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The manuscript was reviewed by a journal (impact factor more than 3.0) but declined for
publication. Because it will take some time to address the reviewer comments (requiring
experimental work to support theory) and submit again for publication, the manuscript
and its supporting information are shared with the community in ChemRxiv. Additional
feedback from the community is welcome.

The policy of the journal evaluated the manuscript prevents sharing the reviews. Thus,
only a summary of the reviews is provided here, which, the author believes, should be
useful for readers. Two reviewers reviewed the manuscript. Both ranked highly on
significance. One ranked originality highly and the other ranked originality slightly lower.
Major criticisms include presentation needs to improve, and theory should be supported
by experimental work. There are some other valuable and easily addressable
suggestions.
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Abstract

The ion pair thermal model for MALDI MS is described. Key elements of the model include
thermal desorption and ionization, strong tendency to neutralization via ion pair formation
and proton transfer in the gas phase, thermal equilibrium, overall charge neutral plume,
and thermal energy assisted free ion generation via ion pair separation by ion extraction
potential. The quantities of ions in the solid sample and in the gaseous plume are
estimated. lon yields of different classes of molecules including peptides, nucleic acids,
permanent salts and neutral molecules are estimated at the macroscale and single ion
pair levels. The estimated ion yields are close to experimentally observed values under
certain assumptions. Explanations of several observations in MALDI MS such as mostly
single-charged peaks, improvement of spectra by ammonium cation, and ion suppression
are provided. We expect that the model can give insights for the design of new conditions
and systems for improving the sensitivity and resolution of MALDI MS and improving its
capability and reliability to analyze large biomolecules.

Introduction

MALDI MS has been widely used in the analysis of biomolecules including nucleic acids,
peptides, proteins and oligosaccharides. However, after more than 20 years of research,
the mechanism of gas phase ion formation in the process of MALDI is still under debate.
9 In most of models proposed in the literature, free ions in the plume were assumed before
the application of the ion extraction potential, which implies or gives the impression of an
overall charge unbalanced plume.? In this article, the ion pair thermal model is presented.
Key assumptions of the model include thermal desorption and ionization, strong tendency
to gas phase neutralization, ion pair formation, overall charge balanced plume and
thermal equilibrium. Based on the assumptions, attempts are made to provide detailed
estimations on the quantities of ions in the gas phase available for extraction and



detection by the mass spectrometer. The estimations are conducted both at the
macroscale and individual ion pair levels. The ion yields derived from the analyses are
close to but somewhat lower than experimental data. This may suggest that the
preformed ions in the solid sample, the quantities of which are also estimated, ejected
into the plume may not completely reach thermal equilibrium in the gas phase and may
contribute a portion of the ions that are extracted and detected by the mass spectrometer.

Results and Discussion

The lon pair thermal model: Key elements of the ion pair thermal model include: (1)
Desorption and ionization are caused by high temperature. (2) The plume is at thermal
equilibrium at certain stage of the desorption and ionization process. (3) lons in the plume
may come from the solid sample or be formed in gas phase due to thermal equilibrium,
and the plume is overall charge neutral. (4) lons in the gas phase have a strong tendency
toward neutralization via either proton transfer or ion pair formation. (5) lon to neutral ratio
of any species is controlled by gas phase thermal equilibrium. (6) High energy ion pairs
are separated by ion extraction potential, and the separated ions are detected by the
spectrometer. The following provides more details about the model in the context of
information in the literature.

When a MALDI MS sample on a substrate is irradiated with a pulse of laser, photons are
absorbed by matrix molecules. The excited matrix molecules relax to ground state rapidly
and converts the photo energy to thermal energy, which heats up the sample. According
to an estimation based on delivered lase energy, the upper limit of plume temperature
could reach as high as 2,700 K.? 1911 The matrix is usually more volatile than the analytes.
Rapid evaporation of the matrix molecules brings the less volatile or non-volatile analyte
molecules into the gas phase. The thermal desorption may also involve ejection of
clusters into the plume.# 1213

It is generally accepted in the literature that direct cation formation by ejection of electrons
from matrix molecules is unlikely due to the need of three or more photons for the process
to be energetically feasible. For example, the energy of the photon of the commonly used
337 nm nitrogen laser in MALDI MS is 3.68 eV, while the commonly used matrices have
an ionization energy of ~8 eV or higher.> ° Various models have been proposed to
address the problem. Examples include multiphoton ionization,® ® 4 exciton pooling,'> 16
excited state proton transfer,®> ° ground state autoprotolysis,® '7-® preformed ion
emission,?%?2 and reduction of charged clusters into individual ions.> % 12. 1323 Among
them, the preformed ion emission model is simple and intuitive. Upon laser irradiation,
matrix and analyte ions are ejected into the gas phase along with neutral matrix and
analyte molecules.?% 2224 The ion pair thermal model considers preformed ions ejected
into the gas phase as one of the ion sources.

The ion pair thermal model has a different view about ions in the plume from the previous
models. It assumes that individual free ions do not exist in the plume, all ions exist as ion
pairs, and the plume is overall charge neutral. lons preformed in the sample can be



ejected into the gas phase, but they may not contribute to the pool of ions that are
extracted and detected by the spectrometer, or they may only contribute a small portion
of it, the latter of which is beyond the ion pair thermal model. Once in the gas phase, the
preformed ions have a strong tendency to neutralize either through proton transfer or
through ion pair formation. Neutral molecules ejected into the gas phase may also be
ionized in the plume, and these ions may also neutralize though proton transfer and ion
pair formation. Gas phase thermal equilibrium controls ion formation and ion
neutralization, and determines the relative amounts of the forms of each species including
their ion to neutral ratio. The ion pairs that are not neutralized through proton transfer
have different energies. A small portion of the ion pairs that have significantly higher
energy than average is separated to free ions by the ion extraction potential, and these
free ions are detected by the spectrometer.

The ion pair thermal model does not exclude other pathways of ion formation proposed
in the literature,? and overall charged plume may exist and free ions may contribute to the
pool of ions that are detected by the spectrometer. For example, when a sample on a
metal substrate is sufficiently thin for laser to reach the substrate or part of the substrate
is exposed to the laser radiation, electrons, which have a longer free path than other
charged species, in the substrate may escape resulting in excess positive charges at the
surface of the substrate and in the sample.® 2> Coulombic repulsion leads to desorption
resulting an overall positively charged plume. However, in cases that both cations and
anions can be detected with similar yields,?® the pathway involving overall charged plume
may play little roles. The following discussions provide estimations of the types and
quantities of ions for several classes of molecules commonly analyzed with MALDI MS.
The analyses are conducted for both the solid sample and the gas phase. For the latter,
the analysis is based on the assumptions of the ion pair thermal model such as thermal
equilibrium. MALDI MS ion yields derived from the analysis are close to but probably
somewhat lower than experimentally determined values.

Matrix ionization, ion pair formation, ion neutralization and ion yield estimation:
Most matrices used in MALDI MS such as 2,5-dihydroxybenzoic acid (DHB), a-cyano-4-
hydroxy-cinnamic acid (HCHA), and 3-hydroxypicolinic acid (3-HPA) have a carboxylic
acid group. They have the potential to form [M-H] (i.e. RCO2 or other forms of
deprotonated matrices) and [M+H]" (i.e. RCOzH2"* or other forms of protonated matrices)
via autoprotolysis as shown in equation (1):

[M-HJ + [M+H]* === [M-H] i [M+H]' <=M +M (1)

Where M is a matrix molecule. [M-H]{[M+H]" is the ion pair of ions [M-H] and [M+H]".
Before laser irradiation, due to ion stabilization by residue solvents, polar neutral matrix
molecules and polar neutral analyte molecules, in solid phase a fraction of the matrices
exists in the forms of [M-H]- and [M+H]". According to the preformed ion emission
model,?% 22 24 these ions will enter the gas phase upon laser irradiation. Once in the gas
phase, the shielding molecules will fall off due to the high temperature, which was
estimated to be as high as 2,200 K at the early stage of the plume,? and the weakness of
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the attracting forces between the neutral shielding molecules and the ions. Therefore,
there is a strong tendency for the ions [M-H]  and [M+H]* to form the ion pair [M-H]:[M+H]*
and go back to M via proton transfer. Both these processes neutralize the ions.

The amount of [M-H]- and [M+H]* in the solid sample is not easy to determine,?* but can
be roughly estimated using the equilibrium constant of equation (1), which can be
estimated using the pKa of the matrices. For example, the pKa of CHCA in water is 1.17,%’
which corresponds to an equilibrium constant of 6.8 x 102 and a concentration of 0.26 M
for [M-H] and [M+H]" with the assumption that the pKa value in water can be used here
even though the proton goes to the matrix molecules (all calculations in the article are
given in supporting information). The concentration corresponding to ion to neutral ratio
of 3.5 x 102 using 133 mL/mol as the molar volume of CHCA. Evidently, the actual
concentration of the ions and thus the ion to neutral ratio should be significantly lower
because the values of pKa of carboxylic acids in acids are usually two or more units larger
than those in water.?® In addition, the pKauto Of acetic acid has been suggested to be
14.5.2° Assuming the pKauto of CHCA is close to that number, the concentration of [M-H]J-
and [M+H]* would be in the order of 107. However, it has been suggested that small
amount of residue solvents especially water can drastically change pKa values of acids.?°
MALDI samples are usually prepared from solutions that contain water, and the samples
are usually not dried extensively before MALDI MS experiments. It is reasonable to
assume that the crystals contain significant amount of water. Thus, the ion concentration
should be significantly higher than 10-".

The tendency for ion neutralization via ion pair formation in the gas phase can be
estimated using the equilibrium constant between the ion pair [M-H]i[M+H]" and the ions
[M-H] and [M+H]* in equation (1). Assuming the distance between the ions in an ion pair
is 1 nm and the plume temperature is 1,000 K, the energy needed to separate the ion pair
into free ions is 138 kJ/mol, which corresponds to an equilibrium constant of 107 favoring
the neutral ion pair. If a distance of 0.5 nm is assumed, the numbers become 276 kJ/mol
and 10", respectively (calculations are given in supporting information).

The tendency for ion neutralization via proton transfer in the gas phase can be estimated
using the equilibrium constant between the neutral matrix molecule M, and the ions [M-
H]- and [M+H]* in equation (1). In gas phase, pKa values are given in Gibbs energy, and
those for carboxylic acids are around 1350 kJ/mol (see supporting information).3% 31
Proton affinity of double bonded oxygen is around 719 kJ/mol.3? Thus, the equilibrium
constant is =631 kJ/mol or 1033 assuming that the plume temperature is 1,000 K. At 2,200
K, the numbers are is —-640 kJ/mol and 108, respectively. In both cases, the equilibrium
strongly favors the neutral matrix molecules.

Assuming thermal equilibrium is fully achieved at certain stage between laser irradiation
and ion extraction in the gas phase, the estimated ion yield at 1,000 K is 107" (see
supporting information for calculation), which is much lower than the experimentally
determined ion yields of 107 — 10-8.2% At 2,200 K, the estimated ion yield is 108, which is
consistent with the experimental number. However, the actual temperature may be lower,
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and if that is the case, a portion of the ions detected may be from the solid sample, in
which the ion to neutral ratio is higher due to shielding by neutral molecules.

Peptide ionization, ion pair formation, ion neutralization and ion yield estimation:
Peptides contain ionizable acidic and basic groups such as carboxylic acid and amine
groups. For carboxylic acid groups, they exist in protonated and deprotonated forms as
shown in equations (2-4):

Pep-CO; + Met” === Pep-CO; iMet"  (2)

Pep-COs™+ RyNH* === Pep-CO, iRsNH*
== Pep-CO,H+ R3N (3)

Pep-COZ ™+ [M+H]" === Pep-CO, i [M+H]*
<= Pep-COH+ M (4)

Where Pep stands for peptide. Met* is metal cations such as Na® and K*. RsNH" is
nitrogen associated cations such as ammonium, guanidium, pyridinium and imidazolium
ions. Pep-COziMet*, Pep-CO2iR3NH*, and Pep-CO2i[M+H]" are ion pairs. In solid phase
before laser irradiation, due to solvation by residue solvents and shielding by neutral polar
matrix and analyte molecules, even in the medium of the usually acidic matrices, there is
certain amount of well isolated ions. Upon laser irradiation, once the analyte goes into the
gas phase, residue solvents and neutral shielding molecules fall off, and the ions form
tightly associated ion pairs. In the case of Met*, the ion pair remains intact (equation 2).
In the cases of RsNH* and [M+H]*, the ion pairs may convert to neutral molecules via
proton transfer (equations 3-4).

The amount of Pep-COz" in the solid sample can be estimated using the pKa of carboxylic
acid group in amino acids. Assuming that the pKa of Pep-COz" is 2.2 and the concentration
of [M+H]" in the sample with CHCA being the matrix is 0.26 M as discussed earlier, the
concentration of Pep-CO2" would be 7.3 x 10> M when 10 pmol of peptide with one
carboxylic acid group is dispersed in 25 nmol of CHCA?® and 133 mL/mole is taken as
the molar volume of CHCA. Itis noted that the concentration of Pep-CO2" may be far away
from 7.3 x 10 M because the sample is a solid and it contains other materials besides
the peptide and the matrix.

The tendency for ion neutralization in gas phase via the formation of the ion pairs in
equations (2-4) should be similar as discussed for matrix ionization, and the equilibrium
constant should be in the order of 107 disfavoring the free ions. The tendency for ion
neutralization in the gas phase via proton transfer as described in equations (3-4) can be
estimated by the corresponding equilibrium constants, and they are —400 kJ/mol or 102
and —-584 kJ/mol or 10%, respectively when pKa of 903 kJ/mol of guanidinium is used for
R3NH*,3% pKa of 1303 kJ/mol is used for Pep-COOH,3" pKa of 719 kJ/mol is used for
[M+H]*,®? and the plume temperature is assumed to be 1,000 K. Under the same



assumptions but with the temperature being 2,200 K, the numbers become —462 kJ/mol
or 10™ for equation (3), and —593 kJ/mol or 10™. In all cases, the equilibria strongly favor
the neutral species.

Assuming thermal equilibrium is fully achieved, at 1,000 K, the ion yields estimated
according to equations (3) and (4) are 10-'° and 104, respectively. These numbers are
significantly lower than experimental values (~10#).2* At 2,200 K, the estimated ion yields
are 10 and 10 according to equations (3) and (4), respectively. These numbers are
close to experimental values. As discussed earlier, the plume temperature may be lower
than 2,200 K, and thus, the estimated ion yields may be lower than the observed numbers.
Therefore, thermal equilibrium may not be fully achieved in the plume, and a portion of
the ions detected may be from the sample. In addition, equation (2), where neutralization
via proton transfer is impossible, may be responsible for the lower than observed ion yield.

For amine, imidazole and guanidine groups, they may exist in protonated and
unprotonated forms as shown in equations (5-6):

Pep-NH*+ X === Pep-NH*iX" === Pep-N + HX  (5)

Pep-NH*+ [M-H] == Pep-NH"{ [M-HJ
== Pep-N+M (6)

Where Pep-NH* and Pep-N stands for protonated and unprotonated amine, imidazole
and guanidine groups in peptides. X stands for anions such as halides, phosphate,
hydrogen phosphates, sulfate, hydrogen sulfate, nitrate, hydroxide, and carboxylates. In
solid phase with the usually acidic matrix as the media, Pep-N is mostly protonated, and
the isolated ions predominates. Upon laser irradiation, in the gas phase the equilibria
represented by equations (5-6) will have a strong tendency toward ion pairs and neutral
molecules.

The amount of Pep-NH™ in the solid sample should be close to 100% because the pKa of
the matrix such as CHCA is about 1.17 as described earlier,?” and that of Pep-NH* can
be as high as 14. Again, these numbers are for the cases with water as the medium and
thus not accurate for solid CHCA sample. However, it should be reasonable to assume
that a high percentage of peptide analytes exists in the form of Pep-NH" in the sample in
the context that the MALDI MS ion yields of peptides are in the order of 104.34

In the gas phase, the tendency for neutralization via ion pair formation in equations (5-6)
should be similar as discussed earlier. The tendency for neutralization via proton transfer
as shown in equations (5-6) can be estimated using the corresponding equilibrium
constants, and they are —291 kJ/mol or 10" and —447 kJ/mol or 1023, respectively when
a pKa of 903 kJ/mol of guanidinium is used for Pep-NH*,33 pKa of 1194 kJ/mol of sulfuric
acid is used for HX,® pKa of 1350 kJ/mol of carboxylic acid is used for M,3! and the plume
temperature is assumed to be 1,000 K. At 2,200 K, the numbers become —347 kJ/mol or



108 for the case of equation (5) and —509 kJ/mol or 10'? for the case of equation (6). In
both cases, the equilibria strongly favor the neutral species.

Assuming thermal equilibrium is fully achieved, at 1,000 K, the ion yields estimated
according to equations (5) and (6) are 10 and 107, respectively. These numbers are
significantly lower than experimental values (~10).3* At 2,200 K, the estimated ion yields
are 10 in both cases. The number is consistent with experimental values. As discussed
earlier, the plume temperature may be lower than 2,200 K, and thus, the estimated ion
yields may be lower than the observed numbers and ions directly from the solid sample
may be needed to justify a portion of the observed ion yields.

Nucleic acid ionization, ion pair formation, ion neutralization and ion yield
estimation: Nucleic acids contain easily ionizable phosphate groups. In addition,
ionization can also occur at the exo-amino groups of adenine, guanine and cytoside, at
the N-7 position of purines via protonation, and at other electronegative locations. For
phosphate groups, they may exist in protonated and deprotonated forms as shown in
equations (7-9):

Nuc-O3PO" + Met" === Nuc-O;PO iMet*  (7)

Nuc-O3PO™ + R3NH* === Nuc-O3P0O"iR3;NH*
== Nuc-O3POH + R3N (8)

Nuc-O3PO™ + [M+H]* === Nuc-05PO"i [M+H]*
== Nuc-O3POH +M 9)

Where Nuc stands for nucleic acid (DNA and RNA). In solid phase with the usually acidic
matrix as the media, some of the phosphate groups exist in deprotonated form. The
counter cations can be Met*, RsNH*" and [M+H]*, which are defined earlier. Upon laser
irradiation, in the gas phase the equilibrium represented by equations (7-9) will have a
strong tendency toward ion pairs. In the case of equation (7), the ion pair remains. In the
cases of equations (8-9), the ion pairs can further convert to neutral molecules via proton
transfer.

The concentration of Nuc-O3PO in the solid sample can be estimated using the pKa of
phosphoric acid or its diester. Assuming that the pKa of Nuc-O3sPOH is 2.0 and the
concentration of [M+H]* in the sample with 3-HPA being the matrix is 0.27 M (see
supporting information), the concentration of Nuc-O3PO- would be 1.6 x 104 M when the
amount of nucleic acid containing 10 pmol of phosphate diester group is dispersed in 25
nmol of 3-HPA, 93.6 mL/mole is taken as the molar volume of 3-HPA, and 1.14 is
assumed as the pKa of 3-HPA. It is noted that the concentration of Nuc-OsPO- may be far
away from 1.6 x 10* M because the sample is a solid and it contains other materials
besides the nucleic acid and the matrix.



In the gas phase, the tendency for neutralization via ion pair formation in equations (7-9)
should be similar as discussed earlier. The tendency for neutralization via proton transfer
as shown in equations (8-9) can be estimated by the corresponding equilibrium constants,
and they are —557 kJ/mol or 10%° and -577 kJ/mol or 10%°, respectively when a pKa of
1296 kJ/mol of dimethyl hydrogen phosphate is used for Nuc-O3POH,36-38 pK, of 739
kJ/mol of ammonium is used for RsNH* 33 3940 pK, of 719 kJ/mol of carboxylic acid is
used for [M+H]*,32 and the plume temperature is assumed to be 1,000 K. At 2,200 K,
under otherwise the same conditions, the numbers become —-585 kJ/mol or 10" for the
case of equation (8) and —593 kJ/mol or 10'* for the case of equation (9). In all cases,
the equilibria strongly favor the neutral species.

Assuming thermal equilibrium is fully achieved, at 1,000 K, the ion yields estimated
according to equations (8) and (9) are both in the order of 10-'4. At 2,200 K, the estimated
ion yields are 107 and 10, respectively. lon yields for nucleic acids have not been
determined using experimental methods.

For the basic nitrogen atoms in the nucleobases, they can exist in protonated and
unprotonated forms as shown in equations (10-11):

Nuc-NH* + X~ == Nuc-NH*iX"
=== Nuc-N + HX (10)

Nuc-NH* + [M-H]" === Nuc-NH*}[M-H]
<~ Nuc-N +M (1)

Where X are the same as defined earlier, and include phosphate groups in the nucleic
acid analyte. In the solid sample, some of the nitrogen atoms in the analyte are
protonated, and there should be substantial number of nucleobases that carry a positive
charge. The charged moiety of the nucleobases and their counter anions may be well
separated. Upon laser irradiation, in the gas phase, tight ion pairs form, which can further
convert to neutral species via proton transfer (equations 10-11).

The amount of Nuc-NH" in the solid sample should be high because the pKa of the matrix
such as 3-HPA is about 1.14, and that of Nuc-NH* can be as high as 4.4 if the number
for cytosine is used.*' Again, these numbers are for the cases with water as the medium
and thus not accurate for solid MALDI samples. In addition, nucleic acid samples usually
contain other materials such as residue solvents and co-matrices, which further make
estimation difficult.

In the gas phase, the tendency for neutralization via ion pair formation in equations (10-
11) should be similar as discussed earlier. The tendency for neutralization via proton
transfer as shown in equations (10-11) can be estimated using the corresponding
equilibrium constants, and they are —-334 kJ/mol or 10" and —-490 kJ/mol or 102,
respectively when a pKa of 860 kJ/mol for the protonated N-7 of guanine,*? is used for
Nuc-NH*, pKa of 1194 kJ/mol of sulfuric acid is used for HX,3% pKa of 1350 kJ/mol of
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carboxylic acid is used for M,3! and the plume temperature is assumed to be 1,000 K. At
2,200 K, the numbers become —329 kJ/mol or 108 for the case of equation (10), and —490
kJ/mol or 1072 for the case of equation (11). In all the cases, the equilibria strongly favor
the neutral species.

Assuming thermal equilibrium is fully achieved, at 1,000 K, the ion yields estimated
according to equations (10) and (11) are 10 and 10-'°, respectively. At 2,200 K, the
estimated ion yields both become 10

Neutral molecule ionization, ion pair formation, ion neutralization and ion yield
estimation: For analytes that lack acidic groups such as carboxylic, phosphoric and
sulfuric acid groups, contribution of ions from autoprotolysis will be limited. In the cases
that the analytes have electron donor groups such as ether, alcohol, aldehyde, ketone,
ester, amine, amide, nitro, cyano, guanidine, imidazole and pyridine groups, protonation
by acidic matrix molecules and coordination with metal cations from residue salts can be
the major pathway for ionization (equations 12-14).

AH" + [M-H" === AH*{[M-H]
== A+M (12)

AHY + X- == AH"iX"
== A+HX (13)

A+ Met" + X == AiMet" + X
<= AlMet"i X (14)

Where A stands for analyte, and M stands for a matrix that contains an acidic group such
as carboxylic acid group. Met* and X are as defined earlier. In the solid sample, the ratio
of isolated AH*, [M-H]", Met*, X and AiMet" surrounded and stabilized by neutral matrix
molecules over neutral species can be low but can be considered significant when
compared with the ion yield detectable by MS, which can be as low as 102. Upon laser
irradiation, in the gas phase, AH* and [M-H]-, and AH* and X will become more associated
with each other to form ion pairs, which will have a strong tendency to form the neutral
molecules via proton transfer (equations 12-13). The ions and ionic species Met*, X" and
AiMet" will have a strong tendency to form the neutral AiMet™iX", which is more stable
than isolated A, Met*, and X, or as isolated AiMet* and X (equation 14). Polyethylene
glycol (PEG), oligosaccharides, and polystyrene belong to this group of analytes.
Polystyrene lacks electron pair for proton and main group metal cations, but can
coordinate with transition metals using its T and * orbitals.

The amount of AH" and AiMet" in the solid sample can be estimated using the
corresponding equilibrium constants of equations (12-14). For AH*, in an exemplary case
of A being diethyl ether, which is one of the weakest coordinating molecules, and M being
CHCA, the concentration of AH* would be 2.4 x 104 M assuming that the pKa of —3.5 in
water for the conjugate acid of diethyl ether* 44 and 1.17 in water for CHCA?” can be
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used here, and the sample consists 10 pmol analyte in 25 nmol matrix. For AiMet*, in an
exemplary case of A being 15-crown-5, Met" being Na*, and M being CHCA, the
concentration of AiMet* would be 2.2 x 105 M, which corresponds to a ratio of 7.3 x 103
for AiMet" over A, assuming that the equilibrium constant 2.8 in water*-#" can be used
for equation (14), 1 uL typical LC-MS grade water with 0.2 ppm Na* is used to prepare
the sample, and the sample consists 10 pmol analyte in 25 nmol CHCA (molar volume
133 mL/mol). Again, it is noted that the pKa values and equilibrium constant from the
literature may be significantly different from the actual values in solid MALDI MS samples
and estimations may be far away from being accurate.

In the gas phase, for the case of equation (12), we can use the example of A being diethyl
ether and M being CHCA to illustrate the tendency toward neutralization via proton
transfer. The equilibrium constant is —613 kJ/mol or 1032 when the pKa of 737 kJ/mol for
protonated diethyl ether3® 48-%0 js used for AH*, pKa of 1350 kJ/mol of carboxylic acid is
used for M,3" and the plume temperature is assumed to be 1,000 K. For the case of
equation (13), under the same assumptions for equation (12) but with the counter anion
being X" and with X" being hydrogen sulfate, the equilibrium constant is —457 kJ/mol or
1024, For the case of equation (14), we can use the example of A being 15-crown-5 and
Met* being Na*. The identity of X" is insignificant here. The equilibrium constant for the
formation of AiMet* is —159 kJ/mol®' or 108 favoring the AiMet* assuming the plume
temperature is 1,000 K. In this case, neutralization via proton transfer in the gas phase
cannot occur. Neutralization via ion pair formation to give AiMet*: X" is similar as discussed
earlier. At 2,200 K, the numbers become —606 kJ/mol or 10'* for the case of equation
(12), and —445 kJ/mol or 10'° for the case of equation (13).

Assuming thermal equilibrium is fully achieved, at 1,000 K, the ion yields estimated
according to equations (12) and (13) are 10-'® and 1072, respectively. At 2,200 K, the
estimated ion yields become 10 for the case of equation (12) and 10 for the case of
equation (13). For the case of equation (14), after making a number of assumptions such
as the amount of sodium chloride in the sample, the plume pressure at the time thermal
equilibrium is achieved and others, the ion yield is estimated to be 2.9 x 10° (see
supporting information for calculations).

Permanent salt ionization, ion pair formation, ion neutralization and ion yield
estimation: For permanent salts such as benzyltriphenylphosphonium chloride (BTPP-
Cl), 1-butyl-3-methylimidazolium hexafluorophosphate and
trinexyltetradecylphosphonium bis(2,4,4-trimethylpentyl)phosphinate, the behavior of
their ions in a matrix, which has an acidic proton, can be described with equations (15-
17):

AT+ A= A%A (15)

A* + [M-H == A*{[M-H]" (16)

A+ [M+H]" == A" i{[M+H]" (17)
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Where A" stands for analyte cations such as BTPP*. A" is analyte anions such as CI-.
A*A", A%M-H], Ai[M+H] are ion pairs. In solid phase, isolated ions predominate due to
stabilization by the neutral polar matrix molecules. They are close to 100%. Upon laser
irradiation, the ions will form ion pairs, which are regarded as neutral species. The
equilibrium constants for the ion pair formation are similar to the cases discussed earlier.

Assuming thermal equilibrium is fully achieved in the plume, the interion distance in the
ion pair is 1 nm, the temperature is 1,000 K, the sample composition is 10 pmol analyte
in 25 nmol matrix, and plume pressure at the time thermal equilibrium is achieved and
ratios of species in the plume are maintained until ion extraction is 10 atm, the estimated
ion yield is 5.1 x 10-3, which is close to but somewhat higher than the experimentally
determined value 10.23 If 0.5 nm is taken as the interion distance and the pressure is 10
atm, the estimated ion yield is 1.6 x 10,

Dependence of gas phase equilibrium on temperature: For all the above ionization
situations, a common feature is that the plume strongly favors neutral species, which is
achieved by proton transfer or by ion pair formation. However, because all the
neutralization processes are exothermic, if temperature increases, the neutralization
processes become less favored. For example, the equilibrium constant of ion pair
formation (e.g. the one in equation 1) may drop from 107, the value of 1,000 K, to 10*
when the temperature is 1,800 K. The equilibrium constant of equation (5) may drop from
105, the value of 1,000 K, to 10° when the temperature is 1,800 K (see supporting
information). If the partial pressures of the two species on either side of equation (5) were
assumed identical, the ratio of Pep-NH* over Pep-N would be 10-°, which is close to the
experimentally determined ion yields of peptides in MALDI MS.3* Therefore, the reduced
tendency of neutralization under higher temperature is beneficial for ion extraction and
ion detection.

Exchange of ions between ion pairs in gas phase is difficult: In solution phase, the
ion pair partner of an ion can be easily displaced by another ion with the same charge in
the solution, and the exchanged ions can be the same or different types of ions. For
example, the ammonium ion that is paired with a phosphate ion in nucleic acid can be
easily displaced by sodium and vice versa. The chloride ion that is paired with a
guanidium ion in peptide can be easily displaced by a hydrogen sulfate ion and vice versa.
However, in gas phase, such exchange of ions between ion pairs is expected to have a
high kinetic barrier because one of the steps for the exchange is the separation of ion
pairs, and the energy needed for the separation is as high as 138 kJ/mol as analyzed
earlier. Therefore, the exchange of ions between ion pairs in gas phase is difficult. This
phenomenon is beneficial for ion detection as the change of metal cations of an ion pair
to an ammonium cation that can transfer its proton to the counter anion has a high energy
barrier.

lon extraction: The above approach for the estimation of the ion yields of different
classes of compounds is at the macroscale level based on gas phase thermal equilibrium.
A different approach for the analysis is to analyze at the individual ion pair level. This
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approach may be more likely to foster insights useful for the design of experiments to
improve the sensitivity and resolution of MALDI MS. At the time of ion extraction, the ion
pair thermal model assumes that the plume is overall neutral, all ions are ion paired, and
the relative ratios of different species have already been set by thermal equilibrium at a
certain stage of the desorption and ionization process when the plum was at certain
temperature and pressure. Later in the process when the pressure is lowered, new
equilibrium cannot be formed. The ion pairs (as well as neutral molecules) have different
energies. For a small fraction (see the following for specifics) of the ion pairs (or molecules
with ion pairs), their energy is significantly higher than the average. Upon application of
the ion extraction potential, the ion pairs with much higher energy are permanently
separated. The separated ions go in opposite directions and become free ions. An ion
may collide with another ion pair or neutral molecule before entering the field free region
of the spectrometer, but this does not necessarily consume the free ion. The free ion may
continue to travel to the detector, or it may pair or react with the oppositely charged ion in
the ion pair and the other ion in the ion pair may reach the detector.

The typical extraction potential used in MALDI MS is in the order of 10® V/m.3 Using 2.1
x 108 V/m as an example, the force exerted on a unit charge by the potential is 3.4 x 10-
13N (see supporting information). The attraction force between two opposite unit charges
is 2.5 x 1071 N assuming a distance of 1 nm between the unit charges. Therefore, without
the assistance of thermal energy of ion pairs, the ion extraction potential would not be
sufficient to separate the ions in an ion pair.3 If Pauling repulsion force between the ions
at the 1 nm distance and beyond were considered, the required force for the ion
separation would be lower than 2.5 x 10-'° N. However, Pauling force decreases far more
sharply with the increase of distance than the Columbic force, the repulsing force can
hardly change the result. Based on these considerations, if separation of the charges
solely by the ion extraction potential were desired, the distance between the two opposite
unit charges would need to be 26 nm or longer.

The energy of an ion pair that can assist ion pair separation by ion extraction potential to
generate a detectable free ion include translational kinetic energy, vibrational potential-
kinetic energy and rotational kinetic energy. For translational kinetic energy to provide the
assistance, collision with other molecules or ion pairs is required. Energy in the form of
vibration between the two ions in the ion pair is most helpful for the assistance. Vibrational
energy in other parts of the ion pair and rotational kinetic energy may provide little
assistance. However, different types of internal energy can interconvert through thermal
equilibrium.

Ignoring the role of Pauling repulsion force at and beyond 1 nm, which is the assumed
distance at which the Columbic attraction force and the Pauling repulsion force are
balanced, the energy required to separate two opposite unit charges from 1 nm to 26 nm,
which is the distance required for the force from the extraction potential to overcome the
attractive Coulombic force in the ion pair, is 2.22 x 10" J. The energy that can be
provided by an ion extraction potential of 2.1 x 108 VV/m to separate two unit charges from
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1 nm to 26 nm is 0.84 x 10-'9 J. Therefore, the majority of the energy required for ion
separation from an ion pair has to come from the thermal energy of the ion pair, which is
1.38 x 107" (2.22 x 10-® - 0.84 x 1019) J.

The estimated temperature of the plum ranges from 400 K to 2,200 K or higher.10 52,53
Assuming the energy distribution among the ion pairs follows the Boltzmann equation,
these temperatures correspond to a fraction of 1.4 x 10-""to 1.1 x 102 ion pairs that have
the required 1.38 x 10" J thermal energy to be separable into free ions by the ion
extraction potential. If the temperature of 1,000 K is assumed, the number is 4.6 x 10°°.
These numbers are related to the ion yields observed in MALDI MS experiments
according to the ion pair thermal model.

For the case of the permanent salts such as BTPP-CI,%® the experimentally measured ion
yields, which were defined as the quotient of total number of ions detected by MS over
the total number of salt molecules in the sample, are in the order of 10*. The calculated
value of 4.6 x 10° at 1,000 K can be considered close to but slightly lower than the
experimental values. One hypothesis for the discrepancy is related to the lucky survivor
model, under which thermal equilibrium of plume is not fully achieved, and the distance
between the ions in some of the ion pairs is longer than 1 nm due to shielding by other
molecules, and remains so after the shielding molecules fall off. Another possibility is that
the plume temperature is higher than 1,000 K. For example, at 1,200 K, the calculated
ion yield is 2.4 x 104, which matches the experimental numbers well. In addition, for more
accurate analysis, the plume pressure and frequency of particle collision that is required
to transform translational kinetic energy to ion separation should also be considered.

For the neutral matrix molecule CHCA, the experimental ion yield, which was defined
slightly different from that of permanent salts, and is the quotient of total number of ions
detected by MS over the total number of molecules including ions and neutral molecules
in the sample, is in the order of 107 — 108.22 These are significantly lower than the yields
of permanent salts such as BTPP-CI. The lower values are probably caused by the lower
concentration of the ion pair [M-H]i{[M+H]* (see individual ion pair analysis with equation
1 in supporting information) in the plume than ion pairs of BTPP-CI. For BTPP-CI, 100%
of the species can be assumed to exist as ion pairs in the plume. For CHCA, the majority
of the molecules in the plume would be neutrals. At 1,000 K, the ratio of ion pair over the
matrix is estimated to be 10-'3. The estimated ion yield would be 4.6 x 1078 (4.6 x 10 x
10-"3), which is significantly lower than the experimental data.

The discrepancy may be accountable by several hypotheses. One is that the plume
temperature may be higher than 1,000 K. For example, at 2,200 K, the ratio of ion pair
over the matrix becomes 10, and the estimated ion yield became 1.1 x 108 (1.1 x 102
x 107), which is close to observed yields. The second hypothesis is that the neutralization
via proton transfer process may not be able to reach thermal equilibrium, and the ion pair
to neutral ratio in the plum is between 3.5 x 102, the value in solution or solid phase, and
10-"3, the value in gas phase at 1,000 K. The third hypothesis is that the trace impurities
such as alkaline salts in the matrix affect the ratio of ion to neutral molecules. When the
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counter cation of the carboxylate is a metal, once in the gas phase, because exchange
of ions of ion pairs in gas phase is difficult, the carboxylate and metal ion pair will behave
like the permanent salts. Similarly, if the counter anion of the protonated matrix is a
weaker base such as hydrogen sulfate rather than the carboxylate, the ion to neutral ratio
in the gas phase will also be higher. Finally, it is also possible that other ionization
pathways proposed in the literature played a more important role in this case.

For peptides, the simplest case for negative peptide ion detection is that the ion pair is
Pep-CO2iNa* (or K*). If all the peptide molecules contain such an ion pair, the MALDI MS
ion yield would be similar to that of permanent salts. In reality, too much salts are more
of a problem for MALDI MS because it reduces the likelihood of single charged ions and
increases metal adduct formation. Therefore, maintaining the majority of cations being
ammonium ions is important as they can neutralize the carboxylates in the gas phase via
proton transfer. For the analysis of peptide ionization using the individual ion pair
approach, we can use the case of equation (5) as an example. Assuming the plume
temperature is 1,000 K, the predicted ion yield is at the order of 10° (4.6 x 10 x 104),
which is significantly lower than the experimentally determined yield of 104-107.
However, at 2,200 K, the predicted yield is at the order of 10 (1.1 x 102 x 3.2 x 10?),
which is consistent with the observed values. Besides temperature, in the case of large
biomolecules, intramolecular stabilization of ion pair by electron donor and acceptor
groups may be a reason for the higher than calculated ion yield as the stabilization can
increase the ion pair to neutral ratio and making the separation of ions in ion pairs easier.
Finally, like in the analysis of matrix ionization and ion extraction, it is also possible that
other ionization pathways described in the literature may be at play.

For nucleic acids, the negative ions detected by MALDI MS are most likely coming from
the Nuc-O3PO-iNa* (or K*) ion pair rather than the Nuc-OsPOiNH4* ion pair, as the
concentration of the latter in gas phase is too low for detection due to the strong tendency
for proton transfer. For the ion yield of Nuc-OsPO"Na*, the analysis for permanent salts
can be applied. The predicted ion yield would be at the order of 10 (4.6 x 10* x 10)
assuming each nucleic acid molecule contains over 10 nucleotides, the temperature is
1,000 K and there are sufficient alkaline metal cations (but not too much to cause
multicharged or metal adduct peaks) needed for the formation of the Nuc-OsPO-iNa* (or
K*) ion pair. For the case of positive ion detection, the ion yield analysis is similar to that
of positive peptide ion detection.

For neutral molecules as described in equation (13), at 1,000 K, the gas phase ratio of
ion pair AH*iX- over neutral A is 3.2 x 108, and predicted ion yield is 10" (4.6 x 10 x
3.2 x 10'8). At 2,200 K, the gas phase ratio of ion pair AH*:X- over neutral A is 104, and
the predicted ion yield is 10 (1.1 x 102 x 10*), which is in the range detectable by MS
detector.

It is noted that the above calculations and analyses cannot be accurate. The ions are
treated as point charges, the Pauling repulsion force is not considered, the distribution of
energy in different degrees of freedom of motion is ignored, the interaction of species
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shown in an equation with those not in the equation is not considered, and the ion pairs
are assumed completely stable during desorption and ionization. All these can cause
inaccuracy. In addition, the distance between the ions at which the attraction and
repulsion forces cancel each other may be significantly different from 1 nm and vary
widely with different ion pairs, and the temperature of the plume is difficult to determine,
and these two parameters affect the results of ion yield calculation exponentially. The
intend of the calculation and more importantly the analysis is to give a rough picture of
the ion extraction process in MALDI MS. Such a picture can be helpful for designing
systems to improve MALDI MS sensitivity and resolution.

The above discussion is focused on the situation of an overall neutral plume. For cases
that the plume is not overall charge neutral, upon application of the ion extraction
potential, the free ions that constitute the excess charges will either be easily extracted
by the potential and detected by the MS detector or be driven to the undesired direction.
In both cases, the plume will then become neutral, and the same situation as described
for a neutral plume will follow.

Detection of predominantly single-charged ions: The ion pair thermal model can help
to explain several important observations in MALDI MS. The detection of predominantly
single-charged ions, which is interesting and a significant advantage of MALDI MS over
ESI MS, is one of them. Even for molecules that have multiple easily ionizable groups
such as nucleic acids and peptides, single-charged ions almost always predominate.
Double- and triple-charged ions may be detected but their peaks are almost always less
intense. In the context of the ion pair thermal model, in the plume, there is a strong
tendency for the molecules to exist in a neutral form, either through proton transfer or
through ion pair. Taking equation (5) for an example, at 1,000 K, for a guanidine group to
be protonated and detected, the chance is 10 for Pep-NH*HSO3- over Pep-N. At 2,200
K, the number is 3.2 x 102. For a molecule that contains two such ion pairs, the chance
for the molecule to appear as a double-charged peak in MALDI MS is 2.1 x 10-1° (104 x
104 x 4.6 x 10° x 4.6 x 10%) at 1,000 K, and 1.2 x 10° (3.2 x 102 x 3.2 x 102 x 1.1 x
102 x 1.1 x 10?2 at 2,200 K. In reality, the chance for detecting doubled charged ions is
significantly higher, which indicates that thermal equilibrium may not be fully reached in
the plume, and some pre-existed ions in the sample, which have larger inter-ion distance
in ion pair after they ejected into the plume, may contribute to the MS signal.

The total number of ions detected is roughly constant: The ion pair neutralization
model can provide an explanation for the observation that the total numbers of ions
detected by the MS detector are roughly constant irrespective of the molar ratio of an
analyte over matrix in a MALDI MS sample and the identity of the analyte.?® 34 Taking the
analysis of BTPP-CI with MALDI MS as an example, when the sample composition was
0.1 pmol analyte in 25 nmol CHCA, the ion counts of BTPP* and [CHCA+H]* were 0.52
x 108 and 1.8 x 109, respectively; when the analyte was increased to 3 pmol, the ion
counts were 11 x 108 and 1.4 x 10°, respectively; and when analyte was 30 pmol, the ion
counts were 28 x 108 and 0.29 x 10°, respectively.?> These data indicate that the total
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number of ions including those from the analyte and matrix do not change significantly
when the ratio of analyte over matrix changes significantly. In addition, it was observed
that the total number of ions does not exceed the total number of matrix ions obtained
with pure matrix. In certain ranges of analyte concentration in the sample, as the
concentration increases, the number of analyte ions increases, but it is at the cost of the
number of matrix ions, which decreases. Similar experimental observations were reported
for other ionic compounds and peptides.®* In the context of the ion pair thermal model,
three factors may be accountable for the observations. One is that the fraction of
molecules including ion pairs and neutral molecules of analyte and matrix that have
sufficient thermal energy to render free ion generation is set by the plume temperature.
At certain range, the analyte over matrix ratio has little influence on the fraction number.
The other is that when the concentration of ion pairs that have sufficient energy to be
separable by the ion extraction potential to become free ions dispersed in the plume of
mainly neutral matrix molecules exceeds certain limit, they are more likely to collide with
each other and become neutral molecules via proton transfer.

Detection of positive and negative ions under the same desorption and ionization
conditions: For nucleic acid and peptide analytes as well as other molecules, which carry
both positively and negatively charged groups, detection of positive and negative ions
under the same desorption and ionization conditions is usually possible.?® In some
reports, similar yields/peak intensities for positive and negative ions were observed.
Models have been proposed to explain the observations. For example, the energy
transfer induced disproportionation assumes that in the solid sample, two analyte
molecules share an active proton through hydrogen bonding. A closely located excited
matrix molecule transfers its energy to the analyte dimer to induce disproportionation,
which generates one protonated analyte molecule and one deprotonated analyte ion.?6 In
the context of the ion pair thermal model, where free ions in the plume are not considered
a requirement for ion detection, and ion pairs with sufficient energy are mainly responsible
for ion detection, these observations can be easily explained. In the plume, both types of
ion pairs with analyte being positive ions and those with analytes being negative ions
exist, and in some cases with close to equal quantity. Their energies are about the same,
and thus the chance for their separation by ion extraction potential to become detectable
free ions is about the same. Therefore, the detection of positive and negative analyte ions
under the same desorption and ionization is observed.

Reduction of metal adducts in nucleic acid analysis using ammonium salt as co-
matrices: In MALDI MS analysis of nucleic acids, desalting is usually critical for success.
This is especially true for the analysis of nucleic acids longer than 60 nucleotides. In many
cases, various adducts of multiple metal cations such as potassium and sodium can
become so prevalent that the analysis can provide little information. The abundance of
the adducts may also prevent desorption.5*%¢ Ammonium salts such as diammonium
hydrogen citrate have been found to be able to alleviate these problems when they are
used as co-matrices, although long nucleic acid analysis is still challenging. In the
literature, the formation of complex metal adducts in nucleic acid analysis is usually
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attributed to the high affinity of the alkaline metal cations toward the phosphate groups of
nucleic acids. In the context of the ion pair thermal model, the metal adducts can be
conceived to be easy to form because of the strong Coulombic attraction force between
the metal cations and the phosphates in the plume. Few of the multiple ion pairs in a
nucleic acid molecule have sufficient thermal energy to become separable by the ion
extraction potential. Ammonium salt co-matrices can alleviate the problem because with
ammonium salt in the solid sample, the chance for the phosphate groups to ion pair with
alkaline metal cations is lowered, and most or almost all the phosphate groups could pair
with ammonium cations. Once in the gas phase, the ammonium and alkaline metal
cations in the ion pairs are not easy to exchange, and the ion pairs with ammonium cation
can readily neutralize via proton transfer.

lon suppression: In MALDI MS, occasionally when the analyte concentration in a sample
reaches certain levels, matrix ions can be partially or even completely suppressed. In
addition, suppression of one analyte ion by another analyte ion formed from the same or
a different analyte can also occur. Because MALDI MS samples are heterogeneous, and
samples of an analyte prepared using the same recipe can give variable analysis results,
special experimental design such as closely matched controls, experiments with standard
samples and statistically meaningful amount of data are needed if MALDI MS is to be
used for analyte quantification and for the determination of analyte purity.”: ® 26 %7 |n the
context of ion pair thermal model, ion suppression is conceivable. The total number of ion
pairs that have sufficient energy to generate detectable free ions by the extraction
potential is roughly constant. Taking the suppression of matrix ions by analyte ions for an
example, when the concentration of an analyte in the sample increases, the number of
high energy ion pairs involving an ion from the analyte in the plume increases. This
increase is at the cost of the high energy ion pairs involving matrix ions, which become
undetectable species via mechanisms such as neutralization via proton transfer and loss
of kinetic and vibrational energy.

Conclusions

In summary, the ion pair thermal model for MALDI MS is proposed. Key assumptions of
the model include high temperature plume, gas phase thermal equilibrium, strong
tendency to gas phase neutralization via ion pair formation and proton transfer, and
overall plume charge neutral. The quantities of ions in the solid sample and in the gaseous
plume were estimated. lon yields were estimated based on gas phase thermal equilibrium
at the macroscale level and at the individual ion pair level. The estimated ion yields were
close to but might be somewhat lower than experimentally determined values depending
on the assumption of plume temperature. One possible explanation for the lower than
observed ion yields can be deviation of full thermal equilibrium of the actual plume.
Besides ion yield estimation, the model can provide explanation of some observations in
MALDI MS, which include detection of single-charged ions, roughly constant total number
of ions, equal detection of positive and negative ions, reduction of metal adducts with
ammonium salt and ion suppression. We hope that the new model can provide guidance
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on the design of new conditions and systems that can improve the performance of MALDI
MS such as improving its sensitivity and resolution, and its ability and reliability for the
analysis of large biomolecules.
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