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Abstract. In a study of themetal-related ion generationmechanism inmatrix-assisted
laser desorption ionization (MALDI), crystals of matrix used in MALDI were grown
from matrix- and salt-containing solutions. The intensities of metal ion and metal
adducts of the matrix ion obtained from unwashed crystals were higher than those
from crystals washed with deionized water, indicating that metal ions and metal
adducts of the matrix ions are mainly generated from the surface of crystals. The
contributions of preformed metal ions and metal adducts of the matrix ions inside the
matrix crystals were minor. Metal adducts of the matrix and analyte ion intensities
generated from a mixture of dried matrix, salt, and analyte powders were similar to or
higher than those generated from the powder of dried droplet crystals, indicating that

the contributions of the preformed metal adducts of the matrix and analyte ions were insignificant. Correlation
between metal-related ion intensity fluctuation and protonated ion intensity fluctuation was observed, indicating
that the generation mechanism of the metal-related ions is similar to that of the protonated ions. Because the
thermally induced proton transfer model effectively describes the generation of the protonated ions, we suggest
that metal-related ions are mainly generated from the salt dissolution in the matrix melted by the laser.
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Introduction

The ions of peptides and proteins are generated in matrix-
assisted laser desorption ionization (MALDI) as protonat-

ed peptides and protonated proteins, respectively. Many studies
on MALDI have discussed the procedures involved in gener-
ating these protonated peptides and proteins [1–15]. Carbohy-
drate ions are generated in MALDI as sodiated or potassiated
carbohydrates. According to Spengler et al., the appearance of
Na+ in mass spectra indicates the onset of a collective volume
process in desorption [16]. The cationization in the gas phase of
a neutral analyte formed under MALDI conditions has been
investigated [17, 18]. This study demonstrated that the ion
intensity of sodiated peptides can be enhanced through the
beam of neutral analyte formed in MALD intercepted by a
beam of sodium cation. Liao and Allison suggested three
possible mechanisms for generating sodiated analyte ions in
MALDI: excited-state salt chemistry, protonation of the analyte

sodium salt, and gas-phase capture of Na+ by the analyte [19].
In the mechanisms of excited-state salt chemistry and proton-
ation of the analyte sodium salt, the sodium salts of the matrix
and analyte must be generated (preformed) before laser irradi-
ation. Karas and colleagues proposed the lucky survivor model
for describing metal ion generation [3, 4]. According to this
model, ions, including metaliated and protonated ions, were
produced (preformed) in solution during sample preparation.
However, only some of the ions were neutralized during crys-
tallization. The rest of the ions remained as ions (preformed
ions) in crystals. Laser desorption converted these ions from a
solid state into a gas phase.

Recently, we proposed a thermal proton transfer model to
describe the generation of protonated ions in MALDI [10–15].
The absorption of laser light by matrix molecules results in an
increased temperature, and the solid matrix melts and behaves
in a similar manner to a polar solvent before the occurrence of
desorption. Ions are generated by thermally induced reactions
in a polar-solvent-like matrix. Proton transfer is the reaction in
which the heat of reaction is lowest for the generation of ions.Correspondence to: Chi–Kung Ni; e-mail: ckni@po.iams.sinica.edu.tw
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Proton transfer can be considerably enhanced at high temper-
atures. Studies have demonstrated [10–15] that the amount of
protonated ions generated by a thermally induced proton trans-
fer reaction has an order of magnitude similar to that observed
in experimental measurements.

In this study, we performed three separate experiments to
measure the contributions of the preformed metal and metal
adducts of the matrix and analyte ions in MALDI, and we
evaluated the correlation between these metal-related ions and
protonated ions. The first experiment demonstrated that the
metal and metal adducts of the matrix ions observed inMALDI
were not generated from the metal-related preformed ions
inside the matrix crystals. The second experiment revealed that
metal adducts of the matrix and analyte ions are not mainly
produced from the preformed ions. The third experiment dem-
onstrated that the ion intensity fluctuations in the metal-related
ions correlated with those in the protonated ions, indicating that
both metal-related ions and protonated ions are produced
through the same ionization mechanism. Finally, we adopted
the concept of the thermal proton transfer model [10–15] for
describing the generation of metal-related ions through the
thermally induced dissolution of salts.

Experimental
Washed and Unwashed Single Crystals

Single crystals grown from the following solutions were
used for MALDI. The molar ratios of LiCl (or NaCl) and
2,5-dihydroxybenzoic acid (2,5-DHB, 99%, purchased
from Acros Organics, Geel, Belgium) in six solutions were
0:1, 1 × 10−5:1, 1 × 10−4:1, 1 × 10−3:1, 1 × 10−2:1, and 5 × 10
−2:1. The solvents were methanol and water in a 3:1 ratio.
Several crystals were grown from each solution. Two crystals
of similar size (approximately 3 × 1 × 0.5 mmmeasured using a
caliper) were selected from each solution. One crystal was used
directly without further processing. The other crystal was
washed three times with deionized water before use. In each
washing process, the crystal was immersed in fresh deionized
water for approximately 45 s. The sizes of the crystals did not
change considerably after washing.

A commercial time-of-flight (TOF) mass spectrometer
(Autoflex III; Bruker Daltonik GmbH, Bremen, Germany)
was used for MALDI mass spectra measurements. To reduce
systemic errors, 12 crystals (two crystals for each concentra-
tion, one washed and the other unwashed) were analyzed on the
same day. Mass spectra were obtained for the washed (with
deionized water) and unwashed crystals alternately. The entire
experiment, including crystal preparation and mass spectra
measurements, were repeated three times.

Mixture of Dried Powder Versus Dried Droplet
Crystal Powder

Two groups of samples were prepared in this experiment. For
the first group of samples, dried powders of the matrix 2,5-

DHB, analyte, and salt (LiCl or NaCl) were mixed without a
solvent. Water contamination in the matrix crystals was re-
moved by placing the crystals in a vacuum chamber at room
temperature for more than 12 h before use. The pressure of the
vacuum chamber, which was pumped by an Edwards XDS-10
oil-free dry scroll vacuum pump (Crawley, UK), was <10−1

Torr. LiCl or NaCl crystals were baked in a vacuum oven
(Tokyo Rikakikai Co., Ltd., Japan, EYELA, model: VOS-
201SD1SD, 373 K, 10−1 Torr) for 12 h. The vacuum oven
was pumped by another Edwards XDS-10 oil-free dry scroll
vacuum pump. The baking and pumping chambers ensure that
samples contain minimal water on the surface. The vacuum
chamber and oven were then vented to atmospheric pressure by
using dry N2 gas, and these crystals were sealed in air-tight
containers in the oven or vacuum chamber before being trans-
ferred into a dry box. The matrix, analyte, and salt crystals in a
molar ratio of 100:0.5 (for sucrose and maltopentaose, or 0.05
for pullulan):1 were mixed and hand-ground for 10 min. A
small portion of the powdered mixture was separated and
further ground for 20 min. The powders were then pressed
using a stainless steel rod to form thin disks (approximately
0.5–1 mm thick). The disks were placed in the holes (0.5 mm
deep and 2 mm in diameter) of a modified sample plate
(prespotted Anchor Chip PAC 96 HCCA; Bruker Daltonik,
GmbH). The samples and sample plate were sealed in a con-
tainer purged with dry N2 gas before they were removed from
the dry box. Finally, they were placed in a mass spectrometer
for conducting mass spectra measurements. A small amount of
salt and matrix powders was used to measure the size of
powder particles through optical microscopy. The sizes of both
the salt and matrix powder particles depend on the grinding
time. The sizes of particles ground for 10 min ranged from
several micrometers to several tens of micrometers. However,
the sizes of the particles ground for 30 min decreased.

For preparing the second group of samples, the crystals of
vacuum-dried droplets were hand-ground into fine powder for
10 min. The molar ratio of the matrix, analyte, and salt in the
solution (75% aqueous acetonitrile) of the droplets was 100
(matrix):0.5 (for sucrose and maltopentaose, or 0.05 for
pullulan):1 (salt). The powder was pressed to form thin disks
and placed in the holes of the sample plate as described.

A modified commercial MALDI-TOF (Autoflex III; Bruker
Daltonik GmbH, Bremen, Germany) mass spectrometer was
used for ion detection. The load-lock chamber was purged with
dry N2 gas, and the gap between the sample entrances of the
spectrometer and vacuum chamber, which was initially ex-
posed to air, was sealed and purged with dry N2 gas. To reduce
systemic errors, five samples belonging to each group were
placed on the same sample plate and measured alternately on
the same day. The entire experiment was repeated five times for
LiCl and three times for NaCl.

The desorbed neutral molecules were measured using a
modified crossed-molecular beam machine. It included a
load-lock chamber, a main chamber, and a detection chamber.
The details have been given elsewhere [20, 21]. Only a brief
description is given here. A stainless steel cylindrical sample
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holder was positioned inside the main chamber where the
pressure was less than 1 × 10–7 Torr. The laser irradiation spot
on the sample surface was located at the reaction center of the
main chamber. Upon laser irradiation, the desorbed neutral
molecules flew into the detection chamber and were detected
by a mass spectrometer. The mass spectrometer consisted of an
electron-impact ionizer located at 350 mm from the laser irra-
diation spot on the solid sample surface, a quadrupole mass
spectrometer, and a Daly ion detector. Neutrals that flew into
detection chamber were ionized by an electron-impact ionizer.
In this work, we turned off the DC voltage of the quadrupole
mass spectrometer. It allowed all the ionized neutrals to be
guided by the quadrupole and eventually detected by the ion
detector. The velocity distribution was obtained from the dif-
ferent arrival times of desorbed neutrals at detector.

Correlation Between Intensity Fluctuations in Metal
and Metal Adducts of the Matrix Ions
and Protonated Ions

The third experiment entailed investigating typical dried drop-
let samples of 2,5-DHB by using a home-made time-of-flight
(TOF) mass spectrometer and a laser beam from the third
harmonic of a Nd:YAG laser (355 nm, 5-ns pulse duration,
Minlite II, Continuum). The laser beam was split into two parts
by using a beam splitter. One part entered the TOF mass
spectrometer for the MALDI experiment. The other part was
used tomeasure the energy of each laser pulse by employing an
energy meter. The outputs of the TOF mass spectrometer and
energy meter were recorded using an oscilloscope for each
laser shot.

Results and Discussion
Washed and Unwashed Single Crystals

Figure 1 shows the ion intensities of Li+-related ions obtained
from the mass spectra of the washed (with deionized water)
and unwashed crystals. These cations included Li+,
(2,5-DHB+Li)+, (2,5-DHB-H+2Li)+, ((2,5-DHB)2+Li)

+, and
((2,5-DHB)3-3H+4Li)

+. Each data point in Figure 1 represents
an average of 600 laser shots, which include the measurement
of 3 crystals, 10 positions from each crystal, and 20 laser shots
at each position. As illustrated in this figure, the Li+-related ion
intensities for the unwashed crystals strongly correlated with
the initial LiCl concentration in the solution. Specifically, the
Li+-related ion intensities increased with the initial LiCl con-
centration in the solution. By contrast, for the crystals washed
with deionized water, the Li+-related ion intensities did not
change with the initial LiCl concentration in the solution. These
results suggest that the amount of Li+-related compounds pres-
ent within the matrix crystal because of crystal defects was low.
Li+-related materials mainly existed on the crystal surface, and
these materials could be easily removed using deionized water.
Because the 2,5-DHB crystals were grown from the LiCl-
containing solution, one possible Li+-related material is a layer

of small LiCl crystals or lithium salt of matrix on the surface.
The small LiCl crystals or lithium salt of matrix were grown
from the small droplets of the solution attached to the surface of
the 2,5-DHB crystals when these crystals were taken from the
solution, followed by solvent vaporization.

Similar results were obtained for the crystals grown in the
NaCl-containing solution, as illustrated in Figure 1b. Although
the difference in Na+-related ion intensities between the crys-
tals was not as high as that in Li+-related ion intensities, the

Figure 1. (a) MALDI Li+-related ion intensities of the crystals
grown from a LiCl-containing 2,5-DHB solution at different
concentrations. (b) MALDI Na+-related ion intensities of the
crystals grown from a NaCl-containing 2,5-DHB solution at
different concentrations. These Li+- or Na+-related ions include
metal ions and metal adducts of the matrix. Red diamonds
represent the ion intensities of the deionized water-washed
crystals, and black squares represent the ion intensities of the
unwashed crystals. The scale of the X axis is linear before the
break and logarithmic after the break. High ion intensity differ-
ences between crystals indicate that most of the Li+- and Na+-
related ions do not exist inside matrix crystals. P-values for the
LiCl and NaCl samples are 0.00036 and 0.019, respectively,
indicating the ion intensity difference between water-washed
crystals and unwashed crystals
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results still indicated that most of the Na+-related ions were
mainly obtained fromNaCl or sodium salt of matrix existing on
the crystal surface. The smaller difference between the two
types of crystals and high fluctuation in intensity in Figure 1b
may be attributed to the Na+ background in the deionized
water.

Mixture of Dried Powder Versus Dried Droplet
Crystal Powder

Figure 2a and b show the intensities of lithiated matrix ions and
lithiated sucrose ions generated from the mixture of dried
2,5-DHB, 0.5% sucrose, and 1% LiCl powders and from the
powder of dried droplets whose solution contained 2,5-DHB,
0.5% sucrose, and 1% LiCl. Each data point represents the
accumulation of 1000 laser shots, including 10 spots from each
sample, 20 laser shots at each sample spot, and five samples.
The ion intensities of the dried powder mixture (DPM) were
similar to that of dried droplet powder (DDP). Figure 2c shows
the intensities of lithiated maltopentaose ions generated from
the mixture of dried 2,5-DHB, 0.5% maltopentaose, and 1%
LiCl powders and from the powder of dried droplets whose
solution contained 2,5-DHB, 0.5% maltopentaose, and 1%
LiCl. The ion intensities of DDP were higher than those of
DPM when the grinding period of the DPM was 10 min.
However, when we increased the grinding period of the DPM
to 30 min, the ion intensities of the DPMwere close to those of
the DDP.

Karas et al. proposed that ions were preformed in solution
during sample preparation [3, 4]. The dried droplet crystal
powder can produce preformed Li+ ions and Li+ adducts of
the matrix and analyte ions in the crystals during sample
preparation. By contrast, the preparation of the dried 2,5-
DHB, sucrose (or maltopentaose), and LiCl powder mixture
involved no solvent; the samples containing this mixture have a
low probability of producing preformed ions. Preformed ions
may be produced in DPM as follows. The long grinding period
engenders two effects: one effect is the small particle size of the
powder and uniformity of the mixed powder, and the other
effect is the local high temperature. If the local temperature
reaches the melting point of the matrix during grinding, the
local melting of the matrix can cause the dissolution of salt and
produce preformed ions. In this experiment, all the samples
were hand-ground at room temperature, and the grinding speed
was slow. Although the temperature of a small fraction of the
sample may exceed room temperature during grinding, it was
unlikely that every part of the sample reached the melting point
of 2,5-DHB (200 °C) sooner or later during grinding. There-
fore, the similar ion intensities of the DDP and DPMground for
30 min cannot be completely attributed to the local matrix
melting.

Figure 3a illustrates the Na+-related ions generated from the
mixture of dried 2,5-DHB, 0.5% maltopentaose, and 1% NaCl
powders and from the powder of dried droplet crystals whose
solution involved 2,5-DHB, 0.5% maltopentaose, and 1%
NaCl. Because a small amount of Na+ ions was always present

Figure 2. Lithiated ion intensities from three samples: dried
droplet powder (DDP, orange triangles) ground for 10min, dried
powder mixture (DPM) ground for 10 min (blue circles), and
DPM ground for 30 min (olive diamonds). The molar ratio of
the matrix 2,5-DHB, analyte (sucrose), and salt (LiCl) in (a) and
(b) is 100:0.5:1, and the molar ratio of the matrix 2,5-DHB,
analyte (maltopentaose), and salt (LiCl) in (c) is 100:0.5:1. The
P-values for DDP and DPM ground for 30 min are (a) 0.67, (b)
0.67, (c) 0.95, indicating no difference of ion intensities between
DDP and DPM ground for 30 min
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in the matrix or analyte samples, the Na+ ion background,
measured using the DPM of 2,5-DHB and 0.5%
maltopentaose, is shown in Figure 3a for comparison.
Figure 3a indicates that the intensities of the sodiated
maltopentaose ions generated from the DPM are higher than
those of the sodiated maltopentaose ions generated from the
powder of the dried droplets. Similar phenomena were ob-
served for analyte pullulan (6k), as illustrated in Figure 3b.

If the process of generating preformed ions at a local high
temperature due to long grinding periods is a major sodiated
ion generation mechanism, the intensities of the sodiated ions
generated from the DPM are at most as high as those of the

sodiated ions generated from the DDP. However, both
Figure 3a and b show that the intensities of the sodiated ions
generated from the DPMwith a long grinding period are higher
than those of the sodiated ions generated from the DDP,
indicating that the size of the powder and uniformity of the
mixed powder are more crucial than the preformed ions.

Another comparison of dried droplet powder and dried
powder mixture is the value of ion-to-neutral ratio (so-called
ion generation efficiency or ion yield) from each sample. The
ion-to-neutral ratio is defined as the ratio of the desorbed ions
to the desorbed neutrals. Ion-to neutral ratio is a commonly
used parameter in theoretical models to determine ionization
mechanism. It avoids the bias of different desorption capability
in the comparison of different samples (different sample prep-
aration methods, or different matrices, etc.) The desorbed neu-
trals are illustrated in Figure 4. The measurements show that
the desorbed neutrals from dried droplet powder and dried
powder mixture are similar in quantity and in velocity distri-
butions. Ion-to-neutral ratios, obtained from combining the
relative ion intensities and desorbed neutrals, suggest that a
sample without the preformed ions (dried power mixture) can
generate Li+-related ions as efficiently as a sample with
preformed ions (dried droplet powder), or a sample without
the preformed ions is more efficient to generate Na+-related
ions than a sample with preformed ions.

Correlation Between Intensity Fluctuations in Metal
and Metal Adducts of the Matrix Ions
and Protonated Ions

In the previous two experiments, high molar ratios of salt (LiCl
or NaCl) were used in the samples. The concentration of metal
and metal adducts of the matrix ions may exceed the capacity
of the matrix crystal defects. As such, the Bextra^ salt does not
produce preformed ions. Typical dried droplet samples were
used in the third experiment. The solution of the droplets
contained 2,5-DHB in water and acetonitrile in a 1:3 ratio.
Two sample types were investigated in the experiment. In the
first sample type, no salt was added to the solution. Like most
MALDI experiments, sodiated ions were still observed in the
mass spectra. Na+ may come from impurities in 2,5-DHB or
solvents or from glassware contaminations during sample
preparation.

Figure 5a shows the intensities of the Na+-related ions (Na+

and Na+ adducts of the matrix) and protonated ions as a
function of the sequence of laser shots from the same sample
spot. Both the Na+-related ion and protonated ion intensities
fluctuated from shot to shot. No clear change (increase or
decrease) in the ion intensity as a function of the laser sequence
was observed. Although the amplitudes of these two fluctua-
tions are not always the same, this figure indicates a correlation
between the intensities of the Na+-related ions and protonated
ions. A more efficient method of revealing the correlation is to
plot the Na+-related ion intensity as a function of the protonated
ion intensity for each laser shot, as illustrated in Figure 5b,

Figure 3. Sodiated ion intensity of (a) maltopentaose and (b)
pullulan (6k) from four samples: (1) DDP (orange triangles)
ground for 10 min, and the matrix 2,5-DHB, analyte
(maltopentaose or pullulan), and salt (NaCl) are present in a
molar ratio of 100:0.5 (for maltopentaose or 0.05% for
pullulan):1; (2) DPM without 1% NaCl ground for 10 min (black
squares), and the matrix 2,5-DHB, analyte (maltopentaose or
pullulan), and salt (NaCl) are present in a molar ratio of 100:0.5
(for maltopentaose, or 0.05% for pullulan):0; (3) DPM ground for
10 min (blue circles); and (4) DPM ground for 30 min (olive
diamonds), and the molar ratios of the powder mixture in sam-
ples (3) and (4) are the same as those in sample (1)
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which shows that the increase in the Na+-related ion intensity is
approximately proportional to the increase in the protonated
ion intensity.

The laser energy fluctuation in this experiment was approx-
imately 10%–15%. To ensure that the laser energy increase (due
to laser energy fluctuation) did not engender the increases in
both the Na+-related ions and protonated ion intensities, we
measured the laser pulse energy for each laser shot and divided
the laser energy into five regions. Figure 5b indicates that the
increase in the Na+-related ion intensity remains proportional to
the increase in the protonated ion intensity for each laser energy
region. If the increase in both the Na+-related ion and protonated
ion intensities resulted from the laser energy increase, signals for
the lowest energy should have been distributed in the lower-left
corner of Figure 5b, and those for the highest energy should have
been distributed in the upper-right corner of this figure. How-
ever, the signals from different laser energy regions overlapped,
indicating that a factor different from the laser energy causes the
fluctuation in Na+-related ion and protonated ion intensities
simultaneously. This factor is related to the ion generation
efficiencies of both the Na+-related ion and protonated ions.

In the second sample type, the droplet solution involved
2,5-DHB and 1%NaCl. Figure 5c illustrates the fluctuations in
the Na+-related ion and protonated ion intensities as a function
of the sequence of laser shots from the same sample spot.
Figure 5d clearly shows the correlation between the fluctua-
tions in the Na+-related ion and protonated matrix ion intensi-
ties. The results suggest that the sodiated ion generationmecha-
nisms for both low and high concentrations of NaCl are related
to the protonated ion generation mechanism.

Thermally Induced Dissolution of Salts

The preceding results suggest that the preformed ions did not
contribute to the major ionization mechanism of the metal-
related ions in MALDI, and the ion generation efficiencies of
the metal-related ions and protonated ions were influenced by a
similar mechanism. One possibility is that both metal and
protonated ions are produced through the same ion generation
mechanism.

We have recently proposed a thermal proton transfer model
to describe the procedures involved in generating protonated
ions in MALDI [10–15]. In this model, a high surface temper-
ature is engendered by the absorption of laser light by matrix
molecules. The solid matrix melts and behaves in a similar
manner to a polar solvent before the occurrence of desorption.
Protons are generated through thermally induced proton trans-
fer reactions in a polar-solvent-like matrix. Here, we adopted a
similar concept and propose that metal ions are generated
through the thermally induced dissolution of salts,

MCl sð Þ→Mþ
solð Þþ Cl‐ solð Þ Mþ ¼ Liþ; Naþð Þ ð1Þ

where the subscripts s and sol, respectively, represent the solid
phase and solution in which the matrix is the solvent and salt is
the solute. Metal adducts of the matrix and analyte ions can be

Figure 4. (a) and (c): velocity distributions of desorbed neu-
trals from various samples. (b) and (d): desorbed neutrals as a
function the sequence of laser shot for various samples. Sam-
ples in (a) and (b) are dried droplet powder (DDP) ground for 10
min, dried powder mixture (DPM) ground for 10 min, and DPM
ground for 30 min. The molar ratio of the matrix 2,5-DHB,
analyte (sucrose), and salt (LiCl) is 100:0.5:1. Samples in (c)
and (d) are DDP ground for 10 min, DPM ground for 10 min,
DPM ground for 30 min. The molar ratio of the matrix 2,5-DHB,
analyte (maltopentaose), and salt (NaCl) is 100:0.5:1, except the
sample (DPMw/o NaCl), in which noNaCl was added in sample

1496 C. Lee et al.: Formation of Metal-Related Ions in MALDI



produced when metal ions attach to the matrix and analyte
molecules during the desorption process.

Although metal ions can be generated by the thermally
induced dissolution of salts in MALDI, the metal ion intensity
strongly depends on the homogeneity of the salt crystals dis-
tributed in the matrix and degree of contact between the salt and
the matrix crystals. In a thermally induced proton transfer
reaction in a pure matrix, matrix molecules act as both the
solvent and solute. Therefore, the solute is homogeneously
distributed in the solvent, and the thermally induced proton
transfer reaction can reach equilibrium easily. By contrast, salt
molecules are not homogeneously distributed among matrix
molecules. Salt molecules form small crystals, and only the
molecules on the crystal surface establish a favorable contact
with the matrix molecules. Because the high-temperature
polar-solvent-like matrix exists for only a short period
(<100 ns) [22], and because the amount of this matrix is small
(desorbed matrix thickness is <100 nm15), salt crystals mea-
suring several micrometers in size are unlikely to be completely
dissolved; therefore, the thermally induced dissolution of the
salt crystal cannot reach equilibrium during MALDI. The
nonequilibrium of Reaction 1 renders the intensities of metal
ions lower than those of protonated ions.

Our results suggest that close contact between salt and
matrix molecules increases the probability of the reaction gen-
erating metal-related ions. A similar concept can be applied to
an analyte and matrix. Close contact between analyte and
matrix molecules also increases the analyte ion generation
efficiency. Moreover, converting analyte molecules into the
gas phase during sublimation is beneficial. A study revealed
that the performance of MALDI was inversely proportional to
the crystal size, suggesting the importance of close contact
between analyte and matrix molecules [23]. We suggest that
the success of many solvent-free MALDI experiments in pre-
vious studies [23–34] indicate that the contribution of
preformed ions is inconsequential. These results are consistent
with those of our proposed mechanism.

Conclusion
First, we demonstrated that Li+ and Na+-related ions are not
mainly generated by preformed ions in 2,5-DHB. The shot-to-
shot fluctuation in Na+-related ions is strongly correlated to that
in protonated ions. The results suggest that the thermally in-
duced dissolution of salts in MALDI is the major ion genera-
tion mechanism. Second, because of the inhomogeneous dis-
tribution of salt crystals in the matrix, the thermally induced
dissolution of salts did not reach equilibrium, and the intensity
of the metal ions was strongly affected by the degree of contact
between the salt and matrix crystals. Third, because the gener-
ation of preformed metal-related ions within matrix crystals
depends on the solid-state structure of the matrix, size and
charge of metal ions, and interaction between the metal ions
and matrix molecules, we did not exclude the possible contri-
bution of preformed ions for other metal ions and matrices.

Figure 5. (a) and (c): Sodiated and protonated ions as a func-
tion of the sequence of laser shots from the same spot of the
sample. Shot-to-shot ion intensity fluctuations are observed in
both sodiated and protonated ions. Data in (a) and (c) are
replotted in (b) and (d), respectively. Shot-to-shot laser energy
fluctuation is approximately 15%. The data points in (b) and (d)
are divided into five groups, with each group representing a
small region of laser energy; data from the different laser energy
regions in (b) and (d) overlap, indicating that the increase in the
sodiated and protonated ion intensities is not engendered by
the increase (fluctuation) in laser energy. Strong correlation
between the sodiated and protonated ions suggests that they
are generated from a related ionization mechanism
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Forth, the experimental observation reported in this work sup-
ports the ionization mechanism we proposed. It does not sup-
port the current preformed ion model. However, it does not
exclude the possibility of the other models, for example, a
completely new model proposed in the future, or the modifica-
tion of the current preformed ion model.

Both the thermally induced proton transfer model proposed
in our previous studies [10–15] for generating protonated ions
in MALDI and the model of thermally induced dissolution of
salt proposed in the current study for generating metal-related
ions in MALDI can be combined and simplified as a thermal
model, which suggests that thermally induced reactions are
crucial for ion generation in MALDI.
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