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ABSTRACT

AN APPROACH TOWARD MINIMIZING CHEMICAL INTERFERENCE IN FAB MASS

SPECTRA: THE DEVELOPMENT AND APPLICATION OF THERMALLY-ASSISTED FAB

BY

Bradley Lynn Ackermann

In 1981, a new method of ionization for nonvolatile molecules
known as fast atom bombardment (FAB) was introduced. FAB uses an
energetic atom beam (6-10keV) to effect desorption-ionization (DI)
of nonvolatile solutes directly from the condensed state, thus
obviating the requirement of sample volatility which limits
conventional ionization methods for mass spectrometry. In this
process, viscous liquids such as glycerol, are used as matrices to
improve DI efficiency and to increase the longevity of analyte
signals. Unfortunately, FAB mass spectra are often repleat with
peaks from chemical interference which restrict the information
that may be obtained for the analyte. Interferences can be
classified into two major categories. The first includes
impurities which remain after analyte isolation/purification, and
is especially problematic in samples of biological origin. The
second type of chemical interference originates from the matrix
used for FAB.

An example of the first type, also known as sample-related

interference, is presented in the context of the analysis of the
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urinary metabolites of the analgesic acetaminophen by means of the
off-line combination of reverse phase HPLC and FAB.
Recommendations are made for efficient use of these two methods
with specific regard to minimizing chemical interferences. In
addition, a method for calculating analyte signal to background
(S/B) values is introduced as a means of evaluating the quality of
the FAB mass spectrum.

A method known as thermally-assisted FAB (TA-FAB) is
introduced as a means of minimizing matrix-related background.
TA-FAB is essentially a method for preparing new matrices for FAB
from substances inherently too immobile to act as FAB matrices, by
heating them within the source of the mass spectrometer during FAB.
Success to date has been achieved using aqueous saccharide
solutions as TA-FAB matrices. Several important improvements to
FAB result from thermal control of the matrix including a selection
against matrix background, and the possibility of valid background
subtraction. The development of TA-FAB is described in tl;e context
of applications of the technique to the analysis of several
representative nonvolatile biomolecules including a series of
cyclic tetrapeptide mycotoxins. 1In the final section, the
hypothesis of ternary perculation (TP) is submitted to account for

behavior observed during TA-FAB.
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Chapter 1

LITERATURE REVIEW

I. Introduction

Research in the life sciences has always relied upon concomitant
advancements in analytical methods to provide data which are both
reliable and informative. Although by comparison the application of
mass spectrometry to problems of biological origin is relatively
recent, its participation has expanded into several areas including:
biochemistry, medicine, pharmacology, agriculture, toxicology, and
the environment. Reasons for this are numerous. First, mass
spectrometry (MS) has traditionally been known for its capability as
a method for trace analysis. Secondly, the on-line combination with
gas chromatography (GC) and more recently liquid chromatography
(HPLC) have made mass spectrometry the method of choice for the
analysis of complex mixtures such as urine, plasma, and biological
extracts. Furthermore, mass spectrometry is a tool frequently used
for structural analysis. This particular area has been significantly
advanced by the introduction of instrumental methods known
collectively as mass spectrometry/mass spectrometry (MS/MS) (1).
Finally, recent advances in ionization methods have enabled mass
spectra to be directly acquired from several nonvolatile biomolecules
which were either too large, polar, or thermally laible to be
successfully analyzed using conventional methods of ionization (2).

Conventional methods, as defined here, refer to those in which

the analyte must be present in the gas phase, under the conditions of




the mass spectrometer prior to ionization. This category, which
includes electron impact (EI) and chemical ionization (CI), still
accounts for the vast majority of analyses performed by mass
spectrometry. Under EI gas phase analyte molecules are ionized as a
result of collisions with electrons (70 eV) produced from a tungsten
filament. The distribution of internal energy acquired by the
analyte leads to two possible events: (1) formation of a molecular
ion (M%) produced by removal of an electron from the analyte and (2)
fragmentation by unimolecular dissociation of the molecular ion to
yield a series of fragment ions indicative of molecular structure.
Often under the conditions of EI little or no molecular ions are
observed making molecular weight assignments difficult or impossible.
In 1966 Munson and Field reported a method for attaining larger
abundances of molecular ions known as chemical ionization (3). Under
CI, the ionizing species are ions formed from electron impact of a
reagent gas, usually methane, present at a high pressure (1 torr)
relative to the analyte. Reagent ions, such as CHg*, ionize the
sample by exothermic proton transfer to form (M+H)* ions.
Fragmentation can accompany chemical ionization, but occurs to a much
lesser extent than in electron impact.

Unfortunately, both EI and CI are limited to samples which may
be placed into the gas phase prior to ionization. Hence, they found
little use for the analysis of polar biomolecules such as peptides
and oligosaccharides which simply degrade upon heating. A viable and
routine method to make nonvolatile molecules more amenable to
analysis by conventional mass spectrometry is to prepare a chemical

derivative of the analyte to make it more volatile. While this




approach can be used for several classes of biomolecules (4),
derivatization frequently reduces the amount of structural
information gained through fragmentation and also increases the
molecular weight of the molecule. Since boiling points increase with
molecular weight, there appears to be a practical limit to this
approach. Consequently, prior to the advent of techniques for the
ionization of nonvolatile molecules, there was little need for the
development of mass analyzing devices (e.g., magnets, quadrupoles)
capable of exceeding 1000u, and the application of mass spectrometry
to several classes of biomolecules was considered either not feasible
or impractical.

Beginning with the emergence of field desorption (FD) by Beckey
in 1969 (5) and plasma desorption (PD) by Macfarlane in 1974 (6)
there has been a proliferation of methods for the ionization of
nonvolatile molecules (7). Not surprisingly, there has been a
corresponding increase in the application of mass spectrometry to the
life sciences. These techniques, known collectively as
desorption-ionization (DI) methods (7), differ from conventional
methods in that the sample is analyzed directly from the condensed
state, thereby obviating the requirement for sample volatility.
Although DI methods may differ greatly in their approach to
desorption-ionization, each involves the input of energy (in a
variety of forms) to the sample to effect the transformation of
analyte molecules (or pre-formed ions), present in the condensed
state, into gas phase ions which may then undergo mass analysis and

detection.




The focus of this dissertation is on a relatively new member to
the DI family, known as fast atom bombardment (FAB). Fast atom
bombardment was introduced by Barber and coworkers at the University
of Manchester Institute of Science and "rechnology (UMIST), in England
gm0 1981 (8). As shown in Figure 1.1, FAB effects
desorption-ionization by having the sample, which is dissolved in a
viscous liquid such as glycerol, undergo particle impact by an
energetic atom beam (6-10 keV) usually composed of either argon or
xenon neutrals. FAB has its origin in another ionization technique
known as secondary ion mass spectrometry (SIMS). SIMS, like FAB uses
a keV primary beam to effect desorption-ionization except that the
incident particles are ions instead of neutrals. Originally, SIMS
was designed as a technqiue for surface analysis of elemental or
inorganic materials; the "dynamic" or high flux approach to this
technique is capable of microscopic resolution and depth profiling
(9). However, in 1976, Benninghoven demonstrated that if the
incident flux of the ion beam was reduced (1079 A em™2) to minimize
surface damage, nonvolatile organic materials could be analyzed using
the so-called "static™" method (also known as molecular SIMS) (10).
In the nomenclature of SIMS, the "sputtered" ions from the sample
that undergo mass analysis, are known collectively as the secondary
ion beam, from which the name SIMS arises. For historical reasons
the same term is applied to ions detected by FAB as indicated in
Figure 1.1. The use of a primary atom beam to effect sputtering was
by no means original as Devienne years earlier had bombarded a
variety of materials with a kilovolt atom beam as part of a technique

called molecular beam surface analysis (MBSA) (11).
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The real discovery by Barber et al. was the enhancement to
desorption-ionization by FAB conferred by the use of a viscous liquid
matrix. This discovery was probably an act of serendipity because
these workers originally chose to use an atom beam for instrumental
reasons; charged particles are difficult to direct into the source of
a double focusing mass spectrometer because of the high source
potential. An atom beam, on the other hand, requires no focusing.
Furthermore, SIMS has a tendency to charge the sample during
bombardment to result in a defocusing of the secondary ion signal.

Viscous liquids significantly enhance signal intensities by FAB
with regard to both sensitivity and longevity (12). The increase in
signal intensity may be attributed to the higher incident flux (e.g.,
1074 A cm~2) used for FAB. Higher fluxes are permissible for FAB
because glycerol resists surface damage which is known to limit the
beam intensity that may be used for molecular SIMS. The longevity of
FAB is ostensibly related to the ability of viscous liquids to renew
their surface and replenish the analyte during bombardment. In this
manner, FAB spectra may be acquired for periods on the order of 30
minutes (12), a phenomenon which makes FAB amenable to several
ancillary experiments including exact mass determination and MS/MS.
Since evidence suggests that the desorbed species reside
predominantly in the upper few monolayers of the sample/matrix
solution (13), a diffusion controlled mechanism was originally
proposed by Barber et al. to account for the surface replenishment of
the analyte and hence the observed sample lifetimes (12).

These advantages, coupled to the relatively low cost and

instrumental simplicity, have made FAB the most widely practiced DI




method at present. Viscous liquids have now been applied to
molecular SIMS to form a technique referred to as liquid SIMS or
LSMIS (14). 1In addition to the benefits mentioned previously,
viscous liquids such as glycerol resist the deleterious effect of
sample charging by the primary ion beam. (14).

Although the introduction of liquid matrices has brought
considerable attention to particle impact methods, FAB is certainly
not free of problems. Perhaps foremost are problems associated with
chemical interference in FAB mass spectra. Chemical interference
refers to the presence of unwanted peaks in a FAB mass spectrum which
are either sample-related or matrix-related. Background peaks
present a limitation to FAB in that their superposition upon an
analyte mass spectrum reduces the certainty of proposed structural
and molecular weight assignments. The problems and approaches to
confronting chemical interference in FAB are outlined in Chapter 2.

The primary goal of this research was to devise ways to contend
with chemical interference in FAB. An initial project, which is the
topic of Chapter 4, dealt specifically with sample-related chemical
interference in the context of the FAB analysis of the urinary
metabolites of the analgesic acetaminophen isolated by reverse phase
HPLC (15). Sample-related interference refers to contaminants which
remain after analyte purification and is especially prevalent in
samples from biological origin. In this study suggestions were made
toward the efficient, off-line combination of these two analytical
methods with the emphasis being to reduce background in the resultant
FAB mass spectra. The quality of the data obtained were judged

using an empirical method developed for calculation of signal to




background (S/B) ratios for candidate peaks in FAB mass spectra using
relative intensity data.

The remainder of the research was primarily devoted to the
development and application of a new approach to FAB called
thermally-assisted FAB or TA-FAB (16), the details of which are
introduced at the conclusion of Chapter 2. Basically, TA-FAB
involves the formation of new matrices for FAB by resistive heating
of materials too immobile to act as matrices, in situ during FAB.
The additional variable of temperature (e.g., thermal control) leads
to several new advantages for FAB including a selection against
background and the potential for a valid subtraction of background.

Prior to addressing these topics, background information about
the FAB process shall be given to put the reader in a better position
to understand and judge the merit of the results and discussion
presented subsequently. In the sections on FAB which follow, no
attempt shall be made to judge or discuss the results. Rather, the
sections are intended to supply basic information and references to
anyone who wishes to learn more about FAB. Hence, the informed

reader may wish to begin reading Chapter 2 at this point.

II. Survey of Desorption-Ionization (DI) Methods

A brief discussion of the evolution of desorption-ionization is
presented to serve as a point of reference for subsequent discussion
of FAB. Only the major DI methods are discussed with the emphasis
being primarily historical. More detailed information can be

obtained from several review articles on DI (2,7,17).




A. Field Desorption (FD)

Desorption-ionization essentially began when Hans Beckey of the
University of Bonn published the mass spectrum of glucose, a compound
of low volatility, which was desorbed/ionized by a new method
requiring no derivatization called field desorption (5). By field
desorption (FD), samples deposited onto a special "activated" emitter
undergo thermal desorption in the presence of large electric fields
(c.a. 108v/em). The yielded product ions are predominantly molecular
entities (M, (M+H)*, Mp*, (M+Na)*) whose relative abundances are a
function of the applied temperature (18). The emitters most
frequently used are tungsten wires to which fine, hair-like dendrites
of carbon have been grown. FD was the commercially available method
of choice for DI during the 1970s and is still used today.
Unfortunately, several experimental difficulties experienced with FD
limit its use currently such as: transiently-produced ion signals, a
paucity of fragmentation, and a relatively high level of required

operator expertise (19).

B. Plasma Desorption

The ability to produce desorption-ionization by high energy
(MeV) particle bombardment was discovered in 1974 by Macfarlane at
Texas A & M who noticed that intact molecules could be desorbed from
organic films present during the fission fragmentation of 252Cf (6).

Since that time, 252Cf plasma desorption (PD) has produced several
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amazing achievements including the mass spectrum of one synthetically
blocked deoxyoligonucleotide (MW 6957) and the intact dimer of
another (MW 12,637) (20). During the fission of 252Cf, cesium and
technicium ions are emitted. The high energy technicium ions are
used to bombard the backside of a foil coated with an organic sample
with approximately 100 MeV. Simultaneous to these events, the cesium
ions initiate a gating pulse in the time-of-flight (TOF) mass
spectrometer used for ion detection. TOF offers the advantage of a
theoretically unlimited mass range but suffers severely in attainable
mass resolution.

Another form of PD known as heavy ion induced desorption has
received considerable attention. Using the Tandem Accelerator in
Uppsala, Sweden, Bo Sundqvist and coworkers used 90 MeV 1271 ions to
obtain the first mass spectrum of human insulin (MW 5803) (21).
Results obtained by plasma desorption indicate that it is the best
method for observing high mass molecules by DI, and also can achieve
the greatest sensitivity (17). It has been shown that keV particle
impact techniques (SIMS, FAB) dissipate energy via a collisional
cascade which depends on both the momentum and angle of the incident
particles (22). In contrast, during MeV particle impact (PD) energy
transfer occurs primarily through electronic excitation of the sample
molecules. The increased sensitivity and mass range has been
explained by an increase in the rate of energy dissipation (dE/dx)
into the sample when using MeV as opposed to KeV particles (20).
Unfortunately, due to the instrumentation necessary for PD, it has
remained a very esoteric technique. In fact, it was related in a

recent review by Macfarlane, there are only 8 such facilities in the
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world (23). However, a 252Cf PD instrument is now being offered
commercially by a Swedish company, BIO-ION Nordic AB, Uppsala,
Sweden, which is expected to proliferate the use of this technique

(23).

C. Secondary Ion Mass Spectrometry (SIMS)

In 1976 Alfred Benninghoven, of the University of Munster,
demonstrated the ability to perform desorption-ionization using a
defocused keV ion beam to analyze a series of 15 amino acids (10).
In contrast to PD, static SIMS was readily available to almost any
laboratory that did surface analysis and consequently became more

widely . » most SIMS instruments were equipped

with quadrupole mass analyzers (upper limit 1000 u) the high mass
capabilities of this method were not initially exploited. Also
unlike FD, samples analyzed by SIMS could give spectra for an hour if
the flux was kept low enough to avoid the accumulation of a "critical
dose" (c.a. 1013 particles/cm2) which is the point where surface
damage becomes significant and molecular ions cease to be observed
(24). Since the yield of secondary ions depends on the incident
flux, increases in sensitivity comes at the expense of sample
longevity.

Static SIMS is usually performed off of metal surfaces such as
silver which produce efficient yields of molecular adduct ions (e.g.,
(M+Ag)*). However, the sensitivity of a static SIMS analysis can be
further increased by producing pre-formed analyte ions. For example,

Cooks reported the use of p-toluene sulfonic acid to increase the
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yield of (M+#H)* ions in the SIMS spectra of several biomolecules (25).
More recently, he demonstrated that increased yields are possible at
high primary fluxes when solids, such as ammonium chloride, are used
as a matrices (26). The results were explained by the desorption of
analyte-matrix clusters which desolvate in the gas phase to give
intact molecular adducts, as opposed to the pyrolysis products
normally seen at high fluxes due to surface damage. As mentioned
previously, even greater fluxes, and hence sensitivity, may be
obtained using viscous liquid matrices such as glycerol (LSIMS). Not
only do liquid matrices allow for surface renewal, they also provide
an excellent environment for pre-formed ion generation.

LSIMS has demonstrated results comparable to FAB (14); this
finding is not unexpected as both techniques are keV particle impact
methods which rely on a collisional cascade to effect
desorption-ionization. 1In fact, the general consensus among
investigators is that no fundamental difference results from changing

the sign of an incident keV particle (27).

D. Laser Desorption (LD)

The applications of lasers to mass spectrometry date back to the
late 1960s and are certainly too numerous to cite here. However,
information regarding the fundamental applications and instrumental
configurations may be found in a review by Hillenkamp (28). Although
most instruments are designed in-house, a commercially available
instrument now exists (29). The instrument, known as the LAMMA

(Laser Microprobe Mass Analysis), is capable of performing both



i)

surface analysis and desorption-ionizaiton. An example of the latter
is the use of laser desorption to study the glycoside digitonin
(MW1228). The performance and application of the LAMMA were the
subjects of a series of review articles (30,31).

The operational parameters in LD vary as much as the analytes
studied. For example, the range of wavelengths used varies from 250
nm to 10.6um, while the variation in irradiation times and power
densities are 30 ps to greater than a minute and 10 to 1010 W/cm2,
respectively (17). Laser desorption experiments generally belong to
two classes: (1) long irradiation time, low power density and (2)
short irradiation time, high power density. The second set of
experimental conditions are the predominant choice for the analysis
of nonvolatile biomolecules because the results obtained are similar
to particle impact methods. The second class usually refers to the
case where the laser pulse is <100 ns and the power density > 107
W/em2. To meet these requirements the LAMMA uses a Q-switched (pulse
= 15 ns) neodymium - YAG laser whose output is quadrupled in
frequency to give a power density of 10101011 w/em2 for a 0.5um
diameter spot. Proposed mechanisms for laser desorption are based
upon the rapid transfer of thermal energy into the sample (32-34).
Hence, power density is a far more important variable than wavelength
to DI by this method. Unfortunately, several factors affecting power
dissipation as well as sample/matrix effects combine to give poorer
reproducibility than other DI methods (30). Also, the sample
preparation and instrumentation involved with LD require more

operator expertise than other DI methods such as FAB.




E. In-Beam Methods

The term "in-beam" has been loosely applied to a series of
thermal methods of DI which effect desorption of molecular neutrals
through rapid heating, and then ionize the sample by some auxillary
means, such as an EI filament or a CI reagent gas. These methods are
the subject of an excellent review article by Cotter (35). The main
advantages of these methods are their simplicity and their ability to
provide increased fragmentation relative to other DI methods such as
FD. On the other hand, in-beam methods are generally considered to
be more restricted to use with molecules of lower molecular weight
and polarity than the other DI methods. They are included in this
discussion both for historic reasons, and because of their impact on
the current understanding of DI processes.

The most widely used in-beam method is desorption chemical
ionization (DCI). Under DCI, a nonvolatile sample is coated onto the
surface of a probe which is inserted into the plasma generated by a
CI source, about 2-3mm from the EI beam. Upon heating, either
resistively or through contact with the heated ion source, mass
spectra may be obtained for several biomolecules including small
molecular weight peptides and oligosaccharides (35,36). The first
reported use of DCI was by Baldwin and McLafferty who obtained an
(M+H)* ion and sequence information for an underivatized tetrapeptide
from a glass surface (37). Later in 1975, Williams et al. used an
analogous in-beam EI method to obtain both a molecular ion and
fragmentation for the antibiotic Echinomycin (MW 1100) which only

yielded a molecular ion by FD (38). Again, this approach operates by
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positioning the probe a few millimeters from the EI beam except no CI
reagent gas is present.

The first true understanding of the phenomena involved with
in-beam methods-was presented by Beuhler and Friedman in a pioneering
paper using an "in-beam" CI method at Brookhaven National
Laboratories (39). In this communication they made two suggestions
for promoting the desorption of intact neutrals from nonvolatile
compounds. First, since the energy input to break sample-surface
attractions becomes distributed among the internal modes of the
molecule, less pyrolysis occurs when samples are volatilized from low
binding surfaces, such as Teflon. Consequently, several materials
have been used, such as quartz, silicone gum, Vespel, and polyimide
(40-42,36), to increase both the sensitivity and molecular weight
range of DCI. Secondly, Beuhler and Friedman demonstrated that rapid
heating of nonvolatile compounds favors desorption of intact neutrals
as opposed to pyrolysis. The basis for this observation is kinetic,
as can be confirmed by the data they obtained for thyrotropin
releasing hormone (TRH) obtained by DCI from a copper surface and
using a heating rate of 10°C/sec (Figure 1.2). Arrhenius plots for
the relative abundances of the protonated molecule (m/z 363) and a
decomposition product (m/z 235) indicate a competition between the
rates of neutral desorption and decomposition; the former is favored
at higher temperatures. The slopes of the lines support the
assumption that the energy of activation for nonvolatile compounds is
lower for decomposition than for evaporation. Further, if one
assumes that the energy of decomposition is the rate limiting step

for the desorption of a decomposed neutral, then rapid heating to an
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1000~
£ 100
@ =
z -
- -
-
= s
S &
2 -
w
> B
e
.
'}
w
& vhio—

3 1 ] !
20 2.1 2.2 23
T (K110

Relative intensity of the protonated molecule, m/z 363 (open
circles) and a prominent decomposition product, m/z 235
(filled circles) for thyrotropin releasing hormone plotted
as a function of 1/T. Data obtained by a proton transfer
rapid heating technique. Reprinted from reference 39, with
permission from the American Chemical Society.
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elevated temperature becomes necessary to minimize this process.
Taking full advantage of this data, Daves et al. used fast heating
rates (1200°C in 0.2 sec) to study sugars and peptides by the method
of "flash desorption" (43). Rates of this nature, however, prohibit
the scanning of the complete mass spectrum. Hence, photoplate
detection was used.

In 1977 Holland and coworkers at Michigan State showed that the
optimum surface from which to do in-beam DI experiments was an FD
emitter (44). FD emitters have several advantages. First, they have
large surface areas. This tends to promote sample-surface
interactions over bulk attractions to make evaporation easier.
Secondly, they may be heated directly through resistive heating, and
at rates which favor neutral desorption. To assist in this process,
Holland et al. designed an emitter current programming (ECP) unit
capable of very precise regulation of current through FD emitters
(45). Further, the high temperatures attainable using FD emitters
(up to 1800°C) and the semi-fluid environment makes the analysis of
several nonvolatile compounds both possible and efficient (44). The
name given to the use of FD emitters to perform in-beam EI
experiments by Holland et al. was "electron impact desorption" (EI/D).
This work led to an analogous method which incorporated FD emitters

as surfaces for in-beam CI called CI/D (46).

F. Ion Formation from Solutions

The final section in this discussion of DI methods concerns two

methods which sample ions that exist in solution: electrohydrodynamic
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ionization (EHMS) and thermospray (TSP). The first method, EHMS
works by extracting ions from a liquid meniscus at the end of a
capillary tube using strong electric fields. The voltage used to
create molecular ions is usually 7.6 kV and is strongly dependent on
the solution from which desorption-ionization occurs; the greater the
conductivity, the lower the droplet size produced and the larger the
yields of molecular ions. EHMS essentially operates by extracting
droplets from solution which desolvate to yield smaller clusters and
ions from the analyte as a result of the influence by the electric
field. The most widely used liquid support is NaI in glycerol which
promotes formation of analyte ions typically under 1000 amu. Factors
affecting this process have been addressed by Chan and Cook (U47).
Since the introduction of this method by Evans and coworkers in 1972
(48), EHMS has been applied to amino acids, sugars, nucleosides and
peptides; all of relatively low molecular weight. Fragment ions are
generally not observed which is one reason why the technique has not
been widely adopted.

The second method, thermospray, also forms analyte ions from an
electrolyte-containing solution by a desolvation mechanism, but uses
heat instead of an applied field to promote the process. During
thermospray, the analyte-containing liquid is forced through a heated
metal nozzle ofdiameter 150um to produce a supersonic jet vapor which
effects desolvation. Originally, this approach was to be used as the
method of solvent removal for an LC-MS interface which incorporated
EI as the mode of ionization. However, Vestal soon reported
thermospray as a method for desorption-ionization after it was

noticed that superior results were obtained with the EI filament off
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(49). Ensuing investigations showed that analyte ions could be
formed by this process if the solution had a sufficient ionic
strength. The current understanding of this method of ion formation
from liquid droplets has been outlined by Vestal in a review article
on DI methods (17). At present, thermospray is rapidly becoming the
most widely employed inerface for LC-MS; particularly for reverse
phase HPLC where analytes are frequently too nonvolatile for
conventional methods. Also, as opposed to other approaches to LC-MS,
thermospray can accomodate normal flow rates (2 ml/min) to obtain
maximum sensitivity. Papers which address operational principles and

the optimization of thermospray are also available (50,51).

III. Background Information About FAB

A. Anal[ts Ion !ZEES

FAB, like all DI methods, is known for producing large
abundances of molecular ions which may exist in a variety of forms.
Similar to CI, the molecular ion most commonly takes the form of the
protonated molecule (M+H)*. In the negative ion mode, one typically
observes (M-H)~ as the molecular species. The ability to produce
both positive and negative ions with nearly equal facility (52) is
advantageous to both molecular weight confirmationand structural
elucidation by FAB. The charge polarity of the ions produced depends
largely on the acidity/basicity of the molecule, the matrix used, and
the chemical environment within the matrix. For example, the

addition of an acid to the matrix can increase the concentration of
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protonated molecules both in solution and ultimately in the gas
phase; provided that hydrolysis is not a problem. Conversely, if the
molecule is an acid the best strategy is to add base to enhance
negative ion formation. For example, the formation of a carboxylate
anion is essentially equivalent in many cases to forming (M-H)~. In
either case, pre-ionization is favorable from a thermodynamic point
of view because energy to ionize the molecule does not have to be
provided from the atom beam.

Other frequently observed ion types arise from the process of
cation attachment. Conversely, negative ions are formed from the
attachment of anions present in solution. Conceivably, any
singly-charged cation or anion may be used. In the positive ion mode
the alkali, silver, and ammonium cations are frequently used examples.
Biological samples, for instance, often generate (M+Na)* and (M+K)*
ions due to the ubiquitous presence of sodium and potassium in nature.
In analogous fashion, negative ion adducts reflect the singly-charged
anions in solution where the most common example is (M+Cl)~. A
standard procedure in FAB is to promote the formation of molecular
ions by judiciously adding the appropriate salt to the matrix. In
the positive ion mode, both ammonium and alkali salts tend to form
adducts which are more stable than the protonated molecule to effect
greater sensitivity. An important example is oligosaccharides where
protonation at a hydroxyl group can lead to a loss of water, whereas
the addition of NaCl often leads to intense natriated adducts. In
some cases this can lead to a decrease in desired fragmentation,
however, because alkali adduct ions tend to be more stable than their

protonated counterparts (53). Also, it may be advisable to remove
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excessive sodium from biological samples because it can promote
chemical interference (15).

Other types of alkali adducts exist. For example, (M+2Na-H)*
ions frequently arise as do (M-Na)~ ions. The former occurs
generally when excess sodium is present and may also be viewed as the
sodium adduct to the intact salt of the analyte. The latter
corresponds to the anion formed from the loss of sodium from a salt,
where M in this case would be the molecular weight of the salt.
Often, the abundance of sodium-containing adducts increases as the
matrix burns out which may be explained in terms of relative
concentration and proximity of sodium in the sample. In contrast,
ions depending on the matrix, such as (M+H)* or (M+glycerol+H)* fade
as the more volatile matrix either evaporates or becomes sputtered
away. A detailed study of the chemistry of cation attachment in FAB,
published by Keough, is available to the concerned reader (54).

Although several ion types exist in FAB, there is one
simplifying rule: the products observed are almost exclusively
singly-charged. For instance, since quaternary ammonium compounds
already contain a positive charge, the ion observed is the molecular
cation (M*) instead of (M+H)*. This even electron species should not
be confused with the odd electron molecular ion MY produced in
electron impact and field desorption. Besides salts, the other place
where M* ions exist is in the FAB analysis of transition metal
complexes (55-59). Presumably M* ions are' formed because of the low
ionization potentials of the metals involved. Yet, it has been
widely documented that even when higher valences are present in

solution the resulting ions produced by FAB almost invariably have a
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+1 charge. This is not clearly understood at present. The obscurity
of multivalent ions in FAB is not just particular to organometalliecs.
In fact, very few cases have been reported for even divalent species.
For example, large peptides sometimes yield diprotonated ions
(M+2H)2*, However, because divalent ions are routinely observed in
DI techniques where fields are present (EHMS, FD, TSP) it has been
suggested that fields are necessary to overcome the attractive forces
holding the cation to the condensed phase (60). Another explanation
is that in some cases there may not be sufficient energy available to
the molecule under the conditions of FAB to surpass the second
ionization potential of organic molecules.

In addition to granting molecular weight confirmation, FAB
spectra can afford considerable structural information. In certain
cases, such as peptides, the modes of cleavage are well documented
(61). Apart from the biopolymers, however, the rules of
fragmentation by FAB are less established, especially when compared
to electron impact. Generally, the best approach is to start with
logical inductive and homolytic cleavages and to try to account for
the observed fragment ions using general rules for ion stability (62).
Somewhat surprisingly, however, the reproducibility of the
fragmentation patterns observed by FAB were shown by an
interlaboratory study to be as reproducible as those by EI (63).

While FAB exhibits more fragmentation than some DI techniques,
such as FD, the extent of fragmentation is sparse compared to EI. In
fact, the internal energies of most ions are only on the order of a
few electronvolts. While this amount is sufficient for many smaller

molecules, a problem arises when molecules exceed about 2000-3000u.
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Here, the amount of available energy becomes partitioned between too
many vibrational modes to provide adequate fragmentation (64,65).
Hence, incomplete sequence information may result in these cases.
One method for producing more fragmentation (regardless of molecule
weight) is to use an excessive concentration of analyte. This effect
may be the result of a limited capacity by the matrix to act as an
energy buffer under high analyte concentrations. Nonetheless, since
this is certainly not a desirable approach, research needs to be done

in the areas of promoting and predicting fragmentation by FAB.

B. FAB Matrices

Because of the importance of matrices to the FAB process, a
brief overview shall be given which introduces the major classes of
compounds used and their applications. A more complete review was
published by Gower, qnd should be read by anyone interested in
performing FAB (66). The structures of the compounds discussed shall
not be listed here as they are easily obtained in the references
given.

As indicated in the initial discussion of FAB, the quality and,
to some extent, the very existence of FAB spectra may be attributed
to the use of a matrix. While glycerol is by far the most widely
used viscous liquid, many other compounds have been tested since the
scope of analysis by FAB is a direct function of available matrices.
Glycerol may be used to illustrate several important properties of
matrix compounds. First, it has the proper physical properties which

may include such things as viscosity, surface tension, vapor
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pressure, and fluidity. Many of these properties are critical to the
longevity of a FAB analysis. For example, a matrix must not only be
able to replenish the analyte sputtered during bombardment, but it
also cannot be too volatile so that acceptable lifetimes may be
obtained. Further, it is almost imperative that the matrix act as a
solvent for the analyte to be studied. Part of the reason for the
amazing sucess of glycerol is that it is a ready solvent for many
classes of polar molecules. In cases where solubility in glycerol
has been marginal, successful analyses have been reported when a
co-solvent is added with the analyte to the matrix to increase
solubility. Examples include: alcohols, DMSO, and DMF. In one
example where chlorophyll-a was totally insoluble in glycerol, Triton
X-100, an alkylphenylpolyethylene glycol, was used as a solubilizing
agent to procure a successful analysis (12).

Probably the second most widely used matrix is thioglycerol
(3-mercapto-1,2-propandiol). Although it is more volatile than
glycerol, it has been extensively used in the analysis of peptides
because it frequently gives results superior to glycerol. As an
example, Lehmann et al. reported at least a 5-fold enhancement in
sensitivity relative to glycerol in the analysis of angiotensin (67).
Thioglycerol has also been used as the solvent of choice for a
variety of applications including a series of cationic technetium
and iron complexes (58). In another study, the glycerol analog
aminoglycerol was found to be useful for certain glycopeptides that
gave unsatisfactory results using glycerol (66).

Another important class of matrix compounds, the polyethylene

glycols (PEG), have been used in selected applications; usually in
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cases involving molecules which are more nonpolar. A mixture of 400
and 600 molecular weight fractions is typically used to achieve the
proper viscosity. Rose et al. demonstrated the use of PEG as a
matrix for both positive and negative ion spectra of small
oligosaccharides (68). In another study Przybylski used PEG as the
matrix to analyze a hexapeptide (69) as well as peptide antibiotics
of lower polarity. For compounds too nonpolar to dissolve in
glycerol, Rinehart suggests the use of the various PEGs such as
tetragol and for extreme cases the methyl ether analog, tetraglyme
(70).

The related compounds diethanolamine (DEA) and triethanolamine
(TEA) have been used in numerous applications and are often suggested
for use in negative ion FAB because of their inherent basicity. Both
DEA and TEA have been used extensively in applications involving
saccharides (71,72) and antibiotics (73). In another application,
Meili and Seibl reported the use of either DEA or TEA to analyze for
folic acid after glycerol had failed (74). Further applications of
these matrices include: unsaturated fatty acids, surfactants, steroid
glycosides, and glycosphingolipids.

A unique area of FAB application is to the area of
organometallic complexes. Several new matrices have been tested for
use in this area with varying degrees of success. A matrix of 90%
18-Crown-6 and 10% tetraglyme has found several applications since
its introduction by Minard and Geoffrey (75). Several other matrices
have been reported for use when glycerol and thioglycerol have failed.
For example Davis et al. have used both diaminophenol (DAP) and even

the GC stationary phase Carbowax 200 for certain transition metal
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complexes (55). The matrix material tetramethylene sulfone
(sulfolane) has been used by Unger (58) and later by Bojesen (59) in
attempts to analyze a variety of transition metal complexes. In the
more selected application to rhodium and osmium complexes
thio-2,2'-bis (ethanol) has been reported as a viable matrix when
glycerol fails (66), while the rhodium complex Wilkinson's catalyst
was successfully analyzed by Davis et al. (55).

Finally, several miscellaneous materials have been reported as
matrix compounds for FAB. Compounds in this category often address a
problem area in FAB where compounds are too nonpolar to be analyzed
in glycerol, but are too nonvolatile for conventional methods of
ionization. In the early stages of FAB viscous liquids found in the
laboratory such as Apiezon oil or diffusion pump oil
(polyphenylether) were tested for this purpose but yielded marginal
success. Perhaps the best matrix in this category is a 5:1 mixture
of the solids dithiothreitol to dithioerythritol which, when
combined, form a viscous liquid at room temperature. The success of
this matrix has prompted the investigators who discovered it to name
it the "magic bullet" (76). Meili and Seibl reported the use of
several other compounds which gave varying results where glycerol had
failed (74). Among these were triethylcitrate (TEC),
dibutylsuccinate (DBS), linoleic acid (LA), oleic acid (OA), squalene
(SQ), and o-nitrophenyloctylether (o-NPOE). Probably the most useful
compounds in the category are TEC and o-NPOE. 1In a subsequent
communication, these authors reported on the success achieved for
nonpolar compounds when using 80% p-nitrobenzylalcohol/20%

1,2,4-trichlorobenzene as a matrix (77). This matrix was used by
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Vetter and Meister to analyze the very thermally labile compound

g-carotene (78).

C. Applications

The purpose of this section is to serve as a reference source
for the several classes of nonvolatile compounds analyzed by FAB.
Detailed information regarding these applications, such as
fragmentation pathways, may be obtained from the references given.
The applications discussed are divided into two categories. The
first deals with the analysis of biopolymers and the second portion
with other non-oligomeric application. It should be emphasized that
the applications covered here are not intended to be a complete

listing of work done to date.

Biopolymers
This section describes applications of FAB-MS to three types of

oligomers: peptides, saccharides, and nucleotides.

Peptides

By far, the most widely studied group of compounds by FAB is
peptides. Because of their tendency to carry a net charge, peptides
are readily analyzed with good sensitivity. Molecular weight
confirmations can routinely beobtained with 0.1-10nmol for most
peptides (79). Furthermore, the tendency of peptides to cleave at
the relatively labile amide linkages makes direct sequencing possible

because either the N- or C-terminus is retained in each fragment ion.
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In other words, fragmentation begins at either end of the molecule
and proceeds in consecutive fashion. The ability to observe positive
and negative ions with comparable facility grants added confirmation
to proposed assignments. Complete sequences have been obtained, with
as little as 1-10nmol, for peptides up to about 10 amino acids in
length (79,80). As the size of the peptide increases, however, the
amount of internal energy available is insufficient to result in
complete fragmentation. This, coupled with the problem of matrix
interference, often leads to incomplete sequence information by FAB.
Hence, FAB must play a supporting role in the sequence analysis of
larger peptides, especially when analyzing unknowns. For instance,
FAB is routinely used to expedite peptide sequencing by granting
sequence information on smaller peptides produced from enzymatic
cleavage of a larger parent peptide or protein.

FAB has been a welcomed addition to the arsenal of methods for
peptide sequencing because traditional methods are often more tedious
and labor intensive. In the most common approach, known as Edman
degradation, amino acids are cleaved in succession and analyzed by
HPLC as their phenylthiohydantoin derivatives. Because this process
may only be performed on relatively small peptides, larger peptides
are first hydrolyzed into pieces amenable to this technique. If this
process is repeated using different peptidase enzymes, each
performing specific cleavages, the original peptide sequence may be
deduced from the overlap in the individual sequences obtained.

Mass spectrometry provides a useful complement to the Edman
technique, especially in cases where a blocked N-terminus prevents

this wet chemical approach. Additionally, mass spectrometric
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analysis may be carried out more quickly, since a complete sequence
of up to 10 amino acids may be possible from one analysis. Prior to
FAB, peptide analysis strategies were developed using GC-MS. This
approach has the added advantage that mixtures of small peptides may
be analyzed. The major drawback to this method is that ionization by
EI or CI requires extensive chemical derivatization to enhance the
volatility of the peptides studied. The two most frequently prepared
derivatives are N-acetyl-N,O-permethyl analogs (81) or a reduction to
trimethylsilyl polyaminoalcohols (82). Although these methods yield
reliable sequence information, about 40 nmol is required for each
peptide component to be analyzed. FAB, in contrast, enables direct
equence determination to be made on peptides of similar length
usually with less material.

The fragmentation patterns of peptides by FAB have been
documented by numerous investigators. However, the schemes for
naming the types of ions produced are almost as abundant as the
number of investigators. Recently, a common nomenclature was
proposed by Roepstorff which has become fairly well adopted (61).
The general scheme is shown in Figure 1.3. As indicated, the three
possible cleavage points about the peptide bond are called A, B, or C
when the charge is retained at the N-terminal side of the fragment,
and X, Y, or Z when the charge resides on a C-terminus containing
fragment. Subscripts are used to specify the amino acid where
cleavage occurred. Finally, since ion formation is frequently
accompanied by the transfer of one or more hydrogens, the number of
hydrogens transferred is indicated by the number of primes present as

superscripts.
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In addition to sequence information, confirmation of the amino
acids present in the peptide is possible from their presence as
protonated iminium ions in the FAB mass spectrum. For example, the
Aq ion shown in Figure 1.3 corresponds to the protonated iminium ion
for the N-terminal amino acid. Present in the lower part of Figure
1.3 are structures assigned as By and Y, which are often the most
prominent N- and C-terminal cleavage ions, respectively (61).

The individual applications of FAB to peptide analysis are too
numerous to cite here. Instead, brief descriptions of the main ways
that FAB is used to support peptide analysis shall be given. A four
paper series authored by Fraser et al., concerning peptide analysis
by FAB using a high field mass spectrometer, outlines practical
information for the concerned reader (83-86). Applications of FAB to
peptide analysis may be broken down into three categories: 1)
experiments which only desire molecular weight confirmation, 2)
studies which use observed fragmentation to directly assign peptide
sequences, and 3) methods which assist classical sequencing methods
such as Edman degradation.

As part of the first category, FAB has been used to observe
molecular ions from peptides exceeding 5000 in molecular weight.
Such confirmations have been made possible by advances in high field
magnet technology. Recent developments have pushed the mass range of
magnetic sector instruments past 10,000u. Analyses above mass 2000
are complicated by the contribution from isotopes, whose summed
abundance becomes significant at this point. Hence, a molecular
cluster of peaks is observed, where the most abundant peak is not at

the monoisotopic mass of the (M+H)* ion. Generally, the most
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abundant mass is shifted up by one mass unit above m/z 2000, two mass
units above m/z 3200, and three mass units for ions greater than m/z
5000 (84). Thus, confirmation depends upon matching an observed
cluster to theoretically calculated intensities. Figure 1.4 displays
the molecular ion cluster for porcine insulin (MW 5773.63) obtained
using repetitive scanning over the molecular ion region (87).
Several peptides have been analyzed by this approach. The largest
was human proinsulin (MW 9390) (88). Other insulins observed
include: bovine (MW 5729), equine (MW 5743), and ovine (MW 5699) (87).
A partial list of other peptides observed includes: monellin II (MW
5831) (89), bovine parathyroid hormone (MW 4106) (84), the B-chain of
insulin (MW 3495) (90), glucagon (MW 3480) (91), mellitin (MW 2844)
(91), and gastrin I (MW 2906) (92).

Also included in the first category is a general approach called
"FAB mapping" (93). FAB mapping refers to the process of screening
protein digests by FAB either to provide fast answers concerning the
size of the peptides produced, or as a method for verifying peptide
sequences deduced previously by other methods. Mapping is possible
because small mixtures of peptides may be analyzed directly from
enzymatic digests to give predominantly molecular ions, and little or
no fragmentation. Further, FAB covers a sufficient range in mass to
make this approach a viable method to study proteins of appreciable
size. However, because FAB mapping relies on the assumption that FAB
can be used to analyze small mixtures, caution should be exerciied
because results suggest this method is only semi-quantitative (93),
and can be unreliable (94). The applications of FAB mapping are

quite diverse. In one study, Self and Parente used FAB to follow the
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Figure 1.4 Molecular region of the positive ion FAB spectrum of porcine
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molecule. Reprinted from reference 87 with permission of
Wiley Heyden.
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time course of the exopeptidase digestion of a protein from the
papaya mosaic virus by removing aliquots at intervals and recording
changes in the FAB mass spectra produced (95). Since exopeptidases
perform successive cleavages from a given terminus, peptide sequences
may be determined in this manner. Caprioli and coworkers showed that
enzymatic digestion may be viewed in real time by continually
collecting FAB spectra as a digestion proceeds in glycerol on the
probe tip (96).

Other applications of mapping involve the confirmation of
proposed sequences for large proteins. For example, Shimonishi et
al. demonstrated that over 90% of the sequences of two lysozymes (MW
> 3000) could be confirmed by the direct FAB analysis of 5ug of a
trypsin/CNBr digest (97). 1In other unrelated studies, the protein
products from a recombinant DNA procedure (98), and structural
variants of hemoglobin (99) were examined by FAB mapping. Perhaps
the most impressive work has been done by Biemann who used mapping to
check the primary sequence of several proteins predicted previously
by DNA sequencing. Because nucleotide sequencing is more rapid than
protein sequencing, this method is used to obtain protein sequences
whenever the gene which codes for the protein may be identified. The
problem is that nucleotides outnumber amino acids 3 to 1 giving a
greater chance for error. While some errors will only change the
assignment of one amino acid, error involving shifts in the reading
frame may alter large sequences. FAB may therefore be used to
quickly test reported sequences by digesting the protein and looking
for predicted masses from the peptides produced. Using this

approach, Biemann identified an error in the reported sequence of
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glutamine-tRNA synthetase (550 amino acids long) (100). Finally, by
a similar procedure, Beckner and Caprioli verified nine regions
ranging from 13 to 42 residues in a bacteriophage P22 tail protein,
667 amino acids in length (101).

The second class of methods for peptide analysis relies on
fragmentation produced during FAB to enable sequence determination.
The basic approach here is to digest larger peptides down into pieces
which may be fully sequenced by FAB. In this case, the mixture must
be separated into individual components whose FAB spectra are
obtained. While HPLC is usually used for this purpose, in some cases
the mixture analysis capability of MS/MS can provide another
alternative. The largest drawback to this general approach is that
sequence information by FAB may be incomplete as a result of
insufficient fragmentation or matrix interference. MS/MS is very
helpful in this regard, since it can select for a desired parent ion
(e.g., (M+H)*), and record its daughter ion spectrum following a
process known as collisionally activated dissociation (CAD). This
process gives more reliable structural information. The details of
this process are illustrated in Chapter 2 where the added selectivity
of MS/MS is presented as a method for eliminating matrix
interference.

Complete sequences for peptides up to 10 residues in length have
been reported without the aid of MS/MS. Common examples include the
angiotensins (102), the enkephalins (52), and the bradykinins (80).
Sequencing in this fashion typically requires both positive and
negative ion data, a pure sample, and at least 10 nmol of the peptide.

In the examples listed, however, the sequence was known a priori. A
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study of 16 small peptides by Roepstorff et al. concluded that when
dealing with unknowns, the maximum length which may be accurately
sequenced by FAB is 6 amino acids (103). In addition, the amino acid
pairs leucine and isoleucine (MW 113) and glutamine and lysine (MW
128) can not be distinguished by FAB.

Because of the uncertainty of FAB for providing sequence data,
FAB-MS/MS has become quite popular. Although controlled
fragmentation grants more complete sequence information, the process
is still limited to about 10 amino acids, and usually requires more
extensive metastable mapping to verify a longer sequence. While the
approach to MS/MS varies, the most frequently used strategy is to
record the daughter ions of a selected parent by a linked scan
approach on a double-focusing instrument. For example, Eckart used
the B/E linked scan method to unambigously sequence the S5-residue
peptide adipokinetic hormone I in less than 4 hours (104). Other
reported examples include: angiotensin I and II (102), leu-enkephalin
(105), met-enkephalin (106), neuropeptide substance P (107),
antiamoebin I (106), cyclic peptides (108), a synthetic heptapeptide
(109), and a series of other synthetic peptides (110). To aid such
determinations, a computer program (PAAS 3) was introduced to
generate probable sequences for peptides sequenced by FAB (111).

As a third role in peptide analysis, FAB may be used to assist
classical, wet chemical approaches to peptide sequencing. Such
approaches typically involve the cleavage and analysis of amino acids
in succession from a particular terminus to sequence small peptides.
FAB is then used to provide a rapid answer after each step. In one

procedure, dansyl amino acids are prepared by reaction with the
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N-terminus of a peptide, and subsequent cleavage. Beckner and
Caprioli showed that dansyl amino acids may be quantitatively
analyzed by FAB at the 0.1 nmol level (112).

The more common approach is Edman degradation. Again, a
reaction occurs at the N-terminus, followed by cleavage to yield a
derivative of the amino acid. Benninghoven demonstrated the use of
SIMS to identify phenylthiohydantoin amino acids produced by this
method (113). However, a more viable approach, developed by Bradley
et al., uses a strategy called "subtractive" Edman degradation (114).
In this procedure, an aliquot is removed from the reaction mixture,
and analyzed by FAB to determine the weight of the amino acid lost.
By analyzing for the peptide instead of the derivatized amino acid
the procedure is simplified and hence more expedient. For peptides
too long to be sequenced by the Edman technique, Bradley et al.
suggest the combined use of carboxypeptidase digestion (to sequence

C-terminal amino acids) with subtractive Edman degradation.

Saccharides

Similar to the analysis of peptides, oligosaccharide analysis by
FAB provides a very fast and convenient method for obtaining
molecular weight and structural information without the need for
derivatization. Although oligosaccharide spectra have been reported
on molecules exceeding 6000u, the sensitivity is normally lower than
observed for peptides. This difference, which can be as large as an
order of magnitude, probably reflects differences in pre-ionization.
While (M+H)* and (M-H)~ ions are observed, the best sensitivity

occurs for adducts such as (M+Na)* and (M+Cl)~. The influence of
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matrix basicity and alkali cation selection on the adduct formation
have been investigated by Puzo and Prome (71,115). They demonstrated
that cationized saccharide molecular ions arise in part through gas
phase desolvation.

Fragmentation pathways for oligosaccharides have been documented
(116). The most important, and abundant, fragmentation involves
cleavage of the glycosidic bond between the anomeric carbon and the
interglycosidic oxygen of the glycosidic bond. This reaction occurs
in both the positive and negative ion mode, and is accompanied by a
hydrogen migration to the interglycosidic oxygen. Thus, the loss of
a hexose corresponds to a decrease of 162 mass units. As a
consequence, insufficient information is available to discriminate
between stereoisomeric monosaccharides, such as glucose and galactose.
Further, the position and configuration of the glycosidic linkages
can not be defined. On the other hand, residues which differ in
mass, such as hexose and pentose subunits, can be distinguished as
can linear versus branched polysaccharides.

In addition to these problems, incomplete sequence data is a
problem,especially for larger oligosaccharides. Hence, MS/MS is an
attractive option. Carr and coworkers, in a paper which discussed
structural determination of oligosaccharides by FAB MS/MS, displayed
specific oligomeric sequence information not observed under normal
FAB (65). Their work also suggested that carbohydrate composition
can strongly influence fragmentation. For example, sequence-specific
fragments are often absent or in low abundance in the FAB spectra of
N-linked, high manose oligosaccharides. In contrast, partially

methylated oligosaccharides from a mycobacterial glycolipid, analyzed
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by Dell and coworkers, gave abundant sequence-related fragmentation
(117). As a result of this observation, Dell et al. prepared
permethylated derivatives for use in FAB and demonstrated their
usefulness in directing fragmentation (118).

In addition to using MS/MS to obtain sequence data, Puzo et al.v
showed that MIKES spectra can be used to distinguish stereoisomeric
hexoses (119). By their approach, the relative abundance of the
products from unimolecular dissociation of (hexose-Na-matrix)*
clusters was used for isomer identification. Unfortunately, it is
unlikely that this approach can be extended to polysaccharides.

Several applications of FAB to oligosaccharide sequencing have
been reported. However, because complete structural elucidation is
not possible, FAB is again relegated to a supporting role. In many
instances, the saccharides studied were the glyco portions of
glycolipids and glycoproteins. Dell and coworkers obtained FAB
spectra of deca-, dodeca-, and tetradecasaccharides isoalted from the
urine of a patient with gangliosidosis (118). No sequence
information was present without permethylation. Dell and Ballou also
obtained FAB spectra for several lipopolysaccharides including a
mycobacterial 6-O-methylglucose polysaccharide (MW 2852), which aided
in a structural analysis that revised a previous structure proposed
for this molecule (120). In other investigations, these workers
analyzed blood group glycosphingolipids and some permethylated
glucans exceeding m/z 6000 (118).

Kamerling et al. applied FAB to a series of underivatized
oligosaccharides and glycopeptides derived from glycoproteins of the

N-glycosidic type; sequence data was reported and discussed (116).
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Finally, many of the oligosaccharides studies by Carr and coworkers
were of glycopeptide origin. As an example, FAB spectra were
presented for linear and branched hexasaccharides from a blood group

A active glycoprotein (65).

Nucleotides

The third general class of oligomers routinely studied by FAB is
oligonucleotides. Because of their size, polarity, and extreme
thermal laibility, it is easy to understand why conventional forms of
mass spectrometry are seldom used for nucleotide analysis. However,
FAB enables molecular weight confirmation and complete sequence data
to be obtained for nucleotides up to 10 residues in length, on as
little as 10 nmol (121). Also, FAB is helpful whenever nucleotides
contain either a naturally or synthetically blocked terminus which
precludes sequencing by chemical methods.

Another area of intense investigation is the use of FAB to
monitor the products of oligonucleotide synthesis. Ulrich and
coworkers showed that FAB is useful in monitoring a condensation step
in oligonucleotide synthesis (122). Their method enabled analysis of
three synthetically protected dinucleotides involved in synthesis,
and also enabled detection of unwanted side products. In other
similar studies, the FAB spectra of several mono-, di-, and
trinucleotides have been recorded to show the viability of FAB as an
aid to oligonucleotide synthesis (123-125). 1In one of these studies,
FAB-MS/MS allowed two unblocked isomeric deoxynucleic acid dimers to

be differentiated (123).
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Since many nucleotides are analyzed as salts, several cation
adducts are possible, such as (M+Na)* and (M+2Na-H)*. Other positive
fons include (M+H)*, (M+G+H)*, and in some cases protonated or
natriated dimers. Negative ions, on the other hand, may include
(M=H)=, (M+G-H)~, and sometimes the doubly charged species, [M-2H]2-.
The general consensus is that negative ion spectra are more
sensitive, structurally informative, and easier to interpret. Often
times the (M-H)~ ion is the base peak in a negative ion spectrunm,
which indicates that considerable pre-ionization occurs at the
phosphodiester moiety (123). In addition, facile cleavage about the
phosphodiester linkage creates very predictable sequence information.

Grotjahn and coworkers made extensive use of this fragmentation
pattern to sequence several oligonucleotides in the negative ion mode
(121,126). The bonds most likely cleaved in this process are the
bonds between the carbon of a sugar moiety and the phosphate oxygen.
Two possibilities exist depending upon which side of the
phosphodiester linkage cleavage occurs. Hence, the major fragments
produced have either a 3'- or a 5'-terminal phosphate. Grotjahn et
al. observed that 3'-phosphate sequence ions are always more abundant
than corresponding 5'-phosphate sequence ions having the same number
of nucleotide units. This simple fragmentation behavior allows
direct sequencing from either the 3'- or the 5'-end (bidirectional
sequence analysis).

FAB sequencing in the negative ion mode is presently the
fastest method for sequencing small oligonucleotides (e.g., £ 10
residues) (126). Because of several advances in DNA synthesis

methodologies, it appears that sequence analysis is the rate limiting
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step in the overall process. Therefore, the use of FAB for
oligonucleotide analysis should steadily increase, particularly in

the areas of high mass and/or MS/MS.

Other Applications

In addition to biopolymer sequencing, FAB has been used in
numerous applications. The range of compounds studied is quite large
as are the nature of the investigations. Some compound classes, for
example, coordination compounds, were mentioned previously in the
context of FAB matrix applications. For the sake of brevity, only
the general classes of compounds shall be referenced here. A partial
list includes: antibiotics (127-130), amino acids (131,132), bile
salts (133), ceramides (134), dyes (135-137), glucosinolates (138),
glucuronides (142-143), glycosides (144-147), glycosphingolipids
(134,148), hydrocarbons (12), lead isotopes (149), leukotrienes
(150), macrocycles (151,152), molten salts (153), mycotoxins
(154,155), organometallic complexes (55-59) pharmaceuticals
(15,156-158), phospholipids (159-162), porphyrins (163,164),
retenoids (78,165), salts (166-169), surfactants (170-?72), and

vitamins (173,174).

D. Fast Atom Sources

Although several varieties of FAB sources exist, all have one
thing in common. Fast atoms are produced from the neutralization of

fast ions. Two primary mechanisms for neutralization are believed to
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be operative; the extent to which each occurs is governed by the mode
of operation of the particular atom gun. The first, known as
resonant charge exchange, occurs whenever fast atoms become
neutralized by "near-miss" collisions with neutral atoms having only
thermal energies. The result of these encounters is the production
of fast atoms which suffer little or no loss in forward momentum.
While center-of-mass collisions occur, the chance of these events
producing particles with both the proper energy and direction to

bombard the sample is remote.

Xet + Xe° —» Xe° + Xe*t

fast slow fast slow
Resonant Charge Exchange

The earliest fast atom sources, such as that used by Devienne
and Roustan for molecular beam solid analysis (MBSA), relied on
resonant charge exchange. Their design contained separate chambers
for ion production and neutralization (175). Fast ions were formed
and accelerated in a "duoplasmatron" ion source wﬁich used a filament
to effect ionization. The ions were then neutralized with 10-30%
efficiency in a separate chamber containing 10~3 torr of the same gas
used to create the fast ions. Afterwards, the transmitted ions were
purged from the beam by electrostatic deflection.

The second mechanism for neutralization is that of resonant

electron capture. Here fast ions become transformed into fast atoms
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through encounters with slow moving thermal electrons. Little or no
loss in forward momentum occurs because of the low mass and energy of
thermal electrons. This interaction, depicted below, is believed to
be the primary method for producing fast atoms in saddle field FAB

sources.

Xet + = —— Xe°

fast slow fast

Resonant Electron Capture

The saddle field fast atom source, produced commercially by Ion
Tech, Ltd., is presently the most widely employed design (176). This
source is also referred to as a "cold cathode™ FAB gun since the
electrons are initially produced through a discharge by the reagent
gas instead of a filament. The mechanism of operation is shown in
Figure 1.5. Neutral gas atoms flow into the gun where they encounter
a washer-shaped anode which may acquire a potential of up to +10 kV.
A discharge occurs under these conditions (10~% torr) to produce a
plasma containing ions, atoms, and electrons. While theions formed
become accelerated toward the cathode held at ground, the electrons
produced oscillate through the saddle point of lowest potential,
located at the center of the anode, and are held in place. This
method of producing an oscillating cloud of electrons is not unique
to this application, but had been developed previously for unrelated
investigations (177). The source of electrons is believed to be

sustained by either further discharge, or by secondary emission of
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path of electrons oscillating
in saddle field

to fast atom by capture
of thermal electron

Figure 1.5 Schematic diagram of FAB gun using resonance capture of
thermal electrons in a saddle field to convert fast ioms to
fast atoms. Reprinted from "Introduction to Mass Spectrometry"
by J. T. Watson with permission from Raven Press.
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electrons as fast particles collide with the walls of the chamber.
Fast atoms are then produced by resonant electron capture near the
aperture of the gun. The energy of the resultant fast atoms depends
on how much acceleration the ion incurred prior to neutralization.
The most probable point of capture is where the electrons reverse
direction since their velocity at this point is zero. The fast atoms
produced (with the proper trajectory) exit the gun enroute to the ion
source of the mass spectrometer. The degree of transmitted ions is
the subject of controversy. While Ion Tech claims almost complete
conversion, Ligon demonstrated a substantial yield of ions are
transmitted. Using xenon, Ligon detected ions of energies up to
30keV resulting from multiple charging, as well as ions of up to 3keV
less than the applied voltage (178).

The saddle field source, which is about 10cm in length, must be
mounted on an available port on the mass spectrometer. Also required
is a line-of-sight entry for the atom beam into the ion source and a
probe capable of inserting a sample in contact with the atom beam.
Depending on the instrument, conversion to FAB can either be
relatively simple or a dedicated and expensive project.

In response to the problems associated with installation of a
saddle field FAB gun, Rudat introduced a source of simpler design
known as the fast atom capillaritron source (FACS), or simply the
capillaritron (179,180). The capillaritron, marketed by Phrasor
Scientific, Inc., is a smaller source capable of fitting right inside
the ion source of a mass spectrometer and is based upon a design
introduced by Mahoney et al. (181,182). Originally the capillaritron

was introduced as a simple sputtering device for SIMS, but was
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applied to FAB analyses when it was discovered that a considerable
amount of fast atoms were also produced (182). Although a larger
pumping capacity is needed to remove excess gas, this gun is easier
to implement since no extensive modification to the ion source
housing is required.

A diagram of the capillaritron is shown in Figure 1.6. Gas is
introduced through a capillary tube whose poential may range between
2 and 10kV. 1Ionization of the gas occurs as neutral atoms flow
through the tappered nozzle of the gun which has an orifice diameter
of only 25um. The field, estimated to be 104V cm~! at this point,
helps generate and sustain a plasma in the region around the nozzle.
The ions formed are immediately accelerated toward the counter
electrode held at ground. Charge transfer occurs in the region Jjust
past the nozzle where a high concentration of ions and neutrals exist.
Capillaritron sources are known to transmit a high content of fast
ions unless they are Qemoved by the deflectron plates.

Recently, Perel and Mahoney at Phrasor Scientific, Inec.,
developed a very convenient device for introducing the capillaritron
on almost any instrument known as the direct insertion probe gun or
DIP gun (183). 1In this case, the capillaritron is attached to the
end of a probe which fits most standard probe inlet ports.
Furthermore, since the beam bombards the sample placed in a holder
attached to the probe in front of the nozzle, there is no need to tie
up an available port on the mass spectrometer to perform FAB. This
device has been installed by G. Dolnikowski on a triple quadrupole
mass spectrometer at the Michigan State/NIH Regional Facility for

Mass Spectrometry. Drawbacks to the capillaritron include: shorter
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Figure 1.6 Schematic diagram of the fast atom capillaritron source (FACS).
Reprinted from reference 179 with permission of the American
Society for Mass Spectrometry.
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sample lifetimes since the gun is normally a few cm from the sample,
the cost and inconvenience of nozzle replacement, and usually a
higher consumption of gas than experienced with saddle field sources.

Much attention is now being redirected towards the development
of simplified SIMS sources following a comparison made between FAB
and SIMS by Aberth and coworkers on the same mass spectrometer (14).
While the FAB source was commercially obtained, the SIMS gun was
homemade and mounted directly inside the ion source. Cesium ions
were prepared by heating a filament coated with cesium alumina
silicate. The filament was biased +6kV positive with respect to the
ion source and the ion beam was focused with a simple extraction
plate/Einzel lens system. The entire gun was only 3.‘llcm long.
Although SIMS previously had a reputation for creating defocusing by
charging the sample, this was found only to be true for insulating
substances, and not true for samples dissolved in polar liquids such
as glycerol (14). It was this paper where the term liquid-SIMS was
introduced as a more appropriate name than the acronym FAB.

SIMS sources offer advantages to both time-of-flight (TOF) and
Fourier transform (FT) ion detection schemes as both require low
pressure sources which can be pulsed. Obviously, FAB would not
suffice. Russell and Castro successfully installed a Cs* ion gun,
modeled after the design of Aberth, to a Nicolet FTMS-1000 (184).
While the Cs* ion gun operated well below the high vacuum conditions
needed for FTMS (<10~7 torr), liquid matrices could not be used
because of their vapor pressure. Fortunately, the current generation

of FTMS instruments have a dual cell arrangement to allow ionizaton
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and mass analysis to occur in separate, differentially-~pumped
chambers. Hence, the use of viscous liquids should be feasible.

Shortly after Aberth et al. reported their findings, McEwen
produced a similar source-mounted cesium-ion gun except it was
simplified by not having lenses to focus the incident ion beam (185).
His design simply placed a filament, coated with CsCl inside a
ceramic tube adjacent the ion source. The filament could be biased
to provide a Cs* ion beam for either positive or negative ion
detection, and gave results similar to FAB for the nonapeptide
bradykinin. While this may be the design easiest to implement, Stoll
et al. recently demonstrated that focusing an ion beam to a spot
smaller than the FAB target can provide better sensitivity than
either FAB or SIMS guns which do not focus the beam on to the liquid
sample (186). Apparently, without focusing, several of the ions
formed are not accepted by the point focus selection of ion opties.
Also, because glycerol is still able to renew its surface following
impact with a focused beam, lower detection limits and longer
lifetimes may be realized by this approach (186).

Since both FAB and SIMS initiate desorption-ionization with a
collisional cascade that depends on the momentum, investigators have
shown the value of increasing the mass of the primary particle (187).
For FAB, some investigators have gone to the extreme (and incon-
venience) of using mercury (188) and trimethylpentaphenyltrisiloxane
(189) in conventional FAB sources. The latest trend in source design
is the liquid metal ion (LMI) primary source introduced by Barofsky
et al. (190). Their design incorporates a special emitter prepared

by coating a pointed tungsten anode with a molten liquid metal (Ga,
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In, SiAu, or Bi). The ions formed at the anode are accelerated
through a potential drop of 3-10kV before striking the sample. These
authors reported a 10-50-fold enhancement over FAB using Ar, and a
strong increasing dependence of molecular ion abundance on the atomic
number of the bombarding element. Sputtering with negative particles
has also been reported (191). Using an unfocused Cs* ion gun,
McEwen and Hass bombarded a gold cone having a negative bias of 12kV.
The sputtered Au ions were then accelerated into the ion source
(+8kV) to strike the sample with 20keV.

As deﬁcribed. several approaches exist for preparing beams for
keV particle impact. The choice depends on convenience, cost,
reliability, and frequently on the design of the mass spectrometer to

be modified.

E. Exact Mass Determination by FAB

Mass determinations performed by mass spectrometry can
frequently be made to within a milli-mass unit by comparison to
either an internal or external standard of known mass. Usually an
error of <10ppm is needed to preclude other elemental compositions of
the same nominal mass value. Most measurements are accomplished on
high resolution magnetic sector instruments by a method known as peak
matching. Using this method, the reference peak from an internal
standard is first brought into focus and viewed on an oscilloscope.
Next, without changing the current of the magnet, the peak from an

unknown is brought into focus by altering the accelerating voltage by
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means of a precise series of decade resistors. Since observed mass
to charge ratio is inversely proportional to acceleration potential,
two masses may be brought into focus alternatively by changing the
acceleration potential at constant mass. When the two peaks are
exactly superimposed in this manner, the mass of the unknown may be
calculated directly from the resistance setting used to effect
superposition.

Examples of exact mass measurements by FAB are too numerous to
cite. However, the basic considerations shall be discussed. First,
when peak matching by FAB it is important to have at least enough
resolution to resolve any isobaric interference from the matrix.
Next, since there is a trade-off between sensitivity and resolution
with magnetic instruments, it is important to have ample signal from
the compound of interest. When signal intensities are a problem
integrative techniques such as photoplate detection (192) and
multi-channel analysis (193) have been used; the former was used for
FD.

Frequently samples are peak matched either to a known glycerol
peak or to a peak from an internal standard added to the matrix.
Unfortunately, it is not always possible to obtain adequate
sensitivity for both the reference and unknown because of the
competition for ionization which occurs during FAB. One alternative,
proposed by Occolowitz et al. (194), is to use a split probe tip
which places an external standard and an unknown on separate ends of
the same FAB probe surface. Although this metod eliminates
competition within the matrix, the focus cannot be optimized

simultaneously for each peak. This complication creates errors on
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the order of 10ppm. A better approach, devised by the same
investigators, places the sample on opposite sides of a rotary probe
tip so that rotation by 180° puts the unknown into focus at the same
point in the ion source as the reference standard. This approach
gave errors of only 1ppm by peak matching (194).

Ultimately, peak matching is a tedious task which has an
inherent degree of subjectivity. Hence, computerized methods of data
acquisition have been developed to obtain accurate masses below m/z
1000 while scanning a full mass spectrum. This approach eliminates
the need to peak match when there are several peaks of interest. The
precision of this method is directly linked to the reproducibility of
the relationship of magnetic field to time, and is only possible when
using a finely laminated magnet to reduce hysteresis. However,
Occolowitz and coworkers have succeeded in developing two methods
(e.g., internal and external standard) for obtaining accurate masses

(<5ppm) while scanning below m/z 1000 using FAB (195).

F. Quantitative FAB

Quantification by mass spectrometry typically involves
monitoring the ion current from an analyte (usually the molecular
ion) and comparing the intensity obtained to that observed for a
standard of known quantity. In all instances, a calibration curve
should be prepared to ensure linearity and to measure precision. The
standards used are of three varieties, 1) external standards 2)
structurally homologous internal standards, and 3) stable

isotopically~-labeled internal standards. Although the initial
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consensus was that matrix effects inherent to FAB would restrict the
technique to being merely qualitative, examples have been reported
using all three types of standards with varying degrees of success.

Using an external standard, a calibration curve is prepared from
known quantities of the analyte in a series of determinations
separate from the unknown. Calibration curves in FAB are generally
restricted to less than two orders of linear dynamic range (196).
The lower limit of detection is usually determined by background
interference, while a leveling off of signal intensities at higher
concentrations has been explained as a saturation of analyte at the
surface (196). In one dramatic example Lehmann et al. demonstrated
reasonable linearity for the (M+H)* ion of the peptide angiotensin
over four orders of magnitude (1ng-10ug) (67). Although linear
calibration curves may be generated using FAB, external standards are
only reliable to at best + 10% RSD, and are not recommended for use.
Problems arise from having slightly different focus conditions for
separate analyses, and from minor changes in the sample matrix
between the analyte and standards.

Internal standards can be used to minimize differences
associated with separate determinations, and are considered to be
more reproducible. Internal standards are added prior to sample
work-up, where the assumption made is that the standard has similar
extraction and ionization efficiency as the analyte. This assumption
is sometimes valid using structural homologs as internal standards.
For example, Caprioli and Beckner demonstrated the feasibility of
using dansyl-asparagine as an internal standard for dansyl-glutamine

over the concentration range 0.5 to 250nmol ul=1 (197). However,
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Riley et al. were unable to use a similar approach for the
determination of a photostabilizer in paint because of matrix effects
(198). Generally, homologous internal standards are not recommended
for precise quantification by FAB because the desorption-ionization
efficiency of similar compounds can be unpredictable especially when
they are analyzed together.

The most reliable results for quantification by FAB are obtained
when the internal standard is a stable isotopically~labeled analog of
the analyte. Only in this case can the extraction and
desorption-ionization efficiency be considered equal for both
compounds. In fact, according to a workshop report for quantitative
DI techniques, held at the 32nd Annual Conference of the American
Society for Mass Spectrometry (1984), isotope-labeled internal
standards are required in addition to purified samples for optimal
results (199). By this method, a labeled internal standard is added
to the sample matrix and carried thorugh all steps of the analysis.
The mass spectrometer then records the intensity of the two molecular
ions, which differ in mass according to the isotopes added, to
establish an intensity ratio. The analyte concentration may be
derived from this ratio by comparison to a standard curve prepared by
analyzing a series of known solutions containing different
concentrations of the analyte, but the same amount of the labeled
standard as added previously to the unknown. Calibration plots made
in this fashion frequently yield lines of slope one going through the
origin. 1In one example, Caprioli et al. prepared a standard curve
for the neurotransmitter 4-aminobutyric acid (GABA) using fifteen

solutions ranging between 3 and 200 nmol ul~! in concentration (197).
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Each solution also contained 10nmol ul'1 of the deuterated analog,
2HZ-GABA. The observed ratios for the (M+H)* ions
(unlabeled:labeled) were plotted against the prepared GABA/ZHZ-GABA
ratios to yield a slope of 1.09 (correlation coefficient 0.9996).
Several reported examples have demonstrated the ability to
obtain quantitative results by FAB when isotopically-labeled
standards. Beginning with the determination of steroid sulfates by
Gaskell et al. (200), the range of application includes
acylcarnitines (201), blood platelet activating factor (202),
phosphatidylcholines (203), surfactants (204), and paint additives
(198). FAB has also been used for quantitative elemental analysis.
Examples include a determination of total iron in foods (205) and a
direct determination of calcium in biological fluids (206). As a
final note, a very promising method for quantitative FAB is to use
isotopically-labeled standards with MS/MS methods. MS/MS enables
greater selectivity and can remove matrix interference. Using an
180-labeled internal standard and a method involving linked scanning,
Desiderio et al. measured the levels of various brain peptides known
as enkephalins (105). 1In another study, Straub and Levandoski
developed a qgantitative assay for a bioactive metabolite from a
cardiovascular drug by employing the method of selected reaction

monitoring (SRM) on a triple quadrupole mass spectrometer (207).

G. Theoretical Considerations

Desorption of intact nonvolatile molecules and ions by

sputtering with keV particles is truly an amazing process. It is
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also a process that is not fully understood at present. While
several theories have béen proposed, there is no general consensus
among investigators. The formation of similar ion types, and
sometimes even superimposible mass spectra, by different DI methods
has led some investigators to speculate about a unified model for
desorption-ionization (17,208). However, critical to any detailed
understanding of FAB is to determine exactly how the matrix
participates in the process which is the topic of much debate at
present.

Since FAB is a keV particle impact technique, it is universally
accepted that sputtering begins with a collisional cascade, where
energy is initially dispersed by momentum transfer (17). This is in
contrast to MeV particle impact, where energy is transfered primarily
through electronic excitation (20). Further, it is known that
bombardment at grazing angles to the surface increases the desorption
yield of intact species, as does the use of heavier mass incident
particles. Both of these observations are consistent with the
collisional aspect of desorption-ionization by FAB. To hopefully
shed some light on possible events which govern FAB, the following
section shall present condensed versions of three reported models.

The first theory is known as the "precursor" model (209). This
model, reported by Benninghoven, has its basis in static SIMS and
draws heavily from classical sputtering mechanisms. Prior to
bombardment, a precursor of the emitted secondary ion is believed to
exist at the surface. As depicted in Figure 1.7, the fate of the
precursor depends on its proximity to impact by the primary particle.

This diagram is a qualitative distribution expressing the energy
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solid surface

Qualitative shape of the function E(r), indicating the average
energy E(r), transferred to a surface particle as a function
of its distance r from the point or primary particle impact,

as suggested by the precursor model of Benninghoven. Reprinted
from reference 209 with permission from Elsevier Science
Publishers.
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transferred to surface species as a function of distance from the
primary impact. The shaded area represents the region where
desorption of the intact precursor occurs. This region is believed
to be an area excited by the tail end of linear collision cascades
which pass near the surface. While this area is typically about 30A
away from the point of impact, the size of the region depends greatly
on the particular solid or liquid surface from which sputtering
occurs. Beyond a distance R, there is insufficient energy to desorb
the precursor from the surface. At the other extreme (e.g., for
distances less than R') fragmentation of the precursor occurs prior
to desorption. The use of a liquid matrix, in essence, widens the
shaded region to favor desorption of intact precursors. The use of
glycerol also gives mobility to the analyte to result in a continuous
regeneration of the target surface, as well as supplying a good
environment for precursor formation.

According to this model, precursor desorption occurs from a
rapid transfer of energy (<10"?2 s) from the collision cascade.
Hence, the desorption of either intact or fragmented precursors is
assumed to be a Frank-Condon process such that the integrity of the
species remains intact. Finally, it is acknowledged that additional
fragmentation may occur in the gas phase from unimolecular
decomposition after the intact precursor is desorbed.

The next model, advanced by Cooks (208), was initially presented
at a conference in Munster, Germany in 1980 (210). Although much of
the initial data for the model was again collected using SIMS, the
model was intended to apply to several DI methods including FAB. One

of the chief tenets in thedesorption-ionization theory of Cooks, is
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that chemical rather than physical factors are primarily responsible
for the nature of DI spectra and ion yields. It is noteworthy that
he credits J.F. Holland for first bringing such factors to the
attention of the DI community in landmark investigations of FD (208).
A pictoral summary of the processes which occur during
desorption~ionization according to Cooks is shown in Figure 1.8.
This diagram plots energy deposition against the distance from
impact, and also illustrates the various events which may occur in
the gas phase above the condensed surface. The diagram also
emphasizes another important point of the model, namely desorption
and ionization are two separate processes. The first step of the
process is labeled as energy isomerization, which implies that the
amount of energy deposited, and not its type, determines the nature
of desorption. 1In this way several methods which differ in their
approach to DI may be unified. While the randomized energy may be
viewed as thermal, no equilibrium is implied since the various
mechanisms for energy transfer are too rapid. In contrast to
Benninghoven, however, Cooks claims that energy is transferred to the
vibrational modes of the analyte and matrix. The large desorption
yields of intact molecules and ions therefore reflects the amount of
energy available. In other words, low energy intermolecular
interactions, such as hydrogen bonds, are dissociated in favor of the
stronger covalent bonds within the molecule. This mechanism would
account for the low energies of the ions observed by DI, and would
explain why pre-ionization is so important from an energetic

standpoint.
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Figure 1.8 Schematic overview of desorption-ionization by FAB according
to R. G. Cooks. Reprinted from reference 208 with permission
from Elsevier Science Publishers.
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According to Figure 1.8, following desorption, chemistry can
occur in two distinct regions. The first is known as the "selvedge".
The selvedge is a region of relatively high pressure immediately
above the condensed state. Here, several processes may occur
involving both ions and neutrals. For example, fast ion-molecule
reactions could account for some of the adduct formation observed by
FAB. Also, neutrals may be ionized by processes such as charge
exchange. Beyond the selvedge is a region of low pressure where
collisions no longer take place. The selvedge boundary has
therefore been defined as the limit beyond which no ionization
occurs.

In the vacuum region two types of dissociations may occur:
unimolecular decomposition or desolvation. The former occurs
whenever desorbed ions have sufficient internal energy to fragment.
In fact, Cooks maintains that unimolecular decomposition in the gas
phase is the only mechanism for fragmentation in FAB. He points to
several examples where metastable decomposition processes observed by
MS/MS mirror the fragmentation seen in DI mass spectra, and concludes
there is little reason to invoke processes of direct beam-induced
fragmentation or surface mediated events. Finally, gas phase
desolvation in the vacuum region may be an important process when
matrices are used in DI methods. 1In other words, solvated analyte
clusters may be desorbed intact only to desolvate and give analyte
ions or in some cases solvated analyte ions. Puzo and Prome gave
evidence for this process by using MS/MS to show that ions of the
type (M+glycerol+H)* desolvate in the gas phase to give (M+H)* ions

as daughters (71). This observation helps to explain the efficiency
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of forming intact molecular ions when a matrix is used; excess
internal energy may be consumed by the dissociation of matrix-matrix
or matrix—-analyte interactions, either on the surface or in the gas
phase, to give more stable gas phase ions. This also correlates with
the observation that analyte fragmentation in FAB is favored as the
concentration of analyte within the matrix is increased.

A third model for desorption-ionization, presented by Vestal
(17), is an outgrowth of work done to formulate an understanding of
ion formation from liquid droplets during thermospray. Again, the
initial step of energy deposition leads to an intermediate state
which is essentially independent of the initial event. The basic
premise of the model is that the intermediate between energy
deposition and pseudomolecular ion formation is a cluster or droplet
which may be separated from the bulk by a rapid, nonequilibrium
process. While some events may be explained by equilibrium models,
it is evident that the overall DI process is irreversible. Further,
the observation, in both laser desorption and particle impact
studies, that an increase in energy deposition favors intact
desorption over fragmentation suggests rapid, nonequilibrium energy
transfer occurs.

Research into nonequilibrium methods of heat transfer in
multiphase systems has led Vestal to postulate a "thick sauce" model
to account for desorption in FAB as well as in other methods. 1In
this model, under conditions of rapid heating, bubble formation
occurs beneath the surface. Nucleation sites are provided by
residual solvent or impurities. The bubbles then migrate to the

surface and burst violently sending their gaseous contents, as well
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as clusters and droplets of the surrounding liquid, into the vacuum.
By this mechanism, desorption is believed to occur almost exclusively
as large clusters that undergo desolvation in the gas phase to yield
the ion types observed. Similar to the Cooks model, fragmentation
occurs unimolecularly after desolvation, and ion-molecule reactions
may occur.

Regardless of how FAB occurs, there is little uncertainty about
where it occurs. FAB is essentially a surface phenomenon, as would
be predicted by sputtering theory. At the incident angles used, the
collisional cascade penetrates only a depth of a few monolayers, and
selects for species at or near the surface (24). This conclusion is
supported by several investigations by Ligon which clearly
demonstrate the correlation between increased surface activity and
sensitivity (13,211,212). Furthermore, the fact that calibration
curves obtained by FAB fall off at high concentraitons has been
interpreted as monolayer formation by solutes at the surface of
glycerol (196).

This phenomenon was investigated by Barber and coworkers who
recorded the spectrum of cetylammonium bromide at various
concentrations in glycerol in order to study the effects of monolayer
formation on FAB mass spectra. According to classical
thermodynamics, monolayer formation in a dilute solution depends on
the solute surface tension (Y) and bulk concentration (Cg).
Monolayer formation implies a constant surface excess in solute
concentration. This concentration is known specifically as the Gibbs
adsorption isotherm r‘s (12). Once monolayer formation occurs, may

be expressed as:
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In other words, beyond this point which occurs at 5 x 10~% M for
cetylammonium bromide in glycerol (12), surface tension decreases
linearly with the natural logarithm of bulk concentration. Barber et
al. showed that the ion current ratio for cetylammonium bromide to
glycerol dropped off dramatically at the onset of predicted monolayer
formation, and remained constant in the region where Y decreased
linearly (in accordance with theory) (12).

Interestingly enough, FAB has also been used to investigate
equilibria occurring in the bulk (151). For example, Caprioli used
FAB to verify pKy values for weak acids (213), and to study enzyme
kinetics (214). While such investigations may be possible, FAB
should only be used to verify known equilibrium constants, since
spurious results may occur when the bulk and surface concentrations
differ. Additional complications may also arise if the species
involved in the equilibria have different net charge or surface
activity.

As a final note, one of the most intensely debated topics at
present concerns the mechanism of analyte replenishment during FAB.
Barber et al. maintain that replenishment occurs automatically by
diffusion as the sample is sputtered from the surface (12). Hence,
solubility of the analyte in the matrix is essential for diffusion,
and to provide a reservoir of non-bombarded material. This claim is

supported by a calculation by MaGee which predicts that diffusion
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alone can account for surface replenishment before a critical dose
10?3 particles/cm™2) occurs (24).

A more extensive calculation was reported by Bursey et al. which
considered two phenomena: 1) the rate of removal of material from the
surface, and 2) the time between disruptions of the same surface
(215). Assuming a diffusion model, and an incident flux of 6 x 1012
particles sec‘?, they concluded that sampling by the atom beam occurs
faster than diffusion, from a surface whose ions are in equilibrium
with the bulk of solution. In otherwords, the sputtering event is
but a "snapshot" of a surface whose contents are replenished by
diffusion in between consecutive disruptions of the same area on the
surface.

Evidence contrary to a diffusion model was reported by Ligon as
a result of analyzing glycerol-dg by FAB (216). In this study, prior
to data collection, water vapor under normal conditions exchanged
with the -0D groups to yield a fully hydroxylated surface
(glycerol-d5). According to Ligon, the signal from glycerol-ds
persisted longer than would be predicted under a diffusion model.
This study, in part, led Rollgen and coworkers to postulate a
"surface self-cleaning" mechanism for FAB (217). Under this model,
the surface damage caused by the collision cascade is almost
completely removed, with formation of a clean surface after each
sputtering event, and without need for renewal of the surface via
diffusion. Unfortunately, the evidence for this model is rather
tenuous. In addition, the reported results could not be repeated in
our laboratory. Certainly this area will be the topic of continued

research by several investigators.
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Chapter 2

CURRENT APPROACHES FOR CONTENDING WITH THE PROBLEM

OF CHEMICAL INTERFERENCE IN FAB MASS SPECTRA

I. Introduction

Chapter 1 laid the foundation for a discussion of FAB and its
relationship to other desorption-ionization methods. Hopefully, it
also provided sufficient background information to recognize the
potential of FAB as an analytical technique. Since FAB is a
relatively new method, much is yet to be known about its mechanism
and scope of application. However, as more is discovered about FAB,
its shortcomings also become apparent and require attention. This
dissertation is devoted to the refinement and optimization of FAB,
and is primarily concerned with one of the fundamental limitations of
the method, chemical interference.

When one acquires a FAB mass spectrum, it is seldom the spectrum
of one component. Rather, it is usually a mixture of several
components whose identity may or may not be knpwn. Even in the case
where a pure compound is run, there is still a contribution from
glycerol ions to the FAB mass spectrum of the analyte. Peaks not
originating from the analyte in a FAB mass spectrum are known
collectively as "chemical interference™ and are undesirable since
they can mask the peaks representing the analyte ions.

It is instructive to divide chemical interference into two

general categories according to the origin of the interference. The
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first source is sample-related and includes impurities which survive
the particular scheme of isolation or purification employed to obtain
the analyte. The second source is related to the viscous liquid
support used to hold the analyte during FAB. While the first class
of chemical interferences may usually be removed upon further
purification, matrix interference is omnipresent and requires
different strategies for its removal.

The potential for excessive sample-related interference in FAB
was first realized during an initial project undertaken for this
dissertation. This study, which is the subject of Chapter 4, used
FAB to identify urinary metabolites of the drug acetaminophen
following isolation by reverse phase HPLC. Because of the
possibility for chemical interference when dealing with such a
complex matrix as urine, obtaining acceptable results by FAB was a
significant challenge. Therefore, a large segment of this
investigation was devoted to preparing a set of recommendations or
guidelines for the efficient off-line use of FAB and HPLC with
attention given to minimizing chemical interferences (1).

The remainder of this work concerns the development and
application of a new method of matrix preparation for FAB called
thermally-assisted FAB or TA-FAB (2,3). This approach incorporates
resistive heating as a way to make immobile substances fluid enough
for use as FAB matrices. In addition, the variable of temperature is
shown to have some profound consequences on the data obtained,
including a possible selection against background. The operating
principles behind TA-FAB are outlined at the end of this chapter.

Prior to this discussion an example of a FAB analysis is given to
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acquaint the reader with the problems associated with matrix
interference. This shall be followed by a review of current
approaches to the problem of matrix interference in FAB before

introducing TA-FAB as an alternative.

II. Problems Associated with Matrix-Related Interference

Although the introduction of liquid matrices is primarily
responsible for the success of FAB, matrices also confront FAB with
one of its most severe limitations, the imposition of chemical
interference. While some are worse than others, all matrices
generate background; especially at low mass where ions from the
matrix typically dominate a FAB mass spectrum. The intensity of
matrix peaks vary considerably. At one extreme, it is not uncommon
to have the base peak in a FAB mass spectrum come from the matrix.
The most prominent matrix peaks are often easily assigned to products
resulting from clustering, adduct formation, and fragmentation. On
the other hand, there are frequently several peaks of minor intensity
whose origin cannot be readily deduced. Using glycerol, for
instance, it is not uncommon to see some contribution at virtually
every mass to about m/z 500. At present, no cogent explanation
exists to account for the several extraneous peaks which dominate FAB
mass spectra.

The level of matrix interference not only depends on the matrix
employed, but on the concentration of the analyte as well. For
example, cases of matrix suppression have been reported when enough

analyte is present to completely cover the surface of glycerol (4).
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Thus, one way to suppress matrix interference is to use more sample.
Stated alternatively, matrix interference becomes the limiting factor
to the detection of analyte peaks in FAB. As a consequence, it is
not appropriate in FAB to describe sensitivity in terms of signal to
noise (S/N), since noise is random and chemical interference is not.
A more realistic concept is signal to background (S/B). This notion
is developed in Chapter Y4 and is used throughout this dissertation.

To illustrate the problem of matrix interference, a FAB spectrum
of the tripeptide alanyl-leucyl-glycine is shown in Figure 2.1. To
acquire this data, tug of the tripeptide was added to 1ul glycerol
and bombarded with TkeV xenon atoms. The scan shown represents an
average of ten mass spectra. Notice that the largest peaks in the
mass spectrum come from glycerol and are labeled with the letter "B"
to denaote background. Glycerol also contributes the several minor
peaks which give the spectrum its "busy" appearance. Fortunately,
peaks from the analyte are also evident; each is indicated by an
asterisk in Figure 2.1. The most important peak is that for the
protonated molecule at m/z 260, as this confirms the molecular weight
(e.g., 259). The other analyte peaks are fragments indicative of the
peptide structure. Certainly, the most important peptide fragments
are those which grant sequence information. Using MS/MS, Barber and
coworkers prepared a metastable map for the fragmentation of
alanyl-leucyl-glycine which indicated that the peaks at m/z 185 and
189 enable the sequence of the tripeptide to be determined (5).
However, m/z 185 also corresponds to the intense protonated glycerol
dimer. Since this is such a dominant ion in the spectrum of

glycerol, any contribution from the fragment would go unnoticed. As
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a result, the peptide cannot be sequenced from the mass spectrum of
Figure 2.1.

Hence, the problem with matrix interference is that it can, in
essence, bury the information encoded by the analyte peaks of a FAB
mass spectrum. In other words, for analyte peaks to be recognized,
they must be large enough to stand above the level presented by
background. This may not be possible either where matrix peaks are
large (e.g., Figure 2.1) or conversely when analyte peaks are small.
The latter scenario is frequently encountered when assigning
fragmentation in FAB. Another place where the superposition of
background becomes important is when isotope intensities are used to
verify a proposed composition for an ion in a FAB spectrum. Isotopic
abudances are only reliable in FAB if the analyte signal is strong

and the matrix interference can be estimated.

I1I. Present Methods to Contend with Matrix Interference

Because of the impact that chemical interference has on FAB mass
spectra, investigators have sought ways to minimize the problem. The
methods used vary as to the approach taken and in their effectiveness.
The current approaches may be described as one of three types:
chemical, instrumental, or computer-aided background subtraction.

A common practice in FAB is to add a chemical reagent to the
matrix to enhance the secondary ion yield from the analyte. Several
practices have evolved which either increase sensitivity or make the
information obtained by FAB more interpretable. Although these

methods do not remove matrix interference, they can help to alleviate
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some of the problems it causes. A brief survey of the reagents used
shall be given to illustrate the methods available.

As discussed in Chapter 1, the ion types produced during FAB are
frequently adducts to the analyte which yield an overall charge of i
1. Furthermore, there is a great deal of evidence which suggests
that many of the ions observed in FAB exist as pre-formed ions in
solution prior to sputtering by the atom beam. A study reported by
Caprioli which used the ions formed during FAB to quantitatively
confirm dissociation constants for weak acids supports this claim (6).
More recently a study in our laboratory showed direct evidence for
pre-formed ions by making a direct correlation between known changes
in visible spectroscopic data with corresponding changes in FAB mass
spectra as a function of pH (7). Therefore, reagents are often added
to a matrix with the intention of pushing an equilibrium in the
direction of a charged state. Analytes can even be chemically
derivatized prior to encountering the matrix in an attempt to improve
their desorption/ionization characteristics by FAB. Such reactions
are in direct contrast to the derivatization procedures carried out
in GC-MS which enhance volatility. As a result, Cooks refers to the
chemical transformations performed in DI methods as "reverse
derivatization" (8).

Perhaps the simplist and most widely used method to promote ion
formation is through acid-base chemistry. Several acids have been
used successfully to enhance yields of (M+H)* ions by FAB. While
acids such as hydrochloric or acetic work well, Cooks recommends
p-toluene sulfonic acid because it is non-volatile (8). In one

example the addition of 5% p-toluene sulfonic acid increased the
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yield of the pentapeptide met-enkephalin 20-fold (9). However, one
problem with this particular acid is, because it is non-volatile, it
will produce background peaks in a FAB mass spectrum.

Just as acids promote (M+H)* ion formation in the positive ion
mode, the addition of base will often increase the yield of negative
ions when the analyte has an acidic moiety. Good examples are
molecules containing a carboxylic acid group, since the corresponding
anion is easily produced and quite stable. While acids and bases may
be used to advantage in FAB, one should always be cautious to avoid
hydrolysis if the analyte is susceptible under these conditions.

Singly charged cations and anions have been used extensively to
promote adduct formation in FAB. The alkali metals and ammonium are
the best known examples for cations, whereas chloride and thiocyanate
are commonly used anions. Such adducts have been shown to enhance
sensitivity because they are very stable and tend to resist
fragmentation. In some cases, cation attachment offers the only way
to observe the intact molecule when (M+H)* ions are unstable or when
molecules can not become pre-charged. Although these adducts form
readily to several analytes, presumably through ion-dipole
interactions, they also bind to matrix species as well. However,
selective attachment was reported in one example where Musselman
spiked glycerol with silver salts and observed adducts almost
exclusively to the analytes tested and not to the matrix (?O)f
Silver also formed stable adduct ions which were easily recognized
from the isotopic doublet occurring at 107 and 109 mass units above

the molecular weight of the analyte.
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Quaternary nitrogen species may be analyzed with high
sensitivity by FAB due to their pre-charged behavior in solution and
their high surface activity. Therefore, several investigators have
performed chemical derivatizations to attach quaternary nitrogens
onto analyte molecules to enhance their performance by FAB. This
approach was first reported by Cooks et al. who reported two methods
for quaternization (8). The first method used methyl iodide to
exhaustively methylate amines, whereas the second used pyrrolidinium
perchlorate to form iminium salts from aldehydes and ketones.
Another method for making quanternary compounds from molecules with
carbonyl groups is to react them with Girard's reagents (11). These
compounds are either pyridinium or ammonium acylhydrazides that react
with carbonyls to form hydrazones which contain a quaternary group.
Kidwell and coworkers, using SIMS, applied this derivatization to
several keto steroids and carbonyl containing pollutants with good
sensitivity (11,12). A similar study using Girard's reagents to
detect keto steroids by FAB was published by Busch (13). Kidwell et
al., again using SIMS, described the use of other reagents for the
prparation of quaternary compounds and demonstrated the ability to
detect ppm levels of selected compounds in complex mixtures by this
method (11). In this study, select drugs were detected in aqueous
mixtures and in urine by using two derivatization methods. The first
used 4-triethylammonium-1-chloro-2-butene to form quaternary species
out of molecules with active hydrogens. 1In the second procedure,
lodomethane was used to exhaustively methylate amine groups to form
quaternary analogs. Finally, in a study performed in our laboratory,

oligosaccharides were reacted with p-aminobenzoic ethyl ester at
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their reducing end to prepare derivatives which could be observed
using UV-detection with HPLC. Following reductive amination with
sodium cyanoborohydride, these derivatives contained a quaternary
nitrogen which aided in their detection by FAB (14).

In addition to enhancing sensitivity, the other major reason
that reagents are added in FAB is to aid in the interpretation of the
data. Biemann recommends the use of "shift" reagents in FAB to
determine the presence of specific functionalities by following the
change in mass after chemical modification (15). For example, the
addition of acetic anhydride to a sample/glycerol mixture can lead to
an increase in the (M+H)* ion by 42 mass units for every functional
group present which can be acetylated. Similarly, addition of
methanol/HC1l indicates the presence of carboxyl groups through
methylation (15), A more reliable approach, used to determine the
number of aspartic and glutamic acid residues in peptides, involves
glycinamidation (16). The corresponding mass increase in this case
is 56 mass units.

As in the example of glycinamidation, many of the reaction
schemes developed were to assist the sequencing of biopolymers by FAB.
A common practice for peptide sequencing is to perform an
N-acetylation of the N-terminus with a 1:1 mixture of acetic
a‘nhydride:2H3- acetic anhydride. This procedure, developed by
Morris, enables the analyst to determine the N-terminal fragments by
the occurrence of characteristic 1:1 doublets appearing at U42 and u45
mass units above the original peaks (17). Another problem in peptide
sequencing is to determine the location of disulfide linkages. While

several methods may be used, perhaps the simplist is to use a matrix
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prepared from a 5:1 (w/w) mixture of dithiothreitol and
dithioerythritol. This matrix reduces these linkages to sulfhydryl
groups to give an increase of two mass units (18). Perhaps the most
dramatic in situ reaction using peptides was reported by Caprioli et
al. These workers succeeded in following the enzymatic digestions of
various peptides on the probe tip in real time (19).

Derivatization procedures have also aided the FAB analysis of
oligosaccharides. Rose and coworkers, for instance, showed that
certain boronide acids can form boronate complexes with hydroxyl
groups to yield both sensitive detection as negative ions, and
information regarding confirmation (20). In another study, Dell et.
al. showed that derivatives for GC-MS (e.g., acetyl, permethyl,
methoxime) can be useful in the FAB analysis of carbohydrates by
directing fragmentation and aiding in interpretation (21). Under
these conditions, dosing of the matrix with various salts was
necessary to promote molecular ion formation.

Another chemical approach to matrix interference involves the
use of surfactants to modify analyte responses in FAB mass spectra.
Because the FAB beam selects for molecules at or near the surface of
the sample solution, anything that increases the surface activity of
the analyte will result in greater sensitivity and perhaps a
selection against background. A method introduced by Ligon uses
surfactants of opposite charge to the analytes being detected. These
compounds occupy the surface and attract oppositely charged analyte
ions thereby increasing their surface concentration (22).
Furthermore, since the surfactants are of opposite charge, they cause

minimal interference to the mass spectra of the analyte. Ligon and
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Dorn used the cationic surfactant tetradecyltrimethylammonium
hydroxide to increase the response of several inorganic anions in
glycerol (23). Ligon recently showed that analytes may be reacted to
increase their surface activity and hence sensitivity. For this
purpose, hydrocarbon chains were attached to the amino groups of
small peptides through a Schiff base formation with dodecanol (24).
The increase in signal intensity observed ranged from 2- to 8-fold.
As mentioned previously, the chemical modifications discussed make
the data morev interpretable but do not remove the interference from
the matrix. Therefore, investigators have developed more effective
methods using an instrumental approach.

Two types of instrumental methods may be considered as ways to
remove matrix interference. The first is to simply scan under high
resolution. Several, more sophisticated mass spectrometers have the
ability to discern mass values beyond nominal mass resolution.
Therefore, it might be possible to scan a double-focussing instrument
while using a resolution sufficient to literally resolve the matrix
interference from the analyte peaks. This approach is not used
however, because of the enormous loss that would result in
sensitivity.

Instead a more viable route is to separate the analyte peaks
from the matrix by the approach of mass spectrometry/mass
spectrometry (MS/MS). The two major uses of MS/MS are for structural
elucidation and mixture analysis. Through use of this latter mode,
matrix ions as well as impurities may be removed; the problem of
chemical interference in FAB is in reality one of mixture analysis.

Many examples of FAB-MS/MS appear in the literature. However, no
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attempt will be made to review them here. Instead, an illustration
of how the method works is presented using data acquired on the
triple quadrupole mass spectrometer at the MSU-NIH Mass Spectrometry
Facility.

At the top of Figure 2.2 a FAB mass spectrum appears, again for
the analysis of 1ug alanyl-leucyl-glycine in glycerol. In this
example, xenon atoms were produced by a capillaritron source housed
within a removable DIP gun (25). The mass spectrum shown at the top
of Figure 2.2 is intended only to show the ions formed and their
relative abundances as they occur inside the ion source (e.g., prior
to mass analysis). As before, the primary background peaks, which
are the most intense peaks in this spectrum, are designated with the
letter B. The analyte peaks in Figure 2.2 are labeled with stars, as
indicated.

The process begins with the selection of the protonated peptide
molecule at m/z 260 using the first quadrupole mass filter. Using
the first mass analyzer in a static mode, all other ions occurring in
the source are not transmitted and are thus removed from
consideration. In this way a selection is made against all glycerol
ions, except for any interference isobaric with the (M+H)* ion at m/z
260. Next, the (M+H)* ions are focussed into a second quadrupole
filter which is operated in the rf-only mode to eliminate mass
selection. This quadrupole contains an elevated pressure of argon to
serve as a collisional target for the parent ions from the peptide.
Here a process of collisionally-activated dissociaton (CAD) takes
place to‘fragment the parent ion; a quadrupole is used as a

collision cell to improve the transmission of the ions produced.
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These ions are then mass analyzed by a third quadrupole operating in
a scanning mode so that the analyte ions may be sequentially
transmitted to the detector to give the mass spectrum at the bottom
of Figure 2.2. As indicated, this process was very effective in
removing the glycerol peaks and at providing substantial signal to
noise for the analyte ions. Furthermore, it is recalled from the
example in Figure 2.1 that under conventional FAB there was
interference from glycerol at m/z 185 which masked a
sequence-specific ion. The existence of this ion was confirmed by
MS/MS.

While MS/MS can be very efficient at removing chemical
interference, the cost of the instrumentation required is prohibitive
to many users who have access to FAB. For example, FAB may be
installed on an instrument for $10,000-30,000 depending on the
modifications required on the particular mass spectrometer. By
comparison, one can not acquire an instrument with MS/MS capabilities
without investing at least $300,000. Another limitation to MS/MS
should also be recognized. Sensitivity in FAB-MS/MS is frequently
limited by the efficiency of the collision cell used. Many collision
cells have transmission capabilities only on the order of 1-10% (26).
Although greater yields are reported for triple quadrupoles (27),
this certainly classifies as a bottleneck step.

A final approach to the problem of background, that of
computer-aided background subtraction, is the most frequently used
method for removal of matrix interference. During this process, a
blank solution is used to obtain a background spectrum in a separate

determination from the analysis which contained the analyte. This
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spectrum is then subtracted from the analyte-containing mass spectrum
using the computer to effect removal of background. Although this
practice can provide insight, it is far from a quantitative process
and can lead to spurious results.

The fundamental problem is that both background and analyte have
similar temporal characteristics. In other words, there is no one
scan in a FAB analysis which contains a representative view of
background only on which to base a subtraction. As shown in the next
section, this is a different situation from the familiar case of in
GC-MS where computer-aided background subtraction is carried out
routinely and often quantitatively because there is usually a scan
off to the side of the peak which represents the background that
co-elutes with the analyte. In FAB, however, the probe must be
removed to perform a separate determination. Poor reproducibility in
the total ion current (TIC) associated with probe position and
ion-focussing conditions decreases the validity of this approach to
background subtraction. ’

Another limiting factor is that the TIC varies according to
sample composition. For example, when an analyte is present in
glycerol, the glycerol peaks normally become suppressed relative to
the blank determination where only glycerol is present. The obvious
tendency here is to oversubtract. This can lead to serious errors
when an analyte is present in low concentration, because minor
analyte fragments might not survive over subtraction. Furthermore,
intensities for individual peaks vary with respect to one another
during the course of a FAB analysis. Hence, the likelihood that a

particular background scan will properly represent intensities for
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all peaks of interest is remote. Because of these problems and the
general uncertainty involved, it is unlikely that a "subtraction
factor" can be used to normalize differences in TIC which result from
a separate determination to assess background.

Finally, another problem may arise when performing a separate
analysis for background, namely the need to obtain an acceptable
blank. Granted, in some cases the problem is trivial. For example,
when neat solids are mixed with glycerol to form a mull, the
appropriate blank would simply be glycerol. However, this is a very
simplified case in comparison to situations where a small quantity of
analyte is present in a complex sample matrix and wheneverthere is
limited information regarding the structure or identity of the
compound. In these cases having a reliable blank may be very
critical because if interferences are not removed by subtraction, or
at least attenuated, they will be falsely assigned as belonging to
the analyte. Hence, computer-aided background subtraction can be a
helpful option in FAB analyses, but the operator should be aware of
the shortcomings involved and should exercise caution especially when

viewing a weak analyte signal amidst formidable background.

IV. Fundamentals of Thermally-Assisted-FAB

As an introduction, this section will describe basic operating
principles of TA-FAB and shall qualitatively discuss the format of
the data obtained. A more complete discussion of this approach is

found in Chapters 4 and 5.
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Thermally-assisted FAB refers to the process of heating
substances which are inherently too immobile to serve as FAB matrices
inside the mass spectrometer to make them viable for use in FAB.
While several materials have been considered, initial success has
been achieved using saturated aqueous solutions of highly
hydroxylated compounds (fructose, glucose, thioglucose, and tartaric
acid). During TA-FAB, the probe tip is resistively heated in a
controlled fashion to effect physical changes in the analyte/matrix
solution while undergoing FAB. Saturated saccharide matrices, which
exist as solutions under the low pressure conditions of the mass
spectrometer, upon heating, simulate the desired properties of
glycerol yet produce less background. As a further consequence, by
controlling the temperature of the matrix solution, it is possible to
optimize the conditions for analyte desorption-ionization as a
function of temperature. On the other hand, since matrix
desorption-ionization is relatively independent of the applied
temperature, a linear temperature ramp produces a desorption profile
for analyte ions which is readily distinguishable from that of the
matrix ions. This behavior is in contrast to conventional FAB where
the desorption profiles for analyte and matrix ions have similar
temporal relationships.

Several important consequences result from the ability to alter
the desorption profiles of the analyte ions relative to matrix ions
during TA-FAB. These include: 1) the ability to optimize for the
desorption of analyte as a function of temperature, 2) the

capability of identifying analyte peaks by the nature of their
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desorption profiles, and 3) the possibility of performing a valid
background subtraction.

For the purpose of addressing these points, Figure 2.3 gives a
conceptualized view of the temporal behavior for analyte and
background observed by three methods: GC-MS, FAB, and TA-FAB. In
each case the abscissa is scan number (or time) and the ordinant is
signal intensity in arbitrary units and is not intended to be
quantitative.

The first example in Figure 2.3 is that of GC-MS. Figure 2.3a
shows the reconstructed total ion current obtained for a single
chromatographic peak following ionization and analysis by mass
spectrometry. Shown in Figure 2.3b is the profile for a continuous
form of background, in this case column bleed, which often
accompanies GC-MS analyses whenever packed columns or capillary
columns having non-bonded stationary phases are used. Fortunately,
in GC-MS there is a temporal distinction between the behavior of
analyte and background. The subtraction process is essentially
quantitative whenever two requirements are met. First, a region in
the profile must exist which contains background only. Secondly, the
background in this region must be representative of the background
present as the analyte elutes.

The second example in Figure 2.3 displays the nature of the data
obtained using conventional FAB. In contrast to GC-MS, FAB creates
profiles for analyte and background ions which are virtually
indistinguishable and which tend to remain fairly constant over time.
A valid background subtraction cannot be performed because there is

no one scan representing background only. Under these circumstances,
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a separate FAB analysis of an appropriate blank solution is used to
provide data for background subtraction. The problems associated
with this approach were defined in the previous section.

The rinal set of profiles in Figure 2.3 depicts typical results
obtained in a TA-FAB experiment inorporating a saturated saccharide
solution as the matrix. In this example, the abscissa corresponds to
temperature, as well as scan number, since a slow linear ramp of
current proceeds through the probe tip during the analysis. As
shown, the desorption of analyte ions is clearly a function of
temperature (upper trace) in contrast to the desorption of matrix
ions which is fairly independent of temperature (lower trace).

At the beginning of a TA-FAB experiment data are normally
collected without heating (FAB only). Often under these conditions
desorption-ionization occurs exclusively from the matrix since
unheated saturated aqueous solutions of saccharides are apparently
too viscous to permit sufficient desorption-ionization of the analyte.
However, upon heating, the saccharide solution becomes less viscous
and hence more similar to glycerol. This corresponds to the point in
the profile where analyte desorption begins to occur. The analyte
signal continues to rise past this point as the probe tip experiences
a slow, linear increase in temperature. Eventually an optimum point
is reached where the desorption of analyte is at a maximum. By
analogy to field desorption nomenclature, the temperature
corresponding to maximum analyte desorption in TA-FAB is called the
"best matrix temperature" or BMT. With continued heating beyond the
BMT, the intensities of analyte and matrix ion current diminish. We

attribute this effect primarily to the decreased mobility of the
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analyte due to the loss of water froﬁ the matrix. In other words, as
the matrix dries out, desorption of the analyte ceases and desorption
by the matrix diminishes also.

Similar to the situation in GC-MS, the profiles shown in Figure
2.3 for TA-FAB contain a region at the beginning of the run where
only background ions are present. Furthermore, since the background
spectrum recorded prior to desorption of the analyte (no heat) is
similar in both content and intensity to the background co-recorded
later with the analyte, in favorable cases data may be collected for
a valid subtraction of matrix-related background using TA-FAB. This
process is illustrated using real examples in Chapter 5. However,
before this is done, the instrumental modifications needed to perform

TA-FAB are discussed in the chapter that follows.
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Chapter 3

INSTRUMENTATION

I. Introduction

All FAB experiments undertaken for this dissertation were
performed on a double-focusing mass spectrometer at the MSU-NIH
Regional Facility for Mass Spectrometry. The instrument was a Varian
MAT CH5 of Nier-Johnson geometry. This chapter will not discuss the
experimental procedures associated with the various projects, as they
are contained in separate sections in subsequent chapters. Rather,
the material covered here shall discuss the necessary modifications
to convert the CH5 to perform FAB, and the equipment that was used
for TA-FAB experimentation. In addition, the basic components and
operating principles pertaining to the instrumental configuration
will be outlined.

A diagram of the mass spectrometer appears in Figure 3.1. The
instrument is referred to as double~focusing because two stages of
mass selection occur. First, ions are dispersed according to
momentum as they pass through the magnetic sector followed by an
additional focusing and filtering according to kinetic energy by an
electrostatic analyzer (ESA). The additional sector accounts for the
high resolution capability of the CH5 by selecting ions within a
narrow range of energies, whereby individual masses may be separated
to within a millimass unit. The CH5 may be described as having a
reverse geometry since the magnetic sector precedes the electrostatic

sector. This order was selected primarily to facilitate MS/MS data
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Figure 3.1 General diagram of the Varian MAT CHS5-DF mass spectrometer.
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acquisition. The approach here, known as MIKES, which stands for
mass-—-analyzed ion kinetic energy spectra, was the earliest form of
MS/MS. During MIKES, the products of the metastable decomposition of
a parent ion, selected by the magnet, are sequentially passed by
scanning the voltage on the plates of the electrostatic sector. This
process is possible because the products of decomposition in the
field-free region between the sectors have the same average velocity
as the parent ion. Unfortunately, the efficiency of this process is
limited on the CH5 because of the lack of a collision cell.

The fundamental relationship governing mass selection by a

magnetic sector instrument may be expressed as:

BZRZ

m/z = 5V

(1)

where m/z is the mass to charge ratio, B is the magnetic field
strength, R is the radius of the magnet, and V is the acceleration
potential. All the parameters on the right side of equation 1 are
held constant, except for the magnetic field strength which may be
varied to give a maximum field strength of 12 kGauss. The
acceleration potential is +3000 volts and the radius of curvature for
the flight tube through the 90° magnetic sector is 21.4 cm. Under
these conditions, the particular mass to charge ratio transmitted
through the magnetic sector depends only on the applied magnetic
field. The mass range, at full accelerating potential, is 1200 u.

However, as indicated by equation 1, this range can be extended to a

4 S
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maximum of 3600 u by a lowering of the accelerating potential to 1kV.
The problem with extending the mass range in this manner is that the
ions move more slowly thereby impeding their transmission, and
severely reducing the force with which they strike the electron
multiplier detector. The 1oss in sensitivity is usually

unacceptable.

II. Ion Source Configuration

Figure 3.2 is a simplified diagram of the ion source region of
the CH5. The small box in the center of the diagram is the ion
source itself. There are four ports shown. The lower opening accepts
the FAB sample inserted on the probe used previously for FD through a
vacuum lock. The FAB probe is colinear to the optical axis of the
ion source and perpendicular to the atom beam. The FAB probe tips
were fashioned from several materials including stainless steel,
copper, and aluminum. Each was machined to have a 60° angle of
incidence (i.e., the angle between the incident atom beam and a line
normal to the probe surface), and had surface dimensions of (0.25 in.
x 0.10 in.). Since the FAB probe tip is continuous to the ion
source, it floats at 3000 ceramic (shaded). The FAB source was
mounted to the ion source housing at the port which previously was
used for a GC~-MS interface. This was fortunate because there was
already a hole in the ion source which could accept the FAB beam with
a direct line-of-sight to the sample. This modification is addressed
in more detail later. The ion source also has a port for a direct

insertion probe (DIP), opposite to the FAB beam, which is used to
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Figure 3.2 Diagram of the ion source region of the CHS modified for FAB.
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introduce solid samples for EI. The EI filament and trap are not
shown, but are located directly above and below the FAB tip appearing
in Figure 3.2. The secondary positive ions formed in the source are
extracted by a lens known as the extraction lens which is biased
slightly negative with respect to the ion source. The ion optics are
a series of five lenses, each having an adjustable potential which
becomes less positive as the ions move away from the source.
Essentially, the lenses are connected to a large voltage divider
which begins at the ion source.

' After traversing the ion optics the ion beam is resolved by a
set of entrance slits, held at ground potential, prior to mass
analysis. Actually, there are two sets of slits at this point, one
for low resolution and the other for high resolution. Each is
adjustable. Located beyond the electrostatic sector, immediately
preceding the electron multiplier, are two complementary sets of
slits known as exit slits. The entrance and exit slits are adjusted
in succession to give the resolution desired. During the acquisition
of FAB mass spectra, a resolution of about 500 (R = M/AM, 5% valley
definition) was employed, set in the low resolution mode.
Unfortunately, the maximum resolution obtained under high resolution
during the course of this work was about 4000 (5% valley). The
maximum resolution specified by the manufacturer is 10,000 (5%
valley) (1). The poor resolving power of the instrument suggests the
need to have the slits cleaned and repaired, a process which requires
a skilled technician.

Focus in a double sector instrument is primarily done according

to energy. This is because the electrostatic sector voltage (on the
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order of 250 volts) is directly coupled to the accelerating potential
to permit only ions having a preselected energy to be transmitted.
Is is important to recognize two factors in a double-focusing
instrument which alter the energy of the ions, and hence determine
whether an ion will be transmitted and detected. The first is the
position where the ion is formed, since this will determine the
amount of energy the ion receives as it is accelerated out of the
source towards ground potential. The second factor concerns the
initial energy imparted to the ion during formation, as well as its
initial direction. Hence, the ions observed under a particular focus

represent a superposition of these two factors.

III. Vacuum System

High vacuum is essential to the mass spectrometer since the
operating pressure within the instrument affects both resolution and
transmission. The vacuum system of the CHS5 consists of three oil
diffusion pumps and three direct drive mechanical pumps. The
diffusion pumps each contained 75-150 ml of a polyphenylether oil
(Santovac 5, Monsanto, Inc). The instrument is partitioned into two
sections, the source and analyzer regions, which are differentially
pumped. Manual isolation of these two regions is possible by a
valve, located after the entrance slits and before the magnet, which
opens and closes the small orifice between the source and analyzer
regions. Two diffusion pumps are used to evacuate the analyzer
region whereas one larger diffusion pump which services the source.

However, because of higher pressures experienced in the source, one
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mechanical pump is assigned to provide fore vacuum to the source
diffusion pump, whereas the analyzer region uses one mechanical pump
to back both diffusion pumps. The third mechanical pump is used to
provide rough vacuum throughout the instrument. By means of a
branching manifold, this pump supplies rough vacuum (Z 10”2 torr) to
the batch, direct probe, and FAB sample inlet ports, and also pumps
the glass blown gas reservoir which supplies the FAB gun. All three
diffusion pumps require manual isolation from the source and analyzer
regions by separate "butterfly" valves.

The vacuum in the source and analyzer is detected by separate
Penning gauges. During operation, the analyzer pressure is < 1 x
10-6 torr. In contrast, the source Penning gauge typically registers
a pressure of 1 x 1075 torr during FAB due to the pressure caused by
xenon. A safety mechanism on the instrument prohibits operation
whenever a pressure greater than 1 x 102 torr is registered by
turning off power to the diffusion pumps. Therefore, to perform FAB
this mechanism is overriden by a switch on the electronics cabinet of
the CH5. In addition, a thermocouple vacuum gauge is located just
above each mechanical fore pump to indicate when the capacity of each
mechanical pump is exceeded. Beyond this pressure, which corresponds
to a source pressure of 5 x 10~5 torr, the diffusion pumps are
automatically turned off to limit back-streaming of oil vapor into
either the source or analyzer.

Each diffusion pump is cooled with a coolant mixture of 50%
(v/v) ethylene glycol in distilled water. The coolant passes in a
series arrangement around each diffusion pump and the magnet. It is

then cooled by recirculationthrough a reservoir/heat exchange unit
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located in the penthouse of the Biochemistry building. A mechanical
flow detector connected to a solenoid switch cuts power to the
diffusion pumps in the event of a ceasation in coolant flow. Also,
located above each diffusion pump is a baffle which contains 95%
ethanol. The purpose of baffling is to condense 0il vapors before
they reach the ion source or the analyzer. The ethanol is kept cool
by a flexible metal cold-finger containing freon. The circulating

freon is refrigerated by a separate cryogenic cooling unit for each

pump.

IV. FAB Instrumentation

The early stages of this project were devoted to converting the
CH5 to accomodate a commercially-produced fast atom source. The gun
purchased was a model B11NF saddle field fast atom source (Ion Tech
Ltd., Teddington, U.K.). The method of fast atom production by this
source was considered in detail in Chapter 1. This gun is commonly
referred to as a "cold cathode"™ atom gun since the electrons which
neutralize fast ions to produce fast atoms (via resonance electron
capture) are not produced by a filament. Figure 3.3 shows a diagram
of the construction of the gun. In addition, the cut-away section
reveals the inner workings. Contained within the center of the gun
is a washer-~like, stainless steel anode which is isolated from ground
by ceramic insulators. An adjustable voltage of +2 to 10kV may be
placed on the anode through the high voltage connection shown.
Because of poor fabrication by the manufacturer, this connection was

fortified at the point where the flexible lead enters the gun. The
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Figure 3.3 Diagram of the Ion Tech Bl1lNF saddle field fast atom source.
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voltage is supplied from an Ion Tech B50 current-regulated high
impedence power supply capable of delivering a maximum output of 10
kV at 10 mA.

Xenon gas enters the gun through the curved 1/4 inch stainless
tube shown in Figure 3.3. This tube is attached to a flange which
has a finely-machined knife edge surface to accomodate a standard
copper gasket (0.25 in. 0.D., 0.125 in wide). The xenon gas enters
through the conduit shown where it eventually flows in the vicinity
of the anode. At a gas pressure of about 10~4 torr a discharge
occurs and a plasma is sustained (2). Electrons, regardless of their
initial direction, become continuously attracted to the saddle point
which is located in the hole at the center of the anode. Thus, a
constant flux of electrons is formed which oscillates through the
anode as shown. Ionization of the xenon at the anode results in
positive ions accelerated toward ground in all directions. Resonance
capture of electrons to form fast atoms is believed to occur at the
turn-around point in the trajectory of the electron (v-o)f The
aluminum cathode, held at ground, also has a hole to transmit fast
atoms formed by this process. While other methods, such as charge
exchange, can result in the formation of fast atoms, only the
products of resonance electron capture statistically have the proper
trajectory to traverse through the cathode as no loss in momentum
occurs in these events. The aperture in the cathode is 1.5mm and an
approximate 2° divergence angle is specified (3).

As discussed in Chapter 1, a considerable amount of fast ions
are also produced by this gun. In fact, the fast ions produced are

used to estimate the approximate flux of the atom beam since the two
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are taken to be proportional. For this purpose, another aluminum
cathode is located at the rear of the gun to measure the ion flux
which occurs in this direction by virtue of the symmetry of the gun.
The current produced may vary up to a maximum of 100 uA and is
measured at the small monitor lead shown in Figure 3.3. Under
typical operating conditions (anode T kV, power supply 1mA, source
pressure 2 x 10”5 torr) the beam current measured was about 25 uA.
Generally, an increase in gas flow will result in greater beam
intensity. However the power supply must supply more current to
maintain a constant anode voltage as more gas enters the gun.

Biemann suggested two modifications for reducing the gas
consumption of the B11NF saddle field gun (4). The first was to
block off the rear end of the gun with a piece of aluminum. This
modification was incorporated and lowered the typical operating
pressure from 2 x 10~ torr to 1 x 10”5 torr inside the ion source.
Biemann also suggested that the front cathode aperture be reduced to
0.5 mm (4). This refinement did not prove useful since a more
stringent alignment of the anode was needed and because the aperature

eventually becomes widened by sputtering.

V. Instrument Modification for FAB

It is recalled from the discussion of Figure 3.2 that the FAB
gun was attached to a port on the CH5 which previously accomodated a
GC-MS interface. Since the modification was essentially permanent,
it was decided that the CHS5 would be dedicated to

desorption~ionization at the expense of GC-MS capabilities. This
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port was ideally suited for FAB because the hole present in the ion
source for the GC effluent gave a direct line-of-sight entrance for
the FAB beam.

Modifications were needed prior to the installation of the FAB
source. First, the port on the ion source housing was too close to
the ion source itself which made direct installation of the gun
physically impossible. Further, it was reported by Franks that the
highest neutral/ion ratio was obtained when the saddle field gun was
located a distance 11 cm away from the FAB probe target (2).
Therefore, a cylindrical metal extension was attached to the ion
source housing to approximate this distance and to house the FAB gun.
This cylindrical steel FAB housing was purchased from Varian, and
came equipped with ConFlat.® flanges at both ends. ConFl,at@ flanges
are circular stainless steel flanges with machined knife edge
surfaces for use with copper gaskets under high vacuum conditions.
The ConFla@ flange was chosen to mate with the 2.75 inch 0.D. flange
which came attached to the FAB gun as illustrated in Figure 3.3. A
standard copper gasket (2 in..O.D.. 1/4 in. wide) fits between the
two flanges to hold high vacuum. Unfortunately, the ConFla&@ flange
at the opposite end of the extension did not mate directly to the
flange on the ion source. To rectify this situation, the knife edge
flange was removed and replaced by a standard CH5 flange which was
welded to the end of the tube to make a vacuum tight seal. Instead
of having a knife edge arrangement, these two flanges mated along a
flat surface. A silver~tin gasket was made to hold high vacuum along

this interface.
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High purity xenon gas (99.995%) was purchased in 50-liter
quantities from Matheson, Gloucester, MA., for all experiments.
However, since the gas could not be admitted directly into the gun,
a special inlet system was designed. The system is primarily
composed of a glass blown reservoir (c.a. 11) and a Nupro@
double-stemmed, precision metering valve. The valve has two
functions: it adjusts the flow of xenon into the gun, and isolates
the gun (high vacuum) from the glass-blown inlet (1 atm). The
double~-stemmed arrangement enables both coarse and fine adjustment.
Gas flows from the valve to the gun through 1/4 inch copper tubing
which mates to a 1.375 inch diameter flange opposite to the gas seal
flange shown in Figure 3.3. All connections to the copper tubing
were made with Swagelo@ fittings capable of maintaining high vacuum.

The glass blown gas reservoir, on the high pressure side of the
needle valve, was blown at the MSU glass-blowing shop in the
Department of Chemistry. This device is simply a glass bulb (5"
dia.) connected to a glass tube accessed by five ports. The glass
bulb was wrapped with electrical tape as a safety measure against
implosion or explosion. Gas enters through a port in the bottom Vof
the glass bulb which is separated from the xenon tank and regulator
by an o-ring valve. Below this valve there is a 1/4 inch diameter
piece of Kovar metal which is annealed directly to the glass. This
metal is then connected to a 1/4 inch diameter piece of copper
tubing, leading to the xenon tank, by a Cajon® o~-ring fitting. Two
other ports to the bulb have similar o~ring valves, the connection to
rough vacuum and a vent. These valves, which were blown directly

into the system, are able to hold xenon in the bulb for days so that
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the gas reservoir does not need to be evacuated and refilled daily.
The remaining two ports to the system both have Kovar/glass
connections. One connection is to a thermocouple vacuum gauge, and
the other is the connection to the needle valve. To relieve stress
on the glass blown system, the latter connection was made with a one
inch piece of tygon tubing and band clamps. The entire inlet system
was mounted directly on the instrument and protected by a plexiglass

cover.

VI. Cleaning the FAB Gun

The gun may be easily removed for maintenance by loosening the
flange to the gun, and the Swagelol@ connection to the gas inlet.
The electrical connections are also designed for easy removal.
Because of the simple design of the gun, it may be disassembled,
cleaned, and reassembled in a few hours time. The major parts are
first scrubbed with either alumina or a non-abrasive soap powder.
Following a thorough rinse in distilled water, the parts are
successively boiled in the following solvents: distilled water,
toluene, methanol, and acetone. The ceramics are cleaned separately
by boiling in aqua regia on a hot plate.

During maintenance, aluminum parts, such as the front cathode
and the plate which blocks the rear of the gun, must be checked for
wear due to sputtering and replaced accor‘dinglyf Also, the build=-up
of sputtered aluminum must be removed from the anode as well as from
the inside of the barrel of the gun. Frequently, the build~up is so

excessive that it restricts use of an anode alignment tool which
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inserts through the barrel and into the hole in the center of the
anode. The aluminum is therefore slowly removed by sandpaper and/or
a file until the anode may be properly aligned. After cleaning in
the afore mentioned solvent scheme, the gun is reassembled and

installed.

VII. Modifications for TA-FAB

Under the conditions of TA-FAB, an analyte/matrix mixture
applied to a conducting emitter surface is resistively heated in a
precise and controlled manner while undergoing FAB. The emitters are
prepared by spot welding a piece of 97% W, 3% Re EI filament ribbon
(0.235 in. x 0.018 in. x 0.001 in.) across the stainless steel posts
of an emitter base identical to those used to prepare activated
emitters for FD. The ends of the posts are first filed in such a
manner to approximate the preferred 30° angle between the spot welded
band and the incident atom beam (e.g., angle of incidence 60°). Upon
insertion into the ion source, a small stainless tab on the FD probe
makes contact with a metal plate inside the source which supplies the
current. This connection enables a path for current to flow through
the tungsten emitter to a reference return which in this case is held
at the potential of the ion source (+3kV). The same arrangement has
been used previously for FD experiments.

Current is supplied to the tungsten band probe tip by an emitter
current programming unit (ECP) designed earlier by Holland et. al. in
this laboratory to provide precise regulation of current through FD

emitters (5). A block diagram of the components involved in current
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regulation is shown in Figure 3.4. The heart of the system is the
ECP itself. The exact design of the ECP shall not be detailed here,
since it is sufficiently described in the above reference. Briefly,
the critical electrical consideration involved is the need to
transfer low voltage control signals to the regulating device (e.g.,
emitter), which lies at 3 kV above ground. This is accomplished by
high resistance optical couplers, GEH-15A1, which transmit
information yet ensure electrical insulation. Current regulation is
controlled by an analog regulator circuit inserted in series with a
current supply and the emitter itself. In addition, sensing and
feedback circuits permit closed loop regulation using a DAC output
voltage comparison and level control.

Because of the lower resistance of the tungsten band relative to
an FD emitter, the current output of the ECP had to be fortified to
achieve acceptable temperatures in the tungsten band. Hence, the ECP
was modified to introduce a simple feedback circuit capable of
regulating the higher currents sought. This circuit, which is
labeled as a current amplification/regulation circuit in Figure 3.4,
is drawn in schematic form in Figure 3.5. As shown in the circuit, a
12 volt lead storage battery is incorporated as the power source.
Originally, a transformer was intended for this purpose, but this
idea was abandoned because a custom-made transformer was needed to
accomodate the specifications required by the circuit and the
application. The leadstorage battery, however, is capable of
providing currents in excess of 3A through the tungsten band emitter.
Therefore, the total current gain from this modification was

approximately 30-fold. In normal operation, however, the maximum
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Figure 3.5 Schematic diagram of the current amplification/regulation
circuit constructed to increase the output of the emitter
current programming unit (ECP).
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current employed is about 1.5A. The battery is able to supply
operational currents for periods greater than two weeks between
recharging. Because the battery floats at source potential, it must
be isolated from ground. A polyethylene battery box (Rubber Queen
Marine Products, Jackson, OH) is used for this purpose. The dotted
lines around the various components in Figure 3.4 indicates the
devices which are electrically insulated from ground. A Fluke Model
77 digital multimeter acts as an ammeter for the system. This meter
is connected in series to the TA-FAB emitter as shown at the 10A

(unfused) output of the meter.

VIII. Overview of Data System and Interface to CHS

A block diagram showing the data system and the basic components
involved in the interface to the mass spectrometer is shown in Figure
3.6; The central components of the data system are two Digital
Equipment Corporation (DEC) PDP-8/e, 12-bit minicomputers. Because
each computer controls separate functions, they are referred to as
the "hoat" and the "front-end". This dual arrangement allows for
real time data acquisition because the two computers act as a
foreground-background system. While the host computer operates
several background tasks, such as communicating with various
peripheral devices and executing programs, these operations are
interrupted whenever the foreground task of data collection occurs.
Thus, the front-end is dedicated to collecting data in the form of

mass to charge and signal intensity. It is also responsible for
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setting a signal to initiate a scan, checking the status of the
magnet current supply, and setting a time delay between scans.

The host computer runs several programs which are managed by the
DEC~0S8 operating system. In addition, several programs have been
written in assembly language for rapid, flexible data collection and
processing. The major programs include MSSIN, MSSOUT, MSSTST,
MSSAVA, and MSSCAL. MSSIN collects data when the CHS is in the low
resolution scanning mode. MSSOUT displays the data as they are
collected, or after a run has been closed. The data are typically
displayed either as digitized mass spectral bargraphs, or as mass
chromatograms. MSSOUT has several commands for data processing such
as scan averaging, integration, and background subtraction. MSSTST
is an interactive program which monitors the status of several
parameters involved with data collection, and is therefore useful for
troubleshooting. MSSAVA is used to collect data in the selected ion
monitoring mode by the method of acceleration voltage alteration
(e.g., AVA). Finally, the program MSSCAL is used to calibrate the
mass axis prior to data collection.

Mass calibration requires a calibration compound, or mixture,
which gives intense peaks of known mass value at regular intervals
throughout the mass range of interest. A saturated CsI/glycerol
solution was chosen for this purpose. This mixture forms several
intense peaks from clusters involving CsI and/or glycerol. Also, CslI
is an ideal compdund because neither Cs or I have multiple isotopes
to complicate the mass spectrum. This mixture enabled mass
calibration to be obtained out to about mass 1000. During mass

calibration, peaks of known mass from the calibration mixture are
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assigned to specific voltages which are recorded from a Hall probe
inserted between the poles of the magnet. Actually, these voltages
are first squared so they will be proportional to mass by the
relationship given in equation 1. Since the observed Hall voltages
are directly related to magnetic field strength and hence mass,
calibration may be achieved by relating observed voltages to known
mass values. The software in MSSCAL enables one to effect
linearization of the relationship between (Hall voltage)2 and mass,
thereby calibrating the mass axis. The calibration file constructed
from known peaks of CsI/glycerol and their Hall values was given the
name CSICAL.

As indicated in Figure 3.6, the host computer communicates and
handles 1/0 from a Plessey model PM-DD/8C disk drive and a Tektronics
4010 graphics terminal. The disk drive contains both fixed and
removal disks. Images on the CRT of the terminal may be recorded for
documentation using a Tektronics model 4631 hard copy unit. The host
PDP-8/e is also responsible for communication and data transfer to a
larger time-shared DEC PDP-11/44, 16-bit minicomputer. The program
MSSTRN enables the user to access the PDP-11/44 from the host. Once
logged on the PDP-11/44, MSSTRN may be used to transfer data files up
to the larger computer for storage and for more extensive data
manipulation. The PDP-11/44 contains a more sophisticated version of
MSSOUT, written in FORTRAN, that has more powerful data handling
capabilities. Also, from this program, data may be output in
manuscript quality on a Hewlett Packard model T4TS5A plotter. Data
files stored on the PDP~11/U44 may be archived on 9-track magnetic

tape using the tape drive interfaced to the PDP-11/44,
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The upper part of Figure 3.6 illustrates the interface to the
CHSf Data collection begins when a signal from the front-end
triggers a scan initiate circuit. This in turn causes the magnet
current supply to begin scanning the magnet of a rate selected by the
scan control unit on the instrument. A potentiometer, also on this
unit, selects the upper mass limit. When this value is reached, as
detected by a comparator circuit set by the potentiometer, another
circuit sénds a scan flag back to the front-end to inform the
computer of the status of the magnet. The time interval before the
next scan is initiated, depends on a delay controlled by the front
end which is set in MSSIN as the duty cycle for the whole process.

As mentioned previously, the magnetic field intensity is encoded
with a Hall probe. The Hall probe is essentially an n-type
semiconductor inserted between the poles of the magnet such that the
current flow is perpendicular to the magnetic field. When a constant
current flows through the probe, a voltage proportional to magnetic
field develops across the semiconductor. Since the potential
developed is only in the range of millivolts per killogauss, the Hall
voltage is amplified to be compatible with the data system. The
voltage is then squared so that it is directly proportional to mass.
This is accomplished by an amplification circuit (Analog Devices
428J). The squared signal is then multiplexed before being sent to a
12=-bit Analogic, successive approximation analog-to-digital
converter. The Hall voltages are multiplexed as two channels (low and
high mass) so that each mass range receives the full 12-bits of

resolution. The two channels differ by an offset voltage that
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defines a point known as the "Hall-crossover" which is adjusted to
occur at about m/z 500.

The other signals entering the multiplexer originate from a
1M-stage (discrete) electron multiplier detector. The detector
presently installed is a Hamamatsu model 515 electron multiplier.
The transmitted positive ions, having 3 keV of kinetic energy, strike
an initial dynode held at a potential of minus 2.0-2.5kV. The
secondary electrons produced experience amplification along the
dynode chain, where the final stage is held at ground. The signal
produced is sent through a preamplifier which produces a current to
voltage conversion. Next, the signal is amplified to give selectable
gains of x1, x5, x25, and x125 which are multiplexed separately.
However, in the scanning mode only the most sensitive setting is
monitored. The analog signal is digitized and sent to the front-end
computer which registers one intensity for each m/z value. The

intensities are expressed in arbitrary units.

IX. High Resolution Measurements by Peak Matching

The amplified signal from the detector is also sent to the peak
matching unit of the instrument. The oscilloscope associated with
this unit displays peaks when the system is not under computer
control. In addition, this unit has the power supplies for the
acceleration potential and the electrostatic analyzer. The ratio of
these two voltages is selected by a potentiometer on the unit. The
peak matching unit also contains the circuitry for MIKES. Under

these conditions, the acceleration and ESA voltages are uncoupled so
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that the acceleration potential no longer tracks the ESA. The ESA
voltage may then be scanned toward lower potential to pass the
daughter ions of metastable decomposition-

In addition to these functions, the peak matching unit enables
exact mass measurements to be performed. By this method, a reference
peak of known mass is first focussed on the oscilloscope under high
resolution, at full acceleration potential. Next, the acceleration
potential is lowered using a series of precision decade resistors
until the profile of an unknown peak of higher mass is exactly
superimposed upon the reference which is still observed at full
acceleration. The two peaks are viewed simultaneously on the
oscilloscope by acceleration voltage switching. The exact mass of
the unknown may be calculated to six figures directly from the
resistor settings used to superimpose the peaks. The accuracy of the
measurement, however, depends upon the signal intensity of the two

peaks, and the resolution under which the measurement is obtained.
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Chapter 4
APPLICATION OF FAB-MS TO BIOLOGICAL SAMPLES:

ANALYSIS OF URINARY METABOLITES OF ACETAMINOPHEN

I. Introduction

Soon after the introduction of FAB in 1981, applications of the
technique began to flourish. Papers appeared in several journals,
each demonstrating the usefulness of FAB for the analysis of a
particular set of compounds. Typically, the major ion types
observed were documented and explanations offered for their origin.

While this was useful information, the fanfare which surrounded FAB
tended to give potential users a distorted view regarding the
strength of the technique because questions concerning practical
details such as: limits of detection, mixture analysis,
quantitation, structural analysis in unknown materials, and chemical
interference in FAB mass spectra remained to be addressed. In fact,
a majority of the early application studies used
commercially~available compounds as opposed to those isolated from
biological origin. 1In addition, unrealistic quantities (several
micrograms) of these materials were used in order to obtain peaks
with good signal to noise ratios for varous fragment ions. Finally,
claims of structural elucidation were somewhat overstated because
analyses were, more often than not, carried out with an a priori
knowledge of the compound's structure.

More recently, investigations have sought to more appropriately

define the analytical merit or boundaries of FAB, and have yielded

143



144

some consensus. For example, quantitation by FAB is now regarded as
possible, but generally requires an isotopically-labeled internal
standard for reliable results (1). Small mixtures may be analyzed
by FAB, but yield only semi-quantitative results at reduced
sensitivity (2). As for structural analysis of unknown materials,
FAB is best used in support to other analytical techniques, even
when analyzing such heavily investigated compounds as peptides (3).
Hence, the trend is away from quick application papers and towards
more realistic investigations. In fact, the policy of at least one
Journal is to not accept papers for publication of the variety
described above (4).

One issue which requires more attention is the problem of
chemical interference in FAB mass spectra. As noted in Chapter 2,
chemical interference has two origins: specific contaminants which
result from incomplete sample purification, and matrix-related
background. Chemical interference, whether it comes from the matrix
or otherwise, can impose the most severe limitation to FAB since it
reduces the certainty of structural assignments as well as the
overall sensitivity of a FAB analysis. Furthermore, the problem is
considerably magnified when FAB analyses are performed on analytes
isolated from complex mixtures such as urine or plasma, because
specific interferences become dominant. In these cases, larger
sample sizes and considerable purification may be necessary before
acceptable data may be acquired.

The severe limitation imparted by sample-related chemical
interference to FAB was recognized in the early stages of work done

for this dissertation during a project, in conjunction with
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researchers at the Michigan State University Department of
Pharmacology, which sought to use FAB to identify the complete set
of metabolites from the analgesic acetaminophen (APAP). To this
end, samples were collected from urine following therapeutic
dosages, and purified by reverse phase HPLC prior to FAB. The
off-line combination of these two methods constitutes a very
powerful and expedient route to metabolite identification providing
that steps are taken to minimize the level of competing
interferences that restrict analysis by FAB. The objectives of this
initial investigation were three-fold. First, to use FAB to obtain
spectra for all APAP metabolites without prior derivatization;
particularly the polar conjugates of APAP which were previously not
amenable to other methods of mass spectrometry. Second, a tentative
set of recommendations for the efficient off-line use of HPLC and
FAB was desired; with particular attention given toward minimizing
interferences. Third, to demonstrate the merit of a proposed method
for estimating signal to background (S/B) values for analyte peaks
in FAB spectra, and to show the usefulness of this parameter in

Judging the quality of data obtained by FAB.

II. Acetaminophen Metabolism and Historical Perspective

Acetaminophen (acetyl p-aminophenol (APAP)), the active
ingredient in Tylenoﬁa has found widespread use as an aspirin
substitute. However, reports of hepatic necrosis and renal failure

following ingestion of large dosages of APAP have stimulated the
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development of methodology to characterize the molecular species
responsible for this toxicity.

The metabolic fate of APAP has been the topic of extensive
research in recent years (5-~9). APAP is primarily transformed by
the liver into water-soluble sulfate and glucuronide conjugates
which facilitate excretion (Figure 4.1). A small portion of APAP is
metabolized via a cytochrome P-450 dependent mechanism into a
reactive electrophilic intermediate, thought to be an imidoquinone,
which reacts with endogenous nucleophiles such as glutathione (GSH)
or protein. The reaction is directed towards the 3-position of the
aromatic ring forming a thioether linkage as shown (Figure 4.1).
Following enzymatic cleavage to yield the cysteine conjugate,
acylation yields the mercapturic acid derivative which also may be
readily excreted. However, when renal and hepatic GSH
concentrations become depleted, cellular macromolecules containing
sulfhydryl groups compete for binding to the electrophilic
intermediate ultimately leading to cellular pathogenesis.
Additionally, 3-methylthio and 3-methoxy metabolites are present in
the urine in small amounts; however, their origin is less well
documented.

Mass spectrometry has been useful in identifying APAP
metabolites involved in hepatic and renal toxicity. Early attempts
to characterize metabolites of APAP were generally thwarted by
instability of the metabolites during purification and the lack of
derivatives sufficiently stable for gas chromatography-mass
spectrometry (GC~MS) under conditions of electron impact (10,11).

Following the introduction of HPLC, Knox and Jurand (12) were able
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to purify and characterize several of the APAP metabolites using
electron impact (EI) high resolution mass spectrometry. However,
the polarity and thermal instability of the thioether conjugates
precluded molecular identification by these techniques in most
cases.

More recently Baillie, Nelson and co-workers (13) used EI,
chemical ionization (CI), and field desorption (FD) to provide
spectra for the major APAP metabolites from both synthetic and
biological origin. Their report compared the fragment and molecular
ion information attainable by each method of ionization using
synthetic metabolites. EI and CI were suitable for analysis of the
relatively nonpolar metabolites (e.g., 3«thiomethyl acetaminophen,
N-acetyl~ and cysteinyl-acetaminophen), but required large amounts
of sample (e.g., 1-20 ug). In most cases, FD provided molecular ion
species for metabolites that were intractable under EI and CI. An
exception was the polar sulfate conjugate which eluded analysis over
a wide range of experimental conditions. Furthermore, experimental
difficulties associated with FD, such as the transient nature of the
spectrum and the requirement for extensive purification, made the
analysis cumbersome for the other metabolites.

Recent work in our laboratory has shown that fast atom
bombardment (FAB) may be used to obtain molecular information on all
major metabolites of APAP from both synthetic and biological sources
(1solation from urine using HPLC). 1In particular, FAB readily
produced a spectrum of the sulfate conjugate which was refractory to
other ionization techniques including FD. Efforts were made to

obtain spectra from realistic concentrations of the metabolites
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rather than from high concentrations associated with overdose cases.
To achieve this goal, a procedure was developed which enabled
fractions taken from reverse phase HPLC to be analyzed by FAB mass

spectrometry.

III. Experimental

A. Materials

The synthetic metabolites of APAP used for both HPLC and FAB
analyses were obtained from Gemborys and Mudge (14). NADP and
p-toluenesulfonic acid were purchased from Sigma Chemical Co. (St.
Louis, Missouri). Glycerol, potassium chloride and glacial acetic
acid were obtained from Mallinckrodt, Inec. (Paris, Kentucky).
Tetrabutylammonium phosphate (PIC«A) was received as a
pre-concentrated solution from Waters Associates (Milford,
Massachusetts). All solvents used for either HPLC or FAB were of
spectroscopic quality and obtained from either MCB, Inc., Fisher
Scientific Co., or Burdick and Jackson, Inc. The hepatic microsomes
used for the in vitro preparation of the thioether metabolites were
obtained from male CB1 mice purchased from Harlan, Inc.

(Indianapolis, Indiana).

B. Chromatographl

All chromatography was performed on an HPLC system consisting

of a M6000~A solvent delivery system, a U6K loop injector, a model
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lHU ultraviolet detector set at 254 nm, a model 721 system
controller and data module (Waters Associates, Inc., Milford,
Massachusetts). Preparative chromatography was carried out on
reverse phase u-~Bondapak C18 column (30 x 0.78 cm) employing a
methanol/water/glacial acetic acid mobile phase whose composition
was varied according to the particular assay (vide infra). Isolated
metabolites were quantified prior to FAB analysis by extrapolation
from peak area calibration curves of synthetic standards. All
quantification was performed using a Dupont Zorbax C18 column (25 x
0.46 cm) and a mobile phase of 10§ acetonitrile, 1% glacial acetic
acid in water; flow rate 1.5 ml min~!, Solvents were passed through
a 0.2 uym filter prior to being used.

Metabolites were isolated from the urine of a volunteer subject
following a 2.1g oral dose of APAP. The morning fasting urine was
collected, centrifuged through a 0.2 um filter, and diluted 1:4 with
mobile phase prior to injection. Injection volumes ranged from 50
to 125 ul depending upon the relative concentration of each
metabolite. Several runs were required to obtain sufficient
quantities of each metabolite for analysis by FABf

The thioether conjugates (APAP~CYS and APAP-GSH) were obtained
through incubation of APAP with mouse liver microsomes using an
NADPH generating system as described previously by Mitchell et.‘ al.
(15). APAP~GSH is quickly metabolized and therefore not present in
urine. While APAP-~CYS may be found in urine, the concentration
following therapeutic dosages of APAP is extremely small.

Metabolites resulting from microsomal preparations were first
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centrifuged through 0.2 uym filters and diluted 1:4 with mobile phase
before injection onto the column.

The original assay designed for the separation of urinary APAP
metabolites involved a gradient elution starting with 12.5% methanol
and following an exponential climb to 25.0% methanol. The gradient
was initiated 7.50 min into the run. The concentration of acetic
acid (1.0%) remained constant. Under these conditions, the
retention times in minutes for the metabolites were: APAP-~GLUC
(5-}52). APAP-CYS (7.05), APAP-SOy (7.58), APAP-OCH3 (12.19),
APAP-NAC (15.20), and APAP-SCH3 (17.54).

Later the concentration of acetic acid was attenuated after
noting the adverse effect it had on FAB spectra; the amount of
background present correlated directly to the level of acetic acid
used in the mobile phase. Therefore, the minimum amount of acetic
acid capable of providing an acceptable separation was used in each
case. Henceforth, three different assays were developed to
accommodate each group of metabolites: (a) The fast eluting polar
metabolites (APAP-GLUC, APAP-SOy), (b) the thioether products of
incubation (APAP-CYS, APAP~GSH), and (c) the slow eluting less polar
conjugates (APAP-OCH3), APAP-NAC, APAP~SCH3. Each assay was run
under isocratic conditions with a flow rate of 3.5 ml min“!. The
polar glucuronide and sulfate conjugates were separated using 12.5%
methanol and 0.05% acetic acid in water. Their respective retention
times were 4.80 and 8.81 min. APAP-CYS and APAP<GSH were
chromatographed using 25.0% methanol, 0.05% acetic acid in water to
give retention times of 6.01 and 9.38 min, respectively. The less

polar APAP—OCH3, APAP-NAC, and APAP-SCH3 were chromatographed with
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25.0% methanol, 0.42% acetic acid in water and eluted with retention
times of 5.75, 7.11, and 8.70 min, respectively. Samples were
collected manually into vials with the objective of collecting only

the portion between the inflection points of the eluting peaks.

C. Processing of HPLC samples

Following collection, the samples were lyophilized to remove
the mobile phase. The samples were reconstituted with 5 ml methanol
and vortexed. Each solution was transferred successively into a 1.0
ml conical REACTI~VIA§B (Pierce, Rockford, Illinois) where the
methanol was continuously evaporated under nitrogen. The dried
samples were redissolved in 500 ul of 1:1 methanol/water and
vortexed. A 10 ul aliquot was taken for HPLC quantification as
described earlier. After quantification, the volume was adjusted to
give the desired concentration. To allow for convenient application
to the FAB probe tip, analyte concentrations exceeding 1 nmol ;.11"'1

were sought.

D. Application of FAB samples

One ul of vacuum distilled glycerol was applied to the probe
tip for all experiments. This yielded a thin, non bead«like film on
the probe surface. Next, samples were applied as solutions using a
solvent system readily miscible with glycerol (e.g., methanol/water).
Aliquots of about 1 ul were applied in succession from a 10 ul

Hamilton syringe; the tip was then heated with a heat gun to remove
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the excess solvent. A practical cumulative limit of about 5 ul
could be added in this fashion. Between samples the tip was wiped
clean with Kimwipes® and rinsed thoroughly with glass-distilled
acetone (99.6% MCB, Inc.). Background subtraction was accomplished
in the following manner. During a run, the probe was removed and
cleaned. Next, the same matrix containing the control sample was
applied. The probe was then re~inserted and adjusted to give
maximum total ion curent. Selected scans could then be chosen for
subtraction using the computer.

Unless stated otherwise, the gun was operated to give 8.6 keV
xenon atoms; the accompanying pressure inside the ion source housing
was 2 x 10~5 torr.The electron multiplier was operated at minus 2.37
kV and a scan speed of 25 sec decade“! was used throughout the

experiments.

IV. Results and Discussion

The off<line combination of FAB and reverse phase HPLC has many
advantages for the identification of drug metabolites in biological
fluids. First, the methods are compatible since they both are
amenable for use with polar compounds. Further, reverse phase
solvent systems are readily miscible with most FAB matrices such as
glycerol or thioglycerol. Finally, since neither technique requires
derivatization to enhance analyte volatility, fractions taken from
HPLC may be analyzed with minimal work-up. Thus, the consecutive

use of these two techniques offers a very rapid and sensitive
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approach provided steps are taken to minimize competing
interferences.

The thermospray method for LC~MS has also received much
attention for use in this area (16) and offers the advantage of
being an on<«line method. Although this is a viable approach, there
are some constraints to this method: (1) the operational parameters
of the interface require optimization for each analyte tested, (2) a
pumping system capable of removing the mobile phase is required, and
(3) compared to FAB, each analyte is only present for a brief period

to undergo mass analysis.

A. FAB Mass Spectrum of APAP-SOy

Many drug metabolites exist as highly polar conjugates to
facilitate excretion in urine. For acetaminophen the metabolites in
the highest abundance (APAP-~GLUC, APAP~SOy) are also the most polar
and consequently the most difficult to analyze by mass spectrometry.
However, in contrast to the difficulty experienced with other
methods, including FD, these conjugates readily yielded mass spectra
by FAB. In addition to granting the first mass spectrum of the
polar sulfate conjugate, FAB displayed a wider range of analysis
than reported for other methods of ionization because for the first
time molecular weight confirmations were obtained for all
metabolites of APAP by one method of ionization.

Obtaining useful FAB spectra of compounds present in complex
biological matrices such as urine presents a formidable and

realistic challenge due to problems associated with background. For
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example, while good FAB spectra may be obtained from 5 nmol of all
synthetic metabolites (shown in Figure 4.1), similar results for
their urinary counterparts may only be obtained after extensive
purification to minimize the chemical background which competes for
ionization. Figure u4.2(a) is a FAB mass spectrum of APAP-SOy
isolated from urine by HPLC. Figure 4.2(b) is the net spectrum
resulting from subtraction of the FAB spectrum of a control urine
sample from the spectrum shown in Figure 4.2(a). The control urine
was used to represent the non<«drug-related background constituents
in the subject's urine. This control urine was obtained from the
same subject (who provided the urine for Figure 4.2(a)) under
drug-free conditions; the control urine was processed under the same
protocol. The HPLC chromatogram shows the portion of the peak

(shaded) isolated for analysis by FAB.

B. Signal to Background Determination

As illustrated in the analysis of APAP-SOy (Figure 4.2(a)),
data recognition in FAB analyses is not always straightforward;
especially when searching for small quantities of a metabolite
present in a complex sample matrix such as urine. Although the
picture becomes clearer after subtraction (Figure 4.2(b)),
background subtraction is not always a reliable process for several
reasons, as discussed in Chapter 2. Therefore, caution should be
exercised when viewing the results of computer-~aided background
subtraction as performed in the manner described in the experimental

section. Regardless, analyte recognition in FAB mass spectra is
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generally limited by background interference, unless operating at
high massf Traditionally, analytical chemists have described the
detection of an analyte in terms of the observed signal~to-noise
ratio, where the noise is the standard deviation observed in a
series of determinations of a blank (17). While noise may arise
from several sources, it is usually a random phenomena and treated
accordingly. In contrast, the factor which limits detection in FAB
is the chemical interference or background. While background may
also come from several sources, it is certainly not random and
requires a separate treatment to assess the detection of analyte
ions.

Recognition of an ion derived from the analyte is a function of
how far the corresponding peak extends above the neighboring peaks
which constitute the background. Thus a more reasonable way to
assess sensitivity in FAB spectra is through an estimation of signal
to background (S/B) rather than signal to noise (S/N). Further
applications of S/B might include its serving as an objective index
by which to judge the success of a particular purification step, or
the effectiveness of subtracting the spectrum of a control sample
from that of a given analyte sample. Therefore, the concept of
signal to background is not limited to this study. Rather, it
pertains to any application of FAB where chemical interference is a
limiting factor. Pursuing this concept, we have adopted the
following general rules for estimation of S/B: (a) the background is
estimated by averaging the peak intensities 3-14u above and 1-1lu
below the candidate peak; (b) this average background is then

subtracted from the candidate peak of interest to obtain the analyte
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average background to obtain S/B.

S/B may be expressed mathematically as:

Atie A-14
(RI)A-[ Y (RIx+ X (Rl)i]/26
S/B= [ imA+3 imA=l

A~rlse A-l4
I RD+ T (Rl),] / 26

where (RI)p, = S' = total relative intensity (%) present for the m/z

value of the analyte, B = average background relative intensity (%).

As defined, signal to background really describes the degree to
which the analyte signal stands -above or exceeds the average
background. Since S' is simply the relative intensity of the
candidate peak, the distinguishing factor in calculating S/B is in
the assessment of average background B. The primary consideration
as expressed by the above formula was to obtain a set of background
peaks in the vicinity of the candidate which in no way contain a
contribution from the analyte. The boundary given to the background
set is 14 mass units above and below the candidate peak. This was
done primarily because peaks 3«14u below the candidate represent an
unlikely neutral loss. A range of 14u was considered above the
candidate to preserve symmetry.‘ Although peaks 3«1l4u are
traditionally cited as unlikely losses (18), the average background
also contains the peaks one and two masses below the candidate since

these losses are rare in FAB. Consideration of peaks 3 to 14 mass
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units above the candidate peak avoids contribution from isotope
peaks of the analyte. Of course, when the analyte has known
isotopic contributions at m/z values greater than two units above
the candidate, these peaks should be removed from consideration and
the denominator reduced accordingly. The computation also avoids
contribution by a potassium adduct [M+K]* when the candidate is
(M+Nal* and vice versa, because these two cations differ by 16 mass
units.

As in the case for additional isotopic contributions, several
other valid exceptions should be tended to accordingly. For
example, when samples are spiked with lithium, the [M+Li]* peaks 6
and Tu above the [M+H]* candidate should be omitted from
consideration. Other exceptions can occur when analyzing small
mixtures of known molecular weight. A common occurrence with
materials such as ceramides which possess long alkyl side chains is
to obtain mixtures of homologues differing by 14u. In this case, a
boundary for background of 13 mass units is acceptable. Certainly,
other jusifiable exceptions can be envisioned and should be
specified when reporting corrected S/B values.

Sometimes it may be desirable to correct the average background
for known major ions from the matrix. Often when a predominant
glycerol ion is included in an S/B calculation, its magnitude may be
so large that it makes the average background larger than the
relative intensity of the analyte peak. Thus to avoid negative
values for S/B, it may be necessary to omit a predominant glycerol
peak that is frequently present when calculating the average

background.
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Another complication exists when too few background ions are
recorded. When this occurs the analyte S/B may be misleadingly high
since the peak intensity of background ions (particularly those
associated with glycerol) diminishes with increasing m/zvvalues.
Eventually peak heights fall below the threshold set by the data
system. This may result in the acquisition of only a few relative
intensity values for m/z values in the region representing the
background. Thus, the average background (B) is artificially
reduced making S/B values for even small analyte signals noticeably
large.

Random noise on the detector affects all intensity values in a
mass spectrum. Hence, the value calculated for the average
background (B) is composed of two parts: (a) chemical background and
(b) random noise. Therefore, when too few background peaks are
present to calculate a realistic S/B value, the noise threshold
should be lowered to permit acquisition of a greater proportion of
the intensity values thereby including the second component of the
background. We suggest that at least two-~thirds of the peaks (efgf,
18) in the specified mass range be present to make a reasonable
statistical estimate of signal to background. When too few peaks
are present to permit an accurate estimation of background, one

might consider the 1legitimacy of a signal to noise calculation.

C. Ions observéd for APAP metabolites

At the concentrations used for this study, good molecular

weight confirmations were made for each of the APAP metabolites.
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However, the amount of fragmentation observed was sparse by
comparison to data reported using electron impact and assignments
were often tenuous due to competition from background. The paucity
of fragments observed reflects three factors. First, fragmentation
in FAB is concentration dependent. Fragments were more discernible
when larger amounts of the synthetic metabolites were used. Second,
simple mixtures analyzed by FAB tend to give only molecular weight
information. Hence, the interferences present in the urinary
samples would diminish fragmentation of the analyte. Finally, the
endogenous levels of sodium and potassium in urine led to the
formation of stable molecular adducts. Hence, when analyzing low
levels of materials in biological samples, FAB is primarily a tool
for molecular weight confirmation rather than structural
elucidation.

The FAB mass spectra of the major APAP metabolites are
summarized in Tables 4.1 and 4.2. Table 4.1 displays the
predominant molecular ion«containing species present in the FAB
spectra of the synthetically obtained metabolites. Values for the
maximum signal to background (S/B)pzx are listed for each ion.
Occasionally, it is necessary to omit major glycerol ions from the
background to yield a reasonable S/B value. Only S/B values greater
than 1 are recorded in Table 4.1. Table 4.2 is the corresponding
data base obtained for urinary APAP metabolites. There was no
substantial increase in sensitivity when analyzing synthetic as
compared to urinary metabolites. However, this was dependent upon
the purification scheme used. Background appearing in the spectra

of urinary metabolites was more extensive in comparison to
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background peaks found in spectra for the synthetic counterparts,
which were attributed to ions derived from glycerol. As a result,
spectra from the synthetic compounds are more frequently and easily
corrected for the predominant known glycerol (G) ions.

A general trend was observed in the spectra of both synthetic
and urinary metabolites: the protonated molecular ion [M+H]*
exhibited an intense signal early in the run which faded as the
glycerol was "sputtered" away or evaporated during bombardment.
Later in the run dominance by cation adducts was observed.
Exceptions were in obtaining the spectra of the thiomethyl and
methoxy metabolites in which there was a conspicuous absence of
cation adducts. Apparently, it was the lack of an acidic moiety
such as COOH or SO3H which retarded such adduct formation.

Differences in the multiplicity of the molecular ion adduct
species were dependent on cations in the salt. Whenever the
synthetic analog exists as the potassium salt (APAP-SOy, APAP<CYS,
APAP~NAC, and APAP~GSH), proton addition was observed nog only to
the free acid (Mp), but to the potassium salt (Mg) as well. Thus,
Mg = Mp + 38. For example, the spectrum of synthetic APAP<SOy
produced a peak corresponding to proton addition to the free acid
(e.g., [My + H])*) at m/z 232. The peak at m/z 270 can be
rationalized as either a potassium addition to the free acid (e.g.,
[(Mp + K]*) or the addition of a proton to the intact salt (e.g., (Mg
+ H]*. Similarly, the peak at m/z 308 can be viewed as the addition
of two potassium ions to the anion of the free acid (e.g., [Mj + 2K
« H]*) or a potassium adduct to the potassium salt (e.g., [Mg + K1*).

In any event, the preparation of the synthetic APAP metabolites as
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potassium salts accounts for the abundance of potassium adducts
observed in the FAB spectra presented here. In contrast, the high
concentration of sodium in urine generated the predominance of
natriated species found in the spectra of urinary metabolites.
Assuming that the sulfate conjugate existed primarily as the free
acid (mobile phase pH less than 3), the ions at m/z 232, 254, and
276 corresponded to [M, + H]*, [Mp, + Nal*, and [M+2Na=H]*,
respectively. Again, the ions at m/z 254 and 276 could correspond
to [Mg + H]* and [Mg + Nal]* resulting from analyte molecules
existing as the sodium salts Mg (mol. wt = 253) where Mg = My + 22.
Studies were undertaken to determine the inter-<run
reproducibility of (S/B)pax. Data were collected over several runs
using three synthetic metabolites: APAP~NAC (6 nmol), APAP=SOy (10
nmol), and APAP~CYS (11 nmol). The results of several runs (minimum
of four) were used to calculate the relative standard deviation (%
RSD) in all cases. Close attention was given to preserve the set of
experimental conditions used to study each particular compound.
Hence, the deviations observed for (S/B)pax were primarily a
reflection of instrumental variance as well as uncertainty in the
ionization process itself. The lowest uncertainties in (S/B)pay
were observed for [M + H]* species, while the values for the major
cation adducts monitored were somewhat elevated. For example, the
total average relative standard deviation in [M + H]*, found by
pooling the values of all studies, was 8.6% RSD. The least
variation was obtained for APAP-CYS (3.6% RSD) and the highest for
APAP~SOy (15% RSD). Values calculated for mono- and di<cation

species all fell within a range of 9<25% RSD with the precision of
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di<cation species being slightly higher in most cases. The better
precision of S/B maxima for [M + H]* ions could be explained by the
presence of excess glycerol on the sample probe early in the run
when the maxima occur. In contrast, cation adducts normally exhibit
maximum S/B later in the run when the glycerol becomes depleted and
hence may be subject to fluctuations in available sodium or

potassium ion concentrations.

D. Application of (S/B)

Assessing the effectiveness of matrix "spiking"

Acids, bases, or alkali salts are frequently added to the
glycerol matrix to enhance the yield of molecular ion adducts in
both positive and negative ion FAB spectra. By increasing the
preformed concentration of analyte ions in the matrix this method
can raise the intensity of the corresponding analyte peaks relative
to their neighbors making them more discernible. Alternatively,
spiking can generate new ion types which, due to their complementary
nature, aid in the confirmation of molecular weight assignments.
S/B computations can be useful in providing objective assessments of
matrix spiking. Figures U4.3(a) and (b) depict the influence on the
FAB spectra when synthetic APAP~NAC (6 nmol) is spiked with
p-toluenesulfonic acid (100 nmol). Shown are the regions of the
mass spectra surrounding the [M + H]* ion at m/z 313 before and
after spiking in Figures 4.3(a) and 4.3(b), respectively. The

calculated (S/B)pax ratios are given. A net enhancement factor of
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Figure 4.3 (a) Region of FAB spectrum containing peak for the protonated
molecular ion of APAP-NAC. An (S/B) of 7.9 at m/z 313 was
obtained when 6 nmol APAP-NAC (synthm%§c) was subjected to
bombardment by 8.6 keV xenon atoms in pl glycerol. (b) Spec-
trum obtained when 6 nmol APAP-NAC (synthetic) was present
in a matiix containing p-toluenesulfonic acid in glycerol (100
nmol ul 7). Under these conditions, the observed (S/B)
was 12 at m/z 313.
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1.5 was achieved for the [M + H]* ion by spiking the glycerol matrix

with the acid.
Assessing the effectiveness of sample repurification

The purity of an analyte solution following separation is a
critical factor controlling the success of analysis by FAB mass
spectrometry. Additional purification may be necessary in some
cases to minimize unwanted background which competes for ionization.
Signal to background is a useful criterion for judging the success
of an additional purification. To i{llustrate this, a sample
containing 8.5 nmol u1‘1 of APAP~GLUC, isolated from urine in the
manner described previously, was repurified as follows. After
evaporating the 100 ul solution under nitrogen, it was reconstituted
in 400 ul of mobile phase (e.g., 12.5% methanol, 0.05% acetic acid,
in water). The whole volume was injected onto a prep C18 column and
recollected. The eluent was processed as before bringing the final
volume to 100 ul with 1:1 methanol/water. One ul of this solution
was analyzed by FAB and compared to the result where 1'ul (8.5 nmol)
of the original solution was tested under identical instrumental
conditions. The results of this repurification procedure are
tabulated in Table 4.3 in the form of maximum S/B ratios for
predominant analyte species. The predominant glycerol ion at m/z
369 was not used in the computation of (S/B) for the [M + 2Na -~ H]*
ion in Table 4.3. While the [M + H]* intensity is attenuated
following repurification, the natriated adducts are significantly

enhanced allowing greater recognition of the metabolite.
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E. Commentary on problems encountered in FAB~MS of reversed

phase HPLC fractions.

Achieving proper concentration of analyte

A practical problem encountered when isolating metabolites for
analysis by FAB mass spectrometry is that of obtaining the analyte
in sufficient concentration. Because only a few microliters can be
placed on conventional probe tips, it is desirable to use
concentrations exceeding 1 nmol ul“! depending upon the analyte and
the separation procedure. Hence, repetitive collections of the same
peak were made during several runs on a preparative column and the
mobile phase was removed by lyophilization to obtain sufficient
amounts for analysis. Whenever possible, control samples should be
processed under identical conditions to serve as blanks for

background subtraction.

Paired-Ion Chromatography (PIC)

Paired-ion reagents such as tetrabutylammonium phosphate and
heptane sulfonic acid are commonly employed in reversed phase assays
to retard organic molecules with ionic functionalities and to
improve peak shape. In fact, the original assay developed for the
separation of APAP metabolites required 5 mM tetrabutylammonium
phosphate in the mobile phase to promote ion pairing (9). PIC

reagents were shown to create problems for subsequent analyses by
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FAB because they generated strong signals in the observed mass
spectra. Martin et.al. (19) encountered a similar phenomenon in
which the spectrum of the oligopeptide bradykinin was suppressed in
the presence of the ionic denaturing agent guanidine hydrochloride.
Unfortunately, a simple compromise could not be struck because
rather large concentrations of the PIC reagents are needed for
effectve ion pairing. The situation became further complicated when
the eluent from several runs was consolidated to obtain sufficient
analyte for analysis by FAB. During fraction consolidation the PIC
reagent, even when present in reduced concentrations, accumulated
and was not removed with the agqueous portion of the mobile phase
during lyophilization.

To illustrate this point, 6 nmol of synthetic APAP~SCH3 was
analyzed by FAB with and without PIC reagent present. Both samples
were prepared in water, one having 5 mM tetrabutylammonium phosphate.
A net amount of 15 nmol tetrabutylammonium phosphate was present on
the probe tip. Each sample was subjected to 8.6 keV xenon atoms;
portions of each mass spectrum appear in Figure 4.4. In calculating
values for S/B in both cases, the contribution from glycerol at m/z
185 again was not included. The spectrum without PIC reagent had a
(S/B)pax value of 8.5 whereas the highest calculated S/B ratio for
the sample containing the PIC reagent was only 0.0087. The
resulting enhancement approaches three orders of magnitude. If the
predominant ion at m/z 184 (originating from the PIC reagent as
established by exact mass measurement) is omitted, the (S/B)pax for

m/z 198 becomes 2.5.
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Figure 4.4 Spectra obtained from 6 nmol synthetic APAP-SCH with_ind

without a paired-ion reagent present. When 1.5 x 10 " M
tetrabutylammonium phosphate+was present the maximum S/B
value recorded for the [M+H] ion at m/z 198 was only 0.0087
(a). However, when the PIC reagent was absent (b) the max-
imum S/B rose to 8.5, an increase of nearly 1000. The intense
background peak at m/z 184 was shown by exact mass measure-

ment to be C12H26N (a fragment ion of the PIC reagent).



173

PIC reagents dominate FAB mass spectra due to their high
surface activity and charge. This behavior has been extensively
studied by Ligon et.al. (20).0ne way to counter the effect of a PIC
reagent would be to acquire mass spectra by detecting the ions of
opposite polarity to the PIC reagent used.For example, since the
tetrabutylammonium phosphate used here should produce positive ions
almost exclusively, negative ion detection would eliminate the
interference from the PIC reagent. Unfortunately, because the CHS
was not equipped for negative ion detection, this hypothesis could
not be tested using the original assay developed for separation of
the APAP metabolites where 5 mM tetrabutylammonium phosphate was

used (9).

Half<width peak collection

Efforts to maximize the amount of analyte relative to the
chemical background present in the sample will result in greater
effective sensitivity. Therefore, if one collects the volume
indicated between the inflection points (half-width) of a peak
rather than by the peak in its entirety (baseline), the resulting
eluent should be more concentrated in the solute of interest, and
less contaminated by other materials. For a Gaussian peak shape, it
is theoretically possible to collect 68% of the eluting solute
corresponding to the peak area between the inflection points. To
test the above hypothesis, APAP~GLUC was collected from urine
(diluted 1:4) using both half<height and full-peak collection and

prepared for analysis by FAB. In both cases a 50 ul aliquot was
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placed onto the C18 prep column with a mobile phase consisting of
12.5% methanol and 0.05% acetic acid in water. Both samples were
subsequently quantified against a standard of synthetic metabolite
to reveal that the half<height collection contained 0.87 nmol ul“!
whereas the full<peak collection had 0.57 nmol ul‘?. The samples
were then concentrated 10«fold by evaporating them under nitrogen
and reconstituting the solution with 1:1 methanol/water. The
volumes placed on the probe tip were adjusted so that equal amounts
of APAP-GLUC (i.e., 26 nmol) were present with 1 ul of glycerol
during each analysis. The results of this study are summarized in
Table 4.4. The average enhancement factor for the three major
analyte ions observed is 1.33; each enhancement factor exceeds the

limit of inter<run variance in (S/B)pax.
The effect of mobile phase acidity

Relatively strong acids such as glacial acetic and phosphoric
acid are frequently added to the mobile phase to buffer a reversed
phase system at low pH. However, the presence of a strong acid at
levels commonly associated with reverse phase assays (e.g., 1.0%)
can prove deleterious to subsequent analysis by FAB. Figure 4.5
shows the effect of acetic acid concentration in the mobile phase on
the ensuing FAB spectra of APAP-~CYS.

When an HPLC fraction (eluted with 1% acetic acid) from a
microsomal incubation was analyzed by FAB, the (S/B)pax recorded for
the [M + H]* ion was only 1.8. The representative spectrum in

Figure 4.5(a) contains intense background at virtually every mass.
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Figure 4.5 (a) FAB spectrum of 30 nmol APAP-CYS, isolated from a
microsomal incubation, yields an (S/B)___ of only 1.8 at
w/z 271 when 1.0% acetic acid is prese%EAiglthe HPLC mobile
phase; matrix:KCl in glycerol (100 nmol ul ). (b) FAB
spectrum of 5.7 nmol APAP-CYS, again isolated from a micro-
somal incubation but with 0.05% acetic acid in the mobile
phase. The (S/B) of 8.4 corresponds to a relative enhance-
ment of 4.7 with Tive tigis less sample present; matrix:KCl
in glycerol (100 nmol ul 7). (c) FAB spectrum of 5.4 nmol
synthetic APAP-CYS in KCl‘glycerol (100 nmol ul 7). The
(S/B) of 8.0 for [M#H] illustrates that spectra from
biologggal samples can compare favorably to those of synthetic
origin; the prominent glycerol ion at m/z 277 was omitted in
each case.
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Another sample was isolated similarly, however, only 0.05% acetic
acid was used in the mobile phase; this was the lowest amount of
acetic acid capable of providing an acceptable separation by reverse
phase HPLC. The result in Figure 4.5(b) shows a dramatic decrease
in background allowing for an (S/B)pax of 8.4 to be obtained for
five times less sample (i.e., 5.7 nmol) when the lesser amount of
acetic acid was used. Evidently, acetic acid combines with the
sodium present in biological samples to form sodium acetate. While
acetic acid may be removed during lyophilization, sodium acetate and
other salts persist. In fact, a white solid material was noticed in
the conical vials used to concentrate samples following
lyophilization of the HPLC eluent collected over several runs. In
all cases, the amount of solid material correlated to the percentage
of acetic acid used in the HPLC assay. Finally, Figure 4.5(c)
displays the result when 5.4 nmol of synthetic APAP~CYS was analyzed
by FAB mass spectrometry. The calculated (S/B)pax of 8.0 indicates
that results for samples obtained from biological sources can
compare favorably to their synthetically obtained counterparts when
proper attention is given to the preparation of HPLC samples for

analysis by FAB mass spectrometry.

V. Conclusion

The capability of using FAB to characterize and identify a
complete set of metabolites of a pharmaceutically important drug,
acetaminophen, has been demonstrated. Of particular interest is the

spectrum obtained for the polar acetaminophen sulfate which was
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previously unattainable by other mass spectral techniques, including
rield desorption. In addition, a methodology has been established
enabling FAB to be used in the analysis of urinary fractions for
metabolites at therapeutic levels in urine following purification by
reverse phase HPLC. While great analytical potential may be
realized through the interaction of these two techniques, this study
indicates that an approach must be taken which minimizes the sources
of specific chemical interference that compete for ionization during
fast atom bombardment.

Further, this study illustrates the important problem of
chemical interference in FAB mass spectra. Unfortunately, even when
steps are taken to minimize specific interferences present in
biological samples, there is still the problem of interfering ions
from the viscous liquid matrix used to perform FAB. This portion of
the problem shall be addressed in the next chapter where
thermally~assisted FAB is formally introduced. The concept of
signal to background developed for use in the analysis of the
urinary metabolites of acetaminophen can be a useful parameter to
Judge the ability to discern analyte peaks above background in other
applications as well and shall be used throughout the remainder of

this dissertation.
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Chapter 5
THE DEVELOPMENT AND APPLICATION

OF THERMALLY-ASSISTED FAB

I. Introduction

In this chapter, TA-FAB is formally introduced as a method for
optimizing analyses by FAB. As indicated in the descriptive
overview given at the conclusion of Chapter 2, TA-FAB is
essentially a method for producing new matrices for FAB out of
materials which until heated are too immobile to act as substrates
for FAB. This idea is a direct extension of the observation that
all successful FAB matrices have a certain degree of fluidity,
which enables them to accomodate the chemical and physical events
responsible for ion desorption by FAB. This approach to matrix
production was developed in response to two existing problems with
FAB matrices at present. First, while several materials have been
reported for use (1), the number of viscous liquids which can be
used is limited, which in turn limits the scope of potential
applications in FAB. Second is the problem of matrix interference
in FAB. The intent therefore was to develop viable matrix
candidates with the hope that some would exhibit less background
than presently observed with materials such as glycerol.

Several materials have been proposed for use in TA-FAB. For
instance, viscous polymers, such as GC stationary phases, might
serve as matrices when heated. Originally solids were chosen

because of their ability to undergo a phase change upon heating to
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a liquid state, and because there were examples in the literature
where solids had been used successfully as matrices for
desorption-ionization. . Friedman and Beuhler reported increased
yields for the desorption of small peptides while performing rapid
heating in the presence of either urea or oxalic acid (2). More
recently, Cooks and coworkers found that the desorption efficiency
of molecular ions was increased for the SIMS spectra of organic
salts when ammonium chloride was used as a matrix (3). They also
observed a decrease in analyte fragmentation and less spectral
background by this method. Analogous results were reported by
Vestal et al. who used inositol and tartaric acid to enhance the
respective desorption of erythromycin and histidine from a moving
belt LCMS interface using laser desorption (4).

Initial success was achieved using saturated aqueous solutions
of small saccharides such as glucose. Saccharides were among the
first solids investigated because of their obvious structural
similarity to glycerol. Aqueous solutions were used to facilitate
application of the solid matrix onto a TA-FAB probe tip fashioned
from a piece of EI filament ribbon. However, saccharides displayed
a unique characteristic not observed for the other solids tested:
the ability to retain water under the low pressure conditions of
the mass spectrometer (ca. 1 x 10~2 torr). This observation, along
with studies done to determine the temperature of the probe,
indicated that the success realized using saturated aqueous
solutions of saccharides as TA-FAB matrices was not a consequence
of melting. Rather, it is believed that the capacity of

saccharides to retain water under the reduced pressure of the mass
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spectrometer permits efficient mass transport during
desorption-ionizationf The processes involved with the release of
water under the conditions of TA-FAB are both dynamic and
temperature-dependent. It is proposed that these factors are
largely responsible for the observed differentiation between the
profiles for analyte and matrix ions in TA-FAB, as illustrated in
Chapter 2. A proposed mechanism for TA-FAB is discussed in Chapter
6.

Throughout this research, three objectives were cited as goals
to document the types of results attainable by TA-FAB: first, to
show that saturated matrices, when heated, often yield less
background than the viscous liquids used in conventional FAB;
second, to demonstrate that the de<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>