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Abstract

The thermochemical properties of seven UV-MALDI matrices and two IR-MALDI matrices were evaluated by means of
ab initio molecular orbital calculations using the B3LYP functional density approach with@s8d,p) and 6-31+G(2d,2p)
basis sets. These thermochemical properties include ionization energy, proton and electron affinities of neutral molecules
proton affinity of deprotonated molecules. The choosen UV-MALDI matrices are: 2,5-dihydroxybenzoic acid (2,5DHB), nico-
tinic acid (NA) and 2-aminonicotinic acid (2ANA), picolinic acid (PA) and 3-hydroxypicolinic acid (3HPA), 2-aminobenzoic
acid (2ABA) and 4-nitroaniline (4NiAn) while the studied IR-MALDI matrices are urea (U) and glycerol (G). The proton
affinities of neutral and deprotonated molecules are in very good agreement with the available experimental values (the c
ferences between experimental and calculated values are smaller than the precision on the experimental measurements)
calculated ionization energies are close to the experimental values of adiabatic electronic transitions; the calculated elect
affinities are new and cannot be compared with corresponding experimental values since they are not available. (Int J M:
Spectrom 217 (2002) 231-244) © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction simplifying the theoretical approach. The laser fluence

used in MALDI experiments leads to the formation
The invention of matrix-assisted laser desorption— and the expansion of a plume. The energy required
ionization (MALDI) has resulted in a major extension for the desorption step is not well established but cer-
in the size of molecules that can be analyzed by masstainly depends on the sublimation energy of the solid
spectrometry [1]. Although this desorption—ionization sample, greatly depending upon the polar functional
techniques is successfully applied to the analysis of groups substituting the molecules and upon their rela-
biological, biochemical and industrial samples, the tive disposition in the space which define the strength
desorption—ionization mechanisms of molecules re- of interactions between molecules in the condensed
mains not fully understood. Although it does not phase and during the desorption—ionization process.

certainly reflect the reality, both desorption and ion- Models for ion formation in MALDI mass spectrome-
ization mechanisms for MALDI mass spectrometry try were summarized in a recent and excellent review
use to be considered separately, with the aim of by Zenobi and Knochenmuss [2] and discussed again
more recently by these authors [3] and by Karas et al.

* Corresponding author. E-mail: yannik@dcmr.polytechnique.fr  [4]. Most of ion formation models take into account the
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thermochemical properties of matrices. However, the
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at the B3LYP/6-31%4G(2d,2p) level of theory give a

selection of optimal matrices continues to be based very good calculated evaluation of thermochemical

upon empirical methods since the thermochemical
properties remain unavailable for most of the matrices
and experimentally difficult to obtain.

In this work, we propose an alternative for the
experimental determination of thermochemical prop-
erties of molecules and ions: their evaluation ddy
initio molecular orbital calculations. These thermo-
chemical properties include: ionization energy, proton
and electron affinities of neutral molecules and pro-
ton affinity of deprotonated molecules. Recently, we
showed [5] thatab initio molecular orbital calcula-
tions using the B3LYP functional density approach

properties of DHB. This is why, in the present work,
we have also used this level of theory to evaluate
and compare the thermochemical properties of nine
compounds, well known as efficient MALDI matri-
ces: seven aromatic compounds used for UV-MALDI
experiments which are: 2,5-dihydroxybenzoic acid
(2,5DHB), nicotinic acid (NA), 2-aminonicotinic
acid (2ANA), picolinic acid (PA), 3-hydroxypicolinic
acid (3HPA), 2-aminobenzoic acid (2ABA) and
4-nitroaniline (4NiAn) and two matrices more specific
of IR-MALDI experiments which are urea (U) and
glycerol (G) (Fig. 1). For each of these compounds
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Fig. 1. Chemical structures of studied molecules.
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we have searched for the most stable structure de-theory seems to be the best bargain between accuracy
scribing the neutral, protonated and deprotonated and speed of calculations for acidities and basici-
molecules and the positive and negative molecular ties whereas the average absolute error of calculated
radical ions. The calculated thermochemical prop- acidities and basicities(12 kJ/mol) is comparable to
erties are deduced from the differences in energies experimental uncertainty.
between the most stable neutral and ionized forms of In the other hand, the well-established ionization
each molecule. energies and electron affinities of 146 molecules were
evaluated using G2 and DFT theories [16]. It is found
that G2 theory is the most reliable method. However,
2. Theoretical data the B3LYP functional performs the best of the seven
DFT methods investigated.

The best accuracy between calculated and exper- In this work, taking into account the earlier re-
imental basicities and acidities, in the gas phase, sults of the literature, basicities, acidities, ionization
may be obtained by Gaussian 2 procedures (G2 [6], energies and electron affinities of MALDI matrices
G2(MP2) [7] and G2(MP2,SVP) [8] as shown for are calculated using the B3LYP hybrid DFT method
small molecules (less than four heavy atoms) by Smith with 6-314+G** and 6-31%G(2d,2p) basis sets. All
and Radom [8,9] and Merill and Kass [10] and for calculations were carried out using the Gaussian
small neutrale-aminoacids by Yu et al. [11] and by 94 [17] and Gaussian 98 [18] program packages.
Topol et al. [12]. However, for molecules with several Geometries were optimized without any symme-
heavy atoms, these procedures require considerabletry constraint. Geometry optimizations and vibra-
computational times. That is why some of these au- tional frequency calculations were carried out at the
thors [9,10,12] have compared the results obtained B3LYP/6-314+G**=B3LYP/6-314+-G(d,p) level. Final
with G2 procedures with those calculated using var- energetics were obtained with B3LYP/6-31&(2d,2p)
ious density functional theory (DFT) methods. They functional on the optimized geometries.
conclude that gas phase acidity values calculated by The proton affinity (PA) of neutral (M) and de-
using different levels of DFT are highly consistent protonated ([M—HT) molecules were calculated as
with experimental values and of comparable accuracy enthalpy changes at 298K in reactions (1) and (2),

to those computed from high-level (G&b initio cal- respectively
culations but at a significantly lower computational MH* — H* + M (1)
cost.

Among the DFT methods, the most popular is M — HT + [M-H]~ 2)

the B3LYP hybrid method [13] which was shown
to give good results for deprotonation energies PA can be obtained as
with both 6-31#G** and 6-31%G(3df,2p) ba-
sis sets [13]. Catalan et al. [14] have investigated Ph2gg = AEelect+ APV) + A(ZPB + AEvib209
gas-phase acidities and basicities of azoles at the +AErot(299 + AEtrang298) ®)
B3LYP/6-31H-G(3df,3dp) level of theory and found
excellent correlation between the experiment and cal- PAygg = A Egjec+ 298R + A Etherm208 + A Erot(298
culations. The gas-phase acidities and basicities for LAE )

. . trang298)
49 acids and 32 bases, calculated using B3LYP hy-
brid DFT method and 6-31G 6-31+G*, 6-3114+G** where AEgec is the variation in internal en-
and 6-31%G(3df,3dp) basis sets were compared ergy that arises directly from computations at the
with corresponding experimental values [15]. The B3LYP/6-31H-G(2d,2p) level; 298K (2.5kJ/mol)
authors conclude that B3LYP/6-31G** level of represents theA(PV) term necessary to convert
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internal energy in enthalpy (in the ideal gases ap-
proximation); A Etherm29g iS the variation in thermal
energy at 298 K, including the variation in zero-point
vibration energiesA(ZPE) and the vibrational en-
thalpy correction A Eyin29g) derived by computed
harmonic frequencies at the B3LYP/6-8G(d,p)
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3. Results and discussion

The performance of 2,5-dihydroxybenzoic acid as
a matrix for laser desorption—ionization mass spec-
trometry of proteins was described by Hillenkamp and
coworkers [19,20]. Nicotinic acid was one of the first

level. The corrections due to translation and rotation aromatic compound tested as UV matrix for molec-
(AErot208 + AEang20g) can be treated classically, ular weight determination of large molecules by LDI
using the equipartition theorem. Thus, considering [21,22]. This matrix was also demonstrated to be well
that in the final state, we have two species present suited to IR-MALDI analysis of large proteins [23].
and one in the initial state, and also that the pro- 2-Aminonicotinic acid and 2-aminobenzoic acid ap-
ton has only translational degrees of freedom, we pear in a study where a large number of polar aro-

may write: A Eyangzosy = 3/2RT (3.7 kd/mol) and
AEyoto9g = 0.

The ionization energy (IE) and the electron affinity
(EA) of neutral molecules were calculated as enthalpy
changes in reactions (5) and (6), respectively

M—> M*T +e (5)
M*™ > M +¢e (6)
IE or/and EA can be obtained as
Eloggor/and EApgg
= AEelec+ A(PV) + A(ZPE) + AEyin298
+AErot208 + AEtrang298) (7)

In our calculations the following approximated expres-
sion was used:

Elxggor/and EAvgg = A Eelec+ A Etherm298) 8)
where AEgec is the variation in internal energy
at the B3LYP/6-314G(2d,2p) level;A(PV) = 0;
AEtherm29g, the variation in thermal energy at 298 K
is derived by computed harmonic frequencies at the
B3LYP/6-314+-G(d,p) level and includesA(ZPE),
AEyin(298, AErot(208 and AEyang2og. In both cases,

matic molecules were investigated as UV matrices
[24]. Readily reproducible LDI mass spectra of under-
ivatized mixed-base single-stranded DNA oligomers
ranging from 10 to 67 bases have been generated us-
ing, for the first time, 3-hydroxy-picolinic acid as UV
matrix [25]. Then Tang et al. [26] showed picolinic
acid superior to 3-hydroxy-picolinic acid as UV matrix
for MALDI of oligonucleotides. 4-Nitroaniline is in-
cluded in the substituted benzene derivatives contain-
ing basic amino groups screened as UV-matrices for
the MALDI analysis of proteins and oligonucleotides
[27]. Urea and glycerol were tested for the first time
as IR-matrices by Overberg et al. [23] in 1990. Urea
is the only matrix which has a physiological pH.
Among the thermochemical properties includ-
ing PA, gas-phase basicity (GBAHacig, IE, EA,
of compounds investigated in this work, some are
known experimentally. Experimental proton affini-
ties or gas-phase basicities are available for 2,5DHB
[28-32], NA [29,31], PA [31], 3HPA [31], 4NiAn
[35] and G [35]. The gas-phase basicities of depro-
tonated 2,5DHB, NA, 3HPA and 4NiAn were deter-
mined using a modified bracketting method [33]. The
gas-phase basicity of deprotonated urea is given in the
NIST database [35]. For comparison with calculated
values, enthalpy values were choosen. Consequently,
the experimental values reported in Table 1 are either
experimental proton affinities of neutral and deproto-
nated molecules either proton affinities deduced from

the neutral and ionic species are calculated in their experimental gas phase basicities. The PA of a neutral
ground state and consequently the calculated thermo-molecule M may be deduced from the gas phase ba-
chemical data correspond to adiabatic transitions. sicity of M by applying the usual entropic correction
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Table 1
Calculated and experimental (see text) values of proton affinities (PA) of neutral and deprotonated molecules (kJ/mol), IE and EA
neutral molecules (eV)

Compound  PA(M)  PA(M) exp.  AHacid(M) AHacid(M) IE(M) IE(M) EA(M) IE-EA
calc. = PA[M—H]~ calc. = PA[M—H]~ exp. calc. exp. calc. calc.
2,5DHB 852 849-858 1367 1362 7.86 8.05 0.56 7.3
NA 918 900-907 1400 1398 9.21 9.38 0.61 8.6
2ANA 937 - 1398 - 8.15 - 0.47 7.68
2ABA 895 - 1416 - 7.72 - 0.17 7.55
PA 919 9ot 1439 - 9.27 - 0.72 8.55
3HPA 903 896 1378 1399 8.95 - 1.0 7.95
4NiAn 888 866 1424 1440-144% 143%  8.29 8.34-86 0.97 7.32
u 875 - 1519 1514 9.61 9.7 —0.85 10.45
G 847 874 1471 - 9.19 - —-0.78 9.97

3Evaluated from [28-32].

bEstimated from [33].

®From [34].

dFrom [29,31].

®From [35] (adiabatic transition).

fFrom [31].

9From [35].

hFrom [35]: the lowest IE value corresponds to the adiabatic transition while the highest is the vertical transition.

PAM) = GB(M) — T[ASp(M) — S°(H1)], AS(M) of neutral molecules found to be the most stable are
is the entropy of protonation of MI' = 298K and given in Fig. 2.
S°(H*) = 109kJ/mol. AS,(M) is approximated by

the temperature independent expressiay(M) = 3.1. Proton affinities of neutral molecules
RIn[o(M)/o(MH™)], whereR is the universal gas

constant whiles (M) and o(MH*) are the rotational In the studied aromatic compounds, several sites are
symmetry numbers of M and MH In the hypoth- available for protonation. Taking 2,5DHB as an exam-

esis where the rotational symmetry numbers are the ple, we have investigated 10 structures to describe the
same in M and MH, PA(M) is obtained by adding  protonated 2,5DHB: four structurés A1, A2, A3 are
TS (HT) = 33kJ/mol to the gas phase basicity of different conformations of 2,5DHB protonated on the

M. In the same manner, the PA of anions [M=HE carbonyl function; three structure3, C andD corre-
obtained by adding S (H") = 33kJ/mol to the gas  spond to protonation of the hydroxy of the carboxylic
phase basicity of [M—H] [36]. function and of the hydroxyl in position 2 and 5 in the

The IE of 2,5DHB was measured recently [34] phenyl ring, respectively; three structurés F andG
while those of NA, 4-NiAn and U are known since correspond to protonation on the aromatic ring on car-
the 1970s and are tabulated in the NIST databasebons 2, 4 and 6, respectively. The various protonated
[35]. To our knowledge, the electron affinities of all forms are presented in Fig. 3. The total and relative
the studied matrices are unknown. energies of these structures, at the B3LYP/§-G1*

The calculated thermochemical properties are de- level, are tabulated in Table 2. Among these structur-
duced from the differences in energies between es, the most stable oneAsin which the protonating
the most stable neutral and ionized forms of each hydrogen beared by the carbonyl oxygen is stabilized
molecule. The different structures of a given species by the oxygen of the hydroxy in position 2. The cor-
are compared on their total energy: the lowest the responding PA calculated at the best level of the-
energy, the most stable the structure. The structuresory following reaction (5) is 852 kJ/mol in excellent
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2ANA

PA 3HPA

4NiAn

Fig. 2. Optimized geometries (B3LYP/6-3G** level) of the most stable structures of neutral matrices.

agreement with experimental values comprise between carbonyl function ¥ide supr3, for other UV-MALDI

849 and 858 kJ/mol [28-32]. matrices (NA, 2ANA, 2ABA, PA and 3HPA) the ba-
Since the aromatic ring and the hydroxy groups sicity of CO was only compared with that of the nitro-

of 2,5DHB are calculated to be less basic than the gen atoms. At the B3LYP/6-31G** level of theory,
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Fig. 3. Protonated structures of 2,5DHB.
Table 2 the nitrogen atoms included in the aromatic ring are

Total Egjec (hartree) and relative\E (kJ/mol) energies of various shown to be more basic than the amines functions sub-
protonated forms of 2,5DHB

stituting the aromatic ring which are in turn more basic

[DHBH]* ions Eeleo, B3LYP/6-31+G** AE

(6.31G"—6.314 G(d.p)) than the carbonyl function of the carboxylic groups.

A
Al
A2

ITmO®>
w

For an example, in the case of 2ANA, the N-protonated

—571.648688 0 :

_571. 631460 45 form is found to be more stable than the NHand
—571.631348 46 CO-protonated forms by 60 and 108 kJ/mol, respec-
_gg'gigggg Sg tively while for 3HPA, the N-protonated form is more
Rearranges intd\ _ stable than the CO-protonated form by 92 kJ/mol. In
—571.602294 122 the case of 4NiAn we have compared the basicity of
—571.617837 81 the amine function with that of the nitro group and
—571.627992 54

found the NQ function more basic than the NH
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function by 108 kJ/mol. For the IR-MALDI matrices,
the most basic sites are the oxygen atom of the car-
bonyl group for urea and of the hydroxyl group in po-
sition 1 for glycerol. For this later, the proton is better
stabilized in interaction between both oxygens of the
primary hydroxyl groups via a six-membered ring than
in interaction between an oxygen of a primary hy-
droxyl group and the oxygen of the secondary hydro-
xyl group via a five-membered ring. The geometries
of the most stable structures of protonated matrices

S. Bourcier, Y. Hoppilliard/ International Journal of Mass Spectrometry 217 (2002) 231-244

function by 102 and 82 kJ/mol for 2ANA and 2ABA,
respectively. An interesting result concerns the rela-
tive acidity of the carboxyl and hydroxyl groups in the
ortho-position on the aromatic ring of 2,5DHB and
3HPA. Both functional groups have the same acidity
in the case of 2,5DHB while the carboxylate does not
exist in the case of 3HPA: starting from a structure
of [BHPA-H]~ in which a hydrogen bond may ex-
ist between the carboxylate and the hydrogen of the
hyroxyl group inortho-position, geometry optimiza-

are given in Fig. 4. The Proton affinities evaluated at tion leads to the hydroxylate form; without hydrogen
the highest level of theory are given in Table 1. There bond, the carboxylate form is calculated to be less
is a very good agreement between the calculated andstable than the hydroxylate form by 135kJ/mol. On
available experimental data except for G. Our calcu- the other hand, the hydroxyl of 2,5DHB in position

lation results differ by less than 2.5% from available
experimental determinations except for G for which
the difference is 3.2%. However, the “experimental”
PA of glycerol given in the NIST data base [35] was

not experimentally determined but approximated from
values available for triamines [37]. The PA of matri-

ces are between 937 (2ANA) and 847 (G) kd/mol. The
order of proton affinity is the following:

2ANA > NA = PA > 3HPA > 2ABA
> 4NiAn > U > 2, 5DHB > G

In the literature, the ionization models [24,33,34,
38,39] proposed for explaining the formation of proto-
nated and deprotonated sample molecules involve the
acid—basic properties of matrices. Experimental results
[26] indicate that PA is a better matrix than 3HPA for
the deprotonation of oligonucleotides, in agreement
with its greater proton affinity.

3.2. Proton affinities of deprotonated molecules

In the gas phase, by definition, the proton affinity
of a deprotonated acid corresponds to thélsgg
of the neutral molecule. In the studied molecules,
the functional groups able to loss a proton are: the
carboxyl, the hydroxyl and the amine functions. For
2,5DHB, 2ANA, 3HPA, 2ABA and G, a competition
exists between various deprotonation sites. At the
B3LYP/6-31+G** level of theory, the carboxyl func-
tion is calculated to be more acidic than the amine

metais less acid than the others by 64 kJ/mol.

The geometries of the most stable structure of de-
protonated matrices are given in Fig. 5. Thélagig
of matrices are given at the highest level of theory
in Table 1. There is an excellent agreement be-
tween the calculated and available experimental data.
Our calculation results differ by1.5% (often by
<0.5%: 2,5DHB, NA and U) from available experi-
mental data. The matrix found to be the most acidic
is 2,5DHB (1367 kd/mol) while the less acidic is
urea (1519 kJ/mol). The calculations give 3HPA and
4NiAn slightly more acidic than do the experiment.
The scale of acidity is the following:

2,5DHB > 3HPA > 2ANA > NA
> 2ABA > 4NiAn > PA> G > U

This scale gives rise to some comments:

the most acidic matrices are the aromatic acids sub-
stituted inortho by a hydroxyl group;

the most acidic matrices include the matrices very
often used in the positive mode;

some matrices (NA, 2ANA) exhibit an amphoter
character with good basicity and good acidity and
used either in the positive or in the negative mode.

3.3. lonization energies

The formation of matrix radical cations by multi-
photon ionization is considered by many authors as
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3HPAH' 2ABAH"

4NiAnH"* UH* GH*

Fig. 4. Optimized geometries (B3LYP/6-3G** level) of the most stable structures of protonated matrices.
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[3HPA-HT

[4NiAn-HT

[U-HT [G-HI

Fig. 5. Optimized geometries (B3LYP/6-3G** level) of the most stable structures of deprotonated matrices.

a strong candidate for the UV-MALDI primary ion-
ization step. From a theoretical point of view, irra-
diances used in UV-MALDI are too low to allow
significant absorption of more than two photons. If the
IE of the matrix is greater than 7.33 eV, the energy of
two photons of a N laser (laser most currently used

for MALDI experiments), ionization could neverthe-
less occur assisted either by a “photothermal” effect
[40] or by “energy pooling” [34]. However, the lower
the lack of energy, the easier the ionization of the ma-
trix. An efficient matrix should have an IE as low as
possible to easily get over the primary ionization step.
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4NiAn™*

Fig. 6. Optimized geometries (B3LYP/6-83G** level) of the most stable structures of molecular radical cations.
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4NiAn”

Fig. 7. Optimized geometries (B3LYP/6-3G** level) of the most stable structures of radical anions.
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The geometries of the most stable structure of ma- 4. Conclusions
trix radical cations are given in Fig. 6. The IE of var-
ious matrices are given at the highest level of theory  This work shows that molecular orbital calcula-
in Table 1. The UV-matrix found to have the lowest tions performed with a B3LYP functional density ap-
IE is 2ABA (7.72eV) while PA is found to have the proach can be accurate to evaluate thermochemical
highest (9.27 eV). The scale of IE is the following: data on molecules with several heavy atoms: our cal-
culation results differ by less than 2.5% (except G,
see text) from available experimental determinations.
Numerous unknown thermochemical values were de-
termined: PA of neutral 2ANA, 2ABA and U; PA of
deprotonated 2ANA, 2ABA, PA and G; IE of 2ANA,
2ABA, PA, 3HPA and G; EA of the nine studied ma-
trices. The most basic matrices are aniline derivatives.
The most acidic matrices are those with the aromatic
ring substituted inortho by a carboxylic and a hy-
droxyl group. The acidity of the hydroxyl iortho is
interesting. It is equal to that of the carboxylic group
in 2,5DHB and greater in 3HPA. Some matrices (NA,
2ANA) exhibit an amphoter character with good ba-
sicity and good acidity. The difference in energy be-
tween the IE and EA of matrices could be useful to
better understand the UV-MALDI primary ionization
step.

2ABA < 2,5DHB < 2ANA < 4NiAn < 3HPA < G
=NA <PA<U

The calculated values are about 2% lower than the
available experimental values.

3.4. Electron affinities

Disproportionation reactions have been suggested
to explain the simultaneous formation of positive and
negative ions in MALDI experiments [33,39]. One of
these reactions associated with the primary ionization
step of the matrix (Mat) consists in electron transfer
between two coupled molecules undergoing laser ir-
radiation following the equation:

MatMat + nhv — Mat*t + Mat®*~

The enthalpy associated with such a reaction (in the
gas phase) is the difference in energy between the |E References
and the EA of the matrix. The greater the EA, the
smaller the reaction enthalpy.
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