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I. Introduction

The name “fast atom bombardment” and its popular
acronym “FAB” were introduced by two research groups
in Manchester!? to describe a new technique for sec-
ondary ion mass spectrometry, which made it possible
to easily desorb intact molecular ions from large and
complex organic molecules and biomolecules. Five
years later, with more than 1000 papers reporting FAB
measurements, it is clear that their significant innova-
tion was the use of the liquid matrix®* rather than
neutral beams, which had in fact been reported earli-
er.% This review addresses the chemical aspects of the
formation and desorption of complex organic ions from
such fluid matrices under the impact of particles pos-
sessing kilovolt translational energies. Key and exem-
plary references are cited; however, referencing is not
inclusive, and readers interested in other aspects may
consult a number of earlier reviews.>”!! Except in
instances where it is useful to do so, we have also not
included the large body of results reported for desorp-
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tion of ions in the absence of liquid matrices. These
techniques, generally referred to as SIMS (secondary
ion mass spectrometry), have been reviewed previously'?
and are discussed in another section of this issue.'?

The community has spent a great deal of energy de-
bating how best to designate and/or distinguish de-
sorption when atoms or ions are employed as primary
particles, when high- or low-energy beams are used, and
when desorption takes place from liquids or dry sur-
faces.'*6 To distinguish methods according to primary
particle energy, the term “electronic sputtering” has
been suggested by Sundqvist'® for desorption induced
by MeV particles, as such sputtering yields are asso-
ciated with electronic stopping power. Analogously,
therefore, one might term desorption by keV particles
“nuclear sputtering”, reflecting the conversion of pri-
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Figure 1. Partial positive- and negative-ion FAB mass spectra of the major product formed by alkylation of guanosine monophosphate

by nitrogen mustard.}4

mary particle energy into lattice vibrations in the tar-
get.l” However, writing in an historical context, we will
use the term FAB for nuclear sputtering by keV par-
ticles whenever a liquid matrix is involved, regardless
of whether the primary particle is an ion or neutral
atom. We note as well that such methods have also
been referred to as “liquid SIMS”.14

Spectra obtained in this configuration are charac-
terized by high sample ion currents, comparable to
those produced by electron impact, 1011-1071° C/ ug for
the MH™ species,!® or secondary ion currents of 1071
A2 Ton currents can also be prolonged, even through
several hours, a feature that has made the technique
compatible and highly successful with sector instru-
ments scanning over large mass ranges.’’ The sustained
strong ion current permits high resolution and MS/MS
measurements.!®? Both positive and negative ions can
be produced by fast atom bombardment. The choice
between obtaining positive or negative ion spectra (or
both) depends primarily upon the compound to be an-
alyzed, rather than any inherent differences in ioniza-
tion efficiency, and examples of both kinds of spectra
are common in the literature.

Most FAB spectra resemble chemical ionization
spectra in comprising primarily even-electron cations
or anions. These often include a suite of molecular ion
species formed by protonation/deprotonation, adduc-
tion with alkali metal ions, and replacement of active
protons by alkali metal ions. Preformed or salt-derived
organic cations and anions are also readily desorbed.
Fragment ions are nearly always rationalizable by
elimination of a neutral molecule from an even-electron
molecular cation or anion. Hydrogen transfer is often
involved, and this fragmentation also resembles hy-
drolysis. These features are illustrated in the positive
ion and negative ion FAB spectra of a zwitterionic ad-
duct formed between guanosine monophosphate and
nitrogen mustard, shown in Figure 1. Note that in
some cases the same bond is broken to produce even-
electron anions and cations 2 mass units apart. These
spectra illustrate the applicability of the technique to
ionic, involatile, thermolabile molecules.

On the whole, molecular ion species are quite abun-
dant in FAB spectra, and coherent fragmentation oc-
curs to only a modest extent. Figure 2 presents the
FAB spectrum of a cyclobutadiene complex of molyb-
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Figure 2. Partial positive-ion FAB mass spectrum of a cationic
cyclobutadiene complex of molybdenum obtained on a Kratos
MS-50 instrument. The inset shows the distribution of molecular

ions predicted from the empirical formula.?! The sample was
provided by J. W. Reisch, Dartmouth College.!8?

denum with these features. The inset portrays the
molecular ion envelope calculated from the empirical
formula.?! This spectrum also illustrates the back-
ground of chemical noise, incoherent fragmentation, or
peak-at-every-mass, and prominent peaks resulting
from the matrix itself, which are common features of
FAB spectra. The tse of the liquid matrix with particle
beam desorption made possible the extension of mass
spectrometry to many classes of fragile organometallic
compounds and complexes, such as that shown in Fig-
ure 92.11:22-28

This technique has also permitted many laboratories -

to use mass spectrometry to characterize heavier sam-
ples such as epidermal growth factors,?®% recombinant
eglin,®! and proinsulins®*® and has spurred the devel-
opment of analyzers and detectors with higher mass
capabilities. The capability of the technique to desorb
heavy ions is illustrated in Figure 3 in a wide mass range
spectrum of an unknown peptide hormone. Several
low-resolution scans were signal averaged to produce
the spectrum.3 Arguments have been made for the use
of lower resolution over this mass range on the grounds
of increased signal-to-noise ratio and sensitivity and also
on the grounds that for many questions average masses
provide the most meaningful answers to the chemist or
biochemist.?337 On the other hand, for those situations
where it is advantageous to determine isotopic distri-
butions at unit resolution, the high secondary ion cur-
rents of the FAB technique have been found to provide
accurate assessments of relative abundances of isotopes.
For example, theoretical and measured distributions of
the complex molecular ion regions of glucagon3® and
porcine insulin® have been found to compare well.
Strong secondary ion currents permit the use of iso-
tope-labeled analogues as internal standards for abso-
lute quantitation.1840-44

The question of analytical reproducability has been
addressed in an interlaboratory comparison led by
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Figure 3. Partial positive-ion FAB mass spectrum!® of an iso-
lated preprosomatostatin peptide. The sample was provided by
Dr. Phillip Andrews, Purdue University. The spectrum is plotted
at a resolution of about 1000. (Reprinted with permission from
ref 37. Copyring 1983 American Chemical Society.)

Murphy.*® The coefficients of variation of relative in-
tensities of peaks in the FAB spectra were found to be
comparable to those for relative intensities of peaks in
an electron impact spectrum measured by the same
instrumentalists on a variety of instrumental configu-
rations.

In an early review of FAB,8 three mechanistic models
were presented for ionization and/or desorption. These
were desorption of ions preformed in solution by a
localized nonequilibrium vibrational process analogous
to that considered operational in SIMS; evaporation of
preformed ions from splash droplets analogous to pro-
posals by Iribarne* and Vestal*’ for aerosols; and gas-
phase ion molecule reactions analogous to the ther-
malized processes in chemical ionization. Subsequently,
each of these mechanisms has received some experi-
mental interrogation and support. It seems likely that
multiple mechanisms exist in FAB, as they do in field
desorption, and that their relative contributions vary
with different kinds of samples, liquid matrices, and
ionization chambers.

II. Energy Transfer and Secondary Ion
Emission

Although this review focuses on chemical aspects of
methods that employ liquid matrices, a comparison of
the currently accepted mechanisms for energy transfer
and emission of secondary particles from solid surfaces
with some recent results for liquid matrices is useful,
in order that chemical properties of the matrix may be
discussed in that context. In particular, the “collision
cascade” model, introduced by Thompson*® and Sig-
mund,*® is most often employed to describe the direct
sputtering of atomic ions from metal surfaces. Sec-
ondary ion yields are directly proportional to the pri-
mary energy deposited at the surface and inversely
proportional to the surface binding energy, which may
be rather high (on the order of a few electronvolts) for
a metal. Kinetic energy distributions are broader than
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those for ions produced by thermionic emission, with
maxima between 1 and 5 eV (depending again upon the
surface binding energy), and the high energy “tail” falls
off in a fairly predictable way.

Recent papers by Kistemaker and colleagues®*5! and
Kelner and Markey>? have reported measurements of
the kinetic energies of several small ions desorbed from
a glycerol matrix and analyzed these in terms of various
models for transfer of kinetic energy from the primary,
impacting ion. The first group observed energy dis-
tributions of 0.3-0.7 eV (fwhm), a high-energy tail, and
broadening of the distribution after evaporation of the
glycerol.’® The narrow energy distribution can be ex-
plained in part by the lowering of the surface binding
energy (relative to metal surfaces) through the use of
an organic matrix, which in turn increases the contri-
bution of ions desorbed by a “collective” thermal pro-
cess relative to those that are “individually sputtered”
and are reflected in the high-energy tail. These workers
propose a continuum of events, from a linear collision
cascade, through a dense collision cascade or thermal
spike, leading to a hydrodynamic process,?® which re-
sults in ejection of large quantities of material from the
sample/matrix and further reduces the binding energy.
This “extended collision cascade” interpretation had
been previously described by Michl®® for the sputtering
of frozen gases. In addition, this flexible model is
consistent with the whole body of experimental obser-
vations, including the desorption from fluid matrices
of polyatomic molecules exceeding 10000 daltons and
clusters containing more than 50 atoms. Desorption of
such molecules requires interruption of many nonco-
valent bonds simultaneously and release of interactions
with the surface, neighboring molecules, etc., without
significant vibrational excitation in the molecule itself.
Other scientists have suggested shock-wave® and per-
cussive sputtering® to characterize rapid transmission
of energy or momentum through the fluid matrix.

Another component and consequence of this emerg-
ing hydrodynamic model is the continuous spraying or
removal of part of the underlying matrix along with the
sample molecules or ions. This intuitively reasonable
phenomenon is now being supported experimentally by
studies with the kinds of thermally labile polyatomic
molecules whose facile analysis distinguishes FAB from
dry SIMS.15 Measurements of the volume of glycerol
sputtered per incident 6-keV Xe particle suggest that
as many as 1700 molecules of glycerol are removed by
each impact.®® In another laboratory®” 850 molecules
of poly(ethylene glycol) (PEG-400) were estimated as
the sputtering yield per 6-keV indium ion, based on
gravimetric measurements and corrected for evapora-
tion. A second, widespread observation that supports
the occurrence of bulk sputtering is the temporal con-
stancy of the level of incoherent fragmentation or
chemical noise throughout a FAB experiment.’85° The
radiolysis damage produced by the high-flux primary
beam does not accumulate, but is continuously re-
moved, at least until the matrix is nearly evaporated.
Ablation®® or peeling®® of the surface in bulk has im-
plications for surfactant samples and focuses questions
on ion migration, diffusion, and mixing in the fluid
matrix. This hydrodynamic splashing sputters sample
ions already formed in the matrix; however, collisions
and dissociations in the microdroplets provide oppor-
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tunities for ion-molecule chemistry and for vibrational
cooling prior to evaporation and ion ejection. This
high-pressure region between the condensed phase and
the vacuum has also been termed the selvedge.5!

III. Ion Formation

A. Chemistry in Solution

The sputtering process itself does not form analyti-
cally useful ions. It seems to be generally accepted that
the best way to form ions for FAB analysis is through
solution chemistry in the liquid matrix, and most re-
ports on improved spectra involve changes to the ma-
trix. In a recent pertinent study, Watson and co-
workers have correlated detection of ions in the mass
spectrum with the protonation of a porphyrin in acidic
solution quantitated by visible spectroscopy.®? No ions
were detected in the mass spectrometer until protona-
tion could also be detected spectroscopically, after
which the correlation was quantitative. In a similar
vein, Schronk et al.® have noted that the relative
abundances of MH*, MH,?*, and MH4** ions from
bovine insulin directly reflect the pH of the solution.
Such multiple protonation is rarely observed in chem-
ical ionization spectra, so these experiments provide
direct support for the early hypothesis that ions pre-
formed in the solution are desorbed through the emis-
sion processes described above. Exploitation of this
model usually provides the largest ion currents. Many
reports confirm increases in currents of protonated
molecular ions when the acidity of the matrix is in-
creased, and anion formation by loss of a proton is
enhanced in basic solutions. Organic salts, quaternary
ammonium ions, for example, form a special class of
preformed ions and are readily desorbed in FAB
analyses. Ionization by adduction with ammonium,
sodium, potassium, lithium, silver,®* and other cations
can also be promoted by addition of appropriate salts
to the matrix solution. Opinions differ as to whether
the cation attachment occurs in solution®® or in the
selvedge,®” and it has been suggested that cation at-
tachment depends upon the ability of the sample
molecules to compete with the liquid matrix for alkali
ions.85:86

Compounds with low redox potentials, such as qui-
nones, can be ionized to varying extents by one-electron
processes,®® ! and these can be facilitated by addition
of charge-transfer reagents to the solution.” The source
of one-electron reducing equivalents appears to be the
primary beam itself, and this has been augmented
electrochemically.”

B. Chemistry In the Selvedge

Studies have been reported which show that ion in-

" tensity parallels proton affinity, the gas-phase property

fundamental to ion-molecule reactions or chemical
ionization,”® and some workers argue that these trends
support the ionization of volatile molecules by ion-
molecule reactions in bubbles, splash droplets, or sel-
vedge. In most of these studies solution-phase basicity
parallels gas-phase basicity. In all of these studies the
samples have been volatile. The extent to which this
mechanism contributes to ionization vis-a-vis solution
reactions probably varies greatly according to the sam-
ple and the matrix.
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The suggestion made by a number of workers that
molecular conglomerates and large ion clusters are
sputtered, comprising sample, solvent, and additives,
is an attractive one because it provides an explanation
for observed analogies to ion—molecule or chemical
ionization reactions, and a mechanism for cooling the
sputtered ions by solvent shedding®! to species with the
relatively low internal energies which have been mea-
sured®-%2 and deduced from rates of gas-phase frag-
mentation.””’® Experimentally, larger inorganic and
organic cluster ions are desorbed with greater absolute
abundances and longer lifetimes from glycerol matrices
than from solid samples under high fluxes. Desolvation
reactions have been recorded in the metastable time
frame (i.e., after ion formation and acceleration in sector
instruments) in a few instances,’%%8! e.g.

[trehalose + Na* + glycerol] — [trehalose + Na*]
[trehalose + H* + glycerol] — [trehalose + H*]

[glucose + Na* + (glycerol),] —
[glucose + Na* + (glycerol),_,]

where n = 1-5. Cluster ions also offer another oppor-
tunity for proton distribution according to relative af-
finities. Bojeson®? has shown that relative abundances
of a;H* and a,H* from the metastable decomposition
of cluster ions a;a,H* formed from binary mixtures
reflect the relative proton affinities of the amino acids
a; and a,.

C. Ionlzation of Gaseous Samples

More recently several laboratories have demonstrated
that ion currents can be detected from volatile samples
introduced in the gas phase directly into the primary
beam.83% Qdd-electron ion radicals are formed. Bo-
jesen argues that this ionization takes place by
charge-transfer processes.® Huang points out that both
solution- and gas-phase ionization can be detected in
spectra of some samples, the former contributing
even-electron ions and the latter ion radicals.8® (With
some samples ion radicals can also be formed in solution
by the redox processes discussed elsewhere.)

IV. Bringing the Sample to the Surface

In many cases ion currents can be increased when
various chemical processes are employed to continu-
ously enrich the concentration of sample at the surface.
Studies with a high-flux beam pulsed at varied intervals
show that the sputtering proceeds more rapidly than
equilibrium can be reestablished.®> However, plateaus
are often seen in the temporal profiles of secondary ion
currents (e.g., Figure 4). This suggests that some kind
of steady state is achieved between removal of sample
and solvent from the surface of the matrix by sputtering
and evaporation and the dynamic forces of convection,
diffusion, and ion migration®®” which create sample
gradients in the matrix.

A. Surface Activity

A number of scientists have called attention to the
highly efficient desorption of surface-active sam-
ples 54808885 and discontinuities in several spectral
phenomenon have been found to correlate well with the

Chemical Reviews, 1987, Vol. 87, No. 3 505

Matsie: Shiogtycesol Angigtensin
{M+H]" 00
m/z 1046

mts |

Matiin: glyceiar

rtensity m/z 1046 (arbiteary w

/M " LT "

" t » * L i S (R A G A S A | y =
5 6 7 9

;_- 0 " ” 3 " »
# {min|
Figure 4. Profiles of the abundance as a function of time of the
protonated molecular ion of angiotensin in thioglycerol and gly-
cerol. (Reprinted with permission from ref 18, Copyright 1984
John Wiley & Sons Ltd.)

discontinuity in surface tension which indicates that the
surface is covered. These include the drop to zero of
the ratio of glycerol cluster ions to sample ions observed
by Barber et al.®® and the abrupt stabilization of relative
abundances of sample cluster ions when sample con-
centration in the matrix is raised sufficiently to provide
complete surface coverage.?® Barber® and others5460:89
have pointed out that competition for the surface, i.e.,
differing surface activities, provides one compelling
explanation for the selective desorption of components
of mixtures, each of which provides a spectrum inde-
pendently. This suppression phenomenon was first
reported with mixtures of peptides® and has been of
particular concern in the FAB mapping of tryptic and
other digests of proteins.

Desorption efficiency for amino acids and peptides
has been correlated with sample hydrophobicity.8%92%3
The best correlations of peptide hydrophobicities and
FAB sensitivities were obtained by using the hydro-
phobicity scale devised by measuring peptides at
water /air interfaces,” and it seems likely that increased
hydrophobicity in very polar polyfunctional compounds
such as peptides and carbohydrates improves their
surfactant properties in glycerol and thioglycerol. It
should be remembered that a hydrophobic peptide is
still much more polar than truly hydrophobic samples
such as cholesterol and polystyrene which appear not
to produce molecular ion species under fast atom bom-
bardment. Conversion to hydrophobic derivatives will
decrease the secondary ion yields of many samples.

Empirical efforts can also be made to achieve the
optimal balance between solubility and surface activity
by evaluating many solvents for a given sample. This
requires larger amounts of sample.

Experimental measurements are readily made on
surface tension, and thus surface-active samples have
been most readily studied. However, other methods of
concentrating the sample in the upper layer of the
matrix?% should also lead to improvements in sample
desorption efficiency and in sample-to-matrix signal
ratio. Recent studies® of electrophoretic behavior un-
der the conditions of the FAB source, i.e., in a field
approximating that imposed by fields and ion currents
in the source, confirm the movement of peptides (mi-
gration) through the matrix toward the surface. This
was facilitated by charging some samples by derivati-
zation or by changing the pH of the matrix.
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B. Mixture Analysis

Several approaches to mixture analysis have evolved
from the theory that differential surface activities lead
to differential desorption. More homogeneous desorp-
tion of components in some mixtures has been achieved
by chemically converting the entire mixture to more
hydrophobic derivatives.”® Repetitive scanning has
been used to detect components that may be fraction-
ated by their different surface activities. Additions of
surfactants of the same sign as the sample ions under
analysis®® and of surfactants of the opposite charge
sign®” have also been reported to reduce differences in
desorption efficiencies of components of mixtures and
to suppress desorption of matrix solvent ions. Surfac-
tant additives of the opposite sign may be
“transparent”, not contribute ions to the spectrum, and
the suggestion is made that these long-chain surfactants
attract more lipophilic samples to the surface by cre-
ating a lipophilic layer there. It may be possible to
quantify relative molarities from spectra of mixtures of
compounds with unequal desorption efficiencies if
standard curves are constructed through the concen-
tration range of interest and spectra are scanned at
consistent time intervals or ion currents are integrated
through the entire sample lifetime,%-100

On the other hand, selectivity by the FAB process in
the desorption of components of mixtures can be used
to advantage. Selected molecules have been successfully
analyzed directly from algae,!® lyophilized bacteria,!*!
TLC plates,'%1 and charcoal!® submersed in the lig-
uid matrix and from crude extracts of such things as
lyophilized tomatoes!? and amniotic fluid.*

V. Choosing the Matrix

Although all aspects of the primary beam and ion
optics of the mass spectrometer are critical to obtaining
good FAB spectra, many of these parameters are not
variable or optimized on commercial instruments. The
experimental variable that is readily varied, and which
can spell the difference between success and failure, is
the liquid matrix from which the sample is desorbed.

The multiple contributions of the matrix have been
discussed.10:7087.96.106 The liquid matrix provides the
opportunity for formation of ions by solution chemistry.
The solution lowers the energy required to desorb ions
by solvating and separating the ions; the fluid matrix
provides a hydrodynamic mechanism for secondary ion
emission which includes desorption of the products of
radiolysis damage. The matrix, which is the essence of
the fast atom bombardment technique, should be de-
signed with the objectives of optimizing absolute sec-
ondary ion currents and spectral persistence. Its se-
lection can also influence fragmentation and signal-to-
noise ratios.

A. Volatllity

Two important physical characteristics of the matrix
are viscosity and low vapor pressure. Low volatility is
important, since the desorption of ions is terminated
when the matrix is evaporated. Ion currents can be
prolonged by cooling (but not freezing) volatile ma-
trices,'%” and continuous flow FAB probes have also
been designed to prolong ion currents./® Solvents with
lower vapor pressure have been used to prolong sample
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lifetimes.!® However, one involatile and viscous high
molecular weight poly(ethylene glycol) was found not
to be self-cleaning, i.e., not to be sputtered in bulk.?

Some of the liquid matrices found to be suitable in-
clude glycerol, monothioglycerol,®® tetraglyme,® di-
ethanolamine, and a 1:1 mixture of dithioerythritol and
dithiothreitol.2 Protonation (i.e., formation of MH*
ions) is generally improved by the use of thioglycerol
rather than glycerol. Since thioglycerol is more volatile,
glycerol can be mixed with thioglycerol to lower the
evaporation rate of the matrix and extend analysis time.

B. Fluidity

Strong ion currents are temporally prolonged under
the high-flux primary beams used in FAB only if the
matrix is fluid.5611° Several investigators report ob-
taining better spectra by heating viscous matrices or
samples.®®111-113 One interesting heated matrix is the
saturated glucose solution (syrup) suggested by Watson
and co-workers for carbohydrate analysis.!!® Spectra
contain less matrix-contributed background; however,
ion lifetimes appear not to be as long as those provided
by a glycerol system well matched to the sample.

C. Solvency

There is general agreement that secondary ion cur-
rents are stronger and more prolonged if the sample is
actually dissolved, in either the matrix liquid or in a
cosolvent, as opposed to being presented as a mull or
suspension. This is readily understood if reactions in
the solution are being used to form the sample ions.
Cosolvents such as water, methanol, chloroform, and
dimethyl sulfoxide have been used, miscible with the
less volatile matrix solvents. Some workers recommend
that the matrix liquid be layered over the cosolvent
sample solution,!* and other suggest the opposite.®* It
is uncertain how much of the miscible cosolvent remains
in the matrix under vacuum in the mass spectrometer.

As a first approximation, more concentrated samples
produce better spectra. However, the relationship of
the ions in the spectrum to the concentration of the
sample in the matrix is not always continuous, either
quantitatively or qualitatively.?% Both theoreticall
and empirical considerations suggest that fragmentation
occurs more extensively with more concentrated sam-
ples. As a corollary, conclusions of fundamental studies
using fairly high concentrations (e.g., ref 69, 85, and 115)
may not extend to the dilute solutions often employed
at the limits of sensitivity in analytical applications.
Cook and Todd recommend that FAB matrices be
characterized by their dielectric constants as a measure
of their solvency for different classes of samples, and
they have commenced to measure and tabulate these
physical constants for the most popular matrix sol-
vents,106

D. Acldity and Baslcity

The acidity or basicity of the solvent relative to that
of the sample is critical to production of ions with good
abundances and should be considered in conjunction
with the charge sign of the ions to be analyzed. As
noted above, thioglycerol improves the production of
MH* ions relative to glycerol for samples with low
proton affinities. For samples that are anionic, i.e.,



Chemical Aspects of FAB

sulfates, phosphates (nucleotides), and carbohydrates
containing anionic sugars (sialic acid), detection of (M
- H)~ ions in the negative ion mass spectrum is en-
hanced by using a suitable proton acceptor matrix, such
as diethanolamine.

E. Surfactant Propertles

The experimental evidence suggesting the important
role of the surface activity of the sample in the matrix
is discussed in section IV. Surface activity for a given
sample may be improved by changing the matrix,871%
by altering the sample,®*® or by judicious use of added
surfactants.%

F. Additlves

Additional chemicals are often added to the matrix
solution toward the objectives of more fully ionizing the
sample and/or drawing the sample to the surface of the
solution. The most common additives are, of course,
those which change the pH, such as HCI, NH,CI, and
p-toluenesulfonic acid. The effect of pH (through the
range 0.3-3.0) on the production of singly and multiply
protonated insulin molecules has been reported.®® Ad-
dition of NH,Cl and NH,SCN promotes the formation
of (M + NH,)* ions in carbohydrates and glycosides in
analogy with chemical ionization. Additions may also
be made to the matrix cocktail in order to promote
chemical reactions before or during the analysis.

G. Background Contributions

Consideration must also be given to the masses of
background ions that the matrix solvent and additives
can contribute to the spectrum. That is, a matrix is
preferred which provides a clear window in the mass
range of analytical interest. Glycerol produces a series
of peaks corresponding to protonated clusters with
masses of 92n + 1 and a similar series (92n + 23) in the
presence of sodium salt impurities. Similar series are
encountered for thioglycerol (108n + 1 and 108n + 23)
and additional cluster ion peaks result from NH,Cl
impurities. Mixtures of glycerol/thioglycerol, of course,
increase the multiplicity of matrix ion peaks. In gen-
eral, the relative abundance of background peaks from
the matrix depends upon the nature and concentration
of the sample as well. This is discussed more exten-
sively in section VII.

At the present time the literature contains many
empirical reports of the efficacy of one solvent or an-
other for one kind of sample or another,'1¢118 with no
correlation with physical or chemical properties beyond
that well accepted for pH and pK,. In the interest of
encouraging rationalization of these phenomena, Cook
and Todd have recently prepared a summary of rele-
vant physical constants for a number of liquids used as
matrices for FAB.1% These physical constants include
viscosity, dielectric constant, heats of vaporization, and
pK, or proton affinity.

VI. Reactions in the Matrix

A. Ion Formation

Almost as soon as the liquid matrix came into use,
the correlation was made between the production of
protonated molecular ions and the pK, or pH of the
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Figure 5. Abundances of mono-, di-, and trivalent molecular ion
species of bovine insulin as a function of the pH of the matrix.
Hydrochloric acid was added to a Me,SO/thioglycerol matrix to
adjust the pH. (Reprinted with permission from ref 63. Copyright
1986 John Wiley & Sons, Ltd.)

0 T
001 002

matrix solution relative to the pK, or isoelectric point
(pD) of the sample. The enhanced detection of pro-
tonated molecular ions in the FAB spectrum when
protonation reactions are carried out in the solution has
been widely confirmed. This has been accomplished
by working with more acidic matrix solvents, for exam-
ple, adding acids to glycerol!!® or using thioglycerol,3®
dithiothreitol, and dithioerythritol.?® A quantitative
study is summarized in Figure 5% of the absolute and
relative abundances of monovalent, divalent, and tri-
valent molecular ion species of bovine insulin desorbed
from dimethyl sulfoxide with a range of acidic pH
values. In a number of studies protonated molecular
ion intensities have been correlated with proton affin-
ities of samples™80:120121 with the conclusion that-for
a given matrix more basic compounds are detected with
greater sensitivities. Proton affinities have now been
measured for many of the most popular matrix sol-
vents.”1% However, the use of this gas-phase property
instead of solution pK, values is not meant to preclude
considerations of ionization by solution chemistry.
Basicities are parallel in the gas and solution phases for
most compounds, and the role of solution ionization
seems clearly established for involatile compounds,#26386

The corollary was also quickly established experi-
mentally that (M - H)™ ions could be detected with
greater sensitivity in anion spectra if these were pre-
formed by proton abstraction in basic solution. Di-
ethanolamine and triethanolamine are most popularly
used; however, chelation of protons by addition of an
appropriate crown ether has been suggested as an al-
ternate approach.!? Formation of anions by adduction
of C17123124 gnd SCN-1% have been reported.

The addition of controlled amounts of ammonium or
alkali metal salts to the matrix generates (M + NH,)*,
MNat, etc. ions and has been recommended as one way
to produce molecular ion species from samples that are
not basic enough to protonate well. Studies of the
relative abundances of MH* and (M + NH,)* or MNa*
ions throughout the entire emission period®7%126 ghow
that these ratios can change with time and that the
apparent efficacy of cationization with added salt may
depend on when the spectrum is measured. Salt ad-
dition has been particularly utilized for analysis of
carbohydrates, 125127128 wwhere ammonium adduction was
initially encountered by contaminant ammonium salts
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in thioglycerol. Researchers have various opinions
about the relative contributions of gas-phase vs. solution
adduction.®56™ In some instances MNa* ions have
been shown to produce a different set of fragment ions
from those produced by MH* ions.107120

The uncontrolled presence of alkali metal salts, e.g.,
in samples isolated from biological matrices, can lead
to a multiplicity of molecular ion species, MH*, MNa*,
MK?®*, etc., which have the advantage of providing
confirming measurements on the molecular ion but the
considerable disadvantage of reducing the sensitivity
of the analysis by dividing the ion current among sev-
eral signals. Although FAB is considered to be more
tolerant of contaminating salt than field desorption, at
the extreme, too much salt can obscure or suppress
organic sample ion current. Consequently, most bio-
logical samples and many chemical samples must be
freed from contaminating salts for FAB analysis. Re-
versed-phase liquid chromatography 1412 acidic ion-
exchange columns,'%!% and cryptofix columns!3! have
been recommended for this. Alternatively, derivatiza-
tion to a chloroform-soluble product is recommended,!3?
from which salts can be removed by water washes.
Volatile buffers are recommended for all sample isola-
tion and purification procedures that require buffers.

B. Directed Reactlons in the Matrix

A number of important and intriguing demonstra-
tions have already been reported of mass spectrometric
studies of transient intermediates and of dynamic
processes in the FAB matrix. Saito and Kato have
followed the formation of a short-lived glutathione
conjugate formed by chemical reaction with an aryl-
nitroso carcinogen in the glycerol matrix.!®® Kalinoski
et al. have observed unstable intermediates formed in
situ by palladium-catalyzed reactions between glycals
and organomercurials.! Horman!®® has characterized
open-chain forms of thiamin produced in the matrix in
the presence of strong bases. Photoproducts of chlor-
promazine have been characterized!® generated in situ.
The analytical potential for studies of dynamic chemical
processes in solution by high-sensitivity mass spec-
trometry techniques is very great indeed.

Caprioli has demonstrated that FAB can be used to
follow hydrolytic enzyme reactions carried out in the
glycerol matrix.!3"13% However, he has expressed res-
ervations!®® about the effect of glycerol on enzyme ac-
tivities.

Derivatization can also be carried out in situ. Reag-
ents have been added to the matrix to form ace-
tates!14140 and boronates'¥! for acidolytic cleavage of
peptides!*? and to reduce disulfides.*® Methods have
been proposed to count active hydrogens by exchanging
them with deuterium in a deuterium-labeled ma-
trix30144145 or by exchanging them with alkali metal
cations, e.g., in a matrix containing sodium chloride.!4
The former approach is demonstrated to be applicable
to heavier compounds than could previously be ana-
lyzed, containing as many as 28 exchangeable protons.!4’

C. Sampling Solution Equlllbria

The possibility of sampling peptide binding com-
plexes and other equilibria in solution was examined
early on®! and caution was urged, since many different
factors can influence relative abundances of detected
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ions. The possibility has been evaluated with more
optimism for a carbohydrate-lipid complex,'* for com-
plexes between imidazole and electron donors such as
trimethyl phosphate,!*® and for equilibria in cation
binding by macrocyclic ligands.!® However, equilibria
between aluminum chloride and butylpyridinium
chloride,®! alkali metal cations and phthalic acid,52
alkali metal cations and phospholipids,'*® and inorganic
anions and cationic surfactants!5* are reported not to
be quantitatively reflected in the FAB spectra. Caprioli
suggests that pK, values can be quantitatively corre-
lated with ion abundances by including a correction
factor.!® The ambiguities of this approach may be
resolved as the active chemical role of the matrix solvent
is recognized and studied.

D. Reactlons with the Matrix

Chemical reactions can also occur in the matrix be-
tween the sample and the solvent or cosolvent. Gen-
erally these reactions may be grouped as nucleophilic
displacements, e.g., of halide groups'® and coordination
ligands, 1?4157 esterification,!581% and reductions, e.g., of
peptide disulfide bonds,'%%16! azo groups in dyes,5®
NADP,”™ and other compounds with low-energy unoc-
cupied molecular orbitals.’? The relative contributions
of a reducing matrix, such as thioglycerol, of electrons
in the primary beam®#* or of secondary electrons in
these reductions have not been delineated.

A less predictable artifact is the occurrence of M +
12 ions shown to arise by reaction of amine-containing
sample molecules with glycerol or thioglycerol.!®16 The
mass of these artifact ions shifted to M + 14 when
pentadeuterioglycerol was used as the matrix. A
mechanism involving formation of a Schiff base has
been proposed by Lehmann et al.!®

Sindona and co-workers!® attribute some of the an-
ions recorded from cationic carnitine to reactions in the
matrix “energized” by the primary beam and commend
the study of reactions in the energized matrix as a new
field of chemistry.

VII. Chemical Background and Nolse

Matrix ions are sputtered along with sample ions
under most circumstances. The mass range of ions
contributed to a cation spectrum by glycerol, for exam-
ple, may be extended considerably beyond its molecular
weight by the formation of cluster ions, (glycerol), +
H*, beyond 900 atomic mass units, although intensity
falls off rapidly as the cluster number increases (Figure
2). Fragment ions are also formed from the cluster ions.
A sample with surfactant properties usually suppresses
matrix ions of this kind, depending on its concentration.
Consequently, it is not always easy to obtain an ap-
propriate matrix spectrum for background subtrac-
tion.®12 The presence of alkali metal salts, e.g., sodium
chloride, in the matrix further confound the pattern of
ions contributed by the matrix, since these may also
include clusters with metal ions. Matrix molecules may
also form cluster ions with sample molecules, e.g., sam-
ple + H* + matrix, usually accompanying protonated
or natriated molecules at the expected mass increment.

Sometimes overlap of matrix and sample ions can be
avoided by selecting a matrix with the right window.
For example, the heated glucose syrup is said to provide
a clear window below 300 atomic mass units.!!! Often
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the contributions of matrix ions to the spectrum can
be reduced by increasing the concentration of sample
or by increasing the surface activity of the sample.

One characteristic feature of FAB spectra is the
chemical noise, also called the peak-at-every-mass
(Figure 2) or the incoherent fragmentation. This be-
comes particularly prominent in spectra of heavy com-
pounds such as that in Figure 3, where it extends
somewhat beyond the mass of the molecular ion and
increases steeply at the low-mass end. Although this
noise does not accumulate through time in a well-chosen
matrix (see above), it is thought to derive from ra-
diolysis damage by the impacting primary beam. Sev-
eral groups have given thought to subtracting or al-
lowing for this background in quantitative studies.?®1%
Others report improving signal-to-noise ratios and dy-
namic range by careful sample cleanup!® or by the use
of MS/MS techniques. Signal may also be distin-
guished from overlapping noise by high-resolution
measurements. Such measurements have demonstrated
10 or more isobaric contributions to a single peak in the
incoherent noise.16®

VIII. Directing Fragmentation

Chemical parameters influence many aspects of the
spectrum, the charge sign and charge state of the mo-
lecular ions, the nature and multiplicity of adduct ions,
the presence and identity of matrix ions, and the overall
abundance of sample ions. Suggestions are beginning
to appear toward the objectives of promoting and di-
recting fragmentation. One line of thought is to reduce
the sizes of the clusters desorbed, so that fewer solvent
molecules can be shed to dissipate internal energy.
Approaches include increasing sample concentration,
working with only one or two monolayers of glycerol,1%®
and reducing the energy of the primary beam so that
smaller clusters are ejected.”” Observations have been
made which suggest that different matrix solvents favor
detection of different peptide sequence ions.!

A rational approach to directing fragmentation has
been proposed by Spiteller,'8” who argues that frag-
mentation occurs in the vicinity of the charge in gaseous
ions originating in a FAB source, just as in chemical
ionization, electron impact, and other techniques. He
finds that if he acetylates the N-terminus of a small
peptide, fragmentation (i.e., production of sequence
ions) is more evenly distributed along the amide back-
bone, while in the peptide with a free amino terminus
the charge and the fragmentation are localized there.
Presumably this same effect is the basis for the “high
diagnostic value” of fragment ions from permethylated
carbohydrates reported relative to underivatized car-
bohydrates.!’? Of course, derivatives designed to dis-
tribute charge more evenly throughout the molecule
may reduce sensitivity compared to derivatives that
introduce and localize the charge. Schram and Slowi-
kowski'® report that FAB spectra of trimethylsilylated
adenosine and adenosine monophosphate contain many
more fragment ions, including ion radicals, than spectra
of the underivatized samples. One interpretation is that
derivatization renders these samples volatile and subject
to gas-phase ionization as discussed in section IIL.C.

Although it is not yet known if these lines of rea-
soning can be extended to promote and direct frag-
mentation in peptides with masses above 5000 daltons
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or to samples other than peptides and carbohydrates,
it is nonetheless encouraging to find work beginning in
this area.

IX. Optimizing Sensitivity

A. Instrumental Setup

Although the focus of this review is primarily on
chemical aspects, it is not possible to discuss optimi-
zation of sensitivity without some consideration of the
primary beam and sample stage. Various studies have
shown that secondary ion yields do not depend on
whether or not the primary particles are charged or
neutral and that they are largely insensitive to vari-
ations of the high-flux beam between 1 and 10 kV of
translational energy. On the other hand, the secondary
ion yields are influenced by the mass of the primary
particles, by full coverage of the sample stage by the
primary beam, by the distance between the gun and the
stage, and by the angle of impact and thus the dis-
persion of secondary ions with respect to source exit
slits and the ion trajectory of the mass analyzer.16%-17!
A focused primary beam has been shown!™ to permit
better control of angular trajectories and to foul the
source less. Inadequate vacuum or increased source
pressure reduces absolute secondary ion yields.!”?
Gold-plated sample stages have been found to provide
higher analytical sensitivity.!%%17® The stage must be
fully covered by the matrix to avoid sputtering metal,
and smaller sample stages permit higher matrix con-
centrations to be achieved with smaller amounts of
sample.

B. Better Sensitivity through Chemistry

The several considerations in both the design of the
matrix and the preparation of the sample, including
derivatization, will be summarized here. The matrix
should be selected by considering sample solubility,
surface activity, and mechanisms for ionization. Con-
trolling the pH of the matrix to promote ionization is
simple and effective, as is indicated in Figure 4. Al-
ternatively, sensitivity can be significantly enhanced by
derivatization designed to precharge the sample, 174175
to increase its surfactant properties,®®!32 or both.56:95
Some time before matrix parameters controlling ion
formation in FAB mass spectrometry began to be de-
fined, the relative desorption efficiencies of different
kinds of ions were noted!’ in a qualitative generaliza-
tion which still holds:

R,N* > MH*, MNa* >» M*

For optimal sensitivity spectra should be scanned for
ions of the appropriate sign, e.g., anion spectra for
phosphorylated samples®177-1% and cation spectra for
quaternary ammonium-containing samples,146181,182

C. Temporal Varlations

The chemical properties of the matrix solution change
throughout the sputtering experiment, and as a conse-
quence the abundances of all ions in the spectrum have
a temporal profile. On the long time scale of the ideal
experiment, the abundance of a particular molecular ion
species declines smoothly as the sample is depleted from
solution. Fine structure is also observed in these pro-
files,!?¢ particularly at the beginning of the analysis
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Figure 6. Dependence of the abundances of the protonated
molecular ion of Pz-Pro-Leu-Gly-Pro-Arg on sputtering time
with and without additives. The matrix is glycerol. (Reprinted
with permission from ref 56. Copyright 1986 Springer-Verlag.)

when steady state is being established between sput-
tering and evaporation at the surface and the several
phenomena which continue to enrich the surface and
depend on the overall concentration.18:5458:59,80,105,107,126
Deterioration of spectra at the end of the emission
period is correlated with the loss of the liquid matrix
and the accumulation of radiolysis damage.1%®

Initial settling times can be seen in Figure 4, in which
the abundances of protonated angiotensin molecular
ions are presented as a function of time and of matrix.
This figure also makes the point that the sensitivity of
peptides can be enhanced by using a more acidic matrix.
Sensitivity is more correctly evaluated by integrating
the ion current throughout the entire emission period.
A case in point is shown in Figure 6, which presents the
effects of several additives on the abundance of a pro-
tonated peptide species. Abundance could appear to
be increased or decreased, depending on when the
spectrum is recorded. Similarly, the relative abun-
dances of matrix ions, e.g., protonated glycerol, and
sample ions vary through time.’*126 Familiarity with
the time profile of a particular sample at a defined
concentration in a given matrix will allow the inveti-
gator to optimize the reproducability and sensitivity of
the measurements. These considerations have been
found to be important in quantitative analysis of mix-
tures.t34498.1% T Figure 7, relative molecular ion
abundances of two glycerophosphocholines in an
equimolar mixture are displayed as a function of time.
Relative ion abundance is constant when triethanol-
amine is the matrix solvent; however, in glycerol it
varies with time.*

X. Conciusions

Both quantitative and qualitative features of the FAB
spectrum are influenced and even controlled by various
aspects of solution chemistry in the matrix. Thus far,
efforts to these ends have mostly been directed em-
pirically. Increased availability and discussion of the
various physical constants of matrix fluids should en-
courage more systematic variation and increase our
understanding at a predictive level.

The possibility of exploring the dynamic chemistry
of the liquid state with a technique that analyzes gas-
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Figure 7. Molecular ion ratios of 14:0a/16:0 glycerophospho-
choline (m/z 706) and 18:0a/22:0 glycerophosphocholine (m/z
844) analyzed as a function of time from an equimolar mixture
in (O) glycerol and () triethanolamine. (Reprinted with per-
mission from ref 44. Copyright 1986 John Wiley & Sons, Ltd.)

eous ions opens a new future for mass spectrometry.
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