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Abstract

The gas-phase basicities (GB) of eight matrix-assisted laser desorption/ionization (MALDI) matrix anions were determined
using a modified bracketing method. Reference anions were generated by laser desorption from a newly developed two-phase
liquid/solid mixed matrix, allowing measurements at a well defined temperature (299 K) and under low pressure conditions.
The most basic matrix anion found was that of 3-aminoquinoline (GB5 1451 kJ/mol) and the least basic was the
2,4,6-trihydroxyacetophenone anion (GB5 1324 kJ/mol). Consequences for the MALDI process are discussed with respect
to matrix ion formation, oligonucleotide and protein analysis. Ground-state proton transfer plume reactions between matrix
anions and analyte molecules were found to be energetically favorable in many cases. (Int J Mass Spectrom 184 (1999) 25–38)
© 1999 Elsevier Science B.V.
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1. Introduction

Although matrix-assisted laser desorption/ioniza-
tion (MALDI) [1] has become a widespread ioniza-
tion technique successfully applied in the analysis of
biological, biochemical, and industrial samples, nei-
ther matrix nor analyte ionization is fully understood
yet. Here we present fundamental thermochemical
MALDI matrix properties which are relevant to the
MALDI process.

Proton transfer reactions have been suggested as
the basic mechanism for analyte ionization in both
positive [2] and negative [3] polarity. Bo¨kelmann and
co-workers studied the dynamic parameters of ion

formation in MALDI [4]. They observed a significant
quenching of matrix ions in areas of high peptide ion
density, and suggest gas-phase proton transfer from
matrix ions to analyte molecules. Analysis of time-
of-flight profiles of bovine insulin cluster ions carried
out by Kinsel and co-workers [5] strongly suggests a
two-component model for MALDI ion formation. The
ion profiles were best described with one fraction of
analyte ions that are formed promptly, and another
fraction of about equal intensity that is formed with a
delay of about 30 ns. For the delayed reactions, it
seems unlikely that excited state chemistry plays an
important role because the lifetime of excited states is
usually shorter than 30 ns. In a recent study, Jør-
gensen and co-workers observed a correlation be-
tween the proton affinity of the matrix used and the
formation of multiply charged protonated analyte ions* Corresponding author.
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[6], giving further evidence that proton transfer plume
reactions are of great importance for analyte ioniza-
tion.

Several groups have reported ground-state proton
affinities (PA) and gas-phase basicities (GB) of matrix
molecules [6–9] and neutral fragments thereof [8]. To
date, a lack of data on negatively charged matrix
species has prevented further insight into possible
deprotonation mechanisms.

The gas-phase basicity of an anion (M2 H)2,
GB((M 2 H)2), is the negative of the free energy
changeDG of the protonation reaction

(M 2 H)2 1 H13 M (1)

usually defined at 298 K.
Techniques that have been used to establish rela-

tive gas-phase basicities are the equilibrium, kinetic,
and bracketing methods. These have been reviewed
and discussed by Harrison [10].

With the equilibrium method [11], the gas-phase
basicity of a test base can be determined by measuring
either the equilibrium constant or the rate constants
for the forward and reverse reactions of a proton
transfer between the test base and a reference base
with known GB. Additionally, by determination of the
equilibrium constant as a function of temperature, the
proton affinity (2DH of a protonation reaction) can
be derived. An essential prerequisite of this method is,
of course, that equilibrium is established, and more-
over, that equilibrium concentrations of both ionic
and neutral species involved in the proton transfer
reaction can be determined accurately. The equilib-
rium method can therefore only be applied if all
species under investigation are sufficiently volatile,
which is typically not the case for molecules used in
MALDI.

Because proton-bound cluster ions can in many
cases be easily prepared by desorption/ionization
techniques such as fast atom bombardment (FAB),
MALDI or electrospray ionization (ESI), the kinetic
method is ideal for the study of nonvolatile com-
pounds. With this method, the fragmentation of pro-
ton-bound heterodimer ions, consisting of a reference
and a test compound, is studied [12]. In order to

dissociate the weakly bound cluster species, a tech-
nique such as collisional or infrared multiple photon
(IRMP) activation needs to be employed [13,14].
Assuming equal detection efficiencies, the ratio of
fragment ion signals will then equal the ratio of rate
constants for the competing dissociation channels,
from which gas-phase basicities and proton affinities
can be derived.

In the bracketing method [15], abrupt changes in
reactivity with reference compounds are used to
assign gas-phase basicities. Fast reactions are consid-
ered as exoergic and slow reactions are classified as
endoergic [10]. By reacting a test species with a
variety of reference substances, its gas-phase basicity
can be bracketed. Reaction efficiencies (RE) can be
used to distinguish fast and slow reactions. These are
defined as the ratio of the experimental rate constant
kexp and either the collision rate constantkcoll or a
theoretical rate constantkADO [16–18] obtained from
average dipole orientation theory [19]. RE5 1 indi-
cates an exoergic, and RE5 0 an endoergic reaction.
A RE of unity denotes the situation where every
collision results in a proton transfer. As the RE
decreases, which is the case in near-thermoneutral
reactions, the number of collisions required for proton
transfer to occur increases. A RE of zero means that
independent of the number of collisions, proton trans-
fer will not proceed. However, values forkexp, kcoll,
andkADO can only be determined with relatively low
precision. For example, experimental rate constants
were reproducible to no better than 25% (relative
standard deviation) in a study carried out by Mc-
Kiernan and co-workers [18]. Together with the fact
that collision rate constants also can only be deter-
mined with limited accuracy, relatively large errors
for the reaction efficiencies can result. This is re-
flected in the calculated reaction efficiencies, which
then can have unphysical values significantly larger
than unity (for example 1.78 was found in [17]). The
criterion used to decide whether a reaction is consid-
ered exoergic or endoergic was if the reaction effi-
ciency is larger or smaller than either 0.5 [17] or 0.1
[18], respectively. Assigning a bracketing point on the
basis of reaction efficiencies is therefore difficult
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when reaction efficiencies can only be determined
with such low precision.

Bouchoux and co-workers discussed the relation-
ship between the kinetics and the thermochemistry of
gas-phase proton transfer reactions and suggested a
more facile method for determining GB values [16].
All data obtained in a bracketing series can be
exploited to define a fitting function based on a
steady-state assumption and transition state theory.
From this function, the GB of the species under
investigation can be derived with a precision of6 5
kJ/mol.

Here we show how GB values can be deduced
from relative ion abundances rather than from kinet-
ics, provided that the abundances are probed after a
sufficiently long reaction delay. It was empirically
observed that near-equilibrium conditions were estab-
lished after a certain reaction time, justifying a theo-
retical treatment based on equilibrium and transition
state theory. Applying this method for a series of
reference bases and fitting the complete data set yields
reliable GB values for the anions under study.

1.1. Theoretical treatment

The neutral matrix molecules (M) were allowed to
undergo reactions with reference bases (R2) of known
gas-phase basicities. For the reaction

R2 1 M ^ (M 2 H)2 1 RH (2)

the equilibrium constantKeq is given by

Keq 5
[(M 2 H)2][RH]

[R2][M]
(3)

By stoichiometry, the concentration of deproto-
nated matrix molecules is equal to the concentration
of protonated reagent ions RH at any stage of the
reaction, including equilibrium. If the total ion inten-
sities in each spectrum are normalized, we can write
the equilibrium constant for reaction (2) as:

Keq5
x2

~1 2 x! z M0
(4)

wherex is the normalized (M2 H)2 concentration,

x 5
@~M 2 H)2]

[(M 2 H)2] 1 [R2]
(5)

and M0 stands for the relative concentration of neutral
matrix molecules,

M0 5
[M]

[(M 2 H)2] 1 [R2]
(6)

Under equilibrium conditions, the equilibrium con-
stant and the free energy change of reaction (2) are
related through

DG 5 2RT ln Keq or Keq 5 exp [2 DG/RT] (7)

The free energy change of reaction (2) is given by the
difference in gas-phase basicities of product and educt
ions:

DG 5 GB((M 2 H)2) 2 GB(R2) (8)

Because ion intensities have been normalized, the
value ofx will be between 0 and 1,x [ [0, 1], and
it follows that Keq [ [0, `]. This makesKeq an
impractical parameter for data visualization, so the
experimental data were instead plotted as Rk values
defined as follows:

Rk5
1

11M0 z Keq
5 F1 1

x2

1 2 xG
21

(9)

This has the advantageous properties that ifx
approaches 0, the Rk value will approach 1 and ifx
approaches 1, Rk will approach 0. The Rk 5 1 value
corresponds to no product ion yield, and the Rk 5 0
value corresponds to 100% product ion yield. Using
the expression forKeq in Eq. (7), and expandingDG
as in Eq. (8), Eq. (9) gives the fit function to derive
GB((M 2 H)2) from Rk for a series of test bases:

Rk(GB(R2))

5 F1 1 M0 expF2 GB~~M 2 H!2! 2 GB~R2!

RT GG21

(10)
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Besides the desired (M2 H)2 ion, RM2 heterodimer
ions were detected in many cases, especially for
near-thermoneutral deprotonation reactions. Because
proton transfer and not adduct formation is of interest
here, the intermediate RM2 is considered as unre-
acted material formally equivalent to R2. Therefore
the term [R2] in Eq. (2), (3) includes the measured
RM2 concentration.

The formation of intermediate ions was also ob-
served by McKiernan [18] and Wu [17] in bracketing
experiments in positive mode. Both groups defined
the reaction efficiencies as rate ratios and considered
the intermediate as unreacted material. For a data
analysis as suggested by Bouchoux and co-workers
[16], this is somewhat contradictory, because the
rate-ratio data treatment is based on a steady-state
approximation, meaning that it assumes a highly
reactive intermediate. With our equilibrium approach,
we also do not treat the intermediate as an individual
species, but we assume equilibrium conditions which
allow for its formation.

In order to exactly determine M0, both the absolute
ion and neutral concentrations need to be measured
accurately. The latter is constant for a given matrix,
but vapor pressures are not known for these com-
pounds. Employing the electron filament for neutral
density determination would increase the temperature
of the cell and the metal target supporting the solid
matrix, resulting in increased sublimation and an
overestimation of the partial matrix pressure com-
pared to the GB measurements with no filament. The
relative matrix concentration M0 in Eq. (10) was
therefore estimated from ion densities and exoergic
reaction rates using collision theory. Judging from
signal intensities, estimated instrument sensitivity,
and absence of space-charge effects, a reasonable
value for the number of ions trapped in the ICR cell
was 104, equivalent to an ion density of 1.22z 1011

L21 in the active cell volume of 8.2z 1028 L. The
latter is given by the ICR orbital radius of anm/z 5
100 ion at thermal energies and 4.7 T, the trapping
potential of21 V, and the cell dimensions. With the
assumed ion densityr 5 1.22 z 1011 L21 and an
estimated collision cross sections of 10218 m2 [20],
we can calculate M0 from collision theory. For reac-

tions that proceed with unit efficiency, the rate of
change in R2 concentration, [R2], is given by the
collision densityZ [21],

Z 5 2 d@R2]/dt 5 sÎ8kT/pm z @R2# z @M# (11)

where [M] is the matrix concentration,T the temper-
ature,k the Boltzmann constant, andm the reduced
mass of reference anion and matrix molecule. Assum-
ing first-order kinetics and because rates were ob-
tained from normalized reference ion intensities [R2]n

(where the normalization factor was the same as used
for normalization of the matrix concentration), we can
write (11) as:

kexp5 sÎ8kT/pm z r z M0 (12)

from which we can extract M0 values. The rate
constantskexp were obtained from the kinetics of
highly exoergic reactions, where every collision re-
sults in proton transfer. For all matrices except for
para-nitroaniline and 2,5-dihydroxybenzoic acid, M0

values between 1 and 10 were obtained. Forpara-
nitroaniline, a higher value of 48 was determined,
corresponding to the significantly higher vapor pres-
sure of para-nitroaniline. On the other end of the
scale, the M0 value for 2,5-dihydroxybenzoic was
found to be 0.65. Partial matrix pressures in the cell
volume can then be back calculated to range from 33

1029 to 2 3 1027 mbar.
The M0 values from the kinetic analysis were used

in the fitting functions. As part of the error analysis,
two extreme cases were considered. In the first case, a
small ion number of 103 was hypothesized together
with a tenfold higher partial matrix pressure than
found above, giving a relative matrix concentration of
100 z M0. In the second case, the ion number was
assumed to be high (105), and the partial matrix
pressure was taken an order of magnitude lower,
resulting in a relative matrix concentration of
0.01 z M0. These conservative bounds for M0 span
four orders of magnitude and far exceed possible
uncertainties resulting from ion-dipole interactions,
which can enhance maximum reaction rate constants
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by at most a factor of 2–4 [22]. A covariance analysis
showed that the matrix GB error derived from the
reference GB uncertainty was much smaller than the
matrix GB error because of these conservative bounds
for M0.

2. Experimental

Experiments were performed utilizing a Fourier
transform ion cyclotron resonance (FTICR) mass
spectrometer with a 4.7 Tesla superconducting mag-
net (Bruker, Fa¨llanden, Switzerland). The laboratory-
built vacuum system comprised a cylindrical ion cell
and a sample transfer device for insertion of solid
material. The RF electronics and Odyssey data acqui-
sition system were from Finnigan (Finnigan FT/MS,
Madison, WI, USA). For laser desorption, a Nd:YAG
laser (Continuum, Minilite ML-10) operated at 355
nm was employed. The typical laser irradiance used
was 4 z 106 W/cm2 or less. Reference ions were
trapped within a21 V static potential and allowed to
axialize for 5 s prior to stored waveform inverse
Fourier transform (SWIFT) isolation, a variable reac-
tion delay, chirp excitation, and subsequent detection.
In a few cases, the cooling delay was reduced to as
little as 1 s. This was necessary for highly exothermic
reactions (DGB . 40 kJ/mol) together with relatively
high matrix vapor pressures. These reactions then
proceeded so fast that the reference anions would
otherwise be reacted away during the cooling period.

Before starting a series of bracketing experiments,
the vacuum system was cleaned with a bakeout
procedure. After the system cooled to room tempera-
ture (2996 1 K), a solid sample of the MALDI
matrix under investigation was inserted into the main
chamber. The sublimed material was then allowed to
adsorb on the vacuum system and cell walls during a
one hour period, resulting in a good wall coverage.
For each reference base, a target carrying both solid
matrix material which was placed on the outer rim of
the target and a two-phase sample for reference anion
generation (placed in the center) was prepared. This
target was then positioned about 15 mm from one
trapping plate of the cell. Tetrabutylammonium salts
(TBA hydrogen sulfide, TBA cyanide, TBA acetate,

TBA cyanate, TBA thiophenolate, TBA benzoate,
TBA chloride, TBA bromide, TBA nitrate, TBA
rhodanide, TBA methanesulfonate, TBA iodide, TBA
hydrogen sulfate, TBA trifluormethanesulfonate)
were purchased from Fluka (Buchs, Switzerland).
Silicon particulates (325 mesh, corresponding to 45
mm diam.) were purchased from Aldrich (Buchs,
Switzerland). 3-aminoquinoline,para-aminophenol,
2-amino-3-hydroxypyridine, 4-hydroxybenzoic acid,
nicotinic acid and 2,5-dihydroxybenzoic acid were
from Fluka. Para-nitroaniline, 2-amino-5-nitropyri-
dine, 3-hydroxypicolinic acid and 2,4,6-trihydroxy-
acetophenone were from Aldrich.

3. Reference anion generation

In conventional bracketing experiments, reference
ions are produced by electron bombardment of a
volatile gas which is introduced through a pulsed
valve. This method has substantial disadvantages.
First, the gas pulse is detrimental to ICR working
conditions. Besides the desired gas, impurities from
former experiments may also still be present in the
inlet line and can lead to erroneous results. Second,
the hot electron filament, which is usually located
close to the ICR cell, causes a temperature gradient
along the cell volume in which the ion/molecule
reactions take place. The resulting temperature uncer-
tainty can lead to incorrect thermochemical data.
Third, reference ions such as protonated or deproto-
nated species are commonly generated by chemical
gas-phase reactions following an electron impact
event, as there are radical ion formation and subse-
quent self-protonation/self-deprotonation or protona-
tion/deprotonation via an additional precursor ion.
These reactions can be complicated by competing
reactions such as electron transfer and clustering.
Desorption of preformed reference anions [23] avoids
all such complications and was found to be a straight-
forward technique. Defined (low) temperature, gener-
ation of only the desired ion species and low pressure
conditions are the main advantages.

The anions were laser desorbed from a liquid/solid
binary matrix consisting of a concentrated TBA salt
solution and silicon particulates to absorb the laser
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energy [23]. Because this matrix almost exclusively
yields the desired reference anions, the SWIFT isola-
tion waveform was primarily used to eject matrix ions
which can already form during the cooling period,
rather than to eject species formed upon laser desorp-
tion.

4. Results and discussion

4.1. Bracketing results

The ion/molecule reaction products detected were
either deprotonated matrix anions (M2 H)2, MR2

heterodimer ions, or both species simultaneously. Fig.
1 illustrates typical spectra obtained in bracketing
experiments after a 30 s reaction time. Depending on
their gas-phase basicities, the various reference anions
yield different types of product ions when reacting
with the matrix molecules. As shown in the upper
trace, the methanesulfonate anion is depleted solely
by complex formation with the MALDI matrix 2-ami-
no-5-nitropyridine (2A5NP), so we conclude that the
proton transfer reaction is endoergic. The benzoate
anion forms both complex ions and deprotonated
matrix, indicating a near-thermoneutral proton trans-
fer reaction (see middle trace). In the lower trace, a
pure deprotonation reaction between the thiopheno-
late anion and 2A5NP is shown, which we classify as
exoergic. The relative yield of deprotonated matrix
increases with increasing reference anion basicity.

We observed that near-equilibrium conditions
were established after reaction times of about 10 s or
less, as is illustrated in Fig. 2. The kinetic plot shows
the relative intensities of the reference anion CNO2,
deprotonatedpara-nitroaniline (PNA2 H)2, and
(PNA 1 CNO)2 complex ions, respectively. After
relatively rapid changes during the first 10 s, the
normalized ion abundances become almost constant.
The near-equilibrium conditions allow us to treat the
data as described above. With this method, we do not
assign a “bracketing point” between two reference
bases, which is obviously difficult when near-thermo-
neutral reactions occur, but take into account the
bracketing results of all reference anions with a given

matrix molecule. The reference anion GB literature
values were from the National Institute of Standards
and Technology database [24,25], and in the case
where more than one value was listed, average values
were used, as summarized in Table 1. Literature
values with errors larger than 20 kJ/mol were disre-
garded.

The reactions of various reference anions with

Fig. 1. Typical mass spectra obtained in bracketing experiments,
illustrated for reactions of reference anions with the MALDI matrix
2-amino-5-nitropyridine (2A5NP). The reaction time was 30 s.
Upper trace: Adduct ion formation with 2A5NP depletes the
methanesulfonate anion, and no deprotonated matrix is observed.
Middle trace: the benzoate anion forms both adduct ions and
deprotonated 2A5NP. Lower trace: the thiophenolate anion reacts
by deprotonating 2A5NP, whereas the adduct species is not
observed. The relative yield of deprotonated matrix is correlated
with the reference anion basicity, increasing from top to bottom.
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PNA were monitored as a function of time, and from
the relative ion abundances, Rk values were calcu-
lated. Using Eq. (10), GB values at 299 K were
obtained. A nonlinear, least-square fitting procedure
was employed for data evaluation. Experimental data
were weighted with the reference base GB errors in
the fitting procedure. Experimental data and the cor-
responding Rk fit functions are depicted in Fig. 3 for
reaction times of 1, 5, and 30 s. After a relatively
rapid change of Rk values during the first seconds,
which corresponds to nonequilibrium conditions, no
further significant change can be observed. The Rk

values after 10, 20, and 30 s reaction times are almost
undistinguishable. The same is true for the derived
gas-phase basicities, as illustrated in Fig. 4. The data
in Fig. 4 reflect the kinetics of the various reactions
and were fitted with an exponential function. The
gas-phase basicity of thepara-nitroaniline anion
(PNA 2 H)2 determined with this method is
1410.66 11.5 kJ/mol, which is in very good agree-
ment with the literature value of 1407.06 8.4 kJ/mol
[23].

In order to further validate the method, we deter-
mined the gas-phase basicities ofpara-aminophenol
(pAP) and 4-hydroxybenzoic acid (HBA). These mol-
ecules are not used as MALDI matrices, but are
chemically similar to some matrices and literature
values are available. The (HBA2 H)2 anion basicity
found, 1378.06 11.5 kJ/mol, is in excellent agree-
ment with the literature value of 1376.06 8.4 kJ/mol
[24]. For para-aminophenol, we determined a GB
value of 1438.36 11.5 kJ/mol. The literature value is
larger, 14506 8.4 kJ/mol [24], but within the errors
still in agreement. Literature values and our data
obtained from the analysis of Rk values are summa-
rized in Table 2.

In a few cases, the deprotonated matrix molecule
was found to form a (2M2 H)2-type complex by
attachment of an additional matrix molecule. This ion
appeared only slowly and was always minor in
abundance for reaction times up to 30 s. It was treated
in the analysis as a (M2 H)2-type matrix anion.

2,5-dihydroxybenzoic acid (DHB) and 2,4,6-trihy-
droxyacetophenone (THAP) were the only matrices

Fig. 2. Kinetic plot of the reaction between cyanate (CNO2) and para-nitroaniline (PNA). The solid lines are exponential fit functions.
Near-equilibrium conditions were established after about 7 s reaction time.
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investigated here for which a 30 s reaction delay was
not sufficiently long to determine the corresponding
anion GBs. The exoergic reactions with DHB were
only complete after a 90 s reaction time. On this
extended timescale, the formation of (2M2 H)2-
type homodimer ions became significant. The ratio of
(DHB 2 H)2 and (2DHB2 H)2 ions after a 90 s
reaction time was about one. We regarded the ho-
modimer ion as deprotonated matrix. With this as-
sumption, the derived gas-phase basicity of (DHB2
H)2 is 1329.46 11.5 kJ/mol. The bromide and
nitrate anions reacted with DHB both by deprotona-
tion and complex formation, whereas the rhodanide
anion reacted only by heterodimer complex forma-
tion. From a qualitative bracketing viewpoint, then,
the derived gas-phase basicity of 1329.4 kJ/mol is
therefore reasonable. However, on this longer time-
scale some departure from equilibrium cannot be
ruled out because neutral product molecules will

slowly be pumped out of the cell volume, driving the
reaction further towards products.

For THAP, the observed reactions were even
slower. After a 30 s reaction delay, the product ion
yield was only about 20%. The bromide and rho-
danide (CNS2) anion both reacted by formation of
(THAP 2 H)2 and heterodimer complex anions in
approximately equal abundance. The nitrate anion
yielded exclusively (THAP2 H)2 ions, whereas the
methanesulfonate exclusively formed heterodimer an-

Table 1
Reference anion gas-phase basicities

Reference anionX2

GB(X2)
[kJ/mol]

GBaverage(X
2)

[kJ/mol]

HS2 14436 8.4a 1444.56 8.4
14466 8.4a

CN2 14276 8.8a 1432.56 8.6
14386 8.4a

CH3CO2
2 14276 8.4a 1428.76 8.4

14296 8.4a

14306 8.4a

CNO2 14006 16a 1407.56 12.2
14156 8.4a

C6H5S
2 13976 8.4a 13976 8.4

C6H5CO2
2 13936 8.4a 1393.36 8.4

13936 8.4a

13946 8.4a

Cl2 1373.66 8.4b 1373.66 8.4
Br2 1331.86 0.84a 1331.46 4.6

13316 8.4a

NO3
2 1329.76 0.84a 1329.76 0.84

CNS2 13296 5.9a 13296 5.9
CH3SO3

2 13186 8.4a 1319.56 8.4
13216 8.4a

I2 1293.76 0.84a 1293.76 0.84
HSO4

2 12656 10a 12656 10
CF3SO3

2 12536 8.4a 1251.56 9.2
12506 10a

a From [24].
b From [25].

Fig. 3. Rk values as a function of reference anion basicity for
reactions ofpara-nitroaniline (PNA) with several reference anions
(hydrogen sulfide, cyanide, acetate, cyanate, thiophenolate, benzo-
ate, chloride, bromide, nitrate, rhodanide, methanesulfonate, iodide,
hydrogen sulfate). Reaction times were 1, 5, and 30 s, respectively.
Solid lines are fit functions of the type (10) as discussed in the text
for 299 K and a relative matrix concentration M0 5 48. The
vertical reference line at GB5 1402 kJ/mol helps to see the
shifting of fit functions towards lower GB with increasing reaction
time. The shift during the first 5 s was much larger than the shift
between 5 and 30 s.
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ions. THAP was the only matrix here which was
deprotonated by the rhodanide anion. The GB of the
(THAP 2 H)2 anion was therefore determined by
bracketing between rhodanide (GB5 1329 kJ/mol)
and methanesulfonate (GB5 1319.5 kJ/mol), giving
rise to a (THAP2 H)2-gas-phase basicity of
1324.36 7.1 kJ/mol. The relative order of (DHB2
H)2 and (THAP2 H)2 anion basicities was con-
firmed in a proton transfer experiment. The (DHB2

H)2 anion reacted with THAP in a pure deprotonation
reaction.

The method described here could not be utilized
for determination of anion GBs of sinapic acid, ferulic
acid, and 2(-4-hydroxyphenylazo)-benzoic acid
(HABA), because these matrices were found to have
insufficient vapor pressure. For example, the reaction
between acetate and ferulic acid, which by analogy to
the other carboxylic acids can reasonably be assumed
to be exoergic, was far from completion even after
1000 s reaction time.

5. Consequences for MALDI

5.1. Matrix ion generation

Protonated and deprotonated matrix ions have been
suggested to act as reagents for analyte ionization, but
the mechanism by which matrix ions are created is
still under investigation. Karbach and Knochenmuss
recently measured the ionization potential of DHB
molecules to be 8.05 eV [26], which is not accessible
with two 337 nm photons from the N2 laser that is
commonly employed in UV-MALDI. They also
present arguments against classical excited-state pro-
ton transfer for primary ion formation from this
matrix. They suggest two-center processes as prime
candidates for explaining UV-MALDI, such as en-
ergy pooling and subsequent photo/thermal ionization
[26]. A related possible mechanism is energy pooling
followed by a matrix disproportionation reaction,
yielding a pair of protonated and deprotonated matrix

Fig. 4. Derived gas-phase basicities as a function of reaction time. After a relatively rapid initial decrease, the GB clearly approaches a limit
value. The solid line is an exponential fit function with an asymptotic value of 1410.6 kJ/mol. Error bars show the error in GB obtained from
a covariance analysis.
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Table 2
Results from modified bracketing experiments. Literature values from Ref. [24] were obtained from ion/molecule equilibrium
measurements

* From [24].
** See text.
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ions. With GB values of neutral matrix molecules
from the literature and the data reported here, the
energy required for a ground-state matrix dispropor-
tionation reaction can now be calculated.

Nicotinic acid, 3-hydroxypicolinic acid, 2,5-dihy-
droxybenzoic acid, and 2,4,6-trihydroxyacetophenone
were reported to have proton affinities of 904 [6,9],
895 [6,7], 853 [7–9], and 882 kJ/mol [7], respectively.
We estimate the corresponding GBs to be about 30
kJ/mol lower, which is the typical entropy contribu-
tion at 300 K [25]. It follows that the difference in
GBs of neutral and anionic matrix species is about
492, 500, 506, and 472 kJ/mol, respectively. The
energy required for a proton disproportionation reac-
tion between two matrix molecules is then roughly 5
eV, which is much less than two 337 nm photons.

5.2. Oligonucleotide analysis

An analyte class which is predominantly detected
in negative polarity is that of nucleic acid oligomers
[27]. In typical negative ion MALDI mass spectra,
oligonucleotides appear as deprotonated molecules
which can result from a deprotonation reaction with
matrix anions via reaction (13),

~M 2 H)2 1 A 3 M 1 (A 2 H)2 (13)

where A is the analyte and M is the matrix molecule.
Reaction (13) proceeds towards products ifDGB , 0
(DGB 5 GB((A 2 H)2) 2 GB((M 2 H)2)).

Gas-phase basicities of deprotonated oligonucleo-
tides have not yet been determined and are the subject
of current investigations. However, in laser desorp-
tion/chemical ionization experiments, an adenosine-
59-monophosphate (AMP) anion proton affinity of
about 1280 kJ/mol was derived from unimolecular
dissociation analysis [23]. The GB of (AMP2 H)2

should be about 30 kJ/mol lower, because of the
typical entropy contribution at 300 K [25]. Because
all nucleic acids are identical with respect to their
acidic function, the phosphate group, oligonucleotide
GBs should not differ largely from this value, 1250
kJ/mol.

Matrix anion GBs were found to lie between 1324

and 1451 kJ/mol, significantly higher than the esti-
mated oligonucleotide anion GB in all cases. There-
fore, with all matrices investigated here, a ground-
state oligonucleotide deprotonation via reaction (13)
is energetically favorable.

In order to avoid or minimize analyte fragmenta-
tion, the excess energy released in an exoergic dep-
rotonation reaction should be kept as small as possi-
ble, meaning that the differences in matrix and analyte
anion GBs should be small. For oligonucleotides, a
“soft” deprotonation reaction occurs if the GB of the
matrix anion is higher than, but close to the GB of the
nucleotide anion (GB' 1250 kJ/mol). The GB of the
THAP anion is closest to the estimated value (DGB '
275 kJ/mol), and from the point of view of chemical
ionization and neglecting excited state chemistry, it
constitutes the softest reagent anion for oligonucleo-
tide deprotonation found here. The next least basic
anion is that of DHB (DGB ' 280 kJ/mol). The
3-hydroxypicolinic acid (HPA) anion basicity is about
40 kJ/mol higher (DGB ' 2115 kJ/mol). HPA should
still be a good candidate for soft nucleotide deproto-
nation because activation energies for dinucleotide
anion fragmentation were measured to be about 120
kJ/mol [28].

This is consistent with experimental findings.
THAP [29] and HPA [30] were found particularly
suitable for nucleic acid analysis in negative ion
mode. Both matrix anions are located on the lower
end of the basicity scale, which is in agreement with
the above considerations. Tang and co-workers found
that DHB is a good matrix for short oligonucleotides
up to 5 bases in negative ion mode, but for larger
oligomers composed of 15 mixed bases, strong frag-
mentation was observed [31]. Moreover, for larger
oligonucleotides, the DHB induced more fragmenta-
tion than HPA in negative mode [32]. The results for
small oligonucleotides are consistent with the thermo-
dynamic considerations, but a thermodynamic expla-
nation fails for larger oligonucleotides. Zhu and co-
workers suggest that the observed fragmentation is
initiated by protonation of the nucleic acid bases,
followed by base loss and phosphodiester backbone
cleavage [32]. In this complex, multi-step process, the
ability of a matrix to protonate the bases should

35K. Breuker et al./International Journal of Mass Spectrometry 184 (1999) 25–38



therefore be a key factor for the observed fragmenta-
tion in negative ion mode. Because the proton affinity
of DHB is 853 kJ/mol, 42 kJ/mol lower than that of
HPA, their model can be used to explain the observed
stronger fragmentation in the case of DHB when
compared to HPA. However, it is not clear why this
mechanism only contributes when analyzing larger
oligonucleotides.

It was also suggested that analyte molecules can be
ionized by a ground state proton transfer from neutral
matrix molecules, yielding protonated analyte and
deprotonated matrix [33], as in reaction (14):

M 1 A 3 (M 2 H)2 1 (A 1 H)1 (14)

Reaction (14) is exoergic if GB(A). GB((M 2

H)2). The matrix anion GBs found here clearly show
that a ground state mechanism is energetically unfa-
vorable and can generally be excluded. The gas-phase
basicities of adenosine, cytidine, guanosine, and thy-
midine are 956.8, 950, 960.9, and 915.9 kJ/mol,
respectively [24]. Because the bases are the site of
protonation in oligonucleotide MALDI [31], we esti-
mate the GBs of mixed base oligonucleotides to be
roughly 955 kJ/mol. A proton disproportionation re-
action of oligonucleotides with GBs not exceeding
1000 kJ/mol and a matrix anion is endoergic by at
least 300 kJ/mol. In general, for a proton dispropor-
tionation reaction between analyte and matrix to
occur, an analyte basicity of at least 1300 kJ/mol is
required. Only very few substances with GBs higher
than 1000 kJ/mol have yet been found, such as
sodium hydride (GB5 1070 kJ/mol) and disodium
oxide (GB5 1345 kJ/mol) [24]. The highest GB of
an organic molecule reported is that of
(CH3)2NC(CH3) 5 N 2 (CH2)3N(CH3)2 (GB 5

1030 kJ/mol) [24], but even this strong base is not
able to abstract protons from neutral matrix mole-
cules. These reactions might become energetically
favorable if the matrix anion GB is lowered as it can
be the case in an electronically excited state. How-
ever, the change in GB upon electronic excitation
would have to be on the order of 300 kJ/mol, which
does not seem likely. Calculated differences in GBs of

excited and ground state were at most 200 kJ/mol and
generally much lower [34].

Ammonium salts have become important as coma-
trices in oligonucleotide MALDI mass spectrometry,
among them ammonium acetate [35] and ammonium
fluoride [36]. Zhu and co-workers suggest that besides
suppressing alkali-ion adducts, ammonium salts have
both a protonation and deprotonation function [37]. It
was recently shown that in a laser desorption/chemi-
cal ionization deprotonation reaction, the acetate and
fluoride anions cause substantial fragmentation of the
relatively fragile nucleotides [23]. We therefore think
it is unlikely that ammonium acetate or fluoride
should be potent deprotonation agents without induc-
ing fragmentation at the same time. Li and co-workers
did not observe fragmentation when using a HPA/
NH4F matrix [38]. Interestingly, they did observe
fragmentation under the same conditions when using
a 2A5NP/NH4F matrix (see Fig. 4 in reference [38]).
This is consistent with our data, because the 2A5NP
anion GB is 1399 kJ/mol, 34 kJ/mol higher than that
of HPA, making the deprotonation reaction exoergic
with about 149 kJ/mol. Although ammonium salts are
capable of improving the signal-to-noise ratio in
MALDI mass spectra, we conclude that analyte ion-
ization is controlled by the thermochemical properties
of the MALDI matrix used. A possible alternative
explanation for the observed signal enhancement is an
improved incorporation of analyte molecules into the
matrix crystals caused by the salt addition.

5.3. Peptide and protein analysis

MALDI analysis of peptides and proteins is usu-
ally performed in positive mode. However, with many
matrices, MALDI ion generation is possible in nega-
tive polarity as well as in positive polarity. The
gas-phase basicities of deprotonateda-amino acids
have been determined by O’Hair et al. to lie between
1356 kJ/mol (histidine) and 1402 kJ/mol (glycine)
[39]. Deprotonated amino acid side chain proton
affinities were estimated to range from 1439 kJ/mol to
above 1632 kJ/mol, corresponding to GBs of about
1409 and 1602 kJ/mol, respectively [40]. With these
data, we can estimate the GBs of deprotonated pep-
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tides and proteins to lie between 1356 and 1402
kJ/mol. Depending on the peptide or protein compo-
sition, a ground-state deprotonation reaction of the
type shown in Eq. (13) is energetically favorable with
a variety of matrix anions, especially with the more
basic ones.

As for the oligonucleotides, it can be shown that a
disproportionation reaction of the type shown in Eq.
(14) between peptides or proteins and neutral matrix
is energetically unfavorable. The proton affinities of
a-amino acids have been measured [41–43], from
which gas-phase basicities between 830 and 1000
kJ/mol can be derived. Gorman and Amster deter-
mined the gas-phase basicities of dipeptides that
contain valine to be at most 960 kJ/mol [44]. These
data suggest peptide and protein GBs generally not
higher than 1000 kJ/mol, making the reaction endo-
ergic by at least 300 kJ/mol.

6. Conclusions

Laser desorption of preformed reference ions from
a binary liquid/solid matrix was found to be a unique
and effective method in FTICR bracketing experi-
ments. In many cases near-equilibrium conditions
were established, allowing us to fit the data to a
function derived from equilibrium theory, and thereby
extract the gas-phase basicities of the matrix anions.
The method was validated by equilibrium-bracketing
three anions with known gas-phase basicity. Good
agreement with literature values was found. The
results show substantial differences among the vari-
ous matrix anions, whose basicities span an energy
range of 127 kJ/mol, or 1.3 eV. Matrix–matrix dis-
proportionation reactions were found to be energeti-
cally accessible with two 337 nm photons, and the
energies required can be estimated to be about 5 eV.
The derived matrix GB values were used to evaluate
analyte deprotonation mechanisms, which are dis-
cussed in detail for oligonucleotides. Analyte depro-
tonation via matrix anions was found to be energeti-
cally favorable, whereas a proton disproportionation
reaction between neutral matrix and analyte can be
excluded.
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