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Abstract

The 2,5-dihydroxybenzoic acid (DHB), well known as one of the most efficient matrix-assisted laser desorption ionization
(MALDI) matrices, was photoionized at different irradiances of a UV laser. Molecular orbital calculations were performed with
a Becke-style 3 parameter using the Lee-Yang-Parr correlation functional density approach to estimate the thermochemic
properties of DHB and showed a very good agreement with available experimental data. We report a first estimation of th
electron affinity of DHB (54 kJ/mol). In a second step, the calculation method was used to evaluate the thermochemica
reliability of several ionization models postulated from MALDI experiments. Among those proposed, we report the reactions,
which are thermodynamically the most probable in the solid state and in the gas phase. We evaluated the energy involved
the formation of DHB * and DHB" ~ molecular ions, DHBH and [DHB—H]~ pseudomolecular ions. The phenomenon of
reduction of molecular ions was also theoretically studied as well as the role of the DtdBldal species. Our results on the
reactivity of DHBH ' radical species show evidence of their very probable implication in molecular ion formation and of the
great role played by the hydroxyl substituants in the particular efficiency of DHB as a MALDI matrix. We propose a simple
thermochemical diagram showing evidence that MALDI is a very energy demanding process and that differences in efficienc
between matrices should be related to their chemical structures rather than to their physical properties. (Int J Mass Spectrc
210/211 (2001) 59-69) © 2001 Elsevier Science B.V.
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1. Introduction

Although desorption-ionization techniques are suc-
cessfully applied to the analysis of biological, bio-
chemical and industrial samples, the ionization mech-
anism of analytes remains not fully understood.
Numerous ionization models were proposed to ex-
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plain the formation or/and the transfer of ions from
the condensed state to the gas phase. Models for ion
formation in matrix-assisted laser desorption ioniza-
tion (MALDI) mass spectrometry are summarized in
a recent and excellent review by Zenobi and
Knochenmuss [1]. These models (vide infra) often
involve thermochemical data, which remain unavail-
able for most of molecules and difficult to obtain
experimentally. In this work, the 2,5-dihydroxyben-
zoic acid (DHB), well known as one of the most
efficient MALDI matrices, was photoionized at dif-

1387-3806/01/$20.00 © 2001 Elsevier Science B.V. All rights reserved

PIl S1387-3806(01)00446-8



60 S Boucier et al./International Journal of Mass Spectrometry 210/211 (2001) 59—-69

ferent irradiances of a UV laser. We evaluated the
energies required for the formation of molecular
and pseudomolecular ions in function of the ion-
ization models proposed in the literature [1]. We
show that the energies required to observe such ions
in the gas-phase, in both positive and negative
polarities, may be evaluated with a good accuracy
by means of molecular orbital calculations using
the Becke-style 3 parameter using the Lee-Yang-
Parr correlation functional (B3LYP) density func-
tional approach. The thermochemical properties
involved in ionization include the proton affinity of
both neutral and deprotonated molecules. It is well
known that (Gaussian-2) G2 and G2(MP2) (Moller
Plesset 2) ab initio procedures provide excellent
results for both deprotonation enthal pies and proton
affinities (PA) of smal molecules [2,3] and
a-amino acids [4,5]. However, for molecules with
several heavy atoms, these procedures require con-
siderable computational times. That is why we
tested density functional approaches, which are
much less time consuming. Good results are re-
ported for protonation and deprotonation energies,
using a B3LY P density functional approach with a
6-311+G** basis set [6]. A maximum deviation of
approximately 12 kJmol from experimental data
was observed for both acidities and basicities [4,7].
In our calculations, the energies involved in the
formation of molecular and pseudomolecular ions
of DHB were thus computed up to the B3LY P/6-
311+G(2d,2p) level. Our results allow us to esti-
mate the energies associated with the different
ionization models and to discuss their well founded
on a thermochemical point of view.

2. Experimental
2.1. Materials

2,5-dihydroxybenzoic acid and isopropanol high-
performance liquid chromatography grade were pur-
chased from Sigma-Aldrich (St Quentin Fallavier,
France) and used without further purification.

2.2. Laser irradiation

2.2.1. Sample preparation

2,5-dihydroxybenzoic acid was dissolved in pure
isopropanol at a concentration of 1072 M. 20 ulL of
solution were deposited onto a thin aluminized mylar
foil stretched tight on a sample holder and allowed to
evaporate to dryness.

2.2.2. Laser desorption mass spectra

Mass spectra were recorded on a time of flight
(TOF) system constructed at the IPN (Institut de
Physique Nucléaire, Orsay, France). This TOF instru-
ment is fitted with three microchannel detectors, a
photodiode, a multistop time to digital converter
(CTN1S, IPN, Orsay, France) and transient recorders
(Models 8828D and MM8104, Le Croy, New Y ork,
USA). This device is equipped with a nitrogen laser
(model VSL-337, Laser Science Inc, Cambridge MA,
USA, A=337 nm, 3 ns/pulse). The laser energy is
controlled by varying the angle of attenuation of a
filter of variable opacity. The apparatus has been
previously calibrated with ajoulemeter so that a given
angle can be related to an energy value. The maxi-
mum laser energy is 40 wJ per pulse of 3 ns,
corresponding to a fluence of 1.33 10 W. The spectra
were collected with an accelerating voltage of +10
kV, according to the polarity of recording mode. The
laser desorption (LD) spectrawere acquired for a60 s
period. Time-to-mass conversion was achieved by
external calibration with a Csl target: Cs,l™
(392.714 70 u) and Cs,l " (652.524 13 u) have been
taken as references.

2.3. Electron ionization mass spectra

The electron ionization (EI) spectra were recorded
using a Hewlett-Packard (Les Ulis, France) HP-5972
guadrupole instrument. Two values of the ionizing
electrons energy were used: 10 and 70 eV. The
pressure was maintained at 10> mbar and the tem-
perature was fixed at 80 °C.
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2.4. Ab initio calculations

All calculations were carried out using the Gaus-
siaN94 package [8]. Geometries were optimized with-
out any symmetry constraint. Geometry optimizations
and vibrational frequency calculations were carried
out at the B3LYP/6-31+G** level. Final energetics
of the most stable species were obtained with B3LY P/
6-311+G(2d,2p) wave functions on the optimized
geometries. Except otherwise stated, the relative en-
ergies mentioned in the text are those computed at the
highest level of theory after correction for the thermal
energies at 298 K (Ejerm)-

3. Results and discussion

Our results will be discussed by comparison with
the desorption-ionization models proposed in the
literature. Although it does certainly not reflect the
reality, both desorption and ionization mechanisms
for laser desorption-ionization (LDI) and MALDI
mass spectrometry use to be considered separately,
with the aim of simplifying the theoretical approach.

3.1. Desorption models

Several models were proposed to explain desorp-
tion under laser irradiation (for example see [9,10].
Schematically, a thermal evaporation is assumed for
low laser fluences whereas higher fluences giveriseto
the so-called “ablation” process where a phase explo-
sion of the overheated material occurs [11]. In
MALDI experiments, the laser fluence leads to the
formation and the expansion of a plume, a regime
energetically between evaporation and ablation. The
energy required for the desorption step is not well
established but certainly depends on the sublimation
energy of the solid sample and on the chemistry
occurring in the condensed phase before expansion of
the plume: desorption of preformed ions will clearly
involve much more energy than sublimation of neutral
Species.

3.2. lonization models

The ionization pathway remains mysterious in
MALDI experiments. Although one laser pulse leads
to several thousands of ions, the iong/neutrals ratio
has been shown to be about 10™% In a general
manner, the ions observed in the MALDI spectra of a
sample M dispersed in a matrix Mat are radical ions
(M, M " "), protonated (MH™), and deprotonated
([IM—H] ™) molecules, cationized molecules (MCat™,
Cat=Na, K,...), polymeric ions (M,Cat™), multi-
charged molecules (MHQ", [M—nH]""), fragment
ions and matrix ions. Most of the ionization models
given intheliterature are presented and commented in
[1]; they are summarized below. The formation of the
cation radical of the matrix, by multiphoton ionization
by way of

Mat + nhy — Mat* + e~ (1)

was considered by many authors as a strong candidate
for the UV-MALDI primary ionization step [12,13].
On a theoretical point of view, irradiances used in
UV-MALDI or in UV-LDI are too low to alow
significant absorption of more than two photons by a
matrix molecule. Since the ionization energy of the
commonly used matrices are estimated to be greater
than the energy of two photons (707 kJmol) of aN,
laser (laser most currently used for MALDI experi-
ments), this two-photon ionization model cannot be
assumed. When the lack of energy is quite low,
ionization could nevertheless occur assisted by a
thermal effect; it has been suggested as a “photother-
mal” mechanism [14].

Another ionization model, based on energy pool-
ing, has also been proposed [15]. In this model, two or
more separately excited matrix molecules pool their
internal energy together to yield one matrix radical
cation according to

MatMat + nhy — Mat*Mat* — Mat + Mat*™ + e~

(2
Zenobi and Knochenmuss point out many arguments
in favor of this mechanism [1]. “Energy pooling” and
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Table 1

UV-LDI mass spectra of DHB at four values of laser energy; relative abundances were determined from the ion peak areas; they are

given as percentages of the base peak area

Laser energy (uJ)

lons 18 19 20 22
Positive ions

MNa* (m/z 177) 40 25 1 46
[MH,]* (m/z 156) e 18 14 17
MH* (m/z 155) 100 100 72 51
[M]™* (m/z 154) 93 7 79 56
[M — OH]" (m/z 137) 74 57 100 67
[M = H,O'" (m/z 136) 37 100
Negative ions

[M]™ (m/z 154) e 24 21 18
[M — H]™ (m/z 153) 100 100 100 67
[M = H,]™ (m/z 152) 54 83 100
[M — CHO,]™ (m/z 109) 13
[M — CH,O,]" (m/z 108) 16

photothermal processes are usually assumed to coex-
istin MALDI experiments.

Mechanisms proposed above do not take into
account the formation of Mat = ~ radical anions nor
that of MatH™ and [Mat—H] ™~ pseudomolecular spe-
cies which are currently displayed as matrix ions.
Disproportionation reactions have been suggested to
explain the simultaneous formation of positive and
negativeions[16,17]. Such reactions consist in proton
or electron transfer between two coupled molecules
undergoing laser irradiation

MatMat + nhy — MatH™ + [Mat — H]~ (3)

MatMat + nhy — Mat™ + Mat (4)

A model involving an “excited-state proton transfer”
(ESPT) has aso been proposed to rationalize the
formation of pseudomolecular ions [18]. It is well
known that, in solution, the acidic properties of many
aromatic derivatives are strongly enhanced when
molecules are laser excited: absorption of only one
photon allows a consequent decrease in their pK.
Such a phenomenon could be responsible of proton
transfer according to

Mat + Mat* — MatH™* + [Mat — H]~ (5)

However, most of common matrices are not particu-
larly ESPT-active neither in solution nor in the gas
phase [12].

It is to be noticed that MALDI spectra are usually
presented as the result of two successive ionization
steps referred as “primary ion formation” and “sec-
ondary ionization reactions in the MALDI plume.”
Both steps seem to be related to the physical proper-
ties (ionization energy, proton affinity,...) of gaseous
molecules. However, where each one occurs is not
clearly established.

3.3. Description and interpretation of mass spectra

The UV(337 nm)-LDI mass spectrum of DHB
obtained in the positive mode was first described by
Strupat et a. [19]. UV(337 nm)-LDI mass spectra of
DHB in both positive and negative modes are pre-
sented in Table 1. LDI experiments were performed at
four values of the laser fluence; an energy of 18 uJ
corresponds to the threshold for ions to be observed.

At the threshold energy four ions appear in the
positive mode: DHBNa* (m/z 177), DHBH™ (m/z
155), DHB™ " (m/z 154) and [DHB—OH]* (m/z 137).
A priori, the [DHB—OH] ™" ion may result from the
loss either of the radical OH from DHB™ " or of water
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Table 2

Electron impact spectra of DHB at 70 and 10 eV

lons m'z El 70 eV El 10 eV
M+ 154 39 52

[M — H,O]™" 136 100 100

[M — H,0-cCOl* 108 54 18

[M — H,0 — 2CO]™* 80 68 15

from DHBH™. To give an insight on it, the electron
impact mass spectra of DHB were recorded at 10 and
70 eV; they are reported in Table 2. Even at the high
energy value of 70 €V, any loss of OH is observed
from DHB™ ° ; the formation of [DHB—OH]™" in
MALDI isthus attributed to the loss of water from the
protonated molecule. At energies above the threshold,
a reduced form of the molecular radical cation
(IDHBHF ~ *, m/z 156) is observed. At more higher
energies, DHB™ ~ loses water to give m/z 136, as
observed in the El spectra.

In the negative mode, at low fluence, only
[DHB—H] ™ (m/z 153) is observed. The radical anion
DHB "~ (m/z 154) appears at higher laser fluences as
well as the fragment ion [DHB—H,] = ~ (m/z 152).
Two fragment ions (m/z 109 and mvz 108) involving
the loss of the carboxylic function are observed at the
highest laser irradiance. The formation of DHB ~ ~ at
a higher fluence than [DHB—H]~ could be very
informative. Recently, Karas et a. have presented the
neutralization of some multi-charged species formed
in MALDI as the result of electron capture [20]. Free
electrons are detected in all the negative MALDI
spectrabut it iswell known that capture of an electron
by a molecule requires “threshold electrons’ with
very small kinetic energies. ASDHB * ~ ions are not
observed at the threshold fluence where few species
are desorbed, it may be concluded that the electron
capture phenomenon depends on the pressure and thus
occurs more probably in the plume than in the solid
phase. Assuming this point, this result also suggests
that, at higher fluences, the species in the plume are
thermalyzed enough so that a thermodynamical equi-
librium could be reached. This is in agreement with
recent considerations of Knochenmuss et al. stating
that “knowledge or calculation of quantitative reac-
tion data leads increasingly toward the hypothesis that

UV/MALDI mass spectra are largely thermochemi-
cally predictable’ [21]. The kinetic energy of matrix
ionsin the gas phaseis given to be about 1 eV [22,23].
At this energy, collisions will only be reactive for
reactions exothermic or low internal energy demand-
ing. These reactions are most probably included in the
so-called secondary ionization step, as suggested by
Knochenmuss et a. [1,21].

3.4. Formation of DHB molecular and
pseudomolecular ions

Evaluation of the energy associated with the for-
mation of matrix ions imply to know characteristic
thermochemical values such asthe |E and the electron
affinity (EA) of the neutral species, the PA of the
neutral and deprotonated molecules. Most of the time,
experimental values remain unavailable. In the case of
DHB, the ionization energy [15] as well as the
protonation [24—-27] and deprotonation [16] energies
were measured. We have thus chosen this example to
test the reliability of the B3LYP density functional
approach in evaluating thermochemical characteris-
tics of MALDI matrices. The calculated ionization
energies are deduced from the total energies of the
most stable neutral and ionized forms of the molecule.

The stablest structures describing DHB (1), DHB *
+(2), DHB "~ ~ (3) and DHBH™ (4) are presented in
Fig. 1, as well as three structures for [DHB—H] "~
(5-7). Many structures and conformers were opti-
mized to describe both DHBH* and [DHB—H]~
ions. Protonation has been considered on the four
oxygen atoms of the molecule and even on the
aromatic ring; the resulting optimized geometries will
be displayed in a future publication. The most stable
form of DHBH™ (4) results from protonation of the
carbonyl oxygen and is stabilized by hydrogen bond-
ing between the protonating hydrogen and the oxygen
atom of the 2-OH function. Deprotonation of either
the carboxylic function or the 2-hydroxylic group
leads to the most stable [DHB—H] ™ structures (5, 6)
which differ by only 1 kJmol so that it cannot be
concluded in favor of one of them. The third structure
(7) resulting from deprotonation of the 5-hydroxylic
group is taken into account because it will be consid-
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Fig. 1. B3LYP-6-31G** optimized geometries of the most stable
structures of DHB (1), DHB * * (2), DHB " ~ (3), DHBH™ (4) and
of the most probable structures of [DHB-H]- (5-7).

ered in bimolecular ionization mechanisms (see the
following). The total energies E of al these species

Table 3

are tabulated in Table 3. The ionization enthalpies of
DHB in the gas phase were deduced from the total
energies of the most stable structures and reported in
Table 4 where they are compared with the corre-
sponding experimental values. For the ionization en-
ergy as well as for the proton affinity of the neutral
and deprotonated molecule, Table 4 shows an excel-
lent agreement between the experimental and calcu-
lated values. As a matter of fact, the discrepancy
between the experimental and calculated values does
not exceed 2.5%. Earlier semiempirica calculations
led to (Koopman) |IE values close to 870 kJ/mal, i.e.
about 100 kJ/mol higher than the experimenta value
[15]. Ab initio calculations at the 4-31G level of
theory gave IE(DHB)=824 kJmol, a value lower
than the preceding ones but still too high. In our
knowledge, PA(DHB) has not been calculated. Con-
cerning PA([DHB—H]), MOPAC semiempirical
calculations are available and give 1439, 1383, and
1396 kJmol for DHB deprotonated on the carboxylic
function and on the 2- and 5-hydroxyl groups, respec-
tively [28]. The corresponding ab initio B3LYP val-
ues are 1361, 1361, and 1424 kJ/mol, respectively. In
a general manner, the better agreement of our calcu-
lated values with the experimental resultsis dueto the
use a higher level of theory to describe the neutral and
ionized DHB. Otherwise, we report a first estimation
of the electron affinity of DHB: 54 kJ/mol.

These values were then used to evauate the vari-

Total energies (E in au.) evaluated at two levels of theory: SB = B3LYP-6-31+G(d,p) and LB = B3LYP-6-311+G(2d,2p) and thermal
energies (Eqem 1IN kJmol) of 1-7 and 9-13; the total energy of the hydrogen atom is also given

Name Ess Etherm(se) Eg

DHB 1 —571.314 021 350 —571.468 971
DHBH™ 4 —571.648 688 383 —571.803 714
[DHB — H]™ 5 —570.782 778 311 —570.935 849
[DHB — H]™ 6 —570.781 839 309 —570.934 847
[DHB — H]™ 7 —570.757 747 309 —570.910 774
[DHB]* 2 —571.025 503 351 —571.180 529
[DHB] ™ 3 —571.330 745 340 —571.485 916
[DHB — H]- 9 —570.670 849 316 —570.824 889
[DHB — H]- 10 —570.676 197 316 —570.829 071
[DHBH,] ™" 11 —572.202 435 413 —572.358 253
[DHBH,| * 12 —572.150 028 413 .
[DHBH]- 13 —571.850 399 375 —572.006 480
H- —0.500 273 4 —0.502 156
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Table 4

Calculated AE and experimental ionization AH,,, energies of DHB in kJ/mol; in the upper part of the table, AE correspond to
thermochemical data such as IE (ionization energy), EA (electron affinity) or PA (proton affinity); in the lower part of the table, they
correspond to the enthalpies of the reactions mentioned; AE were deduced from the total energies E of the most stable structures reported
in Table 3 and were corrected for the thermal energies at 298 K determined at the lowest level of theory

Reaction AEgg AE g AHgp
IE(}) = E(2) — E(D) 758 758 777?
EA(1) = E(1) — E(3) 34 34

PA(1) = E(1) — E(4) 846 846 854°
PA(5) = E(5) — E(1) 1356 1361 1359°
PA(6) = E(6) — E(1) 1356 1361

PA(9) = E(9) — E(2) 896 897

PA(10) = E(10) — E(2) 882 888

AH(3a) = PA(5) — PA (1) = PA(6) — PA(1) 510 515 505¢
AH(4a) = IE(1) — EA(Y) 724 724

AH(6.1) = E(4) + E(9) — E(2) — E(1) 50 53

AH(6.2) = E(4) + E(10) — E(2) — E(}) 36 42

AH(7.1) = —EA(9) = E(6) — E(9) —284 —282

AH(7.2) = —EA(10) = E(7) — E(10) —207 —207

AH(8.1) = E(11) + E(9) — E(4) — E(}) 231 231

AH(8.2) = E(11) + E(10) — E(A) — E(1) 217 220

AH(9) = —EA(4) = E(13) — E(4) —518 —521

AH(10) = E(11) + E(5 or 6) — E(13) — E(1) 472 478

AH(11) = E(11) + E(10) — E(13) — E(2) —-13 -7

AH(12) = E(11) + E(1) — E(13) — E(4) —-51 —50

aSee [15].
bSee [27].

°AH is estimated to be about 30 kJ/mol higher (typical entropy contribution at 300 K) than the experimental AG vaue from [16].

9AH is estimated from values of [16] and [27].

ations of enthalpy associated with the reactions pro-
posed as ionization models under laser irradiation.
The variations of enthalpy of the reactions related to
the formation of DHBH™ with [DHB—H]~ and of
DHB ~ with DHB "~ inthe gas phase, following:

DHByus + DHB o — DHBH 5 + [DHB — H] .
(39)
DHBgys + DHB o — DHB( + DHB 5 (4a)

were calculated to be 515 and 724 kJmol, respec-
tively. The calculated enthalpy of reaction (3a) isin
quite agreement with that deduced from experimental
values which is 505 kJmol [16,27].

The energy associated with

DHBga + DHB, — DHBH + [DHB — H] g
(53)

in the gas phase was aso evauated. AH (5a)=
AH_4(DHB*)—PA(DHB). As AH_4(DHB*) is not
known, it was approximated to be in between AH4-
(DHB) and AH_4(DHB ~ *). AH.4(DHB)=
PA(5)=PA(6)=1361 kJmol. AH_;4(DHB ~ ) is
evaluated as E(10) —E(2) =888 kJ/mol. Conseguently,
AH_4(DHB*) was approximated as 1125 kJmoal.
Combining this value with PA(DHB) leads to AH
(58)=279 kJmol. Assuming the kinetic energy of
species in the plume, the enthalpies of reactions (3a),
(44), and (5a) are too high to expect their occurrence
in the gas phase.

On a thermochemical point of view, may some
reactions occur in the gas phase? The answer is
dramatically depending on the species present in the
plume: molecular and pseudomolecular ions, frag-
ment ions, electrons, etc. In agreement with what is
observed at the threshold, we start with the assump-
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Fig. 2. Structures of radicals[DHB-H] " (9-10), [DHB+H] " (13) and
of radical cation [DHB+2H] = * (11,12).

tion that some DHB ~ *, DHBH™ and [DHB—H] ™ are
already formed when entering the plume. By collision
with neutral molecules, these ions may undergo reac-
tions such as the deprotonation of radical cations

DHB* + DHB —DHBH* + [DHB — H]'  (6)

which can be followed by electron attachment on
[DHB—H] [1,20]

[DHB — H] + e~ — [DHB — H]~ 7)

The energetics associated with the formation of
DHBH* and [DHB—H] ™ ions are evaluated accord-
ing to both reactions (6) and (7). The evaluation of
EA([DHB—H] ) isdepending on the proton lost from
[DHB] ° " in reaction (6). It is well known by H/D
exchange experiments that the protonating hydrogen
is labile. Three hydrogen are labilein [DHB] ~ *: the
carboxylic one and both hydroxylic hydrogens on C,
and C;. The corresponding deprotonated structures 8,
9, and 10 are displayed on Fig. 2. Geometry optimi-
zation of 8 straight led to 9. Considering the initial

state of reaction (6), the carbonyl function of the
neutral molecule may be protonated by either the
hydroxylic hydrogen on C, or on Cg of the radical
cation, depending on the geometrical orientation of
both species. The activation energies of reaction (6.1)
leading to the formation of 4 and 9 and of reaction
(6.2) associated with the formation of 4 and 10 are 53
and 42 kJ/mol, respectively. The exothermicity of (7)
is depending on the electron affinity of [DHB—H] .
EA(9) and EA(10) were calculated to be 282 kJ/mol
and 207 kJmol, respectively. Since reaction (6) is
very easy (about 50 kJmol) and reaction (7) is
exothermic, there is a great probability for these
reactions to occur in the plume. In presence of an
analyte M with a PA greater than that of DHB,
reaction (6) may become exothermic, in accordance
with what is generally observed in MALDI experi-
ments where MH™ is often the base pesk of the
spectra. Moreover, the fact that 8 straight led to 9
tends to show that 9 is more stable than 8, 10 being
the most stable geometry. Assuming reactions (6) and
(7) as a probable mechanism for protonation/deproto-
nation of the matrix and/or the analyte, our theoretical
resultson [DHB —H] " species may rationalize the fact,
well-known by MALDI users, that the presence of
hydrolic groups on the aromatic ring significantly
increases the efficiency of the matrix [29].

3.5. Reduction of DHB molecular ions

We propose models attempting to explain the
formation of [DHBH,] ~ ™. It has been shown earlier
that reduction of conjugated carbonyl groups leads to
[M+2H] * " and [M+3H] " ionsin NH;—CI experi-
ments [30] and to [M+2H] ~ ¥ under MeV ion
bombardment [31]. In these works, H/D exchange
showed that the transferred hydrogen are labile but the
reduction mechanism remains much debated. In our
experiments, any [DHB+3H] ™ is observed (the m/z
157 ion is not reported in Table 1 since its relative
abundance is less than 1.5% and corresponds to the
13C isotopic contribution of m/z 156) and the reduced
radical cation [DHBH,] = * does not appear at the
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threshold but is formed at higher laser fluences. This
is an important argument to postulate that, as for
DHB , thermalization is a determining factor in the
formation of this ion, in agreement with a reaction
occurring in the gas phase. Severa reactions are
proposed to explain the formation of [DHBH,] . The
first hypothesis involves DHBH ' and DHB

DHBH* + DHB — DHBH;" + [DHB — H]"  (8)

Both structures 11 and 12 were chosen to describe
[DHBH,] *. 11 is a radica cation in which the
carbonyl function has been reduced. 12 is a distonic
radical cation (Fig. 2). Geometry optimization gives
11 more stable than 12 by 114 kJmol (Table 3).
Consequently, the formation of 12 is not expected.
The enthalpy of reaction (8) is calculated to be 231 or
220 kJmol, according to the structure of the
[DHB—H] radical involved in thefinal state (9 or 10,
respectively). Other mechanisms involve as first step
the reduction of DHBH™ by electron capture

DHBH™ + e~ — DHBH' (9)

to give the radical 13. This radical may react either
with a DHB molecule

DHBH + DHB — DHBH," + [DHB — H]~  (10)
or with a cation

DHBH + DHBH* —DHBH;" + [DHB — H]"  (11)
DHBH + DHBH* — DHBH;" + DHB (12)

An electron capture as first step is in good agreement
with the appearance of [DHBH,] * " at the same laser
fluence than DHB ™ .

The enthalpies of reactions (10), (11), and (12)
were calculated to be +440, —7 and —50 kJmoal,
respectively. The great endothermicity of reaction
(10) may be compensated by the internal energy
acquired by the radical during electron capture
(AH(9)=-521 kJmol). Reactions (11) and (12) are
thermochemically favored but statistically less prob-
able than reaction (10) since the molecules/ions ratio
is assumed to be about 10* in the plume.

DHB ions
in the gas phase

neutral DHB
in the gas phase
AH

ionization

an

AH gupimaiion 1 V)| AH wiimation
(neut‘;al Bf{B) ® AH(DI) ( (DHB ions)

neutral DHB ﬂ,
in the condensed phase

DHB ions
in condensed phase

ionization

Fig. 3. Thermochemical diagram of desorption-ionization (Dl).

3.6. Desorption-ionization (DI) model

In summary, we have shown on thermochemical
criteria that several reactions: (6), (7), (9), (10), (11),
and (12) may occur under collisions in the gas phase.
Taking into account the differences observed on LDI
spectraat different laser fluences, it isclear that DHB -
— and [DHBH,] " are formed in the gas phase after
thermalization of electrons. In counter part, the endo-
thermicity of reactions (1), (2), (3a), (4a), (53), and (8)
prevents them from occurring in the gas phase. Given
the appearance of DHB " *, DHBH™ and [DHB—H]~
at the threshold, it islikely that some of theseions are
straight formed in the condensed state (primary ion-
ization). In such conditions, the energy required to
observe DHBH™ and [DHB—H] ™ ions, on one hand,
and DHB "~ * ions, on the other hand, can be evaluated
via a thermochemical cycle taking into account not
only the ionization energies but also the sublimation
energies (Fig. 3).

The energy (AH(DI)) required to transform neutral
molecules of DHB in the condensed state into gaseous
DHB ions may be evaluated in two different manners:
(1) adding the ionization energy of molecules in the
gas phase (AH(I1)) to the sublimation energy (AH(I))
of condensed molecules or (2) summing theionization
energy in the condensed phase (AH(III)) and the
sublimation energy of ionic species (AH(IV)).
AH(DI) can only be estimated following the pathway
(1) because AH(lIl) and AH(1V) are unknown. The
sublimation energies are given by mole of desorbed
species and are thus depending on the number of
species involved in each reaction. Since most of the
proposed models involve bimolecular reactions, the
following reaction is considered as an example:
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DHBgyiq + DHBgyig — DHB e + DHBo
— DHBH s + [DHB — H]gus (13)

We propose a simple thermochemical diagram show-
ing evidence that MALDI isavery energy demanding
process and that differences in efficiency between
matrices should be related to their chemical structures
rather than to their physical properties.

According to reaction (13), the sublimation energy
of DHB will be considered two times. The sublima-
tion energy of DHB may be approximated to be close
to that of p-hydroxybenzoic acid, i.e. about 120
kJmol [32]. In these conditions, the AH(DI) associ-
ated with reaction (13) is
AH(DI)~(2%120)+505~745 kJ/mol. If we now con-
sider that both neutral molecules of DHB are subli-
mated coupled together (as postulated in dispropor-
tionation mechanisms) the sublimation energy of the
couple can be approximated as at |east the half of the
preceding one, i.e. 120 kJmol. Nevertheless, the
variation of enthalpy associated with reaction (13)
remains very high: AH(DI)~120+505~625 kJmoal.

The energy required to observe DHB ~ * ions
depends on the ionization reaction assumed. If a
photothermal ionization pathway (see reaction (2)) is
considered, AH(DI) can be approximated from

2 DHBqyig — 2 DHBgo — DHB o + DHB 5 (14)

as the sum of the ionization energy of DHB and the
enthalpy variation required to sublimate two DHB
molecules, i.e. AH(DI)=777+(2X120)~1017 kJmol.
In both examples of ion formation, the sublimation
energy of molecules remains relatively low compared
to the energy required for ionization. On a thermo-
chemical point of view, considering bimolecular re-
actions in disproportionation models only leads to
diminuate the energy involved in the sublimation step;
the energy required for the whole desorption-ioniza-
tion process remains very high. Given the great
demand in energy associated with desorption-ioniza-
tion, the low differences in ionization energies as well
as in sublimation energies from one matrix to another
cannot rationalize their differences in MALDI effi-
ciency. The differences in efficiency between matri-

ces should be related to their chemical structures
rather than to their physical properties.

4, Conclusions

This work shows that molecular orbital calcula-
tions performed with a B3LYP functional density
approach can be accurate to evaluate thermochemical
data on molecules with several heavy atoms. our
calculation results differ by less than 2.5% from
experimental determinations. We estimated the elec-
tron affinity of DHB at 54 kJmol. We showed
evidence of two equivalent deprotonation sites on
neutral DHB: the carboxylic function and the 2-hy-
droxyl group. Considering bimolecular proton-ex-
change reactions, it is important to note that the
hydrogen atom on the 5-hydroxyl group is the most
acid of the DHB ~ " radical cation. Such results give a
possible explanation of the great role played by the
hydroxylic substituants in the particular efficiency of
DHB as a MALDI matrix. The well-founded ioniza-
tion models usually postulated from LDI and MALDI
experiments were evaluated on thermochemical basis.
It allowed usto give an insight on reactions, which are
thermochemically the most probable in the solid state
and in the gas phase. The observation of gaseous
molecular ions in LDI and MALDI experiments has
been shown to be a very energy-demanding process.
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