic SIMS Models

Atomic SIMS refers mainly to the analysis of inorganic materials un-
der dynamic conditions. Mechanistic studies in this area have es-
tablished the theoretical basis and terminology for Molecular SIMS
and FAB as well. There is extensive information in the literature
about models that apply satisfactorily to Atomic SIMS. A large
number of references are included in several reviews and mono-
graphs on this topic.%-102 The different models can be divided in
two main groups: Sputtering and lonization Models.

Spultering Models.- These models are concemed with the energy
transfer process between the primary ion beam and the target,
and with the removal of the particles from the bombarded sur-
face.

Among the Sputtering Models, the Thermal Spike Models03-107
have been proposed to explain the existence of sputtered atoms
with energies in the thermal range (less than 1 eV). According to
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these models, elastic collisions between the atoms of the solid
occur when the surface is bombarded, and the excited region or
spike acts like a high density gas that is being heated. As a result,
atoms are emitted by evaporation from the surface of the spike.
In addition, atoms with higher energies, in the order of hundreds of
eV, are also emitted by a knock-on process, due to direct mo-
mentum transfer from the bombarding particles, followed by ejec-
tion after undergoing a small number of collisions with other atoms,
or by recoiling along the linear trajectory of the primary particle
and reaching the surface with enough energy to overcome the
binding forces. However, the presence of the maijority of the
atoms, With intermediate energies between 1 and 20 eV, is not ex-

plained by these models.

The Collision Cascade Models!08-110 offer an explanation for the
emission of particles with translational energies. In these models,
the impinging particle penetrates into the surface, altering its origi-
nally linear trajectory, and transfers its excess of kinetic energy to
the target atoms. The energized atoms hit other atoms and a col-
lision cascade is generated. The process continues until the im-
pact energy is dissipated, and those atoms that have enough
energy and are directed towards the surface are ejected. The
gputtering time-scale is considered to be very short, less than 1012 s
after the impact.



lonization Models.- A large proportion of neutrals to ions are pro-
duced by sputtering. lons, although in smaller percentage, have
the advantage that they can be easily detected. These models
are concerned with the processes governing the production of
ions. Among them, the models based on the band structure con-

cept are quite popular.

The Bond Breaking Model!-113 s used to explain the ion emission
from simple ionic compounds that contain in the lattice a valence
band of anionic states and a conduction band of cationic states,
with a gap between the two bands. According to this model half
of the lattice energy is consumed when a cation is removed, but
in order o remove a neutral an electron has to cross the band
gap and the atom must go to the gas phase. which is energeti-
cally less favorable. Then, for ionic compounds the emission of
ions is preferred, when the lattice energy is much less than the
band gap. This modei is useful only for polar materials.

A more general model is the Band Structure Model,1'4-11¢ that as-
sumes that the band structure of the solid controls the electron
transfer between excited species and the surface. In the case of
a metal, the sputtered ions can undergo neutralization by means
of electron transfer to or from the conduction band. The amount of
ions is reduced as more neutrals are produced. For a covalent
surface, like an oxide, neutralization is less probable because



there are no electrons available in the conduction band, and the
electrons in the valence band have not enough energy to be
exchanged between the excited species and the solid. There-
fore, higher positive ion ejection is expected, and an increase in
negative ion production is explained by electron attachment to
departing neutrais.

These rnodels based on the concept of band structures are not
completely acceptable, because the bombarded area is highly
disturbed and this picture of organized bands seems unrelated to
the real situation. A variety of other models, like the Local Thermal
Equilibrium Model,'V7 the Surface Polarization Model, ! the Electron
Tunneling Model19:120 and others, have proliferated, each one try-
ing to explain different aspects of Atomic SIMS. Some models are
qualitative and applied to very specific cases, and others are
quantitative. However, none of them is able to account for all the
experimental facts.

Molecular SIMS and FABMS. Desorption lonization Models

The development of Static SIMS led the way to Molecular SIMS
and FAB, and soon models for the mechanism of ejection of or-
ganic molecules began to populate the literature. This subject
became a greater challenge compared to Atomic SIMS, be-

cause the sputtering and ionization of intact molecules was even



more difficult o explain. When trying to do so, the first obvious ten-
dency is o adapt some of the many approaches available from
Atomic SIMS models. However, although atomic and molecular
emission are similar, a more sophisticated set of events must be
present in the case of molecules. In such a state of continuous
controversy, there was a time when it seemed to be as many

models as authors, as it is reflected in several reviews of the
topic.58.8994.102.121-126

Despite the diversity of opinions, there are some basic points on
which most models seem to agree. A logical assumption, present
in practically all models, is that the sputtering phenomenon is an
important pdrt of the whole process. The obvious starting point is
that, similar to the situation in Atomic SIMS, the impact generates an
excited region by energy transfer from the bombarding particle to
the target. As the energy is dissipated through the liquid or solid sur-
face, the molecules begin to move and eventually they are ion-
ized and/or ejected. However, how the dissipation of the energy
occurs and how, when and where the molecules undergo ioniza-
tion and fragmentation to produce the detected species, are
controversial issues. From this point of view, the models for organic
emission can be split in two categories: translational models and
thermal/vibrational models.'92 A further classification, that applies to
both these groups, distinguishes between empirical or intuitive

models and those based on calculations.'?s In addition, from a
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more theoretical standpoint, the models can be divided accord-
ing to two aspects, the first related to the principle governing the
energizing mechanism, and the second regarding the expansion
process.'22 This classification includes five groups of models:
RRKM,127.128 Coulomb Explosion,12?.130 Thermal,!31.132 Expansion133.134
and Excitation models.'35.1% However, in the context of the present
work, the first classification mentioned (translational and ther-
mal/vibrational models) is the most important, and only that one

will be briefly covered.

Translationai Models.- These models are based on collision cas-
cade regimes. Among them, the Precursor Model proposed by
Benninghoven!'22.137 is one of the most widely accepted. Ac-
cording to this model, before any bombardment event, pre-
formed ions exist in the sample. An excited region is formed
around the path of the bombarding particle, due to the dissipation
of energy in a volume of 10-100 A in diameter. Very rapid energy
transfer causes emission of these precursor ions from the surface,
with high probability of keeping the same charge during the pro-
cess. Rapid transfer of small amounts of energy leads to emission
of non-fragmented parent-like secondary ions, while transfer of
large amounts of energy results in the emission of fragment ions,
formed by decomposition of the precursor ions, although frag-
mentation might also occur by decomposition of excited molecu-
lar ions. This model rationalizes the dissipation of energy along the



track of the collision cascade by means of an energy distribution
E. that describes the average energy transferred to the particles
as a function of the distance r from the impact point. The qualita-
tive shape of E is shown in Figure 2.1.
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Figure 2.1. Qualiiative Shape of the Function E(r).

(Adaptad from A. Benninghoven, int. J. Mass Soectrom. ion Phys.,

53 (1983) 85).
Close to the bombardment site, (r < R’), a large amount of energy
is transfered and the probability of emission of fragments is sary

high. At intermediate distances, (R < r < R, the amount of energy



transferred is small and results in the ejection of parent-like ions, via
a very fast evaporation. At long distances, (r > R), the amount of
‘transferred energy is very small and no ejection takes place. As a
consequence, relaiively high kinetic energies are expected for
the fragment ions, whereas parent-like ions are expacted to be

emitted with low kinetic energies.

Other translational models are based on computer simulations
and offer a more quantitative treatment of the ejection of the par-
ticles.105.136-147 A good picture of the particle motion generated at
the surface target by bombardment with energetic atoms or ions
has been obtained by means of three-dimensional Monte Carlo
caiculations to metal surfaces.105.138.139 The method uses inter-
atomic potential equations and requires initial information such as
energy. position and direction of the observed y.cuiicle, which is
assumed to change direction when participating in binary nuclear
collisions and to follow straight free paths between those events.
Its energy is reduced due to nuclear and electronic losses and the
calculation finishes when the energy drops below a certain vaiue,
or when the particle is out of the target. These calculations allow
determination of energy and angular distributions. Based on these
simulations, Magee'® concludes that in the case of organic solids
the ejected fragments come from direct impact in the vicinity of
the bombardment site (direct-knock-on), while the molecular
species come from further away, where the energy has dissipated



enough to produce no frdgmentcﬂon but only ejection (linear col-
lision cascade). The dependence of the molecular ion yield on
the incidence angle of the primary beam, and on the nature
(liquid or solid) of the surface, are also discussed on the basis of
Monte Carlo simulations. Figure 2.2 shows the trajectory of recoiled
sample atoms produced by a 10 KeV Ar*t beam on a Cu surfoce.
at two incidence angles.’¥# {t can be seen that many more of the
low energy collision cascades intersect the surface when the
angle of incidence is 70°. This results in a higher yield of the
sputtering of non-fragmented particles. The importance of liquid
matrices is explained as the result of rapid renewal of the surface
exposed to the radiction.

The Classical Dynamics Model,10.125.140-142 based on earlier com-
puter simulations43.144 and developed by Garrison and coworkers,
also proposes a collision cascade to deal with the energy transfer
and dissipation, but differs from Monte Carlo calculations in some
aspects. The model shows that the intact molecules can be
ejected from regions either close to or far away from the initial im-
pact area, and gives three possible explanations for such an in-
tact ejection. First, the energy of the impinging particle can be
ropidly dissipated by the target. and by the time it reaches the or-
ganic molecule, the kinetic energies involved are only in the order
of tens of eV. Second, the molecules contain many vibrational
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modes that can efficiently absorb energy from the coliision without
dissociating. Third, in the case of large organic molecules, individ-
ual atoms or groups are small compared to the metal atoms that
support the sample, and it is possible to hit the molecule at several
points in a concerted fashion, causing the entire entity to move in
one direction. These calculations also anticipate that the frag-
ments can be formed not only in the region directly bombarded,
but also in areas far away from it. In order to predict sputtering ef-
fects, cluster formation and emission and fragmentation of ad-
sorbed molecules, the model applies classical motion equations
to predefined parameters such as mass and energy of the pri-
mary particle, size and structure of the surface target, incidence
angle of the beam, etc. This information is used to predict the ex-
perimental results, such as total yleld of ejected particles, energy
distributions, cluster formation, etc. Additionally, computer simula-
tions also show that the ejected species can undergo fransforma-
tions in the near-surface region, and therefore their charge and
comigliion as they reach the detector may not be the same as
when they iuft the surface. Possible reactions are proton transfer,
cationization, anionization, etc. Furthermore, it is predicted that
when the species leave this near-surface region with enough inter-
nal energies, there is the possibility of unimolecular reactions and
formation of new fragments or the way to the detector.
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Thermal/Vibrational Models.- The thermal/vibrational models do
not completely contradict the transiational models, but consider
them incomplete and try to further explain the ejection and ioniza-
tion processes as a consequence cf themal disturbance after the
initial collision cascade. Some of the models are general for Di
techniques, and some others are more specific for a particular
method.

Macfarlane,124.148.149 glthough working mainly on PD of a wide vari-
ety of samples, from ice to insulin, supports the idea that even if the
mechanism of deposition of energy varies when the projectile is o
collection of coherent infrared photons (LD), or @ MeV heavy ion
(PD), or a KeV ion (SIMS) or atom (FAB), the spectra produced by
different particle-induced desorption methods are essentially the
same. Based on this, he suggests that the sequence of events that
directly influence the production of fhe spectrum is common to all
of them. A representation of the four main variations of particle in-
duced desorption techniques is shown in Figure 2.3. In all the
methods, the deposition of energy is highly concentrated and the
excitation lasts for only a very short period of time. Under those
conditions the sample molecules, even large, thermally labile
molecules, survive the desorption process. Macfarlane divides
the events into three categories: chemical transformations, des-
orption and surface ionization. The molecules to be desorbed
are bound through polar interactions. These forces are strong
enough to form aggregates that, in the presence of an additional
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energy source, can react. There are two possible places where
chemical reactions can take place: on the surface or in the gas
phase. For non-volatile biomolecules, the main transformations to
yield ionization are assumed to occur on the surface, and the final
charge states of the desorbed species are determined by the
substrate-absorbate interactions during the desorption process.
For the ejection mechanism, two approaches are proposed:
evaporation or kinetics transformation. In the thermal spike ap-
proach the desorption is considered to occur by thermal evapo-
ration. If the process is freated as a chemical kinetics problem, it is
described by the Arthenius' equation, with the pre-exponential
factor related to the surface-adsorbate vibrational mode, and the
activation energy as the heat of sublimation necessary fo break
the bond between the molecule and the surface.

Rabalais' model,116.150.151 based on SIMS experiments of solid
samples, such as alkali halides, ice, frozen benzene and nickel te-
tracarbonyl, is among the early and most important contributions
o this topic. The specira show sequences of cluster ions, with ex-
ponential decrease of the intensities as the size of the cluster in-
creases. Rabalals propcses that the observed spectra originate
from processes invoiving molecules on the surface of the probe,
rather than frem gas phase species, since the sample pressures
are very low, in the order of 109 torr. This medel divides the particle

emission into two steps: ejection dynamics and electronic pro-



cesses. The initial impact and transfer of energy from the primary
particle to the surface involves the generation of a non-equilibrium
situation, caused by the almost instantaneous deposition of a high
amount of energy into a srnall region. This resuits in the localized
heating of the bombarded area up to very high temperatures,
and the situation is relieved by ireversible exnansion into the vac-
uum. Some species are ejected without recombination with other
particles, if they have enough energy to overcome the binding
forces and if the velocity vectors are oriented in tha appropriate
direction towards the surface. This process is cailed non-reactive
ejection. Some other particles are induced to move through the
surface with a broad velocity distribution, determined by the mo-
mentum transfer, forming a high density, thermally activated region
near the impact site, where reactions can take place. This
transient, high density plasma is the so-called selvedge, situated at
the interfface between the condensed and gaseous phases and
populated with neutrals and ions formed by single collisions. As
these species propagate, large clusters are formed in the
selvedge if the time and velocity cf the species are synchronized
in such a way that the attractive potential between them is large
enough to bind them together as a single entity. These clusters are
ejected to the vacuum, and some of them undergo unimolecular
dissociations during their flight to the detector. The particles are
emitted predominantly with the same charge they had in the
original material. However, the final charge of the ejected
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particles may be altered by electron-exchange processes be-
tween the particles and the surface, explained in terms of the

band structure of the solid.

Extensive work developed by Michl and coworkers!52-163 with
frozen gases such as nitrogen, noble gases, carbon monoxide,
etc., at cryogenic temperatures, lead to the conclusion that mo-
mentum transfer, direct charge transfer, association reactions and
ion-molecule reactions are all important process in the formation
of the secondary ions. Regular progressions of cluster ions, with a
nearly exponential decrease of the intensities as the size of the
cluster increases, are observed for all the samples. Based on
these results the Gas-flow Model is assembled. In it, Michl assumes
that the impinging particle penetrates into the surface, transferring
its energy to the sample molecules. Fragmentation and ionization
generate a damage track, and the immediate result is the ejec-
tion of secondary particles from the layers near the surface. These
high energy species are called the “first batch of ejected parti-
cles" and have a broad energy distribution. They have no oppor-
tunity to react with other constituents of the solid, even if they are
highly reactive. They correspond mainly to the fragment ions ob-
served in the spectrum, and to some fraction of the molecular ions.
The atomic motion is quenched by energy transfer to the cold ar-
eas nearby, and the collision cascade regime is converted to a

thermal regime. The impact regibn can be viewed now as the re-



sult of the {hernval spike, a high pressure, high density, high tem-
perature gas, in which the identity of the individual layers of the
solid has been lost by re::dom mixing. As the collision cascade
develops into the thermal spike, time becomes available for the
hot species to react among themselves and also with their cold
neighbors. To relieve the non-equilibrium situation, an explosive
expansion of the high pressure gas into the vacuum takes place,
accompanied by evaporation from the surface surrounding the
thermal spike region. This causes cooling and promotes large
cluster formation. The species ejected at this point are the
*second batch of secondary particles® and their energy distribu-
tion is narrower and at lower energy values that those of the first
batch particles. They correspond mainly 1o molecular ions and
clusters observed in the spectrum. The gas flow from the hot spike
into the vacuum is an essential idea in this model. The final step of
the proposed mectwanism is the metastable decay of the clusters.
Electron exchange is not considered significant, due to the lack of
idenrtity of the solid bands in the sputtered region and the solvated
nature of the emitted ions.

In broad agreement with some of the ideas of Rabalais and
Michl, Cooks and coworkers58.88.164-171 hqve reviewed some as-
pects of the Molecular SIMS/FAB mechanism, especially those re-
lated to chemical effects. Their experimental work covers a vari-

ety of organic salts and polar compounds in ammonium chloride



and other solid and liquid matrices. Accgrding to Cooks, imespec-
tive of the initial method of energy deposition, there is a point in all
DI methods at which the energy is in a common form, and this ac-
counts for the resemblance observed in the spectra obtained with
all Dl techniques. This transforrnation to a common form of energy
is called "energy isomerization® by Cooks, and it is the result of
energy transfer to low-energy vibrational and transiational modes
of the sample molecules. This causes heating and emission of
elecirons, photons, neutral molecules and ions. The thermal spike
leads to the formation of the selvedge or high density gas region,
and the reactions occurring there are considered very important.
Cooks explains that molecular ions arise from three different
processes: ion-molecule reactions, direct desorption and some
minor electron ionization by electrons present in the selvedge as
the result of secondary electron emission. lons formed in the
selvedge can react with other ions or with neutrals to form clusters
and other secondary particles. The observed fragmentation is
considered mainly as a result of unimolecular decay of
metastable ions in the vacuum. Figure 2.4 summarizes Cooks' view

of the processes occurring in the Di mechanism.

A traditional idea introduced during the early FAB experiments® is
that the liquid surface continuously renews itself by diffusion and that
this fact explains the long life-time of the signal during the sputtering.

However, more recent experiments by Ligon'72173 with deuterated



glycerols, and by Wong and coworkersi?4-178 with glycerol solutions
of carbohydrates and peptides, indicate that this assumption is
probably incorrect, since diffusion is a very slow process in the
time-scale of the sputtering. These authors consider that the layers
of the sample solution are removed by evaporation. Wong'75
proposes ¢ mechanism of sputtering by spraying. involving the
formation of a high pressure gas by evaporation of the sample
solution from the dense cascade region, as shown in Figure 2.5.
Large clusters are ejected, and they decompose to produce
molecular ions. Sputtering of radiation damage products also
takes place. As for the ionization proce:s, it is assumed that the
clusters initially formed are randomly charged, and their rapid de-
composition leads to the most stable ions. Therefore, the ion inten-
sity distribution reflects the ion chemistry in solution. Ligon,'?3 based
on his measurements of the ratio MD*/MH* from the spectra of so-
lutions of deuterated glycerols in glycerol, proposes an ionization
mechanism via radical cation intermediates, in contrast with the
widely accepted explanations regarding the existence of pre-
formed ions in solution, or the ionization in the selvedge. This
rmechanism involves the formation of radicals by primary radiation
damage, which are ablé to abstract protons from nearby
molecules and ionize other species in solution by proton ex-
change.

Additional information about radical formation during particle
bombardment is found in the literature.176-178 For instance, Field'7¢-177
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reports marked changes in the glycerol FAB spectrum as the
bombardment proceeds. Protonated molecular ion and cluster
peaks decrease almost completely as new peaks appear. indi-
cating that the bombardment causes glycerol reactions to pro-
duce new compounds. Field suggests that a special case of hot
atom chemistry, with no incorporation of the bombarding entity
inic the molecule being transformed, is responsible for the radia-
tion damage and formation of the radicals. This assumption is
based on the premise that a fast atom beam carrying an energy
of several KeV cannot be considered ionizing radiation, accord-
ing to adiabatic principle calc:ilations.!79.180 Even if interesting and
important in some cases,81.182 the mechanism of radical formation
is probably not directly responsible for most of the significant ions
observed in FAB spectra. FAB analysis usually involves the very first
scans, with a minimum of exposure to the bombardment, which

leads to the observation of clean and meaningful spectra.

Budzikiewicz and coworkers'®3.184 have performed FAB experi-
ments with non-ionic compounds in order to demonstrate that ion
formation is due essentially to chemical ionization in.the gas phase
by a matrix plasma. The vaper pressure of the matrix during the
FAB experiments is in the Cl range!8s and their results with glycerol,
'rhioglyéerol and other compounds commonly used as FAB matri-
ces,'® show that the FAB matrix spectra are similar to those ob-
tained by evaporation of the matrix directly into the ion source
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and followed by ionization by El or collision with the fast atom
beam. The ionization of non-ionic FAB samples is assumed to oc-
cur in three steps: first, the sample molecules are fransported to the
surface of the solution by convection or diffusion during the bom-
bardment; second, neutrals from both matrix and analyte are
sputtered from the surface and/or from lower layers of the solution
into the gas phase, and third, ionization of the matrix molecules
occurs by collision with the atom beam. Chemical ionization of
analyte molecules takes place in 'rhe matrix plasma. Experiments
using divided targets, 84 with two different compounds in each side
of the target, show the production of mixed ions, giving support to
the idea of ionization in the gas phase. Therefore, properties of
molecules in the gas phase, like gas basicities (GB), proton affini-
ties (PA), electron affinities (EA), etc., have influence in the results of
FAB experiments. There are a few reports in the literature?6.78.136.187
where the low PA of the analyte compared to that of the matrix is
considered the main reason for the low intensity observed for the
analyte signals in the FAB spectrum. However, in many other cases
dlifferent properties are assumed to be responsible for the success

or failure of FAB experiments.
Early Work in Our Group

In view of all this abundant and sometimes contradictory informa-
tion, our research group decided that it would be interesting to

develop a more systematic series of experiments to further clarify



the role of GB values in the production of FAB spectra. This could
lead to some conclusions about the dominance of gas phase
chemistry or solution chemistry in the ionization mechanism in-
volved.181% The FAB spectra of a series of liquid compounds with
different GB were recorded.’®® The compounds studied are
commonly used as FAB matrices and the spectra were recorded
for the neat liquids and for 10 molepercent solutions. The observed
resurt» in most of the cases is that the spectrum of the compound
with lower gas basicity is strongly suppressed. Figure 2.6 shows the
spectrum of neat triethanolamine (GB = 225 Kcal mol') and 10
molepercent solution of triethanolamine in 3-nitrobenzy! alcohol
(GB = 186 Kcal mol!). It can be seen that the presence of 3-ni-
trobenzyl alcohol is not detected and both spectra are practically
the same. In a separate set of experiments, the total ion current
(TIC) of the FAB spectra of salts in glycerol was measured as the
concentration of the salt was increased.'® It was observed that
there is no inc:sase of TIC with the conceniration of the salt. As
shown in Figure 2.7, a slight decreasse is observed. This disagrees
with the widely accepted ideu that ions already existing in solution
are responsible for the production of the spectrum, as proposed in
the Precursor Model.'37 These results led to the proposed Gas
Phase Collision Model, which states that analyte ions and matrix
ions produced by the atom impact, suffer extensive recombina-
tion as a high density, high temperature gas-like region is formed,
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and when this ho_t gas is being expelled into the vacuum, ion-
molecule reactions take place to produce the detected ions.
However, it has been argued'o2 that it is inapproprate to conclude
that ejection of preformed ions is not significant in the formation of
the FAB spectrum, since the compounds chosen for the men-
tioned experiments®® do not propitiate the formation of ions in so-
lution. The objective of the present work is to go further in this line of
research, in order to clarify whether gas phase chemistry or solution
chemistry is dominant in FAB experiments, end to propose a more
detailed mechanism for the ionization process involved.
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CHAPTER 3

GENERAL

The experiments carried out in this study were performed on a
modifi»d AEl/Kratos MS? double focussing mass spectrometer.
This instrument has features which make it suitable to be converted

to a FAB mass spectiometer,’®! among those:

Q
1

adequate mass range (0 to 1500 daltons).

b- direct insertion lock, mounted on the ion source flange, useful

to admit the sample probe.

c- spare source port in direct line with the ionization region, on

which the atom gun can be mounted.

d- good source-region pumping capacity, to handle both the
flow of gas from the gun and the vapor pressure from the
sample matrix.

e- double focussing geometry, which handies ions with a wide

range of energies.

f- sector geometry, which prevents neutrals from reaching the
detector.



The instrument is equipped with a saddle fielc w:#=7 gun, a sample

introduction probe, and a FAB ion source.

Atom Gun.- A diagram of the atom gun installed in the MS9 is

shown in Figure 3.1. Its major components are:

c-

two identically shaped aluminum cathodes. The one at the
front has one central exit channei for the beam, and the one at
the back has one channel to accommodate the ceramic
sleeve insulated spring connector for the high voltage sup-
plied to the anode, and five other channels 1o admit the oper-
ating gas.

the anode, a circular stainless-steel plate with a central hole
where the saddle point of the electric field is located. The
plasma of ionizing electrons oscillate through this point. The
plate has six symmetrical notches on its periphery, to provide

the proper location for six 5 mm diameter ruby ball insulators.

a thin-walled stainless-steel tube, where the three electrodes
are stacked. The alignment and insulation are provided by
the ruby balls. The whole arrangement is kept inside the fube
by a retaining ring.
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FIGURE 3.1. Diagram of FAB Atom Gun



d- a 10 KV-rated feed through, which carries the anode voltage
via a disk slipped ovir the end and connected to the anode
by the insulated spring that goes through the rear cathode.

e- a capillary stainless-steel tube, through which the operating

gas, usually Xe, is acmitted.

f a 0-10 KV, 0-10 mA Spellman RHR-10P60/CR power supply, to
provide the anode potential. The gun is usually operated at @
voltage of 6-8 KV and the discharge cumrent flowing between
anode and cathode is controlled by varying the voltage
and/or the gas flow. The pressure of the gas is set at about
1 psi at the pressure regulator on the cylinder of Xe, and the
actual pressure inside the gun is controlled by a Negretti and

Zambra needle vaive.

The beam of fast atoms (actually a mixture of neutrals and ions) is
easily generated by first producing a beam of fast ions, and allow-
ing them to be neutralized with iittle or no loss of kinetic energy. In
order to produce the initial ions, the charged particle oscillator
principle is used.192194 Electrons present in the space between the
two cathodes oscillate around the saddle point of the electro-
static field applied between the positive anode and the
grounded cathodes. Initially the electrons are accelerated from

the cathode region toward the anode and pass through the cen-



tral hole, where the saddle point is located. Once past the an-
ode, they are decelerated as they approach the other cathode
and eventually return toward the anode again, following the re-
verse path. When electrons hit atoms of the gas, the required ion-
ization occurs. The electrons knocked out in this process are a
constant source for renewal of the ionizing plasma. The ions pro-
duced are accelerated towards both cathodes. Those which
strike the cathodes, produce more secondary electrons which
contribute to the plasma, and those ions going through the front
cathode exit channel are neutralized on their way out by means
of two major processes:

1- resonant charge transfer:195-198

A +A  Soowwrrawe R A° @

2- electron capture:'®

+ -

A +e - A (3.2)

As a result, a beam of fast atoms, together with some surviving
ions, 20 is generated.

Sample Probe.- The sample is introduced into the ion source by
means of a direct insertion probe, equipped with a cylindricail



gold tip. The flat surface of the tip is about 2 mm?2 with a slant of 20°,
as shown in Figure 3.2. Solid analytes are usually presented as solu-
tions in a non-volatile matrix, whereas liquids are handled in neat
form. The ideal volurne to use is 1-2 ulL, in order to cover the sur-
face of the probe tip with @ uniform thin film of cample. The probe
is inserted through a vacuum lock in a coaxial direction to the sec-
ondary ion beam. The atom beam has an incidence angia of
70°, relative to the normail to the tip surface. The tip is brought io the
same voltage as the ion source by means of a spring contact,
which is attached to the exiraction plate support and touchss the
probe fif: ~#F2n fully inserted. The tip Is mounted on a nylon probe
extension, uy order to provide insulation from the grounded steel
probe shaft.

lon Source.- The ion source used to run FABMS in the MS9 instrument
is shown in Figure 3.2. Together with the probe, it includes the ex-
traction plates, held at the full acceleration voltage, either 6 KV or
8 KV, and two beam-centering plates, kept at a voltage about
500 V lower than that of the extraction plates and the probe tip. The
extraction slit is wider than the one used in EIMS, and its dimensions

are not critical.

The mass spectrometer is coupled to a Data General Nova 4/X
minicomputer, through a Kratos preprocessor interface. The Kratos
DS-55 data acquisition system and processing software were used
for all the experiments. |
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The chemicals used are commercially available, mainly from
Aldrich Chamical Co., and were used without further purification,

except for the following:

1- diethanolamine was purified by fractional distillation, followed
by melting and fractional crystallization. 20!

2- sulfolane was distilled under reduced pressure.

3 4-cyanopyridine and 4-N,N-dimethylaminopyridine hydrochlo-
ride salts were prepared by bubbling hydrogen chloride
through an ether solution of the respective free base and col-
lecting the precipitated salt by vacuum filtration.

For all the experiments, 2 uL of sample solution or neat liquid were
applied to the gold tip with a 1-S uL adjustable Scorex mi-
cropipette, and then the probe was introduced just in time to take
the first scan, with the atom gun adlready set and working at the
desired conditions, usually 7 KV, with a discharge current of 1 mA.
The time for rough pumping and exposure to the high vacuum
were kept to a minimum. Only the first two or three scans were

used.



EXPERIMENTS FOR THE STUDY OF COMPETITION FOR PROTONS AND DOMINANCE
OF GAS EASICITIES OVER SOLUTION BASICITIES

The gas basicity (GB),202.203 and pK,24205 values were taken from
the literature. The absolute pK, values of the analytes in glycerol
were not available in the literature. Accurate measurements of
pK, may be difficult when non-aqueous solvents are involved,208.209
The pK, values in glycerol are expected to be lower than those in
water,2® and to follow roughly the same trend. Approximate rela-
tive pK, values in glycerol were obtained by titration of 100 mL of
0.01 M solutions of the compounds of interest in glycerol, with both
0.1 M solutions of hydrochloric acid and perchloric acid in glycerol.
The pH measurements were taken with a Fisher 520 pH/ion meter,
equipped with a conventional glass/Calomel pair of electrodes.
Aqueous buffer solutions of pH 10 (borax), pH 7 (phosphate) and
pH 4 (hydrogen phthalate) were used to calibrate the pH meter in
the usual manner. The fitrating solution was added at a constant
rate of 0.19 mL/min into the magnetically stirred solution to be
titrated, by means of a Sage Instruments 341A syringe pump. These
precautions were necessary due to the high viscosity of the
solvent. The titration curves were registered on a Hewlett-Packard
17503A strip chart recorder, The pK, values were obtained from the

pH values at half neutralization volume, according to:

_ A]
= H - | Lo
Pla = PH - log @3.3)

6l



The errors related to this approximation should not be ne-
glected. 206210 Activity considerations and corrections for int *rac-
tions with the solvent (ion association and homoconjugetion
become important for low dielectric constant solvents) ar ot
included.208. 209 Fyurthermore, foi non-aqueous solvents /his
approximation may not longer work, especially because of the
fact that the electrodes used may not function reversibly, and the
measured potentials may not follow the Nemst equation.27:210 The
use of indicators is adviced. Fortunately, glass electrodes have
wide applicability in solvents other that water, and the values
obtained do have some meaning as an empirical measure of

basicity-solvation effects.206

Sixteen pairs of analytes were chosen according fo their relative
values of GB22203 gnd pK,204.205 in order to camy out the title study.
These pairs were: 1) ammonia/4-dimethylaminopyridine, 2) am-
monia/diethanolamine, 3) ammonia/pyridine, 4) ammonia/4-hy-
droxypyridine, 5) aniline/diethanclamine, 6) 3-hydroxyaniline/di-
ethanolaminie, 7) aniline/4-hydroxypyridine. 8) ammonia/3-hy-
droxyaniline, 9) aniline/pyridine, 10) ammeonia/aniline, 11) 3-hy-
droxyaniline/4-hydroxypyridine, 12) 4-hydroxypyridine/diethanol-
amine, 13) pyridine/diethanolamine, 14) hydrazine/aniline, 15) di-
ethanolamine/triethanolamine, 16) ammonia/hydrazine. For
each pair, 1 and 10 molepercent solutions in glycerol were pre-

pared. For the pair ammonia-aniline, five additional solutions in the



concentration range from 1 to 10 molepercent (2, 3, 4, 6 and
8 molepercent) were also used. The FAB spectra were obtained

following the general procedure outlined above.

EXPERIMENTS FOR THE KINETIC MODELLING OF THE FAB SPECTRA

Thirteen solutions of diethanolamine in glycero!, covering the
whole range of concentration from 0 to 100 molepercent, were
used for this study (0, 0.5, 1, 2, 4, 6, 8, 10, 20, 40, 60, 80, 100 moleper-
cent). The FAB spectra were recorded according to the general
procedure. The kinetic calculations were performed on an IBM
PC-XT and a Zenith-200 PC equipped with a numeric coprocessor,
using the MathCad software package (version 1.01) by numerical
integration of the rate equations.

EXPERIMENMTS FOR THE STUDY OF TEMPERATURE AND VISCOSITY EFFECTS

The stondard FAB probe used in these experiments does not have
a temperature control. Since temperature changes were re-
quired in the study of temperature effects, the probe tip was
cooled by immersing it in dry-ice or liquid nitrogen, or heated with
a heat gun, before applying the sample on it. The temperature
was measured by using a Type-J thermocouple attached to an
Omega HH-70KC digital thermometer. In all the experiments, the

temperature measurements were done just before inserting the



sample probe to run the spectrum, and right after removing the
probe from the ion source. The change was found to be no more
than 2° C during that elapsed time. The samiples used were glyc-
erol, diethanolamine and 2 and 10 molepercent solutions of di-
ethanolamine in glycerol, and the bulk sample temperature was
varied from -30° C to +40° C.

It was necessary o make a correction by subtracting 1 moleper-
cent from the nominal concentration of the diethanolamine solu-
tions, since when these experiments were caried out, consistent
lowzr ion intensities were obtained with respect to the signais ob-
served before in the experiments for the kinetic modelling. This
kind of variation is not unusual in FAB spectra, although a clear

explandation for it cannot be presently provided.

In the case of the study of viscosity effects, sucrose was used to in-
crease the viscosity of the samples. Those were: glycerol, di-
ethanolamine and 2 and 10 molepercent solutions of di-
ethanolamine in glycerol. Sucrose was added to the samples in a
range from 5 to 80 weightpercent. The solutions were prepared by
gently heating the mixtures, and leaving them standing overnight

before running the FAB spectra.



CHAPTER 4

EXPERIMENTS FOR THE CALCULATION OF IONIZATION CROSS-SECTIONS IN GAS
PHASE FAB

The ionization cross section 6 can be measured on the basis of

equation 4.1, and the schematic of the experimental arrangement
is shown in Figure 4.1.

i,=0ypmddsfa . @.1

A beam of aror . v i flux f, fast atoms per second, enters the
ionization box: B -:4v¢: -:ontains a number density of p,, molecules
per unit volum: i ine compeund M, whose ionization cross sec-
tion oy, is to be determined. The length of the box is d, and the
positive current to the negative (bottom) plate of the box, mea-
sured with a current meter, is equal to i,. The elementary charge
Qe is 1.6 x 10-¥ C. Equation 4.1 holds under thin target conditions, i.e.
when the average number of collisions per fast ctom are much

less that one.

For an accurate determination of o, the box B would be placed

inside @ vacuum chamber, which contains a known pressure of the
gas M, such that py, couid be evaluated from the ideal gas law as

shown in equation 4.2.
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M= =TRT 4.2)

Furthermore, the neutral fast atom flux f, entering the box must also

be accurately known.

While an arrangement equivalent {o the schematic shown in Figure
4.1 is not difficult to construct, the task Is time consuming, and since
cross sections of an accuracy within a factor of 2 or even only a
factor of 4 would be sufficient for the present purposes, the mea-
surements were executed directly on the ion source of the mass

spectrometer used in the present work.

Fast atoms striking the metal surfaces produce secondary elec-
trons which, if accelerated into the ion source, can cause electron
impact ionization on collision with neutral molecules. Such ioniza-
tion, if it occurs in the region between the beam centering plates,
can lead to grossly erroneous measurements of the fast atom ion-
ization. To avoid such an artefact, several precautions were
taken. The arangement is illusirated in Figure 4.2. The FAB gun pro-
vides the Xe atoms beam, which enters the space beiween the
equipotential extraction plates, generally kept at +6 KV. The Xe
beam is colimated by means of an aluminum nozzle, 1.8 cm long
and 1.5 mm 1.D., so that its width is smaller than the width of the
space between the extraction plates. Any secondary electrons

created in the channel of the collimator are prevented from being
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accelerated to the ion source by an electron suppressor, consist-
ing of a 1.6 cm diameter copper plate, with a 3 mm diometer hole
at its center, attached to the exit of the nozzle by means of a teflon
screw and a quartz insulator. The plate is held at -500 V. The beam
exits the ion source and enters a beam collector, which consists of
a pyrex tube 6 cm long ond 1 cm 1.D., sealed at one end, alu-
minized in the inside and kept at +6.5 KV. The fast atom beam
collector is operated at +6.5 KV, a voltage more positive than that
of the ion source (+6 KV). The negative potential of the ion source
relative to the beam collector should prevent electrons escaping
the bec = o't from entering the ion source. Positive ions
created in the lor: gource, due to collisions of the b2am with neutral
molecules M, are exiracted by the penetration of the potential of
the beam centering plates, +5.5 KV, which is negative relative to
the ion source (+6 KV). The positive ions arriving at the closed off
and grounded adjustable source slit produce the posiiive ion
current i, which is measured with a Keithley 610B cumrent meter.

Two parameters required for the determinatior of o by using
equation 4.1, had to be estimated. These are the effective length
d of the patiz of the beam for which the ionization is measured with

the cumrent meter, and the pressure of the gas M in the ion source.

The width of the gap between the two beam centering plates of
the ion source, through which the ions are extracted and acceler-



ated towards the ion collector (adjustable source slit), is 2 mm.
Thus, the minimum effective length is dp,, = 2 mm. However, the
field penetration from the 5.5 KV beam centering plates into the ion
source is probably appreciable and since only a few volts are suf-
ficient to extract the ions from the ion source, the effective length d
should be perceptibly larger. A value d = 10 mm was arbitrarily
chosen. These value may be somewhat too large but, for the
present purposes, errors on the conservative side, i.e. bredicﬁons
of ¢ that are smaller than the true value, are to be preferred.

The pressure of the gas M in the lon source was estimated on the
basis of pressure reading with an ionizatiors gauge. As indicated in
Figure 4.3, which gives a schematic of the vacuum system, the ion
gauge is located downstream from the ion source. To cormrect for
the pressure difference between the pressure in the ion source Py
and the pressure at the gauge P,; the conductances F; and F, of
the pumping elements between the ion source and the ion
gauge cre evaluated using standard vacuum technique equa-
tions.2"' The equivalent conductance of these two elements is (all

values for air):
Foq= 500 L/s (4.3)

The conductance of the lead connecting the ion gauge volume
to the diffusion pump and cooling baffle is:



lon s|°“‘°‘ e—— lon Gauge
P
— J s'°
Y
|
|
Sp

Figure 4.3. Diagram of the Mass Spectrometer Pumping System
Fy=7001/s (4.9)
The combined pumping speed of the pump with baffie is:
S,=150L/s (4.5)
The equivalent pumping speed at the ion gauge is thus:

So= k= 123108 )

A



At the ion source:

F 500x 123
S i T = s @n

The pressure ratio P 1o Py can thus be evaluated from:

PBSB=P|°S° or
Po= Py 28=p, 21 24p 48
8= g5, =P =144 Fg (4.8)

The above correction was applied to the ion gauge readings.

The analytes used were glycerol, 3-nitrobenzyl alcohol and
toluene. In addition to the ion gauge pressures and total ion
current measurements, their gas phase FAB spectra were also

recorded.

Since the ion gauge is calibrated to read for air, a correction
based on the slectron impact ionization cross sections for air and
for the gas M was applied. The ionization cross sections were es-
timated with the procedure described by Stevenson +12 based on
the atomic ionization cross sections. For toluene this correction
amounted to dividing the ion gauge pressure reading by a factor
of 6, while for glycerol and 3-nitrobenzyl aicohel the factors were
equal to 4 and 7 respectively.



Toluene was admitted info the ion source region vig a probe
equipped with a reservoir, suitable for volatiie compounds. The tip
of the probe terminated close to, but still outside, the ion source.
For this type of gas introduction, the pressure inside the ionization
region and in the neighboring volume around the ion source are
expected to be equal and therefore the ion source pressure,
evaluated with equation 4.8, should be accurate.

Glycerel and 3-nitrobenzyl alcohol have relatively low vapor pres-
sures and were introduced into the ion source with the arrange-
ment shown in Figure 4.2. A narrow glass tube sealed at one end
contained the liquid. it was placed in a heated solid-liquid inser-
tion probe and held in a position such fiat the opening of the glass
tube was partly inside the ion source. Sufficient pressures to ob-
serve measurable total ion currents are obtained on heating the
glass tube. With this method of gas supply, the effective pressure in
the ionization region is somewhat higher than the pressure imme-
diately outside the ion source. The conductance of the ion source
was estimated from its dimensions:

Fy=19Us A9

This value, combined with the pumping speed at the ion source
(S, = 99 L/s) leads to a pressure inside the ion source approxi-

mately five times higher than that immediately outside. However,
this pressure correction is not very reliable and therefore actual



cross section values for glycerol and 3-nitrobenzyl alcohol vapors
cannot be quoted.

The Xe atom flux produced by the gun had been measured pre-
viously200 and corresponds to 4 x 10'3 atoms/s. The output of the
FAB gun2® produces a beam that contains Xe atoms and Xe* ions,
roughly in a 1:1 ratio. It is assurned that the large majority of the Xe*
ions do not enter the ion sourcz, since the it is at +5.5 KV potential
relative to the gun cathede. The kinetic energy of the Xe* ions
produced by the beam source is close t0 7 KeV, 1.&. corresponds
almost to the full potential applied to the FAB gun.2” therefore, the
Xe+ beam ions have enough energy to enter = iHn source.
However, as it could be visually observed, the ion beam is de-
flected by the positive potential of the ion source plates and does

not enter the ionization region.213
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RESULTS AND DISCUSSION



CHAPTER

COMPETITION FOR PROTONS AND DOMINANCE OF GAS BASICITIES OVER SOLU-
TION BASICITIES IN FABMS

As already mentioned in the Introduction, the mechanism of ion
formation in FAB and other related DI techniques has received
considerable attention in the last few years and it is still a subjeci of

controversy.

There is experimental evidence in support of the Precursor
Model,122137 in which it is assumed that the observed spectrum is
due to desorption of ionic species already existing in solution. It
has been elsewhere proposed that reactions occurring at the re-
gion near the surface or selvedge might be responsible for the fi-
nal spectrum produced,'%:'51 and also that unimolecular reactions
taking place in the vacuum play an important role in this mat-
ter.65.2'4 |n addition, there are results that indicate that gas phase
ion-molecule reactions are important.158.171.184.188 Among those, ex-
periments carried out in our group show that the gas phase basic-
ity (GB) of both analyte and matrix are crucial for ihe successful
production of the FAB spectrum,89 and that the increase of ion
concentration in solution does not resuit in an increase of the total
ion current (TIC) in the spectrum.!? Rather, there is indication that

the cationization of molecules may occur via ion-molecule reac-
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tions. These results are interpreted in terms of a Gas Collision
Model. This model assumes that the fast atom beam causes
some ion formation as the collision cascade develops, and a
cavity filled with hot gas-like molecules and ions is formed, as a re-
sult of the energy released from the bombarding particles to the
target. More collisions occur prior to the entrance of the ions into
the vacuzum and some of these collisions result in proton transfer. In
order to explain the preference of higher GB compounds, at least
an average of 10-20 ion-molecule collisions are required. This fact
is in accordance with the idea of a high temperature, high density
gas formed at the impact site.87158  During this process, extensive
ion-recombination occurs to fonw: itn pairs, fragment ions and
neutrals. In addition, proton transfer and cationization reactions
aiso take place. The reactions that lead to the forrnation of proto-

nated molecular ions MH* are:

1- bombarding atoms cause fragmentation of matrix molecules

M to produce paositive Pi+ and negative Ni+ ions:

Xe + M — Xe + Pi* + Ni° {5.1)

2- positive ions react with matrix molecules to produce matrix

protonated molecular ions MH*:

M + Pit =— MH* + (Pi*-H) (5.2



3 analyte molecules A receive a proton from protonated matrix
molecules or from positive ions to form analyte protonated

molecular ions AH*:

A + MH* (orPiYy === AH* + M (or (Pi*-H)) 63

The observation that the GB of the analyte should be higher than
that of the matrix, in order to produce significant intensity of analyte
protonated miolecular ions, is explained by the occurrence of the
reaction 5.3, that is favoured by such a condition. Otherwise it
would be an endothermic process and its rate constant would be

low.

Since a compound with high GB generally has high solution basic-
ity as well, it could be argued that the competition for protons ex-
pressed in the reaction 5.3 occurs in the liquid. In order to clarify the
situation, the study of the competition for protons between pairs of
analytes was carried out. In the chosen pairs, the crucial condition
is that one of the compounds must be more basic in the gcs‘
phase, and the other one more basic in solution. Despite the
correlation between GB and pK, values, it is possible o find such

pairs.

The use of a norn-aqueous solvent, glycerol in this case, has the
disadvantage that basicities in solution are not available in the lit-



erature, although they are expected to follow the same trend as
that in water, with ¢. ~bably lower individual values.206-208 To ensure
that the relative pK, values are close to those in water, pK, deter-
minations in glycerol were carried out, as described in the Experi-
mental Section, for the compounds used as analytes. The values
obtained are summarized in Figure 5.1, together with the values of
GB202203 gnd pK,in water.204205 The observed basicity order is the
same in both liquids, except for two of the compounds, diethanol-
amine and 4 dimethylaminopyridine, which exchange positions.
Diethanolamine is the strongest base in glycerol, while 4-
dimethylaminopyridine is the strongest base in water. From the
plct of the solution basicities in both water and glycerol vs. GB it is
easily seen that for most of the chosen pairs, one compound is
more basic in solution and the other more basic in the gas phase.

wother problem related to this study is that the GB values are
generally known only for smaill, relatively velatile molecules.
Evaporation from the FAB probe under the vacuum conditions in-
side the ion source occurs for most of such compounds. In order
to avoid this inconvenience, the compounds were used as the re-
spective hydrochloride salts in most cases. Both free bases and
salts produce practically the same FAB spect:q, therefore no signifi-
cant differences are intfroduced.

In this study, the FAB spectra of 1 molepercent and 10 molepercent
solutions of each analyte (A1 and A2) in the matrix (M) glycerol
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were taken, as well as the spectra of glycerol solutions of both
analytes together at a concentration of 1 and 10 molepercent
each. In each pair, A2 is the analyte with higher GB in all cases,
and Al the one with higher pK, in ten of the sixteen pairs. Figure 5.2
shows an example of the kind of result observed, in this case for
pair 10 (Al= ammonia, A2= aniline). It can be seen that when both
analytes are present together at a concentration of
1 molepercent (Figure 5.2c), their respective peaks have intensities
which are very close to those observed in the spectra of the indi-
vidual compounds at the same concentration (Figure 5.2a.b).
Therefore, the presence of one of them does not significantly influ-
ence the spectrum of the other. It can be said that their contribu-
tions to the FAB spectrum are additive. In contrast to this situation,
when 10 molepercent solitions are used, the presence of A2 in the
solution results in a suppression of the peaks of Al in the FAB spec-
trum (Figure 5.2f), when compared to the intensities observed for

the 10 molepercent solution of Al by itself (Figure 5.2d).

The total intensities of the ammonia and aniline major peaks, with
and without the presence of the other analyte, are shown in Figure
5.3 for the concentration range from 1 to 10 molepercent. The am-
monia peaks (5.3a) are always less intense than the aniline peaks
(5.3b) at the same concentration, and when those curves (6.30,b)
are compared with the ones that represent the intensities of the

ammonia and aniline peaks in the presence of each other
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(5.3c.d), the increasing suppression of ammonia by aniline is

clearly observed.
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Figure 5.3. Total Intensity of Major Ammonia and Aniline lons
vs. Analyte Concentration, from FAB Spectra of
Ammonia/Aniline in Glycerol Solutions. a- Am-
monia lons from Ammonium Chlloride Solutions,
b- Aniline lons from Anilinium Chiloricie Solutions, c-
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In order to quantify this effect, Suppression Factors SF,, and SF,, are
defined for the 10 molepercent concentration , as a measure of
the suppression of the peaks of one analyte by the presence of

the other, according to the expressions:



SFay = s (5.4)
Iar

SFap = 241 (5.5)
la2

where I, and |, are the intensities in percent TIC for the analyte
peaks from FAB spectra of 10 molepercent glycerol solutions of A1
or A2 separately, and Iy; o, Gnd I, .4, are the intensities of the same
peaks from the FAB specirum of glycerol solution of both analytes
together, at 10 molepercent each.

The Intensity Ratio Ryya, is defined as:

ta2a1 a1
R & ‘ - SFA = e——r—
AAT T SFar laraz a2

5.6
From this definition, the value of Raya; would be equal to 1 if the
analytes do not cot.ipete, since the peak intensities for each of
them would be the same regardiess the presence of the other
compound in the solution. If there is competition, R must be
greater than 1 if Al is suppressed by A2, or less than 1 if A2 is sup-
pressed by Al. Figure 5.4 summarizes the results for the sixteen pQirs
used in these experiments. It can be seen that, with only one ex-
ception for the pair aniline/pyridine (probably due to higher sur-
face concentration of aniline), all the values of Raz/a1 Qre greater

than 1, which clearly indicates that A2, the analyte with higher GB,
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dominates over A1, the analyte with higher pK_,. in the competition
for protons. It is observed in the plot of Raz/a1 V8. AGB that Ry,
tends to increase when increasing AGB, although the data are

very scattered.

For ine sake of comparison, the Intensity Ratio R'az/ar is defined in
a similar way for the same set of data, but in this case, A2' is the an-
alyte with higher pK,, for all the pairs used.

SFaz _lazar lav

R.A !o=
2IA SFA1r  laraz laz

6.7

Figure 5.5 summarizes the values obtained. It is seen in the plot of
R's2yar V8. APK,. that for most of the pairs R'a2/a1 is less than 1 and
no clear correlation is observed between the competition for

protons and the solution basicities.

The following set of reactions describes the suggested process
leading to the formation of protonated analyte ions, cluster ions
and fragment ions, according to the Gas Collision Model: 190

MH® + Al ==-M + AIH* 6.8)
AH* — cluster ions, fragment ions 5.9)

MH* + A2 =M + A2H* (5.10)
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A2H" — cluster ions, fragment ions 611

AlH" + A2 —= A2H* + Al (5.12)

Equation 5.12 represents the competition for protons between the
two analytes, that efficiently takes place, as indicated by the results
observed. For this reaction to occur, A2 should be present as a
neutral in the gas phase. Prior to bombardment, the analytes may
be protonated in the glycerol solution, but they must be effectively
deprotonated via recombination reactions occurring in the hot
cavity generated at the bombardment site:

AHbin + Nign 2 (AH'ND = Aggs + NiHges  (5.13)

Because of the ion-pair formation and subsequent dissociation, it
should not make any difference whether the free bases or the salts
are used to make the solutions to run the FAB spectra. In effect, as
it has been mentioned before, no significant difference is ob-
served in the FAB spectra of the free bases or the respective hy-
drochlorides. However, even taking that precaution, attention has
to be paid to both volatility and solution basicity. For example,
when ammonium chioride and diethanolamine were present to-
gether as analytes, no ammonia peaks were observed. This
could be happening due to the close values of solution basicities

of the two compounds, which allows proton transfer reactions to



take place in solution, followed by loss of ammonia by «vapora-
tion.

The most likely explanation for the scatter observed in Hgure 5.4, is
that the concentration of some analytes at the surfface may not be
the same as that at the bulk of the solution. It is known that surface
activity influences the appearance of FAB spectra, and surfactants
have been used to enhance the sensitivity of this technique.2'S The
compounds used here are small molecules with far less surface
activity than actual surfactants, and it does not seem to be
information about surface enrichment fos any of them. But even
so, it may be still meaningful to spieeulefe that FAB spectra are
determined by gas phase reactions. especially by proton transfer,
which is governed by GB values, arid that there is no better
correlation in these results because the concentration of the
analytes at the bombardment site may not be the same as that ot
the bulk of the solution, due to surface enrichment in some cases.
Obviously, it would be very valuable to be able to determine

surface concentrations by an independent method.

The solution basicities used for this discussion are room tempera-
ture values. It could be argued that higher temperature values
should be more appropriate. since the temperatures of the sam-
ple sclutions must be higher under bombardment conditions, and

the relative basicities in water, and probably also in glycerol, are



temperature dependent. However, the important point in this
study is that, even if the competition for protons takes place in what
could be called a metastable liquid, the energetics of the proton
transfer reactions is more characteristic of the gas phase. The ba-
sicity reversals from gas to solution are due to solvation effects. it
has been shown that solvent effects are present even with the at-
tachment of a relatively small number of solvent molecules to the
solute.216217 Therefore, since GB darrinance is observed in the FAB
spectra, the degree of solvation af #ha molecules in the hot cavity
has to be very low.

The present experimental findings, together with previous resulis in
our group,'88-19 show that the presence of preformed ions in the
matrix solution is not a direct cause for the signals observed in the
spectrum.!¥7 These results also appear incompatible with the idea
that FAB mass spectral data refiect acidic or basic properties in
solution and that pK,'s can be estimated from this kind of
experimental information.”® On the contrary, gas phase properties
seem to be more important in the context of the present
discussion, and some aspects of the Gas Collision Model are
similar to Rabalais' Selvedge Theoryi50.151 and to Michi's Gas Flow
Model,158.161



CHAPTER 6
KINETIC MODELLING OF THE FAB SPECTRA

Many spectral features of FAB can be explained on the basis of
gas phase ionic processes and their energetics. The idea that the
intermediate state, in which the observed spectrum originates,
may be best described as a gas goes back to the late 70's, when
the ionization mechanism of SIMS was a topic of wide discus-
sion.'%0.153 More recently, Cooks®® also describes the selvedge as
a gas and considers the recictions occurring in that region as an
important source of the detected ions, in addition to the direct

desorption of ions dlready existing in solution.

The importance of proton transfer reactions and relative GB values
for the formation of the protonated molecular ions was demon-
strated by showing that it is the GB rather than the pK, that deter-
mines the direction of the proton transfer. This fact, together with the
previous results obtained in our group, which showed that the TIC
of the spectrum does not increase with the electrolyte concentra-
tion in the sample solution!88.1%, led to the Gas Collision Model. In
this model the central idea is that extensive ion-molecule chemistry
occurs during the FAB desorption process in a region that is best
described as a high density gas. This gos is generated by a rapid
ireversible expansion of the liquid sample solution near the track of

9



the impinging atom. The exploding gas contains ions formed out
of neutral molecules during the collision cascade. in addition to
ions already existing in solution prior to bombordmen’r. Fast and
extensive positive-negative ion recombination reactions result in
neufral molecules, ion pairs and fragment ions. As the gas
escapes into the vacuum, the ions undergo collisions with neutral
molecules and ion-molecule reactions take place. Very signifi-
cant are the proton transfer reactions that lead to the formation of

the protonated molecular ions.

In order to establish a kinetic scheme for the reaction mechanism
in FAB on the basis of the Gas Collision Model, a study of the FAB
spectra of diethanolamine (DEA) in glycerol (GL) was carried out.
Diethanolamine was chosen as the analyte (A), due to its high GB
relative to that of the matrix glycerol (M) and because both com-
pounds are completely miscible. In this set of experiments, the
concentrations of the solutions were varied from the neat matrix to
the neat analyte. Examples of the spectra obtained are shown in
Figure 6.1 for neat glycerol, 2 and 10 molepercent solutions of di-

ethanolamine in glycerol and neat diethanolamine.

Figure 6.2 shows the intensities of the protonated molecular ions
and cluster ions in the FAB spectra of diethanolamine-glycerol solu-
tions as a function of the diethanolamine concentration. In the

concentration range below 10 molepercent, the effect of dietha-
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nolamine over glycerol is typical of a high GB compound. The
diethanolamine peaks DEAH* and (DEA),H* increase rapidly as

the diethanolamine concentration increases, while the glycerol
peaks markedly decrease. It can be seen that the concentration
dependence is quite reguilar. Above 10 molepercent the di-
ethanolamine ion intensities become less dependent on the con-
centration, as the intensities of the glycerol peaks continue to de-
crease exponentially at approximately the same rate. It is also
observed that the intensity of the glycerol dimer (GL),H* de-

creases more rapidly than that of the protonated molecular ion



GLH*. The decrease is even faster for the timer (GL);H*. In addi-
tion, the FAB spectra also show fragment ions for both analyte and
matrix. Figure 6.3 shows the intensity changes of the protonated
molecular ions and of some of the main fragments from di-
ethanolamine and glycerol, as the analyte concentration is in-
creased. The diethanolamine fragment intensities initially increase
and for high concentrations, above 20 molepercent, a slight de-
crease is observed. The glycerol fragment ion intensities de-
crease nearly exponentially, but less rapidly than the GLH* intensity.
Thus, as the analyte concentration is increased, the glycerol frag-
ment intensities increase with respect to GLH*, while the analyte
fragment ion intensities decrease relative to DEAH+. This is summa-
rized in Figure 6.4, where the Fragment Ratios, Dimer Ratios and

Mixed Cluster Ratio defined below, are plotted vs. DEA concentra-

tion.
. 2 major fragment ion intensities
Fragment Ratio =
ragmen ° protonated molecular ion intensity ©h
. P dimer ion intensity
Dimer Ratio = protonated molecular ion infensity ©2)
Mixed Cluster Ratio = mixed cluster ion intensity ©.3)

protonated molecular ion intensity

The regularities observed in the experimental data provide clues

to the possible reaction sequence and mechanism. Most of these
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observations can be reproduced using a kinetic scheme based
in the Gas Collision Model. When modelling the ion-molecule re-
actions occuring during the desorption process in FAB, the initial sit-
uation at the bombardment site can be visualized as a hot track
generated by the collision cascade. As a consequence, a hot
gaseous core develops very rapidly as neutral molecules un-
dergo a transition from the liquid to a metastable gas.218219 The
existence of metastable phases is due to the difficulty to attain the
initial stage of the fransition. If initiating influences (heterogereous
nucleation) are not present in the system, the nuclei of the new
phase arise spontaneously (homogeneous nucleation) due to
thermal fluctuations and intermolecular interactions.2’® The tem-
perature increases rapidly and the nuclei are formed at a high
rate, in a process that is termed explosive boiling?'? or phase ex-
plosion. A microscopic covi’ry or bubble containing the excited
gas is formed. A number of ions M+ is present there, either because
they were already in the liquid solution or else because they were
formed during the collision cascade. At a time equal to zero these

ions react with neutral molecules A with a rate constant k:

MY+ A — At + M 6.4)

The rate equation is:

-[dMY _
—~gr - kIMT[A] 6.5)



Since [A], >> [M+*],, the reaction is considered to be pseudo-first or-

der and the infegration at constant [A] gives [M+] as a function of
time:

M =[Mpekt i 6.6)

Assuming that all the ions in the bubble have a single residence
time t, and that the observed ion intensities Iu+ are proportional to

the ion concentrations [M-], the following expression is obtained:

I = |y € 1HA) ' 6.7)

As mentioned before, in the present experiments M* is identified
with the matrix M (glycerol, GL) ions and A with the analyte A
(diethanolamine, DEA) molecules. The decay of the glycerol-

derived ions is due to the general reaction:

GLH* + DEA K~ DEAH* + GL 68

The experimental decay of the total glycerol ion intensity with in-
creasing diethanolamine concentration is shown in the semilogo-
rithmic plot in Figure 6.5. It clearly deviates from a straight line, which
indicates that the assumption of a single residence time for all the
ions is not justified. Therefore, a residence time distribution has to
be considered:



[ fd) dt=1 b9
0

The new expression for the ion current 1,4+ is:

v = | {f®OIwexW}at (6.10)

Since the physical nature of the sample at the bombardment site

is described as a high density gas inside the bubbie, with molecu-
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Figure 6.5. Total intensity of Glycerol-Derived lons vs. Di-
ethanolamine Concentration, from FAB Spectra
of Diethanolamine-Glycerol Solutions



lar densities close to that of a liquid, the total rate constant k for the
reaction between glycerol ions and diethanolamine molecules
was set to a typical diffusion-limited rate constant, with an approx-
immate magnitude of 100 M- s-1. This rate constant is expected to
be dependent on both density and temperature, but this had to
be ignored in the present calculations and the value was used in
expression 6.10 as a constant. Actually, the gas expands and both
[A] and t depend on that process. This can be illustrated with an

exponential gas expansion, described by:

<Al

ot =a[A] ©o.1D
Integration of the expression gives:
[Al=[Alo & ! 6.12)

where [A], refers to the concentration of A in the liquid. Substituting

this expression into equation 6.6 and solving:

[M*] = [M*]o & “gRo" ) 6.13)

In the limit of large t the expression simplifies to:

[M*] = [M*]o & 62 ©6.14)
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Comparison of 6.14 with 6.6 gives t= 1/a.

In the present calculations, it is assumed that the effective resi-
dence time is mainly the time that the ions spend in the high density
gas bubble. If this is comrect. most of the ion-molecule reactions
that produce the observed spectrum, take place during that time,
when the density of such a gas is still close to that of the liquid.

In order to calculate |+ from expression 6.10, the Im value was
taken as the observed intensity of the total glycerol ions for neat
glycerol, and [A] as the diethanolamine concentration, based on
an assumed gas density equal to 0.1-0.3 of the density of the liciu!
at room temperature. Different functional forms of f(t) and values
for the integration limits were introduced in expression 6.10, in order
to examine which functional form best reproduced the experi-
mental intensities |4+ of the total glycerol ion intensity in Figure 6.5.
By a computer aided trial and error procedure, the following in-
verse function of t was found to give the best fit:

f(f):a__]__

where a= 1.818 x 107 ' and b=0.01818.

The time scale results from the magnitude of the initially chosen rate
constant k. This function is shown in Figure 6.6. The cut-off times, t,,, =
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0.035 ns and t,, = 0.70 ns, come from the integration limits that led
to the best fit of the data.

so _
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Figure 6.6. Distribution Function {(t) of lon Resicence Times in
FAB of Diethanolamine-Gly:zrol Solutions.
i = 1/at+b, 0 = 1.818 < 10°s-1, b= 0.01818

The distribution function f(t), as defined! in ¢«pression 6.15, was used
for the kinetic model calculation ¢f i glycerol peaks in the di-
ethanolamine-glycerol solutions, accexding to the following set of
reactions, which are assumed to taks: piace after the initial forma-
tion of the glycerol fragment ions F*5, during the collision cascade:

k, = 0.42x10° M 5"

F& + GL = GLH* + neutrals 6.16)




= 0.175x10° M 57!

GLH* + GL » (GL)H* 6.17)
-0, 9"-1 -1
@M + 6L MOV GhaH ©.18)

The values of the rate constants were fitted with the condition that
they should lead tc the product distribution observed in the FAB
spectrum of neat glycerol, shown in Figures 6.2 and 6.3, and their
order of magnitude came from the diffusion-limited total rate con-
stant k chosen initially. The experimental decays were well repro-
duced by using these rate constants and the function f(t). The re-
sults are shown in Figure 6.7. It can be seen that there is good
agreement between the experimental points and the calculated

curves.

The exact functional form of f(t), as defined in expression 6.15 and
shown in Figure 6.6, canriot be deduced from an simple fitting pro-
cedure like this, but still the fit to the experimental points is very
good and the shape of the distribution function f(t) does not de-

pend on any fitted parameters.

The expression for f(t) has the same form as the integrated rate law
of a second order reaction. This is very suggestive, since f(t) could
be determined by ion-ion recombinations, which are second or-
der reaztions that rapidly reduce the initial ion concentration,190

rather than by the time dependence of the desorption process. If
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Figure 6.7.
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Glycerol-Derived lons on FAB Spectra of Di-
ethanolamine-Glycerol Solutions. Calculated
Intensities Are Shown as Solid Lines and Experi-
mental Intensities as Data Points
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this were correct, it would mean that the residence time distribution
for the neutrals decredses more slowly with time than that for the
ions and this assumption would justify the use of a constant [A] in the
integration of equation 6.5.

The cut-off time t,, may be interpreted as the time required for the
expansion process to occur and for the ion molecule reactions to
begin. During that time, recembination reactions reduce the initial
concentration of the ions, whether formed already in the liquid or
during the collision cascade. As for t,. it is interpreted as the time

after which the ion emission stops completely.

In the presence of diethanolamine, all the glycerol ions protonate
diethanolamine molecules:

ky = 8.7x10° M 5"

{F&.CGLH* (GLH'} + DEA > DEAH* + neutrals  (6.19)

Glycerol ions are also expected to produce diethanolamine
fragment ions Fpea:

-1

(FALGLH*(GLH} + DEA o' OM's” oo | neutrals  (6.20)

Diethanolamine fragment ions, produced by the collision cas-

cade as well, protonate diethanolamine molecules:
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= 1950109 M g
Fen + DEA —l2XOMY e aH* + neutias (621

Once formed, diethanolamine protonated molecular ions un-
dergo clustering, to form dimer ions (DEA),H*, timer ions (DEA);H*

and mixed clusters:

k, = 0.054x10° M s'*

DEAH* + DEA S (DEA)H" 6.22)

(DEAYH* + DEA az00IPM's'  r s 6.23)
. 9 ! ot

DEAH* + GL 220N eAH*GL 6.20)

kyp = 0.020x10° M 5

DEAH*.GL + GL —» DEAH*.(GL), (5.25)

Ligand exchange reactions also take place:

DEAH*(GL), + DEA _Mu=30u0u's’ (DEAYH* (G +GL  (6.26)

The rate constants given above were chosen to reproduce the
experimental product distribution observed in the FAB spectrum of
neat diathanolamine, shown in Figures 6.2 and 6.3, and used with
f(h) fr .. ve kinetic model calculation of the diethanolamine peaks
in the FAB spectra of diethanolamine-glycerol solutions. The mixed
cluster formation was also modelled, with rate constants adjusted

to reproduce the observed decays of the intensities with increas-
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ing diethanolamine concentration. Figure 6.8 shows the calcu-

lated curves, which are in good agreement with the experimental

data.
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Figure 6.8. Calculated Intensities of Diethanolamine-
Derived lons from Kinetic Model Calculation on

FAB Spectra of Diethanolamine-Glycerol So-
lutions

The proposed kinetic scheme predicts a time dependent glyc-
erol ion distribution for the FAB spectrum of neat glycerol, as shown
in Figure 6.9 Short residence times correspond to low mass ions
(fragments), due to few reactive ion-molecule interactions, and

long residence times correspond to high mass ions (protonated
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molecular ions and clusters) that result from extensive ion-molecule

chemistry.
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Figure 6.9. Predicted Time Dependence of FAB Spectrum
of Neat Glycerol

The model considered so far could be called "clustering model",
since in it the sequence of reactions goes from fragments, to pro-
tonated molecuiar ions, to dimers, to trimers and so on, for both
matrix and analyte. This sequence is based on ion clustering
events, actually observed in true gas phase ion-molecule reac-
tions.220 This progression from fragments to high clusters explains the
main features of the FAB spectra of diethanolamine-glycerol solu-

tions.

However, the same experimental features could be explained by

a very different picture, that could be called ‘declustering model".



In it, instead of assuming a gas phase like clustering sequence, it is
considered that cluster ions (GL),H* (n>>1), with a range of excita-
tion energies, are initiaily produced, in the very first stages of the
rapid liquid to gas phase transition. The cluster ions with higher in-
ternal energies, (GL),H***, quickly decompose to fragments,
while those with lower energies, (GL),H*" and (GL),H**, only
decluster. The extent of declustering is assumed to be propor-

tional to the internal energy:

(G F& + (N-1)GL + neutrals ©6.27)
(GLH*™ GLH* + (n-1GL (6.28)
(GLH* GLH* + @C-m)GL 6.29)

In addition, glycerol clusters protonate diethanolamine molecules

and form mixed clusters:

GLH* + DEA ———— DEAH*(GL)m + (n-M)GL  (6.30)

The mixed clusters, depending on their excitation energies, disso-
ciate to produce fragments, protonated molecular ions and lower

clusters:

aew

DEAH*(GLm ———» Ff + MGL ©.31)
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DEAHY(GL)m

DEAH* + mGL 6.32)

DEAH*(GL)m

DEAH'(GL), + (M-p)GL  (6.33)

Additional ligand exchange reactions, followed by declustering,
result in the formation of diethanolamine cluster ions:

DEAH*(GL) m + DEA ———— (DEA)H*(CL) m1 + GL (6.34)

(DEAYH'(GL) m

(DEAYH* + (M-1)GL  (6.35)

The observed fragment ions come from unimolecular dissociation
of excited protonated molecular ions and clusters. As the gas
bubble gradually cools down during the expansion, an appdarent

progression from fragments to clusters is observed.

The clustering and declustering models have in common that short
residence times comespond to low mass ions, due to few reactive
ion-molecule interactions, and that long residence times corre-

spond to high mass ions, due to extensive ion-molecule chemistry,

The experimental results summarized in Figure 6.3 show that the
fragmentation of diethanolamine decreases with increasing di-
ethanolamine concentration. This is reproduced in the Clustering

model, as shown in Figure 6.8. This is explained as a consequence
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of the assumed lack of reactivity of the fragments of di-
ethanolamine towards glycerol. Therefore, at low diethanolamine
concentration, the diethanolamine fragments have more chance
of entering the vacuum, while at higher concentrations most of

them react with diethanolamine molecules.

The declustering model does not seem to provide an obvious
explanation for the experimental observations in Figure 6.3. How-
ever, a reasonable interpretation can be found if the origin and
relative stability of the protonated molecular ions is considered.
Assuming that the bond DEAH*-DEA is stronger than the bond
DEAH*-GL,21.22 diethanolamine protonated molecular ions formed
by unimolecular declustering of diethanolamine cluster ions,
should have lower energy (and thus show lower fragmentation)
than diethanolamine molecular ions formed by declustering of
mixed cluster ions, since the dissociation energy is taken from the
internal energy of the clusters. This would lead to less fragmenta-
tion as the mixed cluster population decreases with increasing di-

ethanolamine concentration.

A significant amount of low intensity ions or "chemical noise” is typi-
cally observed in FAB spectra. As mentioned in the Introduction,
several explanations have been suggested for the origin of such
ions,70.137.176  |n the present work, the observed dependence of

some noise ions parallels that of the major fragments as the com-
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position of the sample solution is changed. For example, Figure
6.10 shows the intensity changes of several noise ions as a function
of the diethanolamine concentration. It is seen that the ion at m/z
39 behaves like a glycerol fragment, while the intensity of the ion at
m/z 86 varies as that of the diethanolamine ions. Fragments at m/z

162 and m/z 85 behave like the mixed cluster ions and the intensity

Percent of TIC

0 20 _‘ 0 80 80 100
DEA Concentration / molepercent

Figure 6.10. Intensity of Representative Noise lons vs. Di-
ethanolamine Concentration, from FAB Spectra
of Diethanolamine-Giycerol Solutions. Dashed
Lines Show the Linear Dependence of Intensities
on the Concentration

of the ion at m/z 90 changes as that of a glycerol ion at low con-
centration, but more like that of a diethanolamine ion at high con-
centration. This kind of result indicates that background ions prob-

ably have a “kinetic history" similar to that of the major ions in the
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spectrum, rather than being formed at hot spots or at the surface,
by direct impact in the collision cascade and subsequent ejection
to the vacuum'¥, without further interaction. If this were the case,
the intensity of the noise ions would be proportional to the com-
position of the sample solution, but that is not observed. The
dashed curves in Figure 6.10 show the kind of intensity changes that
would be expected if the composition of the liquid sample solu-
tion were followed in a direct desorption mechanism. Compari-
son with the experimental data in solid curves clearly shows that
the observed changes of the noise ion im‘ensifies are quite differ-

ent.

It was shown above that FAB specira can be consistently mod-
elled on the basis of gas phase reaction mechanisms, and that
the intensity of the observed ions does not directly correlate with

the concentration of the liquid sample solution.
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CHAPTER 7

EFFECT OF THE TEMPERATURE AND VISCOSITY OF THE SAMPLE SOLUTION ON THE
FAB SPECTRA

The work presented so far about the study of the ionization mech-
anism in FAB is based on systematic changes in the sample com-
position. By using glycerol as the matrix and analytes with different
basicities, it was shown that it is the GB values rather than the pPK,
vaiues that determine the direction of the proton transfer reactions
responsible for the formation of the protonated molecular ions
during the FAB desorption process. In addition, a kinetic model
based on high pressure ion-molecule reactions reproduced suc-
cessfully the intensity changes observed in the FAB spectra of solu-
tions of diethanolamine in glycerol, over the whole concentration
range. The intensities of the major peaks for both matrix and ana-
lyte were calculated as a function of the analyte concentration.
This analysis also yielded a tentative residence or reaction time
distribution for the ions in the high pressure gas cavity generated by
the atom impact. The functional form of f(t) that produced the
best fit for the experimental data, showed an inversely propor-
tional dependence on time. This was interpreted to be due to
aftenuation of the initial ion concentration by positive-negative ion
recombination. The proposed kinetic scheme resulted in the pre-

diction of a time dependent spectrum, with fragment ions domi-
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nating at short times, right after the atom impoct. wid v osiio-

molecular ions and clusters dominoting at long times.

In the study of the DI mechanism, in aadition to the sample sokstic::
composition, other properties mugi e impertant and coui! he
experimentally varied to get more iights into the actual phe-
nomena governing the production of the {AB spectrum. For ex-
ample, Field?23224 has reported strong temperature dependence
of the FAB/SIMS spectra of neat methanol,22 ethylene glycol and
glycerol.224 In cll the cases, a deterioration of the spectrum is ob-
served, from a series of cluster ions to a series of low intensity peaks

or chemical noise, as the temperature is decreased.

In the continuation of the present work, variation of the tempera-
ture of *he sample solution is a clear next choice, not only be-
cause it is relatively easy to work with it, but also and most impor-
tant, because the temperature is a logical parameter that may
be expected to influence the formation of the bubble containing
the high density gas.

When the temperature of a liquid is increased up to its boiling point.
gas nuclei are generally formed at active solid sites acting as
heterogeneous nucleation centers. In the absence of such active
solid sites, heterogeneous nucleation is eliminated and the forma-

tion of the gas is delayed. Rapid heating of the liquid brings the
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temperature beyond the boiling point and violent vaporization
occurs as a result of homogeneous nucleation at sufficiently high
temperatures.218219 The temperature of maximum superheat, at
which very rapid homogeneous nucleation takes place, appears
to be well defined and it is found to be 0.9 times the critical tem-
perature of the liquid.219225 Such values have been tabulated for a

number of organic liquids at low pressure.225

As mentioned before, it is proposed in this work that a liquid to gas
transition occurs in FAB, and that a high density gas is the reaction
medium for the reactions that piay an important part in the gen-
eration of the FAB spectrum. The formation of the bubble of ex-
cited gas may be viewed as the result of a very rapid homoge-
neous evaporation of the metastable liquid in the impact re-
gion.218-219 The number of glycerol molecules that are desorbed
from the liquid per incident Xe atom is estimated at about one
thousand.'74 The kinetic energy of the Xe atom is enough to theo-
refically desorbe about ten thousand glycerol molecules, so that
the volume that is excited by the collision cascade is relatively
large and contains much more than one thousand molecules.
Extensive collisions occur and the internal energies of ions and
molecules have an effect on the extent of the reactions that pro-
duce the final species. lons that spend short times in the gas cavity
are highly excited and fragment extensively before they are de-
tected. On the other hand, ions that spend long times in the bub-
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ble are vibrationally cool and are detected mainly as protonated
molecular ions and clusters. Therefore, the term temperature may
be used as a convenient way to refer to the average excitation

energy of the ions and molecules.

In the present set of experiments, the samples used were neat
glycerol, neat diethanolamine, 2 an 10 molepercent solutions of
diethanolamine in glycerol and 10 molepercent solution of pyri-
dinium chioride in glycerol. The bulk sample temperatures T, were
varied from -30° C to +40° C.

Figure 7.1 shows an example of the kind of variation observed, in
this case for neat glycerol at -30° C, 0° C and +30° C. The deterio-
ration of the spectra with decreasing temperature is clearly ob-
served. The ion intensities from the spectra of neat glycerol are
shown in Figure 7.2 as a function of the sample temperature. There
is a significant increase of the protonated molecular ion GLH* and
dimer ion (GL),H* intensities with increasing T,,, while the sum of the
major glycerol fragment ion intensities F*g, stays approximately
constant and the total intensity of the noise ions strongly decreases.
Figure 7.3 shows the temperature dependence of the glycerol
cluster ions (GL),H*. The intensities of these clusters increase with in-
creasing Ty

In the case of neat diethanolamine, the same kind of changes

are observed, as shown in Figure 7.4, for the protonated molecular
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Figure 7.2.
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ion DEAH*, the dimer ion (DEA),H*, the major fragments F*oea ONd
the noise ions.
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Figure 7.4. Intensity of Diethanolamine-Detived lons vs.
Temperature of the Sample Soluiion T, from FAB
Spectra of Neat Diethanolamine

Figures 7.5 and 7.6 show the temperature dependence of the
major ions detected in the FAB spectra of 2 and 10 molepercent
solutions of diethanolamine in glycerol. Again, the same general
behavior as in the neat liquids is observed for each kind of ion. In
both cases, the intensities of the diethanolamine-derived icns are
larger than expected in term of the concentrations involved. This is

due to the higher GB value of diethanolamine relative to that of

120



Percent of TIC

Percent of TIC

Figure 7.5. Intensity of Major lons vs. Temperature of the
Sample Solution T, from FAB Spectra of 2 Mole-
percent Solution of Diethanolamine in Glycerol.
Dashed Lines Show Calculated Results

glycerol. The dominance of high GB coi:  inds was discussed

previously in this work. In the present set ¢f . - 3, it is adcitionally
observed that the diethanolamine ioix &% - © - sncreose faster
than the glycerol ion intensities with increc . ~zeatyre. The

intensity changes of the major peaks in thy "« ==, s 0
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Figure 7.6.
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Intensity of Major lons vs. Temperature of the
Sample Solution T,, from FAB Spectra of 10 Mole-
percent Solution of Diethanolamine in Glycerol.
Dashed Lines Show Calculated Results
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molepercent solution of pyridinium chloride, shown in Figure 7.7,
follow the same trend, i.e. the intensity of pyridine protonated
molecular ions increases faster with the temperature than the

intensities of the glycerol-derived ions.

Percent of TIC

T,/°C

Figure 7.7. Intensity of Major lons vs. Temperature of the
Sample Solution T, from FAB Spectra of 16 Mole-

percent Solution of Pyridinium Chioride in
Glycerol

These results lead to the conclusion that the dominance of the
higher GB compound is favoured at higher femperatures. The
preference for the high GB analyte were explained earlier as the

result of proton transfer reactions taking place in the high density
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gas. The increase of the analyte peak intensities with increasing T,
indicates an increase in the extent of such reactions. In addition,
the decrease of both fragment and noise ion intensities, together
with the increase of cluster ion intensities, suggest that the average

excitation energy of the desorbed species decreases with in-
creasing T,

In general, the obseived order in which the intensities change with
increasing temperature is: noise ions > fragment ions > molecular
ions > clusters, with the noise ions having the strongest decrease
and the cluster ions the strongest increase with increasing T,. The
same order was previously observed for the glycerol ions with in-
creasing diethanolamine concentration. Since the kinetic model
was successful in that case, it could be expected that the similar
changes now obtained could also be explained as the result of a

kinetic scheme.

The same kinetic scheme used earlier to model the FAB spectra of
diethanolamine-glycerol solutions, was applied to the present set
of experimental results. As mentioned before, the ion intensities
change with T, at a constant concentration, indicating a decreas-
ing extent of the reactions in the gas-like medium as the tempera-
ture decreases. Therefore, the additional assumption was made
that the maximum cut-off fime t,,,,, is o function of T,,.
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There is not a priori way to calculate the changes in t.,, as a func-
tion of T,. However, a connection can be established by com-
paring the experimental ratios of diethanolamine-derived ions to
glycerol-derived ions ZDEA ions/ ZGL ions, for the 2 molepercent
solution (in which there is no strong dominance of the analyte) at
different T,,, with the same ratios calculated from the kinetic model
for different t,,,. Figure 7.8 shows the connection between both
sets of data and from there the dependence of t,, on T, shown
in Figure 7.9 is determined. From there, t,,,, is observed to
decrease with decreasing T,, as expected from inspection of the

experimental data in Figures 7.2 to 7.7.

S.DEA-ions/3Gl-ions

max

Figure 7.8. Caiculated Intensity Ratio IDEA-lons/SGL-lons
vs. fmax fOr 2 Molepercent Solution of Diethanol-
amine in Glycerol. Experimental Vaiues of T, for
each Intensity Ratio Ars Shown as Data Points
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Once the dependence of t,,, on T, was obtained, the kinetic
calcuiations were carried out as before for neat giycerol and for
both 2 and 10 molepercent diethanolamine solutions in glycerol.
The same rate constants and distribution function () as in Chapter 6
were used. The results are shown as dashed lines in Figures 7.2, 7.5
and 7.6 respectively. The agreement between calculated and

experimental values is faily good.

The results discussed above show that the bulk solution tempera-
ture has a strong effect on the nature of the FAB spectrum. This
change cannot be interpreted as the result of changes in the av-
erage internal energy of the reacting species in the excited vol-
ume. A temperature change between -30° C and +40° C repre-
sents only a change of approximately 0.002 eV A-3. This magnitude
is not significant compared to the estimated values of the energy
density, in the range 0.01 to 0.16 eV A3, deposited by the collision
cascade at the bombardment site.'47 A more likely explanation
could be that, rather than the energy deposition per se, the distri-
bution of such energy and the response of the system to it are in-
fluenced by the solution temperature.

It was proposed before that homogeneous gas nucleation and a
very rapid expansion take place as a consequence of the sud-
den energy deposition in the collision cascade. The process can

be more easily visualized by means of a liquid-gas phase dia-
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gram for a single component system. The thermodynamic PVT
surface derived from the van der Waals equation of state is shown
in Figure 7.10. In it, the critical point CP, at which the phase equilib-
rium is interrupted and the liquid and gas become identical, is a
common vertex to two lines: binodal and spinodal.2'8219 The bin-
odal is the boundary of absolute stability of the system.218 |t is de-
fined by the equality of the chemical potential in the two phases,
and joins the two experimentaily possible volumes on each
isotherm at a given pressure. The spinodal is the phase significant
instability boundary?!® and connects the minimum {metastable lia-
uid) and maximum (metastable gas) extrapolated pressures on

each isotherm.

Volume

Figure 7.10. Thermodynamic PVT Surface for a Single Com-
ponent System. Line D Indicates the States at
Zero Pressure
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In addition to the regions where the homogeneous system is
stable, either as a liquid or as a gas, the binodal and spinodal lines
define two zones. The metastable region, where still (9p/ov); < 0, is
enclosed between the binodal and spinodal. In it, each phase is
metastable with respect to the other phase. A forbidden region in
which (dp/av); > 0, is enveloped by the spinodal. In jhat zone the
homogeneous system is absolutely unstable. A set of values of the
volume for each isotherm at a given pressure, predicted by the
equation of state and not experimentally possible, is included in
this region, at positive pressures. Line D in Figure 7.10 indicates the

states at zero pressure.

At the very low pressure inside the ion source, the sample solution is
suddenly heated by the atom bombardment, and the system
goes into the metastable region. If no heterogeneous nucleation
is present, the formation of the gas phase is prevenved and the in-
creasing temperature brings the system into the region of absolute
instabiiity. When the limit of superheat is reached, rapid homoge-
neous nucleation occurs, 25 causing an irreversible expansion into
an excited gas.22¢ The rate of homogeneous nucleation increases
very rapidly with the temperature.219.227-2% The heat transfer be-
tween the separating phases greatly influences the process,230
and as the gas cools down due to the expansion, the system
goes back into the stable region and the gas bubble collapses

into the liquid phase. This offers a possible explanation for the cut-
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off time t,,,. at which the ion emission stops. However, the limit of
superheat is reached due to the energy obtained from the atom
impact, and the small changes in the initial temperature of the
sample do not seem to be important in this matter, Therefore, the
presented arguments cannot account for the strong temperature
dependence observed in the FAB experiments,

It is proposed in the present work that the dependence of the FAB
spectrum with the sample temperature is related to the solution
viscosity, which gredatly influences the interaction between the ex-
cited gas bubble and the surrounding liquid. The viscosity of glyc-

erol decreases greatly with the temperature 205 as shown in Figure
7.11.
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Figure 7.11. Viscosily of Glycerol vs. Temperature
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In the temperature range used in these experiments, the viscosity
of glycerol changes by three orders of magnitude.205 This strong
variation is the basis of the present proposal, since it may be
assumed that the initial expansion of the channel depends on how
the liquid responds to the high pressure initially exerted by the hot
gas. The higher the viscosity of the liquid, the lower the abiiity to

form the gas cavity.

This situation can be visualized by means of Figure 7.12, that shows
a diagram of the gas-like cavity formed at the impact point.
When the collision cascade takes place, a very high temperature
gas is initially formed. The temperature of the hot track is high
enough to rapidly increase the pressure. If the solution has high
viscosity (low temperc’rdre), the bottom «f the channel is not free
to expand and a rapid expulsion of the gas at the top occurs. The
residence time is short and the temperature of the ejected gas is
high, producing a noisy spectrum. On the other hand, if an initial
expansion is possible because the solution has low viscosity (high
temperature), the whole channel expands and cools down as the
pressure decreases. More time is available for heat transfer, and
the expansion can reach the bottom of the bubble. The condi-
tions for irreversibie expansion are approached more slowly and
the residence time is longer. Both hot ions from the top and coid
ions from the bottom of the bubble are ejected and a clean

spectrum is produced. In summary, at low viscosities the expan-
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sion of the excited gas slows down the ejection process, while at
high viscosities the expansion of the cavity is prevented and the

ejection dominates.

In order to check the validity of this proposal, the viscosity should
be varied independently from the temperature. A series of exper-
iments were carried out at constant temperature, and the viscosity
of the sample solutions were varied by increasing addition of su-
crose. The samples used were neat glycerol, 2 and 10 moleper-
cent solutions of diethanolamine in glycerol, and neat di-

ethanolamine.

It is well known that the viscosity of aqueous solutions of sugars, such
as glucose, fructose or sucrose, strongly increases with increasing
sugar concentration. Figure 7.13 shows the viscosity of sucrose
aqueous solutions as a function of sucrose concentraiion.205 The
viscosity changes over three orders of magnitude from neat water
to 75 weightpercent sucrose solution. In addition, sucrose, as well
as the other sugars, can be considered inert in the context of the
FAB experiments, since they are compounds with lower basicities
than glycerol and produce low intensity peaks in the positive
mode. Furthermore, sugars are structurally related to glycerol, be-
ing polyhydroxyl compounds as well, so that they are very soluble
and should not cause significant changes in the chemistry involved

in the production of the FAB spectrum. For all these reasons, su-
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crose was chosen as a suitable additive to increase the viscosity
of the sample solutions used.
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Figure 7.13. Viscosity of Aqueous Solution of Sucroze vs. Su-
crose Concentration

The conceniratior: of sucrose was increased from 0 to 80
weightpercent in all the cases. The solution viscosities were not
measured, but they are assumed to change by three orders of
magnitude as well, 'om about 103 cp for neat glycerol at room
temperature, to cver 10¢ cp for maximum concentrations of
sucrose. In puiallel experiments by Sunner,23! with glucose as
viscosity enhancing additive, the viscosity of the glycerol solutions
were observed to change from 103 cp to 10¢ cp. as the glucose



concentration was increased from 0 to 70 weightpercent. As for
diethanolamine, it is also a viscous liquid by itself, although less than
glycerol, and its viscosity changes with the temperature in a similar
way to that of glycerol.23! It was assumed for the present
experiments that the addition of sucrose would have a similar

effect in dll the sample solutions.

Figures 7.14 and 7.15 show examples of the kind of spectrum ob-
tained, in these cases for glycerol and diethanolamine respec-
tively, with 0, 20, 40 and 60 weightpercent of added sucrose. The
changes observed in the ion intensities as a function of the sucrose
concentration for each of the sample solutions used, are shown in
Figures 7.16 (glycerol), 7.17 (diethanolamine), 7.18 (2 molepercent
solution of diethanolariine in glycerol) and 7.19 (10 molepercent
solution of diethanolamine in glycerol), as functions of the sucrose
concentration. in all the cases, degradation of the spectra occurs
when sucrose is increasingly added to the sample solution. The re-
sults are similar to the changes observed when decreasing the
sample temperature. The intensity of glycerol and di-
ethanolamine protonated molecular ions and clusters decrease
with increasing viscosity. The change is stronger for diethanolamine
peaks, while the fragment ion intensity variation is weak for both
compounds. The noise ion intensity strongly increases tor all the
samples,as the viscosity increases when more sucrose is added.

As expected, the peaks of sucrose are weak, although some in-
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crease in their intensities is observed with increasing concentration,
up to the middle range. At higher concentrations, the degradation

also influences the sucrose signals.

The presented results bring strong support to the previous explana-
tion given for the temperature dependence of the FAB spectrum.
The viscosity seems to be the property that determines the quality
of the spectrum, and the sample solution temperature by itself is
not significant. Variation either of the sample solution temperature,
which causes viscosity changes, or of the solution viscosity by other
means, produce similar experimental results. As discussed earlier in
this Chapter, these results can be successfully reproduced by a ki-
netic calculation based on gas phase reactions. The importance
of the viscosity, or indirectly of the sample temperature, lies in the
fact that the time available for those reactions is determined by

the life-time of the cavity.
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CHAPTER 8

CALCULATION OF IONIZATION CROSS SECTIONS IN GAS PHASE FAB

The ability of fast atoms such as Xe, cccelerated to kinetic ener-
gies of - 6-7 KeV, as produced from a FAB g: - . to ionize isolated,
i.e. gas phase, molecules is of interest from the standpoint of the
mechanism responsible for the formr.ation of FAB spectra from ana-

lytes dissolvad in a liquid matrix.

Much attention was paid in early work on FAB mechanisms on the
presence of preformed analyte ions in the matrix.'3” One of the
major points of the present research on the FAB mechanism has
been the assumption that, due to the large excess of matrix
molecules M relative to analyte molecules A, the presence of
preformed AH* ions is not essential, since the fast atom impact pro-
duces ample ionization of the matrix molecules. These then react
with other neutral matrix molecules and ultimately with analyte
molecules. Protonation of the analyte A to AH* is often the end re-
sult of such a sequence of reactions when the basicity of the ana-
lyte is higher than that of the matrix molecules.

The measurement of the number of ions produced from liquid
matrix molecules per impacting fast atom, which is central to the

argument that the fast atom produces ample ionization, is experi-
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mentally difficult. .iowever, the ionization pro!: 1bility of gaseous
molecules is relatively easy to Jdetz-+ ;. and such ionization cross

sections coul:i be related to ionization in suution.

lonization probabilities, i.e. lonization cross sections, of gas phase
molecules due to electrons of photons represent a well estab-
lished research areq,*¢ and abundant data on such cross sections
are available. Surprisingly, practically no measurement of ioniza-
tion cross sections of molecules with relatively heavy atom:s like Ar,
Kr or Xe in the KeV range seem to be available in the literature.
Considering the velocities of electrons or protons used for ioniza-
tion, the above particles are relatively very siow and the ionization
mechanism is expected to be of a different nature. Judging from
the popularity of the Precursor Model'3? of SIMS/FAB spectra, it
seems clear that many workers made the tacit assumption that the

ionization cross sections for such “slow" particles are very low.

The possibility for abundant ionization by colliding neutrals has
been already considered.8!.158.17¢ Bojesen and Maller®! reported
the formation of molecular ions‘in gas phase FAB experiments, and
observed that the abundance of the ions decreased drastically
with the beam energy. They suggested that collision between fast
atoms and slow molecules could lead to ionization and that the
ionization cross section would increase with the energy of the
beam. On the basis of experimental gas phase data from the lit-
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erature, involving collision center of mass energies in the hundreds
of volts, Michi'%8 was able to conclude that ionization is expected
to occur with significant probability whenever such fast internuclear
motion occurs. By contrast, Field,'7 based on adiabatic principle
calculations by Wolfgang,'”? considered that argon atoms with an

energy of several KeV cannot be regarded as ionizing radiation.

In order to have actual ionization cross sections for FABMS systems,
experimental measurements of ionization cross section for Xe
atoms with energies in the 6-7 KeV were performed for toluene,
glycerol and 3-nitrobenzyl alcohol, as described in the Experimen-
tal Section. In addition to the ionization cross sections, ionic frag-
mentation patterns, i.e. FAB mass spectra, involving gaseous
molecules were also obtained for the same compounds. These
spectra are of interest from the standpoint of the mechanism of
FAB of analytes in liquid matrices, since they can be an indication
of the nature of the ions resulting from impact of the fast atoms on
molecules of the liquid solution.

Figure 8.1 shows plots of the positive ion current observed vs. the
uncorrected ion gauge reading for toluene gas. The plot in Fig.
8.1a was obtained with the secondary electron suppressor at
-500 V. The plot in Figure 8.1b is for the suppressor at 0 V. The results
are very close, which suggests that very few secondary electrons
enter the ion source and lead to ionization, even in the absence
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of a suppressor. Similar results were obtained for glycerol and 3-ni-
trobenzyl alcohol. The analogous plots for these compounds are
shown in Figures 8.2 and 8.3. The slope in Figure 8.1 (toluene) is
5.3 x 105 A/torr for the uncorrected reading. The sensitivity correc-
tion of the ion gauge for toluene is 6, and the pressure correction
ion gauge to ion source is 1.24, as shown in the Experimental Sec-
tion. Thus, the corrected siope is:

i, 53x106x6
B:—XT2—4—X—=2.6><104A/'rorr 6.1

Taking a temperature of ~ 100° C for the ion source, the number

density of toluene per torr is evaluated with equation 4.2:

pm = 2.6 x 10' molecules cm-= tomr! 8.2

Substituting d = 1 cm and f,, = 4 x 10'3 atoms/s (spe Experimental

Section) into equation 4.1 the cross section o is obtained:

b 2.6 x 104
O Qe d P e 16x 109 1x2.6x 104 107

8.3)
c=16x 10 cm? (toluene)

The cross section is estimated to be accurate to within a factor of
two, i.e. it should be between 8 x 10-1¢ to 32 x 10-%¢ cm2. The large
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error assumed is based on the difficulty in determining the neutrai
Xe beam intensity200 and the necessity to estimate the effective
length d in equation 4.1.

The results in Figures 8.2 and 8.3, which give the ion currents vs. pres-
sure measured for glycerol and 3-nitrobenzyl alcohol vapors, lead
to cross sections which are roughly twice as large as that for
toluene. Since the pressure determination for these two com-
oounds was much less reliable, as explained in the Experimental

Section, actual cross section values will not be quoted ,

The cross sections determined above, which are between
20 x 10-'¢ and 40 x 106 cmz2, are quite large. They are of a magni-
tude similar to kinetic collision cross sections and cross sections for
ionization by electron impact with 50-75 eV electrons, i.e. at elec-
tron energies where the electron ionization cross section is af its
maximum. The 6 KeV Xe atoms are thus a very efficient ionizing
medium,

The ionization cross sections in the liquids, i.e. liquid toluene, glyc-
erol, etc., may be somewhat smaller, but are probably of similar
magnitude to the gas phase ionization cross sections. This indi-
cates that ample ionization is produced by the fast atom bom-
bardment of the liquid matrix.
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A very rough estimate of the ionization in the liquid can be ob-
tained by assuming that an energy of 35 eV is dissipated per ion
pair produced.235 An atom of 6 KeV, assumed to be able to lead
to ionization untit it has been slowed down to 2.5 KeV, will produce
3500/35 = 100 ions. Assuming that such an atom “desorbs" some
1000 glycerol molecules?4 containing 5 molepercent of a preion-
ized analyte, some 50 preformed ions will be also produced.
These very rough estimates support the assumption of the previous
discussion that ample ionization is produced by the fast atom im-
pact and that the presence of preformed ions is not essential. In
conclusion, abundant analyte ions may be expected on the basis
of ion-molecule reactions between matrix ions, produced by the

Xe impact, and neutral analyte molecules.

MASS SPECTRA OF GASEOUS MOLECULES OBTAINED WITH ~ 6-7 KEV Xe
ATOMS

The FAB spectra for gaseous toluene, glycerol and 3-nitrobenzyl
alcohol, obtained with ionization by the Xe fast atom beam, are
shown in Figures 8.4, 8.5 and 8.6, respectively. Also included in the
same figures, for compariscn, are the corresponding El mass
spectra. There are considerable differences between the FAB
and the El spectra. In general, the FAB spectra show more frag-
mentation. For example, for toluene, the El spectrum is dominated

by the molecular ion M* ot m/z 92 and the (M-H)* ion at m/z 91.
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The FAB spectrum also shows abundant lower mass fragments,
such as those at m/z 77, 65, 63, 51, 80, 39, 38, 27 and 26. Most of these
fragments are aiso present in the El spectrum, but at much lower

intensities.

While the El and the FAB spectra have distinctive features, the simi-
larities shouid not be overlooked, as these are probably of signifi-
cance. The El spectra are known to result largely from the rapid
(t < 105 5s) dissociation of the excited molecular ion. Most of the dis-
sociation is aftributed to vibrational excitation of the elecironic
ground state of the molecular ion.2% The similarity of the El and the
FAB spectra suggests that the FAB spectra also originate, to a con-
siderable extent, from the decomposition of excited molecular
ions. lonization of matrix molecules in the liquid matrix by a Xe fast
atom beam, may lead to significantly different fragment ions, be-
cause collisionul quenching of the molecular ion excitation is ex-
pected to be quite efficient. This may lead to more abundant
molecular ions and, at the same time, relatively more abundant
fragment ions, i.e. fragmerit ions formed within very short decom-

position times, due to simple cleavages of the molecular ion.

182



CONCLUSIONS

The analytical use of FAB is based ¢ni the ability of the method to
desorb and ionize iarge, thermally labile molecules for mass
spectrometric analysis. However, it is not basically understeod
how such molecules survive the desorption process. This topic has
been subject of great controversy, due to its complexity, and is still
actively debated. The work presented here has attempted to
bring some light to the elucidation of the DI mechanism and to
lead to a basis for more rational choices for the optimization of

analytical FAB experiments.

It was shown in this study that the basicity of the analyte in the gas
phase, rather than its basicity in solution, determines the direction of
the proton transfer reactions responsible for the formation of the
protonated molecular ions.23 Many spectral features of FAB could
be explained on the basis of well known gas phase ionic pro-
cesses, and experimental data were modelled by using a kinetic
scheme for ion-molecule reactions in a high density gas,?38 in ac-
cordance with the Gas Collision Model proposed on the basis of
previous results in our group.'8?.1% A time dependence of the FAB
spectrum was obtained from this kinetic modelling,238 which was
dlso applied to the experimental results of the study of the tem-
perature dependence of the FAB spectrum.23?240 |t was found that

the reaction time available for the ions in the high density gas is

183



strongly dependent on the tempeiature of the sample solution.
This was explained on the basis of marked changes in the viscosity
of the sample solution, that influence the formation of the gas
bubble at the impact point. The behavior of the system was illus-
trated using a thermodynamic PVT surface.2®® Pargllel resulis by
Sunner?d! on the effect of the sample viscosity on the FAR spectrum.
as well as SIMS experiments with alcohols in our group,2 support
this view of the phenomenon in the proposed Gas Phase Explo-

sion Model,238-241

Even if ine assumptions and proposals made so far seem to be in
agreement with the experimental observations and with some
aspects of work developed by other groups,15.161.169.242:245 there is
discrepancy with some authors on several points, such as the
dominance of the basicity in the gaseous or liquid media,74246 or
about where and when (liquid phase before desorption or gas
phase during sputtering) the iohizqtion takes place,137.247.248 or else
about the possibility of a different ionization mechanism operating
at low and high temperatures?4® and for volatile or non-volatile
samples 8! etc. There is a substantial body of evidence in support
of the widely accepted Precursor Modwl.122.137 Many stud-
ies71.74.8094.1022% ndicate that the charge of the emitted ions corre-
spond to the charge of preformed ions in solution. On the con-
trary, other results show no relationship between the observed sig-

nal and the concentration of ions in solution.245.251
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The large values of ionization cross sections obtained from the gas
phase FAB experiments in this work,22 indicate that ionization is pro-
duced by the fast atom beam?s!.158.176.179.253 gng support the mech-
anisms where the ionization of the analyte is assumed to occur by
reactions of the analyte molecules and matrix-derived ions, which
are produced by the atom impact. The gas phase FAB spectra
obtained,?52 although different from the El spectra, have some
common features with those, which indicates that decomposition

of excited molecular ions is involved.81.253

In addition, there may be other variables related to the D! mech-
anism. Radiation damage caused by the sputtering is a generally
accepted explanation for the degeneration of the spec-
trum,174.176.178 byt some authors give more importance to other
factors in this matter, such as sample depletion and evaporation of
the liquid matrix,254 or formc'rio'n of a polymeric film on the surface
of the solution.249 The renewal of the surface to expose fresh sam-
ple solution to the atom impact has been explained by removal
of layers of sample solution during the sputtering,'74 by surface ac-
livity effects,?3.242.25 by diffusion 6925 etc. As a matter of fact, trans-
port mechanisms governed by surface tension, convection or dif-
fusion, are influenced by the viscosity of the medium. Therefore,
the pronounced effect observed in the FAB experiments with
varying viscosity could be associated to chdnges in transport pro-

cesses. The DI mechanism might not be the same for ail condi-
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tions, but rather be dependent on the initial properties of the sam-
ple solution.231.253 Experiments in which properties such as surface
tension and diffusion were carefully observed would be very

valuable.

FAB is a remarkable method for the mass spectrometric analysis of
polar, non-volatile and thermally labile compounds, but the phe-
nomena involved in the production of the spectra are complex
and still not well understood. Although the results presented here
were reasonably reproducible and could be explained on the
basis of well established theoretical foundations,237-240.252 this kind of
study is difficult to accomplish, due to the large number of vari-
ables, already considered or stili hidden, that may play an impor-

tant role in the production of the spectrum.
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