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bstract

The negative ion photoelectron spectra of the following MALDI matrix molecules have been measured: 3-carboxypyridine (nicotinic acid),
,5-dihydroxybenzoic acid (DHB), 3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic acid), 2,6-dihydroxyacetophenone (DHAP), 3-(4-hydroxy-
-methoxyphenyl)-2-propenoic acid (ferulic acid), 3-hydroxy-2-pyridinecarboxylic acid (3HPA), and 2,6-pyridinedicarboxylic acid (dipicolinic
cid). Adiabatic electron affinities and vertical detachment energies were extracted from these spectra and reported. In addition, electron affinities

ere calculated for DHAP, ferulic acid, dipicolinic acid and sinapinic acid. Photoelectron spectra were also measured for the dimer anions of DHB

nd nicotinic acid and for the fragment anion in which alpha-cyano-cinnamic acid had lost a CO2 unit. Together, these results augment the database
f presently available electrophilic data on common matrix molecules along with some of their dimers and fragments.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Since the inception of the matrix-assisted laser desorption-
onization (MALDI) technique [1–4], investigators have
ttempted to elucidate the mechanisms which are at work in
he MALDI process. Attempts to interpret, predict, and thereby
nderstand, MALDI mass spectra require thermochemical data
bout both the matrix and the analyte molecules [5–7]. As might
e expected, a substantial portion of the effort to date has focused
n ionization potentials [8,9] and proton affinities [8,10,11] of
atrix molecules, both of which are central to understanding

he role of cations in MALDI mechanisms. When it comes to
nions, however, there is much less energetic information avail-
ble about commonly used matrix molecules. Gas phase basicity
alues have been measured [12–14], and some electron affinity
alues have been calculated [8], but there is a dearth of experi-
entally determined electron affinity values in the literature.

In the present work, we report adiabatic electron affinities

EAa) and vertical detachment energies (VDE), measured via
nion photoelectron spectroscopy, for seven common MALDI
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atrix compounds, two of their dimers, and a selected molecular
ragment. Adiabatic electron affinities and vertical detachment
nergies are the electrophilic counterparts to adiabatic and
ertical ionization potentials, and as such they are central to
nderstanding the fate of electrons, the role that matrix anions
lay in the ionization process in MALDI generally, and anion
ormation in negative ion MALDI in particular. To facilitate
ore complete comparisons, we also calculated electron affin-

ty and ionization potential values for those species in this
tudy whose theoretical values had not been previously reported.
hus, this paper presents a compilation of previously unavail-
ble (experimentally and theoretically determined) electrophilic
ata on common matrix molecules which, it is hoped, will sup-
ort a further understanding of the MALDI process and aid in
he prediction and description of ions formed by this technique.

. Experimental and computational methods

Negative ion photoelectron spectroscopy was used measure
he electron affinities and vertical detachment energies of several

ommon matrix molecules and their anions. Anion photoelec-
ron spectroscopy is conducted by crossing a mass-selected
eam of negative ions with a fixed-frequency photon beam
nd energy-analyzing the resultant photodetached electrons. The
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mailto:kbowen@jhu.edu
dx.doi.org/10.1016/j.ijms.2007.07.019
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(3-hydroxy-2-pyridinecarboxylic acid), and dipicolinic acid are
presented in Figs. 2–8. While the photoelectron spectra of the
nicotinic acid anion and the DHB anion show vibrational struc-
T.P. Lippa et al. / International Jour

hotodetachment process is governed by the relationship,

ν = EBE + EKE (1)

here hν is the photon energy, EBE the electron binding energy,
nd EKE is the electron kinetic energy. Essentially, the pho-
on energy is sub-divided into the transition energy needed
o take the anion to a particular vibronic state of its neutral
ounterpart, i.e., EBE, and the kinetic energy of the electron,
.e., EKE. Fig. 1 illustrates the energetics of photodetachment
ransitions. Because photodetachment is a fast process, the
ssentially instantaneous Franck-Condon overlap of anion and
eutral wavefunctions is reflected in the vertical detachment
nergy, VDE. When the structures of the anion, X−, and its
orresponding neutral, X are different (as in Fig. 1), the VDE is
he EBE of the maxima in the broadened photoelectron spectral
rofile, and as such, it is a well-defined quantity.

When there is Franck-Condon overlap between the lowest
ibrational level of the anion (v′′) and the lowest vibrational
evel its corresponding neutral (v′), the photoelectron spectrum
arries information about the adiabatic (thermodynamic) elec-
ron affinity of the neutral species. When the spectral profile is
ibrationally resolved, an assignment of the spectrum can iden-
ify the v′′ = 0 → v′ = 0 transition. For this transition, its EBE
alue is equal to the adiabatic electron affinity, EAa. When the
rofile is unresolved, however, the determination of EAa is more
pproximate. If the anions were to be cold, i.e., if only v′′ = 0
ere occupied, then the low EBE threshold value of the spectrum
ould equal the EAa value. But because anions are generated
ith finite internal temperatures, the first few vibrational levels
f anions may also occupied, leading to some degree of pho-
oelectron intensity at EBE values less than that corresponding
o the EAa, i.e., hot bands. Thus, in order to extract reasonable
stimates of EAa values from unresolved photoelectron spectral
rofiles (bands), one needs to calibrate the procedure by which
his is done. Below, we present a procedure for performing this
alibration in the case of relatively similar matrix molecular

nions.

The apparatus consists of a source for generating anions, a
agnetic sector for mass analysis and mass selection, an argon

on laser operated intra-cavity as the photon source, and a hemi-

ig. 1. Schematic diagram showing the energetics of the photodetachment pro-
ess.

t

F
C
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pherical electron energy analyzer. The mass analyzer/selector
as a mass resolution of ∼500, and the electron energy analyzer
as a resolution of 28 meV. All photoelectron spectra reported
ere were recorded with 2.540 eV photons and calibrated against
he photoelectron spectrum of O− [15,16]. Our apparatus has
een described previously [17].

Negative ions of selected matrix molecules and their dimers
ere generated in a supersonic expansion, nozzle-ion source
hich was biased at −500 V. Samples of the matrix materials of

nterest were placed inside the stagnation chamber of the source
nd heated to temperatures ranging between 150 and 220 ◦C in
rder to partially vaporize them. The resulting vapor was then co-
xpanded with argon (5–25 psia) through a ∼100 �m orifice into
acuum. Negative ions were formed by injecting electrons from
biased filament into the expanding jet, where a microplasma
as formed with the help of an external magnetic field. Negative

ons were then extracted into the beam-line of the apparatus and
ubsequently mass-selected so that the anions of interest could
e photodetached.

Computations to determine the values of the electron affini-
ies, vertical detachment energies, and ionization potentials of
elected matrix molecules were performed with Gaussian 03
18] following the density functional theoretical methodology
B3LYP/6-31 + G(d,p)/6-311 ++ G(2d,2p)) utilized by Bourcier
nd Hoppilliard [8].

. Results and discussion

.1. Monomers

The photoelectron spectra of the parent molecular anions
f nicotinic acid, DHB (2,5-dihydroxybenzoic acid), sinapinic
cid, DHAP (2,6-dihydroxyacetophenone), ferulic acid, 3HPA
ure, the spectra of the other five exhibit only broad, unstructured

ig. 2. Photoelectron spectrum of the nicotinic acid anion along with its Franck-
ondon fit.
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Fig. 5. Photoelectron spectrum of the ferulic acid anion.
Fig. 3. Photoelectron spectrum of the 2,5-dihydroxybenzoic acid anion.

ands. In all cases, vertical detachment energies are taken to be
he EBE values of the fitted maxima of their spectral profiles,
hether they were vibrationally structured or not. Sinapinic acid

nd ferulic acid both have similar spectral profiles with a pro-
ounced plateau on the high electron binding energy side of the
eak. These bands, though unresolved, are indicative of a tran-
ition from the molecular anion to the first excited state of the
eutral molecule. In the cases of the spectra of nicotinic acid
nion and DHB anion, adiabatic electron affinities were deter-
ined by identifying the (v′′ = 0 → v′ = 0) origin peak, which in

oth cases is the lowest EBE peak in their spectra. This assign-
ent of the origin transition was reinforced by conducting a
ranck-Condon analysis on the nicotinic acid anion spectrum.

he Franck-Condon fit is shown superimposed onto the exper-

mental photoelectron spectrum of the nicotinic acid anion in
ig. 2 and the parameters of the simulation are presented in
able 1. In addition to confirming that the lowest EBE peak is

Fig. 4. Photoelectron spectrum of the 3-hydroxypicolinic acid anion.

Fig. 6. Photoelectron spectrum of the sinapinic acid anion.

Table 1
Parameters obtained from the Franck-Condon fit of the nicotinic acid photoelec-
tron spectrum

ν(0,0) (eV) 0.438
Temperature (K) 263

Mode 1
Displacement (A(�)1/2) 0.323
ωe (anion, cm−1) 588
ωe (neutral, cm−1) 936

Mode 2
Displacement (A(�)1/2) −0.139
ωe (anion, cm−1) 3197
ωe (neutral, cm−1) 1447
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ig. 7. Photoelectron spectrum of the 2′,6′-dihydroxyacetophenone anion.

ndeed due to the origin transition, this analysis also indicated
hat the internal temperature of the anion was ∼260 K. More
mportantly, the assignment of this spectrum provided a calibra-
ion procedure for estimating the adiabatic electron affinities for
he matrix molecules with unstructured spectra. If the spectrum
f nicotinic acid anion had been unstructured, its origin transition
ould have been located at a point on the low EBE side of the

pectral profile that was ∼23% of the peak intensity maximum.
ecause all of the molecules under study here are of similar size
nd complexity, because three of the five unstructured spectra
ave similar overall profiles, and because all anions studied here
ere generated under similar source conditions, we have used

his ad hoc procedure to estimate adiabatic electron affinities in

ach case. Table 2 presents the adiabatic electron affinities and
ertical detachment energies determined from these measure-
ents. For comparison, calculated values of adiabatic electron

ffinities are also shown.

ig. 8. Photoelectron spectrum of the 2,6-pyridinedicarboxylic acid anion.
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These energetic data lead to several observations and com-
ents. (1) Previous studies of electron attachment to nicotinic

cid did not observe its parent anion, prompting investigators to
uspect that it is unstable [19]. In the present studies, however,
e have conclusively observed it and measured its (positive)
Aa value, showing that it is stable. (2) The seven monomers
e have studied fall into two categories in regard to the size
f their electron affinities values. Both dipicolinic acid and 3-
ydroxy-2-pyridinecarboxylic acid have EAa values which are
arger than 1 eV, while the other five possess smaller EAa val-
es. (3) Zenobi and Knochenmuss have pointed out that a given
atrix material can often provide both positive and negative ana-

yte ions [20]. They suggest that one pathway for this apparent
orrelation may be primary ionization of 2 M (due to the two
hoton excitation of matrix molecule pairs) to yield cations, M+

nd anions, M−, i.e.,

M
nhν−→M+ + M− (2)

If so, this would require that a threshold energy of
P(M)–EA(M) be provided by the two photon process. Nitro-
en lasers, commonly used as excitation sources in MALDI,
ave a two-photon energy of 7.36 eV. Additionally, both fre-
uency tripled (355 nm) and quadrupled (266 nm) YAG lasers
ave been demonstrated to be effective. These lasers have two
hoton energies of 9.32 and 6.99 eV, respectively. Table 3 pro-
ides a tabulation of IP(M), EA(M), and IP(M)–EA(M) values
or the matrix systems that we studied. While some of the tabu-
ated IP(M)–EA(M) values fall below the two-photon energies of
he lasers, making this mechanism feasible, others fall above it,
utting the same mechanism energetically out of reach. Nicotinic
cid, developed for the 266 nm wavelength [21] has a dispropor-
ionation energy that falls below the 266 nm two photon energy.
hus, while this mechanism for the matrix monomers may well
ontribute, along with others, to the correlated formation of
ositive and negative ions in many MALDI matrix materials,
onsideration must also be given to the matrix clusters known
o exist in the MALDI plume. This is discussed below.

.2. Dimers

Figs. 9 and 10 show the photoelectron spectra of the nico-
inic acid dimer anion and the 2,5-dihydroxybenzoic acid (DHB)
imer anion. As dimer anions, the spectra of both species have
ost the vibrational structure that they exhibited as monomer
nions. Values for VDE and EAa were extracted from their spec-
ra using the same procedure described above for their monomers
see Table 2). In comparison to their monomers, VDE and EAa
alues for these dimers increased by significantly more than an
V, reflecting the enhanced stability of these dimer anions with
espect to electron loss. In fact, it can be generally expected
hat clustering will greatly increase the stability of dimers and
arger sized cluster anions. Knochenmuss and Zhigilei have

etailed molecular dynamics simulations that demonstrate sub-
tantial clustering early in the MALDI expansion [22] and
lusters in MALDI plumes have been seen experimentally [23].
t is likely that cluster anions are significant players in the ion
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Table 2
Experimental and calculated data for the matrix compounds studied

Matrix (common) Matrix (IUPAC) VDE (eV) (expt.)b EA (eV) (expt.)b EA (eV) (calc.)

Nicotinic acid 3-Carboxypyridine 0.63 0.44 0.61a

DHB 2,5-Dihydroxybenzoic acid 0.73 0.42 0.56a

Sinapinic acid 3,5-Dimethoxy-4-hydroxycinnamic acid 0.92 0.59 0.69b

DHAP 2,6-Dihydroxyacetophenone 1.05 0.59 0.42b

Ferulic acid 3-(4-Hydroxy-3-methoxyphenyl)-2-propenoic acid 0.92 0.58 0.82b

3HPA 3-Hydroxy-2-pyridinecarboxylic acid 1.61 1.24 1.0a

Dipicolinic acid 2,6-Pyridinedicarboxylic acid 1.50 1.17 1.40b

[CHCA − CO2] 3-(4-Hydroxy-phenyl)-acrylonitrile 0.88 0.54 0.63b

(Nicotinic acid)2 (3-Carboxypyridine)2 2.07 1.62 –
(DHB)2 (2,5-Dihydroxybenzoic acid)2 2.15 1.72 –

a [8].
b This work.

Fig. 9. Photoelectron spectrum of the nicotinic acid dimer anion.

Fig. 10. Photoelectron spectrum of the 2,5-dihydroxybenzoic acid dimer anion.
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hemistry of both irradiated matrices and their resulting plumes
13,21,22]. With respect to the disproportionation reactions dis-
ussed above, the situation for the energetics of the process are
uch more favorable when we begin to consider dimers and

arger clusters. In comparison to the parent monomer, DHB ion-
zation potential reductions have been experimentally [9] and
heoretically [24] observed for DHB clusters. These reductions
ontinue as the cluster sizes increase until an estimated bulk
imit of 7.82 eV is reached [9]. We anticipate the electron affin-
ty to increase as clusters continue to larger sizes, asymptotically
pproaching the electron affinity of the condensed phase. How-
ver, we cannot estimate the bulk value from the monomer
nd dimer alone. If the dimer is considered, the IP-EA for
dimer pair results in an energy of 6.22 eV, well below the

wo photon threshold for any of the UV lasers listed above.
he importance of clusters in the ion energetics of the MALDI
lume continues to become more apparent and the information

ere supports the possibility of disproportionation, especially
arly in the MALDI plume where clusters are known to
xist.

able 3
arameters relevant to the two-photon disproportionation process

olecule IP (eV) EA (eV, expt.)e (IP-EA) (eV)

icotinic acid 9.38c 0.44 8.94
HB 8.05b 0.42 7.63
inapinic acid 7.72g 0.59 7.13
HAP 8.43e 0.59 7.84
erulic acid 7.82a 0.58 7.24
HPA 8.95d 1.24 7.71
ipicolinic acid 9.71e 1.17 8.54
HCA − CO2 8.22e 0.54 7.68

Nicotinic acid)2 – 1.62 –
DHB)2 7.94f 1.72 6.22

a [27].
b [28].
c [29].
d [8].
e This work.
f [9].
g [31].
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ig. 11. Photoelectron spectrum of the fragment anion of �-cyano-4-
ydroxycinnamic acid in which a carbon and two oxygen atoms have been
oss.

.3. Fragment ions

While attempting to generate parent anions of �-cyano-
-hydroxycinnamic acid (CHCA), we instead observed high
ntensities of its fragment anion [CHCA − CO2]−, and only a
eak signal for the parent. Because this fragment ion was seen

n previous MALDI studies of CHCA [26,27], we recorded its
hotoelectron spectrum, and it is presented in Fig. 11. There,
ne sees a steep onset of signal on the low EBE side of the
pectral profile. Values of VDE and EAa were estimated using
he procedures described above, and these are tabulated in
able 2.

Secondary ion–molecule reactions are recognized as being
mportant pieces of the bigger picture in MALDI ion formation,
nd fragment ions are examples of secondary ions that can be
ormed [6,28,29]. In fact, the appearance of some ions is more a
unction of secondary ion formation than it is of primary ion for-
ation [6,25]. Thus, it is not enough to have energetic data only

bout the parent ions of matrix molecules; energetic information
bout fragment ions is also required.

. Conclusion

In order to fully describe MALDI processes, access to
nergetic parameters for all participating species, including clus-
ers and fragments, is required. Here, we have contributed to
his database by determining electrophilic properties for sev-
ral matrix molecules, their dimers and their fragments. It is
lear, however, that information on the matrix molecules is not
nough. One must also have comparable energetic information
n analytes. Much ion chemistry in MALDI is governed by dif-

erences between the ionization potentials of matrix molecules
nd analytes in cation mode and by differences between the elec-
ron affinities of matrix molecules and analytes in anion mode
25,30]. The data presented here can be incorporated into quan-

[
[

[
[

Mass Spectrometry 268 (2007) 1–7

itative models for the MALDI process such as those developed
y Knochenmuss and Zhigilei [22,31] Furthermore, knowing the
lectron affinities of matrix species will help facilitate extension
f these types of models to the formation of negative ions in
ALDI.
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