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The origin of ions in matrix-assisted laser desorption/ionization
(MALDI) mass spectrometry is currently a matter of active research. A
number of chemical and physical pathways have been suggested for
MALDI ion formation, including gas-phase photoionization, ion-mol-
ecule reactions, disproportionation, excited-state proton transfer, en-
ergy pooling, thermal ionization, and desorption of preformed ions.
These pathways and others are critically reviewed, and their varying
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1. INTRODUCTION

Matrix-assisted Laser Desorption/lonization (Karas et al.,
1985; 1987; Karas & Hillenkamp, 1988; Tanaka et al., 1988;
Hillenkamp et al., 1991), along with electrospray ionization,
is now among the most important ionization methods for
nonvolatile, high molecular weight compounds (Overberg et
al., 1992; Caprioli et al., 1996; Chapman, 1996). MALDI is
widely used for mass spectrometric analysis of large, non-
volatile biomolecules, in particular peptides, proteins, oligo-
nucleotides, and oligosaccharides. Synthetic polymers of
high molecular weight are also studied by MALDI-MS, with
respect to their oligomer spacing, end-group distribution,
molecular weight distribution, and polydispersity. MALDI
has also been successfully used for the investigation of
fullerenes, fullerene derivatives, and synthetically prepared
dendrimers. It has even been shown that MALDI can, under
certain conditions, be used for the study of weakly bound
noncovalent complexes. High-molecular-weight environ-
mental materials such as kerogens, coal tars, humic acids,
and fulvic acids are also being studied with MALDI or
related techniques. Despite this impressive range of applica-
tions, the nature of the ionization process remained poorly
understood until recently. Over the last couple of years, we
have witnessed a wave of new experiments, new data, and
new ideas aimed at explaining the MALDI ionization pro-
cess. We, therefore, feel that it is timely to present a review
on this topic.

A better understanding of the ionization process in
MALDI is important for several reasons: to improve ion
yields, to better control fragmentation, to control the charge
state, and to gain access to new classes of compounds by
MALDI. Enhanced knowledge of the ion formation process
could provide rational guidelines for matrix selection for a
given analytical problem. It could pinpoint possible reasons
for discrimination effects in quantitative MALDI experi-
ments.

One of the major reasons why it is difficult to under-
stand MALDI ionization is that, very probably, no single
mechanism can explain all ions observed, even in a single
MALDI experiment. In addition, the general concept of
MALDI encompasses a great variety of experimental condi-
tions, including different laser wavelengths, pulse energies
and lengths, and different sample preparation methods. The
mass spectrum can be recorded either in the positive or
negative ion mode. There are many different classes of
analyte molecules, many different MALDI matrices or co-
matrices, and even more matrix-analyte combinations. All
these parameters affect the mass spectrum through the ion
formation process. Furthermore, the overall ion-to-neutral
ratio in (UV) MALDI experiments is only about 10~ *
(Mowry & Johnston, 1994; Puretzky & Geohegan, 1997),
i.e., we are trying to describe and understand mechanisms
leading to minority species in the process. Here, we will
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focus on ionization processes that relate to typical MALDI
experiments, such as the detection of a protein in its singly
protonated form. We will also emphasize cases where the
mechanistic aspects are particularly clear; e.g., transition
metal cationization of polystyrene. And finally, we will
make a special effort to deduce rules and guidelines that will
be of practical value to the MALDI user.

Ionization processes occurring in MALDI mass spec-
trometry have not previously been the object of a review,
though the topic has fascinated many authors and is fre-
quently mentioned in MALDI articles. MALDI developed
from laser desorption techniques without matrix, as did
mechanistic thinking about it. In 1985, for example, Karas,
Bachmann, and Hillenkamp (Karas et al., 1985) discussed
laser desorption ionization mechanisms in films of UV-
absorbing amino acids. These materials were effectively
MALDI matrices, and the ideas presented carried through
into work on MALDI ionization. Among the more extensive
later discussions are the 1992 article by Ehring, Karas, and
Hillenkamp (Ehring et al., 1992), and the 1995 work of Liao
and Allison (Liao & Allison, 1995). Both of these works
treated a large number of possible ionization routes, then
focused on ionization of peptides, due to the great impor-
tance of that application of MALDI. The 1996 book by
Standing and Ens (Standing & Ens, 1996) also includes
mechanistic aspects of ion formation.

The MALDI ionization process bears some similarity to
that of secondary ion mass spectrometry (SIMS) and fast
atom bombardment (FAB) (Szekely, 1997); that topic has
been comprehensively reviewed by Sunner (Sunner, 1993).
In an interesting bit of reverse influence, there has even been
a recent suggestion to use MALDI matrices to enhance the
ion yield in static SIMS (Wu & Odom, 1996).

Much more research has been devoted to studying the
desorption/ablation process in MALDI (Vertes et al., 1993;
Johnson, 1994), and it can be considered to be fairly well
understood. The MALDI plume is commonly compared to a
pulsed jet expansion or to pulsed hydrodynamic flow. Plume
dynamics have some relevance to the formation of ions, and
are briefly summarized in Section IIL.B.

This review is organized in the following manner. Sec-
tion II describes some available experimental parameters,
with an emphasis on those that are thought to teach us
something about ionization mechanisms. Section III.A pre-
sents mechanisms for formation of primary charges in the
MALDI plume, and Section III.B discusses secondary reac-
tions that lead to the observed ions. The reader who is more
interested in practical aspects of MALDI can directly turn to
Section IV, where the mechanisms are summarized in two
tables. Finally, concepts that are of direct practical relevance
for the design of MALDI experiments are derived from the
mechanistic considerations.
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TABLE 1. Laser wavelengths, pulse widths, and corresponding photon energies.

Photon energy

Photon energy

Laser Wavelength (kcal/mol) eV) Pulse width
Nitrogen 337 nm 85 3.68 <1 ns — few ns
Nd:YAG X 3 355 nm 80 3.49 typ. 5 ns
Nd:YAG X 4 266 nm 107 4.66 typ. 5 ns
Excimer (XeCl) 308 nm 93 4.02 typ. 25 ns
Excimer (KrF) 248 nm 115 5.00 typ. 25 ns
Excimer (ArF) 193 nm 148 6.42 typ. 15 ns
ErYAG 2.94 pm 9.7 0.42 85 ns
CO, 10.6 um 2.7 0.12 100 ns + 1 s tail

Il. EXPERIMENTAL PARAMETERS IN
MALDI-MS

A major obstacle to the elucidation of ion formation mech-
anisms in MALDI has been that the range of samples,
matrices, and experimental parameters is enormous. In ad-
dition, different mass analyzers with different observation
time scales, acceleration fields, sample temperatures, inci-
dent angles of the laser beam, laser wavelengths, pulse
energies, and pulse widths are used; these parameters can all
influence the outcome of the MALDI mass spectrum. Here
we discuss but a few of these parameters that we believe are
decisive for ion formation.

A. Laser Wavelength

The laser wavelength is a particularly important parameter in
MALDI. The most frequently used wavelength is 337 nm
from the nitrogen laser, but harmonics of the Nd:YAG laser
fundamental, various excimer laser lines, and, more recently,
radiation from infrared lasers such as Er:YAG lasers or
carbon dioxide lasers are also employed. Table 1 gives the
wavelengths and the corresponding photon energies for these
laser sources; typical pulse widths are also indicated. Tun-
able lasers, such as dye lasers, optical parametric oscillators,
and free electron lasers are not included in the table; their use
in MALDI remains limited to specialized research purposes.

An interesting observation is that MALDI mass spectra
obtained with UV and IR laser wavelengths look similar
(Fig. 1) (Niu et al., 1998). However, there are higher pulse
energy requirements in IR MALDI due to lower matrix
absorption, and the sample consumption is accordingly
higher (Berkenkamp et al., 1997; Niu et al., 1998). A greater
tendency to form multiply charged high-mass ions, less
metastable fragmentation, and adduct formation have also
been reported for IR MALDI (Overberg et al., 1990; 1991;
Berkenkamp et al., 1998; Zhang et al., 1998).

B. Laser Pulse Width

The influence of the laser pulse width has also been inves-
tigated, but was found to have little or no influence on

MALDI mass spectra, at least up to pulse lengths of tens of
nanoseconds from commonly available laser sources (Chev-
rier & Cotter, 1991; Beavis, 1992; Demirev et al., 1992;
Johnson, 1994; Riahi et al., 1994; Dreisewerd et al., 1995;
1996). This factor indicates that the desorption/ionization
process is determined by the energy density supplied to the
sample by the laser pulse (fluence, J/cm?), rather than by the
rate of energy flow (irradiance, W/cm?). As will be discussed
later, this difference has important consequences for mech-
anistic models.

C. Matrices

The choice of matrix is crucial for success in MALDI
experiments. Most frequently, analyte is co-crystallized with
an excess of a solid matrix material. Figure 2 gives the
structures of frequently used MALDI matrices, their chem-
ical names, trivial names, and abbreviations. We will usually
use abbreviations in the following text. A more complete list
of MALDI matrices can be found on the “matrix depot”
internet site (Rockefeller University).

Derivatives of benzoic acid, cinnamic acid, and related
aromatic compounds were recognized early on as good
MALDI matrices for proteins (Beavis & Chait, 1989). Ju-
hasz et al. introduced HABA as a matrix for peptides,
proteins, and glycoproteins up to 250 kDa (Juhasz et al.,
1993). For oligonucleotides, 3-HPA (Wu et al., 1993; 1994),
glycerol (Berkenkamp et al., 1998), and succinic acid (Nor-
dhoff et al., 1993) are used as matrices in the UV and in the
infrared, respectively. Many common UV matrices work
well in the infrared, too (Overberg et al., 1992). By far, not
all matrices are carboxylic acids. For example, 2.4,6-trihy-
droxy acetophenone (Pieles et al., 1993) has been shown to
be useful for studying oligonucleotides, 3-aminoquinoline is
a good matrix for polysaccharides (Metzger et al., 1994), and
the laser dye coumarin 120 has been found useful in MALDI
MS of monosulfated oligosaccharides (Dai et al., 1997).
Fitzgerald et al. (Fitzgerald et al., 1993) introduced a number
of basic matrices derived from substituted pyrimidines, pyri-
dines, and anilines, for example, para-nitroaniline. Some of
these matrices have proven to be excellent for observing
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FIGURE 1. IR- and UV-MALDI spectra of three high mass proteins: transferrin, synapsin, and IgG in sinapic
acid. (a) IR-MALDI of transferrin; (b) UV-MALDI of transferrin; (c) IR-MALDI of synapsin; (d) UV-MALDI
of synapsin; (¢) IR-MALDI of IgG; and (f) UV-MALDI of IgG. (Reprinted by permission of Elsevier Science
from Niu et al., 1998. Copyright 1998 by American Society for Mass Spectrometry.)

noncovalent complexes and supramolecular assemblies, be-
cause they allow samples to be prepared under non-denatur-
ing conditions.

MALDI is generally characterized by little prompt frag-
mentation. Most fragments seem to be generated as the ions
pass through the drift tube, by unimolecular (metastable)
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decomposition and by collisions with the background gas;
the overall process is called “post-source decay” (PSD)
(Spengler et al., 1992). This also implies that fragmentation
is dependent not only on the MALDI process, but also on
experimental parameters such as the nature and pressure of
the residual gas in the mass spectrometer. Even the extrac-
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FIGURE 2. Structures, chemical names, trivial names, and abbreviations of frequently used MALDI matrices.

tion field contributes to fragmentation, because ions are Karas et al. (Karas et al., 1995) have found that, for proton-

pulled through the neutral plume and suffer collisions.
Nevertheless, the choice of matrix is also important for
the control of fragmentation. A small number of matrices
have been studied with regard to their propensity to induce
fragmentation and, thereby, are classified as “hot” or “cold.”

ated glycoproteins, post-source decay decreases in the order
SA > DHB > HPA. This order agrees with Spengler et al.
(Spengler et al., 1992), who also described SA as a “hotter”
matrix than DHB. In MALDI mass spectrometry of oligode-
oxynucleotides, DHB has also been found to induce more
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fragmentation than 3HPA (Zhu et al., 1995). One proposed
explanation for the hot and cold nature of matrices is simply
the temperature at which they sublime, and, hence, desorb
the analyte (Karas et al., 1996).

A large variety of matrix additives are used, but it would
be too complex to systematically discuss all the combina-
tions from a mechanistic viewpoint. Many additives proba-
bly function by improving co-crystallization or by seques-
tering excess salts, rather than by directly affecting
ionization. More relevant to this review are liquid matrices
and liquid/solid two-phase matrices, which circumvent some
of the problems associated with solids, such as the need for
co-crystallization or solubility requirements. Liquid matrices
can continuously refresh their surfaces, largely eliminating
the “hot spot” phenomenon known for solid matrices. UV-
absorbing liquids such as 3-nitrobenzyl alcohol or nitrophe-
nyloctylether, as well as IR-absorbing liquid matrices such
as glycerol and triethanolamine, have been used to affect
UV-MALDI and IR-MALDI, respectively (Karas et al.,
1987; Zhao et al., 1991; Chan et al., 1992; Li et al., 1993;
Yau et al., 1993; Chan et al., 1994; Williams et al., 1996).

If an absorbing solid material is added to a nonabsorbing
liquid, then the advantages of liquid matrices are essentially
retained, and the solid can be chosen to absorb the laser
wavelength. One of the earliest MALDI experiments that
demonstrated the generation of large biomolecular ions was
reported by Tanaka et al. in 1988. They used very fine cobalt
particles mixed with liquid glycerol (Tanaka et al., 1988).
After a long lapse, the method has been revived and ex-
tended to include a variety of particulate materials and liquid
matrices (Sunner et al., 1995; Dale et al., 1996; Schiirenberg,
1996; Dale et al., 1997; Kraft et al., 1998). The technique has
been called two-phase MALDI, to differentiate it from the
usual methods that utilize solid matrices, or surface-assisted
laser desorption/ionization (SALDI). A related method uses
solids known as normal MALDI matrices or other UV- or
IR-absorbing compounds such as dyes suspended or dis-
solved in a nonabsorbing liquid (Cornett et al., 1992; 1993;
Kolli & Orlando, 1996; Zdllner et al., 1996; 1997; Kolli &
Orlando, 1997; Kraft et al., 1998; Sze et al., 1998). Frozen
water, water/glycerol, or water/particle mixtures have also
been used as an IR MALDI matrix with some success
(Becker et al., 1990; Berkenkamp et al., 1996; Hunter et al.,
1997; Caldwell & Murray, 1998; Kraft et al., 1998); for
example, for the analysis of oligonucleotides.

Unfortunately, there are still no clear guidelines for
matrix selection for a particular analytical problem, and
better matrices are, therefore, often found only after screen-
ing of a large number of candidate compounds (Fitzgerald et
al., 1993; Wu et al., 1993). We offer some guidelines below
based on ion formation mechanisms, but many of the uncer-
tainties are related to matrix crystallization or analyte incor-
poration, and require further study.
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lll. MECHANISMS OF MALDI ION
FORMATION

In this section, we present a number of possible ion forma-
tion mechanisms. We divide these mechanisms into two
categories: primary and secondary. By “primary” ionization,
we refer to generation of the first ions from neutral molecules
in the sample. These ions are often matrix-derived species.
“Secondary” mechanisms are those that lead to ions that are
not directly generated by primary processes; in particular,
analyte ions. In the mass spectrum, the products of primary
and secondary processes are both usually observed. The role
of individual mechanisms in different MALDI experiments
is summarized in Section IV. In the discussion to follow,
matrix molecules are denoted in reaction schemes by M, and
analytes by A.

A. Primary lon Formation

1. Basic Thermodynamics of lon Formation

Only a few types of ions are commonly observed in MALDI.
In the positive mode, these are radical cations, protonated
pseudo-molecular ions, and cationized pseudo-molecular
ions in the form of metal ion adducts. Some general remarks
about charge separation are helpful for evaluating possible
mechanisms. All the energetics discussed below for positive
ions apply to negative ions as well.

Consider first the limiting case of the generation of free
ions in vacuum from a neutral molecule. This process is
highly endothermic, mainly due to the Coulomb attraction of
the charges being separated. Although free protons are not
observed in MALDI, their creation from the matrix is an
important reference value. C—H or O—H bond lengths are
short, around 0.1 nm, leading to a high theoretical Coulomb
energy cost for generation of HY + R™: 14 eV or 322
kcal/mol. Compare this energy with the known value of
14.65 eV for the removal of the proton from the phenol
hydroxyl group (Jouvet et al., 1990). Similar energies have
been measured for ion pair generation from small hydrogen-
containing molecules (Gallagher et al., 1988). The separation
of aNa™ CI™ ion pair in vacuum, where the initial distance
is larger, r =0.3 nm, theoretically costs 4.8 eV or 110
kcal/mol. The binding energy of NaCl in a salt crystal is
higher than in the gas phase, by a factor of the Madelung
constant, which has the value 1.75 for a bulk NaCl crystal.
Extracting the individual ions from within a salt crystal in a
MALDI sample, thus, requires 4.8 X 1.75 = 8.4 eV. These
energies are very significant compared to the photon energy
of the usual MALDI nitrogen laser. Generation of a sodium
ion should require the direct deposition of 3 photons at one
site, and a free proton should cost 4 photons. At laser
intensities high enough for this process to be common,
extensive analyte fragmentation would also occur. Of




course, it is solvation effects within the MALDI sample that
facilitate MALDI ion separation, as discussed next. How-
ever, we will come back to these important gas-phase refer-
ence energies, because the ions must finally reach this state.

Dielectric screening by residual solvent, matrix, or non-
ionic parts of large molecules dramatically reduces the Cou-
lomb energy, as do large ionic radii in the case of macro-
molecular ions. If we assume a bulky, screened ion pair with
r = 1 nm and a relative dielectric constant of € = 5, then
only 0.28 eV or 6.6 kcal/mol is needed for separation. This
value is a serious underestimate, because attractive induction
and dispersion forces will be significant in such cases. For
example, the ion-dipole energy of Na™ complexed with a
single water molecule is 1 eV or 23 kcal/mol (Israelachvili,
1991). However, screening definitely has an effect even
when the environment cannot be considered a continuous
classical dielectric. A Coulomb energy for RO-H ionic sep-
aration of about 4.3 eV or 100 kcal/mol has been found to be
consistent with thresholds for proton transfer in small gas-
phase clusters (Knochenmuss & Leutwyler, 1988), far less
than the nonsolvated value noted above. From such consid-
erations, it is clear that, in the highly polar condensed-phase
MALDI sample (possibly also including residual hydrogen
bonded solvent), it is very difficult to predict the exact
energy cost of ion generation. This cost is, however, cer-
tainly several eV less than in the gas phase. This is the reason
MALDI ions are observed at laser fluences that are low
enough to avoid extensive fragmentation. MALDI ioniza-
tion, as well as desorption, is, therefore, a collective phe-
nomenon (Spengler et al., 1987; Ens et al., 1991).

Similar considerations regarding screening and ion sep-
aration in the condensed phase apply to the generation of
alkali ions. In addition, it is necessary to consider the ener-
getics of surface sites or defects in crystals. Isolated NaCl on
an otherwise perfect NaCl (100) surface is much less
strongly bound than in the bulk crystal; the Madelung con-
stant in this case is only 0.066 (Hellwege, 1988)! The nom-
inal cost of isolating these ions is only 0.3 eV or 6.8 kcal/
mol. This value is again an extreme estimate, because
surrounding solvent or matrix molecules will strongly stabi-
lize the exposed surface ions; however, it shows that free
alkali ions can be easily created from defect sites. No prior
analyte or matrix salt formation is required.

Although ion separation in the condensed phase is not so
energetically difficult as might first be feared, the final ob-
served MALDI ions are in the vacuum. The energy required
to reach this final state is given not by the condensed-phase
charge separation energy, but by the gas-phase calculations
with which we began. Because MALDI is a “soft” method,
the condensed vs gas-phase energy difference must be made
up in some process other than high-order multiphoton exci-
tation. The most obvious source for the remaining energy is
the physical expansion of the plume. Ions separated at low-
energy cost in the high-density period can be pushed apart by

ION FORMATION IN MALDI MASS SPECTROMETRY =

jostling from the neutrals that are behind them, until they
are too far apart to recombine in the collisionless region. In
the hot unexpanded material immediately after the laser
pulse, mean speeds of about 1000 m/s are likely (Beavis &
Chait, 1991; Huth—Fehre & Becker, 1991; Pan & Cotter,
1992). At this speed, the energy of two collisions (1.5 eV
each) suffices to fully separate ions from an initial distance
of 0.5 nm. Note that forces on the ions due to typical
acceleration fields of ~10° V/m are 10* weaker than the
Coulomb forces, and, thus, not significant here. However,
most collisions are presumably inefficient in separating ions,
due to unfavorable impact angles. Therefore, charge recom-
bination during expansion is probably extensive, as in fast
atom bombardment (Sunner et al., 1986), but collisions
clearly are energetically capable of finishing charge separa-
tion that has begun by another process. We now turn to those
initial processes.

2. Multiphoton lonization

By far, the most straightforward explanation for ions result-
ing from laser excitation of an absorbing organic material is
single molecule multiphoton ionization (MPI), leading to a
matrix radical cation:

n(hv)
M—— M" +¢e”

This process has long been considered by many authors
as a strong candidate for the UV MALDI primary ionization
step. For example, Ehring, Karas, and Hillenkamp (Ehring et
al., 1992) proposed that photoionized matrix radicals are the
key to most other MALDI ions, as seen in the Fig. 3. Two of
the four routes to protonated analyte proposed by Liao and
Allison (Liao & Allison, 1995) also involve direct photoion-
ization. Matrix radical cations are commonly observed for
many MALDI matrices (Ehring et al., 1992), and electrons
are emitted from the sample as well (Quist et al., 1994).
These observations are all consistent with simple photoion-
ization.

From its wavelength dependence (Karas et al., 1985;
Heise & Yeung, 1995), it is clear that UV MALDI functions
efficiently only when the laser directly excites matrix mol-
ecules. This excited state lives for a short time, some nano-
seconds, and one or more further photons could be absorbed
to yield the matrix radical cation and a free electron.

hv m(hv)

M— M¥— M + e~

A two-photon second step (m = 2, 3 photons overall) is
unlikely, because typical MALDI irradiances of 10° — 107
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FIGURE 3. Schematic diagram of photoionizatio:
proposed by Ehring, Karas, and Hillenkamp in 1992

n and subsequent reaction pathways in MALDI-MS, as
. Photoexcitation routes A (energy pooling), B (sequential

two-photon excitation), and C (simultaneous two-photon excitation) all lead to a highly excited intermediate,
which was proposed to emit an electron in the fundamental ionization step. (Copyright John Wiley & Sons, Ltd.
Reproduced with permission from Ehring et al., 1992).

W/em? are too low for such processes. In the simplest
process (m = 1), a total of two laser photons must excite the
matrix molecule from the ground state to above its ionization
potential.

Tonization potentials (IPs) for matrix molecules in solid
crystals or large matrix aggregates are still not known. Es-
timates of IPs for isolated molecules have been obtained
from calculations. At the semi-empirical level (PM3 basis
set) these values usually lie between 9 and 10 eV (Karbach
& Knochenmuss, 1998). This range is too high for two
nitrogen laser photons (7.36 eV, 169 kcal/mol); however, the
accuracy of calculations is always open to question. Re-
cently, measurements of matrix IPs have begun to appear.
Using molecular beam techniques and two-color two-photon
laser spectroscopy, the IP of a common matrix, 2,5-dihy-
droxy benzoic acid (DHB), has been determined to be 8.05
eV or 185 kcal/mol (Karbach & Knochenmuss, 1998). The
photoionization efficiency curve vs total two-photon energy
is shown in Fig. 4.

This IP is still higher than the energy reached by two
nitrogen laser photons, but much less than the calculated
value of 9.04 eV. The IP of the DHB dimer is 7.93 eV or 182
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kcal/mol, not much less than that of the free molecule.
Because increments per molecule in larger clusters will be
much smaller, direct two-photon ionization may be still not
be possible in the crystal. A larger increment has been
observed for the DHB-water 1:1 cluster, where the IP is 7.78
eV or 179 kcal/mol, suggesting that DHB adjacent to analyte
or crystal water may be more easily ionized than in the bulk.

In addition to DHB, the IP of 5-methoxy-2-hydroxyben-
zoic acid (the additive in so-called “super” DHB) has been
determined by two-photon ionization, and is 7.84 eV or 180
kcal/mol. Once again, direct two-photon ionization with a
nitrogen laser is not possible. Nicotinic acid is used as a
matrix with 266 nm (107.2 kcal/mol or 4.66 eV) excitation
from a quadrupled Nd:YAG laser. Its IP is known from
photoelectron spectroscopy to be 9.38 eV, slightly above the
two-photon energy of 9.32 eV (Dougherty et al., 1978). A
combined photo/thermal ionization would appear to be very
feasible for this molecule (see below).

MALDI irradiances are not expected to give significant
3-photon ionization yields, although little data exist regard-
ing this possibility. Three-photon UV ionization of free DHB
in the gas phase was, however, attempted and found to be
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FIGURE 4. Photoionization threshold of the lowest energy rotamer of
2,5-DHB. The threshold is about 1 eV lower than all calculations, too low
for electron transfer reactions with most MALDI analytes. (Adapted from
Karbach & Knochenmuss, 1998.)

very inefficient, even at irradiances of up to 10° W/cm?
(Karbach & Knochenmuss, 1998).

Evidence is now mounting that direct UV matrix ion-
ization is not a common ionization mechanism, because IPs
are too high. Two-photon excitation of single matrix mole-
cules may still be part of an ionization pathway: Allwood,
Dyer, and Dreyfus (Allwood et al., 1997) noted that the
MALDI plume is rather hot, and thermal energy may be able
to make up the difference between a two-photon excitation
and the ionization potentlal. This process can be significant
only if the IP is not far above the two-photon energy, as
seems to be the case for some matrix molecules. This com-
bined photo/thermal mechanism will be discussed further in
conjunction with energy pooling below.

Whereas most MALDI experiments are still performed
with UV lasers, IR excitation has recently become more
widespread. At 2.94 um, for example, the photon energy is
only 0.43 eV or 9.8 kcal/mol, and many photons would be
required to reach the matrix IP. On the other hand, IR
MALDI fluences are higher than for UV MALDI by 1-2
orders of magnitude, and the ion yield per desorbed neutral
is orders of magnitude lower. A (very inefficient) multipho-
ton ladder-climbing excitation/ionization process is, there-
fore, conceivable.

ION FORMATION IN MALDI MASS SPECTROMETRY =

3. Energy Pooling and Multicenter Models

Whether or not direct multiphoton ionization is possible,
excited states of matrix molecules play an important role in
UV MALDI (Preston—Schaffter et al., 1994; Ehring &
Sundqvist, 1995; 1996; Ehring et al., 1996). One possibility
is excited-state proton transfer from matrix to analyte, which
will be discussed in Section III.A.4. Another possibility is
that two or more separately excited matrix molecules pool
their energy to yield one matrix radical cation or a highly
excited matrix molecule. Such a mechanism is attractive,
because it explains how energetic processes can occur in a
diffusely excited solid. It is plausible, because strong inter-
actions between closely packed chromophores in solids are
common, and because clusters are known to be produced in
MALDI plumes (Cramer et al., 1997; Puretzky & Geohegan,
1997; Zhigilei et al., 1997; Handschuh et al., 1998). A
number of authors have included this model in the range of
possibilities, as in Fig. 3 (Karas et al., 1993; 1996; Johnson,
1994; Ehring & Sundqvist, 1995; 1996; Knochenmuss et al.,
1996).

2hv
MM —— M*M* —M + M*" + e~ (or other matrix ions)

M*M* + A — MM + A™" + e~ (or other analyte ions).

There are several indications that more than one excited
matrix molecule is needed to generate ions in MALDI. In an
important fluorescence study of solid matrices, Ehring and
Sundqvist showed that luminescence was quenched at exci-
tation densities that correspond roughly to the MALDI
threshold (Ehring &Sundqvist, 1995). This was interpreted
as due to exciton annihilation (reaction of two excited mol-
ecules with each other). The fluorescence spectrum was also

TABLE 2. Ionization potentials of some MALDI matrices
and matrix complexes.

Ionization
potential
Matrix eV) Reference
2,5 DHB 8.05 Karbach & Knochenmuss,
1998
(2,5 DHB), 7.93
2,5 DHB - H,0 7.78
5-Me-2-OH-benzoic acid 7.84
2,3 DHB 8.27
nicotinic acid 9.38 Dougherty et al., 1978

IPs were measured by two-color two-photon ionization, with the
exception of nicotinic acid, which was studied with photoelectron
spectroscopy. Values where no reference is indicated are unpublished
results from our laboratory.
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broadened in a manner that suggested exciton formation. At
the threshold fluence for desorption of neutral DHB, the
excitation density is one molecule in 17, which corresponds
to a mean distance between excitations of about 2 molecular
diameters; i.e., they are nearly touching. The apparent ion-
ization threshold lies higher, at about one excitation per 4
molecules; thus, excited pairs become quite common.

As discussed in Section II.B, MALDI signals depend on
laser fluence rather than irradiance or peak power. Time-
delayed two-pulse experiments (Knochenmuss et al., 1996;
Tang et al., 1997) also show that, on a time scale of about 10
ns, MALDI depends on the number of photons delivered, not
on the rate at which they arrive. In DHB, the optimum time
delay for two-pulse excitation is near the fluorescence life-
time; thus, it is probably a singly excited matrix that acts to
store energy. Arrival of a second photon can initiate ion
production. For statistical reasons, at typical MALDI laser
fluences, it is more likely that a neighbor of an excited matrix
will be the next to become excited, rather than that the
excited molecule will be hit by a second photon. An energy-
pooling mechanism for ion formation will, therefore, be
statistically favored, if it can occur.

The matrix suppression effect also suggests a multi-
center ionization model (Knochenmuss et al., 1996): at suf-
ficiently high analyte concentration, matrix ion signals can
be completely suppressed in MALDI. This effect will occur
either in the positive or negative mode, but not both
(Knochenmuss et al., 1998). The effect is most straightfor-
wardly explained if ionization is an immediate consequence
of coalescence of two excitations, or exciton pooling. The
product is either a matrix ion, or, when analyte is present, an
analyte ion. Matrix suppression appears when all excited
matrix molecules are in close proximity to analyte; proxim-
ity depends on the size and concentration of analyte in the
sample. This picture was supported by the fluence depen-
dence of suppression, a time-delayed two-pulse experiment,
and by dilution with inert materials (Knochenmuss et al.,
1996). The analyte size dependence of the effect was also
consistent with the model (Knochenmuss et al., 1998).

Protonated analyte ions have been observed as photo-
ionization products of laser-desorbed clusters (Krutchinsky
et al., 1995; Meffert & Grotemeyer, 1995; 1998; Land &
Kinsel, 1998). Land and Kinsel (Land & Kinsel, 1998) have
shown that the process requires two photons, and appears to
proceed via intermediate ionization of the matrix (Fig. 5).
Because ions are created out of clusters in these studies, a
multicenter mechanism is quite possible. Alternatively, the
IP of individual matrix molecules may be lowered by clus-
tering. The neutral cluster sizes and compositions were not
known, nor was it clear whether the proton was transferred
before or after ionization. An asymmetric fragmentation of
the photoionized cluster seems to be the more likely mech-
anism (Krutchinsky et al., 1995; Land & Kinsel, 1998).

Nearest-neighbor energy-pooling ionization has been
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explicitly modeled in an extension of the photo/thermal
model of Allwood, Dyer, and Dreyfus (Allwood et al.,
1997a; 1997b). Using measured parameters for the matrix
properties, Karbach and Knochenmuss (Karbach &
Knochenmuss, 1998) showed that, for a DHB matrix, even
very modest pooling rates, similar to or less than the decay
rate of the excited state, can lead to substantial ion produc-
tion, much in excess of the yield without pooling (Fig. 6). No
reduction in IP due to clustering was assumed; thus, true
ionization rates could be even higher, because the efficiency
of the thermal step goes as the inverse exponential of the
energy deficit from the doubly excited state to the ion.

4. Excited-State Proton Transfer

After photoionization, excited-state proton transfer (ESPT)
is possibly the most frequently proposed MALDI ionization
model, and goes back to the origins of MALDI (Karas et al.,
1987). It is very attractive, because it requires only one
photon. A singly excited matrix molecule is presumed to
become much more acidic than when in its ground state.
Nearby analyte or ground-state matrix may accept a labile
proton before the excited molecule relaxes.

M+ hy — M*
M*¥+ A—M —H)” + AH"
M*+ M — (M — H)” + MH*

Such excited-state acidity enhancement has been known
in solution since early studies on saliclyates and phenols.
Aromatic hydroxyl or amine groups are, in many cases,
excited-state acids. Jumps in pK values of 9 or more units are
known (Ireland & Wyatt, 1976). Although many matrices
are carboxylic acids, COOH groups are not generally af-
fected by electronic excitation (Ireland & Wyatt, 1976). The
role of aromatic hydroxyls in proton transfer to analyte is
hinted at by experiments, where acid groups were esterified
yet hydroxyl-containing matrices remained effective (Karas
et al., 1996). Derivatization of the hydroxyl groups was
found by some authors to strongly degrade MALDI effi-
ciency (Karas et al.,, 1996), whereas others came to the
opposite conclusion (Grigorean et al., 1996).

Excited-state proton transfer has been proposed since
the time of MALDI-like laser desorption experiments (Karas
et al., 1985), and taken up by various groups since then
(Gimon et al., 1992; Spengler & Kaufmann, 1992; Chiarelli
et al.,, 1993; Krause et al., 1996; Yong, 1998). However,
none of the popular matrices is known to be particularly
ESPT-active in solution or the gas phase, nor have estab-
lished ESPT compounds generally functioned well as matri-
ces; many of those tested are instead rather bad (Ehring et al.,
1992).
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FIGURE 5. Laser power-dependent mass spectra from 308 nm photoexcitation of mixed clusters of valiyl-
prolyl-leucine (VPL) and 2,5-DHB. Clusters are formed by entrainment in argon supersonic jet expansions. The
two-photon energy is just below the ionization energy of DHB; thus, at low laser powers, the mixed VPL+DHB
dimer radical cation represents the lowest mass product ion observed. As power is increased, mixed radical
cation clusters absorb additional photons, leading to DHB to VPL intracluster proton transfer and/or asymmetric
cluster dissociation to form VPLH" and (VPL),H* product ions (with permission from Prof. G. Kinsel,

University of Texas at Arlington).

Many good UV matrices are structurally similar to
ESPT species like salicylic acid, in that a hydroxyl group is
ortho to a carbonyl moiety (CO, COOH, CONH,). In excited
salicylic acid, the hydroxyl proton is transferred to the car-
bonyl oxygen, as in Fig. 7.

On the assumption that the labile proton can be just as
easily given to an analyte, this structural feature was used to
propose a class of matrices, of which several were consid-
ered quite effective (Krause et al., 1996). Corresponding
meta- and para-hydroxy isomers were evaluated as much
less effective. The ESPT premise of this work remains
interesting, but unproven. Only two of the molecules studied
(salicylic acid and salicylamide) are known to exhibit ESPT
in solution or the gas phase, and it is by no means certain that
all molecules with the ortho-hydroxy carbonyl structural
element are active. Indeed, the popular matrix DHB is the
5-hydroxy derivative of salicylic acid, and might thus be
expected to be a classical ESPT molecule. However, it has
been shown by fluorescence in solution, gas phase, and
clusters that this is not the case (Karbach & Knochenmuss,
1998). The electron-withdrawing effect of the second hy-
droxyl group inhibits ESPT. The closely related 5-methoxy-

2-hydroxy benzoic acid (“super” DHB additive) is also not
ESPT-active (Karbach & Knochenmuss, 1998).

Exchange of Li™ ions for protons in similar molecules
as well as in carboxylic acid derivatives of fluorene was
taken as evidence for ESPT in a MALDI experiment
(Chiarelli et al., 1993). Up to three lithium ions were at-
tached, with the loss of two protons for a net charge of one.
These unusual ions resemble those formed in other systems,
where no ESPT has been proposed, as mentioned in Section
II1.B.5. 3HPA is an effective matrix for studying DNA, and
contains the ortho-hydroxy carbonyl unit. Some evidence
exists that it undergoes an intermolecular ESPT reaction in
hydrogen bonding solvents; that process was inferred to
contribute to its efficacy as a matrix (Wu et al., 1994).

The possible ESPT reactivity of aromatic amines in
MALDI has been the object of some study (Gimon et al.,
1992; Gimon—Kinsel et al., 1997). The MALDI efficacy of
para-substituted anilines was correlated with calculated
properties of the corresponding protonated species (ani-
linium ions). The source of the anilinium ions remains un-
certain, and the reaction may not involve excited states.

Some popular and effective matrices are cinnamic acid
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FIGURE 6. Photo/thermal ionization model with and without the two-
center energy-pooling process described in the text. In both cases, measured
parameters for DHB are used. The laser pulse is shown scaled to fit the
graph. Constants specific to DHB were: ionization potential = 8.05 eV,
energy of first excited state = 3.466 eV, excess energy in S, after 377 nm
excitation = 0.21 eV, energy gap from upper excited state to ion = 0.90 eV,
S, lifetime = 5 ns, solid state quantum efficiency = 0.2. (Copyright John
Wiley & Sons, Ltd. Reproduced with permission from Karbach & Knochen-
muss, 1998).

derivatives, which do not have ortho-hydroxy carbonyl fea-
tures, although a phenolic hydroxyl group is present. An
ESPT mechanism for such materials has been proposed on
the indirect basis of three-photon fragmentation patterns of
ammonia, methyl amine, and ammonia/methanol clusters
(Yong, 1998).

o) o) o) O..
e H rd Z " ut

hv

FIGURE 7. Intramolecular excited-state proton transfer in salicylic acid.
The ortho-hydroxy carbonyl structural unit is a common feature of many
MALDI matrices, and has been proposed to improve ion yields by proton
transfer to the analyte (Krause et al., 1996).
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A route to enhanced MALDI signal, which does not
appear to have been widely pursued, is enhanced photobasi-
city of the analyte, perhaps via derivatization. A possible
example of such reactions is provided by the triple protona-
tion of spirooxazines in sinapinic acid matrix (Calba et al.,
1997). These materials undergo a photolytic ring opening,
which seems to be associated with abstraction of three pro-
tons from the matrix. Excited states of aromatic side groups
were also proposed to enhance protonation of some peptides
(Olumee et al., 1995).

A factor that is widely neglected in the discussion of
ESPT in MALDI is that EPST in solution is highly sensitive
to the solvent environment. From the discussion above re-
garding energetics of ion separation, the reason for this
sensitivity is clear. Without intra- or intermolecular assis-
tance, ESPT is too costly for a single near-UV photon. The
near-complete lack of knowledge regarding the local envi-
ronment in a MALDI sample is a major limitation in eval-
uating or implementing this mechanism.

5. Disproportionation Reactions

One of the notable facts of MALDI is that a given matrix will
often perform in positive and negative ion modes. Positive
and negative matrix signals can give the qualitative impres-
sion of being correlated: M* with M~, or MH" with (M-
H) . This correlation suggests that disproportionation reac-
tions may be an active ionization mechanism:

nhv
2M — (MM)* — (M — H)~ + MH*

and/or >M~ + M"

In view of the evidence for a multicenter process, it is
possible to describe these reactions as an excitation of a
strongly coupled matrix pair. This possibility is important,
because a two-step process (ESPT or photoionization fol-
lowed by capture of a proton or electron) will be limited by
the activation energy of the first step. A concerted process
can have a much lower activation energy for the same net
thermodynamics.

Little is currently known about this possibility, but the
energetics are interesting. Recent measurements have
yielded the gas-phase basicities of some matrix neutrals (see
Table 4, later in this article) and anions (Table 5, later in this
article) (Taft & Topsom, 1987; Breuker et al., 1998). From
these data, the free energy changes for the proton dispropor-
tionation reaction are immediately available (Table 3).

Assuming a reasonable activation energy and a con-
certed mechanism, these reactions are easily initiated by two
nitrogen laser photons. Nonconcerted two-step reactions are




TABLE 3. Energy requirements for disproportionation
reactions 2M — (M — H)~ + MH™ (Breuker et al., 1998).

Matrix kcal/mol eV

DHB 121 5.24
3HPA 120 5.18
NA 118 5.10
THA 113 4.89

DHB = 2,5 dihydroxybenzoic acid, 3HPA = 3-hydroxypicolinic
acid, NA = nicotinic acid, THA = 2,4,6-trihydroxyacetophenone

not energetically possible. For example, the energy needed
to eject a proton from DHB (i.e., the basicity of the DHB-H
anion) is 317 kcal/mol or 13.8 eV; other matrices lie even
higher (Breuker et al., 1998).

Energy requirements for electron disproportionation re-
actions are more difficult to estimate, because the required
electron affinities (EA) are not known. However, for single
ring aromatics with electron-withdrawing groups, EAs are
typically about 1.1 eV (unsubstituted benzene has a negative
electron affinity) (Harrison, 1992). The IPs of DHB and NA
are 8.05 and 9.38 eV, respectively, for a net reaction energy
of 7-8.3 eV or 160-190 kcal/mol, respectively. This value is
not a great deal less than for direct photoionization, but is
accessible with two of the appropriate laser photons (nitro-
gen or Nd:YAG 3rd harmonic).

Although a concerted disproportionation mechanism
can bring the instantaneous energy requirements down to
within a two-photon range, the evidence for it is not yet
strong. Positive and negative matrix ions are not necessarily
correlated in the manner required, and thresholds are some-
times different for the two polarities.

6. Desorption of Preformed lons

One attractive mechanism is that the ions observed in the
MALDI mass spectrum are already present in the solid
sample and are merely liberated by the laser pulse. This
mechanism is potentially most relevant for compounds that
are intrinsically ionic in character, such as the “tagged”
materials discussed below, or molecules that form strong
(and possibly specific) metal- ion complexes, such as crown
ethers, ionophores, or metal-binding proteins (Lehmann,
1996). For preformed complex ions, if the appropriate metal
is present at sufficiently high concentration in the sample, the
corresponding metal adduct is generally detected, rather than
the protonated species.

If the analyte is ionic in nature to begin with, then the
thermodynamics of this process are similar to that of liber-
ation of salt ions. As noted above, the larger the ions, the
easier the separation; thus, this process may be relatively
easy for many organic ions. If the preformed ion is a com-
plex of neutral analyte with a cation from added salts, then

ION FORMATION IN MALDI MASS SPECTROMETRY =

the energy requirements may also be moderate if the ion is
fully enclosed by the analyte (rather than on its surface),
leading to a large effective radius for the ionic complex.

Preformed complex ions prepared in solution must be
mixed with matrix before analysis, and the matrix may
compete with the analyte for ions. For example, complex-
ation constants of deprotonated DHB with transition metal
ions were found to be rather high, whereas those constants
with polystyrene were estimated to be much lower (Leh-
mann et al., 1997). A preformed ion that is stable in solution
may break apart thermally in the gas phase, if it is too weakly
bound in the absence of solvation effects. Lithium ion affin-
ities for simple oxygen- or nitrogen-containing molecules
are in the range of 35—45 kcal/mol (1.5- 2 eV) (Klassen et
al., 1996; Rodgers & Armentrout, 1997). Affinities for the
larger sodium cation are less, near 30 kcal/mol (Guo et al.,
1989; Klassen et al., 1996). Large monovalent ions will be
the least well bound, and multivalent ions will be more
effective cationizing agents due to greater electrostatic
forces. Larger analytes with multiple polar sites available for
coordination may have particularly high gas-phase cation
affinities, as was shown for sodiated polyethylene glycol
oligomers (von Helden et al., 1995).

Allison and co-workers (Liao & Allison, 1995) have
presented a method that apparently relies on preformed ions.
The peptide analytes are ‘“charge tagged” by covalently
attaching a phosphonium group to either terminus, dramati-
cally enhancing detection sensitivity. Ehring et al. (Ehring et
al., 1996) presented an interesting study that compared front-
side and back-side laser illumination of samples deposited
on a 200-nm gold film. With back-side illumination, no
photochemistry is possible, yet small peptides (e.g., grami-
cidin S) were observed, exclusively in the form of cationized
species. This finding was interpreted as thermal desorption
of preformed ions. Zhu et al. (Zhu et al., 1995) found very
different detection efficiencies for peptides with and without
basic amino acid residues. They argued that proton transfer
in solution governs the detection efficiency, and that this
“preprotonation” mechanism lowers the barrier for ioniza-
tion of peptides in MALDI. Their results do not, however,
exclude gas-phase protonation.

It is difficult to be certain that ions observed in the mass
spectrum are truly preformed and are not the result of sec-
ondary gas-phase chemistry in the plume. Cationization of
some copper- and zinc-binding peptides is most easily ex-
plained by desorption of the covalent complex species, rather
than by gas-phase cationization (Nelson & Hutchens, 1992;
Woods et al., 1995; Lehmann et al., 1998; Masselon et al.,
1998). For example, Lehmann et al. (Lehmann et al., 1997)
have used IR, visible, and NMR spectroscopy to investigate
the degree of preformed metal-complex ions in MALDI
samples, and correlated this degree with MALDI spectra.
Clear indications for preformed ions were found for these
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systems. It was shown that their contribution to the MALDI
spectrum could be predicted on the basis of condensed-phase
association constants.

Preformed negative ions may be important for some
ionic analyte classes, particularly when using matrices that
are basic in solution (Fitzgerald et al., 1993). Oligonucleo-
tides may sometimes fall into this class, but little or no work
has been done to establish the extent of preformed or gas-
phase ion generation. Molecules with sulfonate functional-
ities are sometimes observed as preformed ions, particularly
in the form of electrostatically bound complexes (Juhasz &
Biemann, 1994; Salih & Zenobi, 1998). Preformed negative
ions might be expected in MALDI, by analogy to metal ion
complexes in positive mode. These ions are apparently quite
rare, if they exist at all. The anions can, in principle, be
neutralized by matrix cations, or can react by proton transfer
to form neutral molecules such as HCI from Cl ™. However,
it is not clear why such processes should be so efficient,
when neutralization reactions of matrix and analyte are not.

7. Thermal lonization

In two-phase MALDI, the liquid containing the analyte is
generally transparent to the incident laser, which may be of
any wavelength that is absorbed by the particles. Because
black materials such as graphite, silicon, or TiN are typically
used, any visible or near UV laser is suitable. Because the
liquid is not directly excited, it is very probable that desorp-
tion and ionization take place via thermal mechanisms.
Time-resolved infrared emission experiments in our labora-
tory have shown that a typical two-phase 2-um graphite/
glycerol sample reaches peak temperatures of 700-900 K in
a few nanoseconds when irradiated with a nitrogen laser
under typical MALDI conditions. Smaller particles work
better for MALDI, and were found to reach higher peak
temperatures. The cooling is less rapid, on a time scale of
100 ns.

Thermal ionization in a two-phase experiment can take
place in two ways: directly at the particle surface, or in the
bulk of the liquid matrix. In the first case, and assuming
thermal equilibrium between all degrees of freedom, the
extent of ionization of species I, ¢, will be given by the
Saha-Langmuir equation (Fujii, 1996):

a; = Cexp((¢p — IP)/KT),

where C is a constant near unity, and ¢ is the work function
(ionization potential) of the particle surface. The IPs of
aliphatic alcohols like glycerol are above 10 eV, and the
work function of graphite is near 5 eV; thus, « is negligible
(=~ 10~?%) at 1000 K. Two factors probably contribute to the
observed efficacy of two-phase MALDI. First, the smaller
the particle, the higher the peak temperature. The sample-
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averaged measured temperatures of about 1000 K do not
reflect the role of very fine particles. Schiirenberg has esti-
mated that peak temperatures of 35-nm particles are above
10,000 K (Schiirenberg, 1996). This temperature gives o; =
of 3 X 1072 on graphite, which is comparable to normal UV
MALDI. Second, a higher surface work function rapidly
increases the efficiency of the process. Partially oxidized
metal surfaces are routinely used in surface ionization mass
spectrometry for this reason (Fujii, 1996). Oxidized sites or
regions on a particle could serve the same function, and the
high work function of nitrides may be the reason why TiN is
a particularly good two-phase particulate material. Even at
5000 K, a work function of 7 eV gives an ion yield of 10>,
Addition of aromatic compounds in small quantities has
been found in our laboratory to improve two-phase ion
signals; this improvement may be a result of the much lower
IPs (e.g., 8.05 eV for DHB).

Thermal ionization may, in principle, also occur in the
matrix bulk. The reaction is effectively disproportionation,
and the extent can be described by an equation of the same
form as for surface ionization; however, the work function is
replaced by the electron affinity of the matrix:

AH

XM —— M +M* a,= C exp((EA — IP)/kT).

Electron affinities of matrix molecules are expected to
be quite low, near 1 eV, as discussed above. Thermal ion-
ization in MALDI by this route, therefore, requires very high
temperatures.

Mowry and Johnston have found that the internal energy
of molecules desorbed in normal UV MALDI corresponds to
effective temperatures of around 500 K (Mowry & Johnston,
1994). A thermal ionization/disproportionation reaction at
these temperatures is clearly not significant. In laser desorp-
tion experiments without matrix, irradiances of 10® W/em?
(but high pulse energies of up to 500 mJ) have been reported
to yield temperatures of up to 3000 K, and K™ ion emission
was described as kinetically rather than thermally limited,
with an activation energy of only 0.6 eV or 14 kcal/mol
(Cotter, 1987). Bulk thermal ionization in UV MALDI may,
thus, play some role, but it is unlikely to be dominant.
Thermal proton disproportionation is energetically more fa-
vorable (see Section III.A.5) and may make some contribu-
tion.

It should be noted here that the “quasi-thermal” model
of the Hillenkamp group for MALDI ion production de-
scribes the empirical rate of ion emission from the solid
sample without implying a thermal mechanism for the mi-
croscopic ionization step (Dreisewerd et al., 1995). As such,
the model adds to our understanding of desorption, but not of
primary ion formation. Indeed, at their derived peak temper-
atures of less than 500 K, little direct thermal ionization is to




be expected. What their model clearly shows is that ions are
not released from the sample without concomittant neutral
desorption. This model is consistent with the arguments
above regarding final ion separation by collisions.

8. Pressure Pulses, Spallation, and Shocks

The MALDI laser pulse physically damages the crystalline
sample on a time scale of a few nanoseconds. Because of the
high absorption coefficient, in UV MALDI this damage is
limited to a region of up to a micrometer in thickness. In IR
MALDI, the laser penetrates much deeper, so the sample
might be removed down to the substrate. It has been pro-
posed that this rapid mechanical stress results in desorption
of ions in a manner reminiscent of fast atom bombardment or
secondary ion mass spectrometry (Lindner & Seydel, 1989).
Certainly the phenomenon of triboluminescence shows that
electronic excitation can result from crystal breakage. A
related pressure-pulse model has been developed primarily
by Johnson (Johnson & Sunqvist, 1991; Johnson, 1994;
1996). In this model, the ions may actually be formed in a
two-center excitation annihilation event as discussed above,
and rapidly ejected by the sudden destruction of the solid.

Due to the weakness of IR absorptions, the energy per
volume deposited in an IR MALDI experiment is quite low
on average, too low even to fully melt the material that is
desorbed. Taking this factor into account, Cramer, Haglund,
and Hillenkamp have proposed that spallation is an impor-
tant mechanism in IR MALDI (Cramer et al., 1997). Ther-
mally induced stress that builds faster than can be dissipated
by emission of acoustic waves leads to a mechanical failure
of the solid and an ablation of material without direct va-
porization. This step is accompanied by ion and electron
emission, presumably due to stress-induced electric polar-
ization of the separating solid surfaces (piezoelectricity). The
strength of the argument for this mechanism has been re-
duced, because it has been recognized that, in UV and IR
MALDI, deposited energy densities at the surface of the
sample are about the same (1 eV/molecule) (Chen et al.,
1998).

Laser-induced shock waves are routinely used in labo-
ratory research of high-pressure phenomena, but apparently
rather little is known about shocks in molecular solids.
Recent studies of laser-induced shocks in solid anthracene
found pressures of > 4 GPa, front speeds of 4 km/s, and a
front width of 100 molecules (Dlott et al., 1998). The tem-
perature jump measured with coherent anti-Stokes Raman
scattering was rather modest, with a peak of about 650 K.
This value suggests very limited ion production via thermal
mechanisms in shocked MALDI samples.
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B. Secondary lonization Reactions in the
MALDI Plume

Plausible secondary ionization mechanisms must take into
account the conditions existing in the MALDI plume, which
we summarize first. Reaction pathways leading to observed
analyte ions may be simple or may entail multiple steps.
Matrix—matrix reactions may be necessary to provide inter-
mediates, which ionize analyte. The most important second-
ary reactions are those leading to protonated and cationized
analyte. Particularly for the former, sufficient data are now
available to allow thermodynamic analysis of the possible
pathways.

1. MALDI Plume

Molecular dynamics simulations show that the UV MALDI
plume can be described as a very rapid, even explosive,
solid-to-gas phase transition (Vertes et al., 1993; Zhigilei et
al., 1997; Zhigilei & Garrison, 1998). With nanosecond laser
pulses, the time required for significant expansion is tens of
nanoseconds (Vertes et al., 1993). Densities are still several
percent of the solid density for up to 100 ns after the laser
pulse. Even at 6 ms after the laser pulse, and 3 mm above a
HPA sample, Puretzky and Geohegan measured a neutral
molecule density of about 10~* atmospheres, implying a
rather high residual collision rate (Puretzky & Geohegan,
1997).

In addition to single molecules, clusters or aggregates of
matrix are also ejected, particularly in IR MALDI (Cramer et
al., 1997; Puretzky & Geohegan, 1997; Zhigilei et al., 1997;
Handschuh et al., 1998). Optimization of the laser fluence
can probably minimize the amount of clusters produced, as
implied in the work of Garrison and co-workers (Zhigilei &
Garrison, 1997; Zhigilei et al., 1997). The fraction of free
molecules and small clusters is greatest at low laser fluences,
close to threshold for ion production; however, the absolute
ion yield may be greater at elevated laser irradiance. As
noted in Section III.A.8, IR MALDI desorption may involve
much less direct vaporization than UV MALDI, and may be
more mechanical in nature.

Although desorption continues for a considerable time
after the laser pulse (Quist et al., 1994), the observed ions
appear to be generated very quickly (Puretzky & Geohegan,
1997). Post-plume matrix ion velocities on the axis reach up
to 1000 m/s, and vary between matrices (Beavis & Chait,
1991; Huth—-Fehre & Becker, 1991; Pan & Cotter, 1992;
Spengler & Bokelmann, 1993; Juhasz et al., 1997). Analyte
ions are 100-200 m/s slower in general (Zhou et al., 1992;
Juhasz et al., 1997), and there are fast and slow components
(Kinsel et al., 1997). The slow component exhibits an energy
deficit vs the nominal acceleration voltage, presumably due
to numerous collisions (Zhou et al., 1992). The plume de-
velops a directionality toward the laser beam, and the emit-
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ted ions have a roughly cosine intensity distribution about
this axis (Westman et al., 1994; Aksouh et al., 1995).

After the initial temperature jump, some jet expansion
cooling is predicted, but internal energies downstream are
found to remain rather high, about 500 K (Mowry &
Johnston, 1994; Dreisewerd et al., 1995), possibly because
large polyatomic molecules do not cool efficiently. Small
fragment molecules may help cool more effectively, such as
H,0 or CO, formed by thermal decomposition.

From these studies, the current view of the plume is that
primary ions are created in a moderately hot, dense bath of
neutral matrix molecules and clusters, and many will un-
dergo collisions before being extracted into the drift region
of the mass spectrometer. Secondary ion—molecule reactions
are to be expected. The final ions observed in the MALDI
mass spectra can, in principle, be completely different from
the primary ions. Of particular importance are proton-trans-
fer reactions, cationization reactions, and electron-transfer
reactions.

2. Gas-Phase Proton Transfer

a. Matrix—-matrix reactions. Matrix—matrix reactions cer-
tainly occur in the plume, and some may be essential for
providing intermediates that can protonate analytes (Ehring
et al., 1992). If primary ions are radical cations, hydrogen
atom transfer, or (more likely) proton transfer, can lead with
high efficiency to protonated matrix (Harrison, 1992):

M* +M—MH" + (M — H)

The resulting radical (M-H) ~ may capture a free electron to
form the even-electron (M-H) . This reaction is believed to
be the main route for formation of protonated glycerol in fast
atom bombardment (FAB) mass spectrometry (Sunner,
1993). In the case of matrices with phenolic OH groups,
decay of the protonated species gives (M-OH)" and H,O as
products. This fragmentation route is sometimes observed in
MALDI mass spectra, but is not always found after simple
photoionization of free matrix molecules.

Protons are particularly mobile in hydrogen-bonded net-
works such as water. In matrix clusters, they are certainly
much less mobile, but possibly mobile enough to migrate
some distance until trapped by an analyte with higher proton
affinity.

The matrix may also undergo a dissociative electron-
capture reaction similar to that proposed for FAB (Sunner,
1993):

M+e —-M-—-H) +H

The hydrogen atom is presumably lost from a hydroxyl
group, leaving an oxygen-centered anion. Evidence for this
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FIGURE 8. Ion density plots of matrix and analyte ions obtained at
various molar ratios of matrix to analyte (dried-droplet method). Angle of
incidence of the laser beam was —60° with respect to the surface normal.
The straight line marks the measured angle. (Reprinted by permission of
L.M. Publications from Bokelmann et al., 1995. Copyright .M. Publications
1995.)

mechanism exists in the fact that H atoms have been found
in significant quantities in MALDI plumes (Scott et al.,
1994).

b. Matrix-analyte reactions. As pointed out by Ehring et
al. (Ehring et al., 1992), secondary proton-transfer reactions
are obviously important in MALDI, because many mole-
cules appear in protonated form in the mass spectra. In one
of the more important experimental demonstrations of this
phenomenon, Bokelmann et al. (Bokelmann et al., 1995)
investigated ion angular and velocity distributions in a
MALDI plume, and found a depletion of matrix ions in areas
of high AH" analyte ion density. The presence of protonated
analyte also eliminated a slow matrix ion component of the
same velocity as the analyte. These data were interpreted as
evidence for either ion—-molecule or ESPT reactions in the
plume. (See Fig. 8.)

Photodissociation (Preisler & Yeung, 1997) and flight
time studies (Kinsel et al., 1997) of protonated MALDI
analytes have also given strong indications of secondary
proton transfer plume reactions.




TABLE 4. Proton affinities and gas-phase basicities of MALDI matrices and selected

model analytes (amino acids, peptides).
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Measured proton affinities

Measured gas-phase basicities

Compound (kcal/mol) (kcal/mol) References
Ferulic acid 210* Ave: 196.5 Jgrgensen et al., 1998
183 Burton et al., 1997
4HCCA 223 Ave: 202.5 215 Steenvoorden et al., 1997
183 Burton et al., 1997
201* Jgrgensen et al., 1998
203%3* Nelson et al., 1996
2,5-DHB 204 Ave: 204 Burton et al., 1997
202.9 Nelson et al., 1996
204 197 Steenvoorden et al., 1997
HABA 225% Ave: 204 Jgrgensen et al., 1998
183 Burton et al., 1997
Caffeic Acid 207%* Jgrgensen et al., 1998
Dithranol 209 Burton et al., 1997
Sinapinic acid 214 Ave: 210 206 Steenvoorden et al., 1997
204 Burton et al., 1997
212% Jgrgensen et al., 1998
210 Nelson et al., 1996
2,4,6-Trihydroxyacetophenone 210.8 Nelson et al., 1996
3-hydroxypicolinic acid (HPA) 214* Ave: 214 Jorgensen et al., 1998
214.5 Nelson et al., 1996
trans-3-indoleacrylic acid 215 Burton et al., 1997
Nicotinic acid 217*% Ave: 216 Jgrgensen et al., 1998
215 Burton et al., 1997
Picolinic acid 217%* Jgrgensen et al., 1998
Glycine 210.5 202.7 Harrison, 1997
Lysine 235.6 221.8 Harrison, 1997
Arginine 244.8 (247.8%) 237.0 Harrison, 1997
Gly, 230.2 Wu & Fenselau, 1992
GlyHis 225.3 (227.8%) Carr & Cassidy, 1996
GlyGlyArg 242.6 Wu & Fenselau, 1993

Method of determination: bracketing. Kinetic method used where marked with *.

*#% Calculated value.

When the proton-transfer reaction

MH" + A—-M + AH"

has a AG < 0, it is generally very efficient in the gas phase
(Harrison, 1992). Often, AG values are not available, so AH
values (proton affinities or PA) are used instead. Note that, in
a hot plume, neglect of entropic effects may give rise to
some errors. Proton affinities of peptides and proteins are on

the order of 240 kcal/mol (Harrison, 1997). Proton affinities
of MALDI matrices have only begun to be measured. All
currently known values are summarized in Table 4.
Measured values vary between 183-225 kcal/mol.
Therefore, proton transfer to a neutral gas-phase peptide or
protein will almost always be thermodynamically favorable.
Sensitivity will also be improved, if the protein or peptide
contains a basic residue (Zhu et al., 1995) and maybe with
increasing chain length (Olumee & Vertes, 1998). Proton
transfer will be favorable for most nitrogen-containing or-
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TABLE 5. Gas-phase basicities of deprotonated matrix
species (adapted from Breuker et al., 1998).

GB(M — H)")

(M — H)  derived from (kcal/mol)
3-aminoquinoline 347 £ 2.7
para-nitroaniline 337 £ 2.7
336 = 2%

2-amino-5-nitropyridine 334 £ 2.7
2-amino-3-hydroxypyridine 334 £ 2.7
nicotinic acid 326 £ 2.7
3-hydroxypicolinic acid 326 £ 2.7
2,5-dihydroxybenzoic acid 318 £ 2.7
2,4,6-trihydroxyacetophenone 317 = 1.7

* From NIST electronic database (Bartmess, 1997), obtained from
ion/molecule equilibrium measurements.

ganics, which generally have a PA above those of the ma-
trices. Aromatic or oxygen-containing analytes may not have
higher PAs than common matrices. Sensitivity for such
analytes should then be improved by choosing a matrix with
a lower PA.

For matrices with a low PA, and/or analytes with a high
PA, the proton-transfer reaction will be quite exothermic.
This excess energy will be deposited into the reaction part-
ners as internal excitation, and can lead to increased analyte
fragmentation (Tang et al., 1997; Gross et al., 1998; Jgr-
gensen et al., 1998). Metastable fragmentation results of
other authors can be understood in the same way, although
different effective desorption temperatures may also be im-
portant (Karas et al., 1995). It has also been shown that a
relatively low matrix PA led to increased multiply charged
analyte, presumably by repeated protonation (Jgrgensen et
al., 1998).

Deprotonated matrix ions have gas-phase basicities
(GBs) in the range from 344 kcal/mol for aromatic amines
like 3-aminoquinoline to 316 kcal/mol for a phenolic ketone
like 2,4,6 trihydroxyacetophenone (Table 5) (Breuker et al.,
1998). It is interesting that the anion GB values follow the
same general trend as the aqueous solution basicities; amines
have larger values than ketones or acids. Use of a “basic”
matrix may, thus, give the desired analyte anions, but, due to
gas-phase rather than solution reactions:

M~-H) +A—>M+ (A—H)

From the recently obtained GBs, it is clear that MALDI
matrix anions are not generally capable of deprotonating
many analyte classes, such as nitrogen-containing com-
pounds, hydrocarbons, thiols, carbonyls, or alcohols (Harri-
son, 1992). It may, therefore, be the case that (A-H) ™ ions
are often a result of dissociative electron capture reactions,
as noted above for matrices.
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3. Gas-Phase Cationization

Several studies of cationized molecules generated under
MALDI conditions have shown that these ions, in many
cases, result from ion—molecule reactions in the gas phase.
This general idea has been around for a long time, and has,
for example, been used to describe the pseudo-molecular
ions formed by laser desorption mass spectrometry without
matrix (van der Peyl et al., 1981; Cotter, 1987). Chemical
ionization by metal cations is also widely researched in areas
that are unrelated to MALDI (Eller & Schwarz, 1991).
Often, such experiments have been carried out in ion traps
that allow long reaction times. In MALDI, cations generally
do not even need to be added to the sample: ubiquitous Na™
and K™ impurities are sufficient to give strong alkali cation-
ized signals. To our knowledge, the formation of negative
analyte adducts with small anions present in the plume has
not been observed in MALDI.

Several recent studies have provided solid experimental
data in support of gas-phase cationization processes in
MALDI. Wang et al. (Wang et al., 1993) and Belov et al.
(Belov et al., 1998) studied the formation of cationized
peptides by additional laser irradiation of a neat Nal sample
to generate free sodium ions in the source region of their
instruments. These authors found a dramatic enhancement of
the (M+Na)"* peak of gramicidin S in the presence of the
laser-generated sodium ions, compared to normal MALDI
conditions. Using delayed ion extraction, Wang et al. (Wang
et al., 1993) also found that the pseudo-molecular ion signals
peaked at an optimum delay time of several 100 ns. These
results were interpreted as evidence for gas-phase cationiza-
tion reactions. Metal ion pick-up reactions are thought to be
especially important in MALDI of synthetic polymers. Bow-
ers and co-workers used ion chromatography to show that
sodium ions can be very well “solvated” in the gas phase by
polyethylene glycol oligomers (von Helden et al., 1995).
Liao and Allison (Liao & Allison, 1995) also presented
gas-phase capture of cations, in particular Na*, as one pos-
sible mechanism among many others for pseudo-molecular
ion formation in MALDI. They also caution that sample
preparation has a strong influence on the presence or absence
of cationized species in the mass spectra.

Addition of alkali matrix salts to MALDI samples has
been found to be a way to cationize synthetic polymers
(Dogruel et al., 1996). Inclusion of 10% of the sodium salt of
DHB gave strong sodiated signals of poly(methyl methac-
rylate). Pure alkali salts of DHB used as matrix gave no
analyte signal, despite a sufficiently strong UV absorption.

As with protons, affinities toward various cations can be
determined using mass spectrometric methods. For sodium
and potassium ions, some values are known from the work of
Castleman (Guo et al., 1989) and Kebarle (Klassen et al.,
1996). Cation affinites are generally in the range of about
25— 40 kcal/mol for small molecules, substantially smaller
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FIGURE 9. MALDI mass spectra of polystyrene 5000 with dithranol as a
matrix and Cu(TF), - H,O as cationizing agent in molar ratio 1:114:2.9. In
(a), dithranol and polystyrene 5000 were crystallized from THF, and
Cu(TFA), - H,0O dissolved in water was crystallized on top. Copper-
polystyrene adducts cannot be pre-formed in solution. (b) Dithranol, poly-
styrene and Cu(TFA), + H,O cocrystallized from THF. Preformed copper-
polystyrene adducts are possible. The laser power was the same for both
spectra. (Copyright John Wiley & Sons, Ltd. Reproduced with permission
from Lehmann et al., 1997.)

than the corresponding proton affinities. No clear correlation
with proton affinities is found, except within limited sets of
structurally similar compounds. Also, no information on
cation affinities for species relevant to MALDI are available
in the literature, with the exception of alkali ion affinities for
glycine (AH,og = 37.5 kcal/mol for Na™, 30.1 kcal/mol for
K™) and gly-gly (AH,og = 64.7 kcal/mol for Naq™) reported
by Kebarle (Klassen et al., 1996). All these values are much
smaller than the corresponding proton affinites (see Table 4).

A particularly clear example where gas-phase cationiza-
tion plays the dominant role is MALDI MS of polystyrene
(PS). Like other apolar synthetic polymers, polystyrene is
most easily detected if metal salts are added to the MALDI
matrix. Polystyrene is readily cationized by copper or silver,
forming singly charged ions in the spectrum (Llenes &
O’Malley, 1992; Belu et al., 1996; Chowdhary et al., 1996;
Deery et al., 1997; Mowat et al., 1997). Transition metals
such as copper or silver are expected to bind to the phenylic
m-system with electrons from the metal d-orbitals. Initially,
it was unclear, however, whether such -complexes are
formed in the solid MALDI sample and desorbed, or whether
they form exclusively in the gas phase. Furthermore, it was
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not known whether charge compensation for divalent tran-
sition metal cations occurred by deprotonation of polysty-
rene or by reduction of the metal ion. Experiments per-
formed in our laboratory answered these questions
(Lehmann et al., 1997). Layered sample preparations with
two immiscible solvents were used that allowed separate
depositions of the polystyrene/matrix mixture and of the
cationization agent, a Cu(Il) salt. Complex formation in the
solid was, therefore, excluded. Nevertheless, strong signals
of copper-cationized PS were observed, with intensities
comparable to samples, where all sample compounds were
crystallized together from the same solution (Fig. 9). This
experiment suggested a gas-phase mechanism for the forma-
tion of the polystyrene pseudo-molecular ions.

Why is polystyrene cationized and not protonated? As-
suming a proton affinity close to that of benzene (181 kcal/
mol), protonation may indeed seem likely. We must, how-
ever, consider where the proton is coming from. A logical
proton source would be the protonated matrix; for example,
dithranol (PA = 209 kcal/mol), which is frequently used for
MALDI of polystyrene. However, this process is endother-
mic: AH = PA (dithranol) — PA (benzene) = + 28 kcal/
mol. On the other hand, cation affinities are much smaller. If,
for example, a silver ion is transferred from silver-cationi-
zied matrix to polystyrene, the overall process may be close
to thermoneutral. If silver attaches as a free ion in the gas
phase, then an exothermic reaction is expected: the gas-
phase binding energy of Ag” to benzene is 37 kcal/mol
(Freiser, 1996). Other recent studies fully support the con-
clusion that gas-phase cationization is the dominant ioniza-
tion pathway in MALDI of polystyrene (Hoberg et al., 1997,
Burgers & Terlouv, 1998; Rashidezadeh & Guo, 1998). The
question about the oxidation of the copper state was resolved
by high-resolution mass spectrometry of some of the cation-
ized oligomers (Zenobi, 1997). No deprotonation was ob-
served, but cationization by Cu(I) was, even though Cu(II)
was present in the sample. This clearly shows that the
transition metal cation has undergone reduction, as discussed
in Section IIL.B.5.

4. Electron Transfer

Electron transfer can become important for MALDI analysis
of compounds with low ionization potentials (Juhasz &
Costello, 1993; Lidgard & Duncan, 1995). Limbach and
coworkers identified anthracene and terthiophene as electron
transfer matrices for the analysis of ferrocene derivatives
(McCarley et al., 1998). These authors propose resonant
two-photon ionization of matrix, followed by electron trans-
fer from analyte to the matrix radical cation. This process
can happen only if the analyte has a lower ionization poten-
tial than the matrix (IP of anthracene = 7.44 eV, IP of
ferrocene = 6.71 eV (Lias et al., 1998)):
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FIGURE 10. MALDI analysis of 1,2-diferrocenylethane, using a 1000-fold excess of terthiophene as an
electron transfer matrix (Reprinted with permission from McCarley et al., 1998. Copyright 1998 American

Chemical Society.)

M*"™ +A—>M+ A" IP(M) > IP(A).

Control experiments excluded the direct photoionization of
analyte, as well as a mechanism where the matrix served
only to assist in the desorption of the analyte. The highest
mass compound analyzed in this way was a dendrimer con-
taining a ferrocene core, with a molecular weight of over
5000 Da. Figure 10 shows an example, the analysis of octa
(ferrocenyl dimethyl silane) using anthracene as a matrix.

In this case, electron transfer was intentionally en-
hanced, but such reactions are not otherwise commonly
observed. The reason for this finding is that typical UV
MALDI matrices have low IPs, as discussed in Section
III.A.2. Of the amino acids whose IPs are known, only that
of tryptophan lies below that of DHB (Lias et al., 1998);
thus, the corresponding electron transfer reactions are ther-
modynamically unfavorable. This is consistent with the fact
that peptides are commonly observed in MALDI as proton-
ated adducts rather than radical cations.

Electron-transfer reactions can also be a mechanism by
which ions are neutralized in the plume or even in the flight
tube. As has been shown for MALDI-generated protonated
proteins, collisions with inert gases at the keV energies (lab
frame) used in TOF-MS can result in substantial charge
exchange and signal loss (Giannakopulos et al., 1996):

MH"+R—-M+H+R"
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where R is the collision partner. In addition to inert gases,
water or air could be expected to be equally effective in this
reaction, as was shown for NO. This process is an additional
reason to operate TOF mass spectrometers at low pressures.

5. Charge Compensation

For analytes up to a few 1000 Da, multiply charged ions are
not common in MALDI. Ions of rather surprising composi-
tion are observed with a net charge of only one. These ions
are typically adducts, often of divalent metal ions. For ex-
ample, ions of the nominal composition (DHB,Ca,_ ;)"
have been observed for n up to 6 (Dubois et al., 1996).
High-resolution mass spectrometry showed that, to achieve
the net charge of one, two protons were lost for every Ca**
ion incorporated. A similar observation has been made by
Wong and Chan (Wong & Chan, 1997), who found that
cationization of polar polymers with di- and trivalent metal
ions always resulted in singly charged pseudo-molecular
ions in the mass spectrum. Charge compensation was via
deprotonation or complexation with deprotonated matrix. At
about 0.3-nm distance, two like charges have a Coulomb
energy equivalent to a typical CH or OH bond energy.
Therefore, the protons could, in principle, be ejected into the
gas phase. However, the reaction is likely to occur earlier
during desorption as the ions become desolvated. The effect
is neither limited to matrix complexes, nor to positive ions.
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TABLE 6. Mechanistic Summary: Primary and secondary ionization mechanisms discussed

in the text, and their activities in different forms of MALDI.

UV MALDI IR MALDI 2-Phase MALDI
P+ NP+ P P/NP +/—-
Primary
MPI [] ° °
Pooling [ L) [ L) [ 1) 27
ESPT ? 7?
Disproportionation 7? 7 7
Performed [ 1} ° ° (1} [}
Thermal ? [ 1}
Spallation 7?
Secondary
H* Transfer [ 1} [ 1} o0 (1}
e~ Capture & H™ Transfer oo
Cationization [ 1) () oo [
e Transfer o o 7
Ejection ° °

UV = ultraviolet excitation, IR = infrared excitation. Polarity of observed ions is indicated by +
or —. P = polar analytes, NP = non-polar analytes. ®® = probably highly active, or active in many cases;
® = probably active, or active in some cases; ? = possibly sometimes active; ?? = possibly active, but not
well-studied. No entry indicates probable lack of activity. MPI = multiphoton ionization, ESPT = excited-
state proton transfer. Due to relative lack of experimental data, the UV NP— and IR— categories are not
included, although the conclusions for IR+ may carry over to IR— with little change.

For example, a peptide anion of composition
(A+2Na+K—4H)  has been observed by Fitzgerald, et al.
(Fitzgerald et al., 1993). It seems very likely that these ions
are the result of multiple collisions in the plume. Attachment
of each additional metal ion is followed by loss of protons,
and the process repeats.

In other cases, the divalent metal ions are apparently
simply reduced. An example is cationization of styrene pen-
tamers by Cu?" salts, where only singly charged adducts
were observed (Lehmann et al., 1997; Zenobi, 1997). High-
resolution mass spectrometry showed that the net charge of
one was not achieved by proton loss. The source of electrons
may have been photoionized matrix. Under continuous ex-
traction conditions, electrons are available for only a short
time; thus, this alone seems unlikely to account for the
complete absence of divalent complexes. Because divalent
metal ions in the gas phase have high electron affinities
(Cu*™ = 20.292 eV), (Lide, 1992), electron transfer from
matrix or analyte in a collision becomes energetically favor-
able as the ions become desolvated during desorption. A
second electron will not be transferred, because the first
metal IPs are too low (Cu® = 7.726 eV).

IV. SUMMARY AND OUTLOOK

We have shown that one should not be tempted to describe
the MALDI process in an oversimplified manner. Neverthe-
less, enough data have accumulated recently to significantly

constrain the mechanistic possibilities. Based on these data,
some typical MALDI experiments such as gas-phase proto-
nation, gas-phase deprotonation, or gas-phase cationization
can now be more accurately described. In other cases, how-
ever, many different proposed mechanisms are possible.
Opportunities, therefore, remain for further study. For ex-
ample, little is presently known about disproportionation and
spallation as mechanisms for primary ion formation.

Table 6 presents an overview of the contribution of the
primary and secondary ionization mechanisms to the forma-
tion of matrix and analyte ions by MALDI. Table 7 summa-
rizes our conclusions differently, by listing the important
ionic products for different analyte classes originating from
the different ionization pathways.

What are the possibilities for better control of MALDI
experiments? As a result of better knowledge about the ion
formation process, a number of practically applicable strat-
egies can be presented.

A. Control of Fragmentation

The energy liberated by gas-phase proton transfer reactions
can greatly influence fragmentation. For oligonucleotides,
Zhu et al. (Zhu et al., 1995) have proposed that the loss of
protonated base, followed by backbone fragmentation and
disproportionation, ultimately leads to anionic fragments.
Consequently, the difference in proton affinity between ana-
lyte and matrix should determine the energy available. For
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TABLE 7. Ions from selected classes of analytes, formed by primary and secondary

MALDI ionization processes.

Gas-phase
Desorption of Gas-phase cationization, Electron
pre-formed ions proton transfer anion addition transfer Charge ejection
Peptides, proteins tagged: A" A+ H* (A +CO)°" (A+Cay-Hm*
(A—-H"
Metalloproteins A+ 07" (A+H" A+ 07" (A +Ccay —-Ht
(A—H"
Ionophores, Metal A+ 07" (A+H" A+ CO)7" (A +Cay-H*
complex ligands (A —H)”
Oligonucleotides (A+H" (A + Na/K)*
(A-H"
Oligosaccharides (A — H)~ A+ 07" (A +C —nH)~
(A + Na/K)*
Polar Polymers (A+H" (A + Na)* (A +Ccan -t
(A — H)™ A+ K*
A+ O)F
Apolar Polymers A+ CO)7" (A +Ccay—-H*
(A + Ag)"
Fullerenes, Fullerene (A+H" (A +CO)" At
Derivatives (A — H)~ At
Low-IP compounds A*
(e.g. Ferrocenes, AT
metallocycles)
Highly acidic analytes (A — H)™ (A — H)™ (A + X))~

(e.g. sulfonated dyes)

Products from dominant processes are in boldface. A = analyte, C = metal cation (sometimes

specified as Na, K, Ag...), X = counter anion.

reducing fragmentation of oligodeoxynucleotides, matrices
with relatively high proton affinities should, therefore, be
chosen.

Excess energy released by proton transfer is, however,
not the only factor in fragmentation control. As noted in
Section II.C, the sublimation temperature of matrices influ-
ences the internal energies of analytes (Mowry & Johnston,
1994; Karas et al., 1996). This can lead to fragmentation
trends that are inversely correlated with proton affinities. For
example, Karas et al. (Karas et al., 1995) have found that, for
protonated glycoproteins, post-source decay follows the or-
der SA < DHB < 3HPA, in agreement with Spengler et al.
(Spengler et al., 1992), who also described SA as a “hotter”
matrix than DHB. However, the order of the proton affinities
is just the opposite: DHB (204 kcal/mol) < SA (210 kcal/
mol) < HPA (214 kcal/mol). Plume processes are also
known to contribute to fragmentation. As discussed in Sec-
tion II.C, high extraction fields or regions of relatively high
gas pressure can be chosen to increase fragmentation; both
increase PSD through collisional effects.
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B. Derivatization Strategies for
Enhancement of lon Yields

Difficult analytes will always exist. From the range of mech-
anistic possibilities presented here, it is clear that MALDI
cannot be a universal method. Problem analytes, can, how-
ever, be made more amenable to MALDI analysis. Devel-
opment of derivatization methods for classes of analytes
could open new horizons for MALDI. Any of the mecha-
nisms described can be used as a design goal. A potential
extra benefit of good derivatization strategies is that they
could reduce discrimination effects in multicomponent anal-
ysis. If, for example, all analytes have the same attached
group of high proton or cation affinity, then there is less
reason for competition problems to appear. Derivatization
could simultaneously be used to enhance incorporation into
the matrix.

Synthetic attachment of a “charge tag” is an example of
successful use of this strategy. Claereboudt et al. (Claere-
boudt et al., 1993) as well as Allison and coworkers (Liao &
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FIGURE 11. Portions of the MALDI mass spectra for the peptide H-
VGVAPG-OH (molecular weight 498.6). Top panel: chemical structures —
phosphonium ion derivatives of the peptide H-VGVAPG-OH. Bottom pan-
el: MALDI mass spectra of (a) underivatized peptide; (b) N-terminal
ethyltriphenylphosphonium derivative; (c) C-terminal aminoethyl triph-
enylphosphonium derivative. The same matrix, 4HCCA, and the same laser
power were used to obtain each spectrum. (Copyright John Wiley & Sons,
Ltd. Reproduced with permission from Liao & Allison, 1995.)

Allison, 1995) (Fig. 11) have found an increased signal of
phosphonium derivativized compounds. A significant sec-
ondary benefit of this strategy is that it allows for direct
MALDI analysis of derivatized peptides in polyacrylamide
gels (Strahler et al., 1997).

Gut et al. (Gut et al,, 1997) used a charge-tagging
approach by derivatizing DNA with a quarternary ammo-
nium functionality. They reported a 100-fold improvement
in detectability. Naven and Harvey (Naven & Harvey, 1996)
used Girard’s T reagent to derivatize oligosaccharides in a
similar manner. Spengler and coworkers (Spengler et al.,
1997) have used related chemistry for localizing the charge
after PSD of peptides in MALDI experiments, facilitating
primary structure elucidation.

C. Control of Charge State

As shown by Jgrgensen et al. (Jgrgensen et al., 1998), a
correlation exists between the proton affinity of the matrix
and the abundance of multiply charged analyte ions, such as

ION FORMATION IN MALDI MASS SPECTROMETRY =

insulin and myoglobin. This correlation also implies that
these protein ions are largely formed by reactions with
protonated matrix. Owing to electrostatic repulsion, the ana-
lyte proton affinity decreases as the number of charges
increases; however, for large proteins, the proton affinity of
the protonated molecule can still be quite high. In the ex-
periment described by Jgrgensen, the intensity of the doubly
charged insulin ion was larger if 4HCCA (PA = 202 kcal/
mol) rather than sinapic acid (PA = 210 kcal/mol) was used.
The proton transfer from (matrix+H)" to analyte is ~ 8
kcal/mol more exothermic for the 4HCCA matrix; that dif-
ference explains why this matrix is better able to further
protonate the (insulin+H)™ ion. In general, the lower the
proton affinity of the matrix molecule, the greater the chance
for observing doubly or multiply protonated analyte.

For cases where analyte ions are not formed by gas-
phase protonation, such a straightforward dependence on
proton affinity cannot be expected. Also, other experimental
conditions, notably the sample preparation, can influence the
relative intensity of multiply charged ions.

D. Guidelines for Matrix Selection

Difficulties with MALDI analyses can stem from many
sources, not only ionization problems. Incorporation of ana-
lyte into a solid matrix and formation of suitable matrix
crystallites are among the most frequent. However, knowl-
edge about ion formation pathways can now contribute to
rational matrix selection. The fundamental consideration is
the type of analyte ion expected or desired.
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FIGURE 12. MALDI spectra of insulin with two different MALDI ma-
trices. Upper spectrum, 4HCCA; lower spectrum, sinapic acid. The peaks at
m/z 5801.7 and m/z 2901.8 can be assigned to the MH* and MH>" ions.
Small peaks from adducts of insulin and the matrix are also observed.
(Reprinted by permission of I.M. Publications from Jgrgensen et al., 1998.
Copyright I.M. Publications 1998.)
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Given some chemical intuition or prior knowledge of
the acidity or basicity of the proposed analyte, secondary
protonation or deprotonation reactions can be enhanced by
selecting a matrix with the appropriate PA or GB, using the
tables presented here. This may be the most important and
yet easiest type of optimization that can be carried out for
UV MALDI. This parameter also is relevant for controlling
the degree of analyte fragmentation, as noted above.

If cationized analytes are desired or expected, then the
matrix should be chosen so as not to compete with analyte
for the selected cations in the condensed or in the gas phase.
Matrices that are good complexing agents, such as those with
ortho-hydroxy carbonyl units, should probably be avoided or
derivatized. Classes of metal ions can be selected for their
likely binding strength to the analytes, although an exact
correlation with solution-phase association constants is not
expected in MALDI. Bulky counter-ions should reduce Cou-
lomb forces and increase net ion yields. Divalent cations are
probably preferable in general, due to higher electrostatic
binding energies.

If the analyte can be expected to have a low IP (metal-
locenes, fullerenes, extended conjugated systems, etc.), the
formation of analyte radical cations can be enhanced by
selection of a matrix with a higher IP. In this case, using a
laser with high photon energy to perform direct MPI of the
matrix will also be helpful.

E. Guidelines for Matrix Design

Each of the primary ionization mechanisms discussed can be
used as a design criterion for new matrices. Lower matrix IPs
might provide greater initial ion density by two-photon ion-
ization. Known trends in gas-phase ion properties can be
used to design matrices with very high proton affinities or
basicities. Selection of matrices that have large exciton in-
teractions or exciton mobilities in the solid should enhance
pooling or disproportionation ionization. A search could be
made for ESPT molecules that retain activity under condi-
tions expected in MALDI matrix solids, or a mixed matrix
could be developed to provide a suitable ESPT environment.
Conversely, matrices could be found with enhanced excited-
state basicity. In two-phase MALDI, even finer particulates
should be developed, and attention given to increasing the
work function of the surface, or decreasing the IP of the
liquid.

A main goal of matrix design must be to improve the
number of primary ions that are created per input photon. As
we have seen, however, desorption very likely contributes in
an important way to the final separation of the initial ions so
that they can be detected. Extra consideration could be given
to improving this part of the combined process, possibly by
the choice of co-matrices that yield good plume character-
istics and a low fraction of large clusters and chunks.
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