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Temperature dependence of dissociative electron attachment to
molecules of gentisic acid, hydroquinone andp-benzoquinone
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Abstract

The temperature dependence of dissociative electron attachment to molecules of gentisic acid (2,5-dihydroxybenzoic
acid) as well as to the products of its decomposition, namely molecules of hydroquinone andp-benzoquinone, has been
investigated by means of electron capture negative ion mass spectrometry (ECNI-MS). We have obtained the negative ion
yield as a function of incident electron energy for decay channels corresponding tom/z 108 which are [M− CO2 − H2]−
anion in the spectrum of gentisic acid, [M− H2]− anion in the spectrum of hydroquinone and [M]− parent long-lived anion
in the spectrum ofp-benzoquinone. It was shown that molecules of carbon dioxide may be formed at high temperature not
only by decarboxylation of gentisic acid but also by capture of low-energy electrons (about 1 eV). Such a fact has a great
importance for understanding of the problem of analyte desorption in matrix assisted laser desorption/ionization (MALDI)
mass spectrometry in according to CO2-MALDI model where the desorption of large biomolecules is explained in terms of
gas-bubbles formation by thermal decomposition of molecules of MALDI matrix.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Matrix assisted laser desorption/ionization (MALDI)
is a widely used mass spectrometric technique for
analysis of large biomolecules[1,2]. However, there
is no clear statement of the processes of desorp-
tion/ionization of analyte and matrix molecules to
date[3,4]. In the recent works[5,6] it was shown that
free low-energy electrons exist in MALDI and en-
ergy distribution of free electrons in MALDI plume
has a maximum at approximately 1 eV which posi-
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tion on electron energy scale depends on the nature
of substrate for MALDI sample. Thus a process of
dissociative attachment of above-mentioned electrons
takes place necessarily in MALDI and may play an
important role especially for negative ions formation.
As it was shown in our latest work[7] in the negative
ion mass spectrums of MALDI matrices (most of
which is organic acids having carboxylic group) there
is a decay channel [M− CO2 − H2]− (here and be-
low M represents the intact molecule). Anion yield of
that channel increases dramatically as the temperature
of target molecule increases. Such an effect may be
attributed in part by the well-known process of decar-
boxylation of carboxylic acids[8]. Since the existence
of CO2 molecules in MALDI sample may lead to
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formation of gas bubbles and subsequent desorption of
analyte molecules according to CO2-MALDI model
[9], we decided to investigate that process in more
detail by means of electron capture negative ion mass
spectrometry (ECNI-MS) with purpose to specify the
possible role of low-energy electron attachment in
formation of gas molecules in MALDI.

2. Experimental/materials and methods

Electron capture reactions were studied in the
gas-phase by passing an electron beam through ion-
ization chamber of the mass spectrometer where an
equilibrium flow of molecules under investigation
was created. The yield of negative ions formed was
recorded mass spectrometrically as a function of in-
cident electron energy. Such a dependence, namely
yield of defined negative ion versus electron energy,
was recorded for each peak in the negative ion mass
spectrum. If the lifetime of transient parent molecular
anion is as long as 10−6 s and more then it is observ-
able mass spectrometrically and corresponding peak
is seen on the negative ion mass spectrum as well as
the fragment anions.

Process of low-energy electron attachment was
investigated by means of ECNI-MS using the mass
spectrometer MI-1201 under the following condi-
tions: full-width at half-maximum of electron energy
distribution 0.4 eV, electron trap current 1�A, elec-
tron energy range 0–12 eV, accelerating voltage 4 kV.
The electron energy scale was calibrated by yield
of SF6

− ion from SF6 molecule which gives the
well-known resonance peak at approximately 0 eV.

Table 1
Melting pointa, the relative dissociative attachment cross-section and temperature of the rod used for evaporation of molecules under
investigation into reaction chamber of the mass spectrometer

Compound

Gentisic acid Hydroquinone p-Benzoquinone

Melting point (◦C) 205 (decomposition) 172–175 113–115
σDA (×10−16 cm2) 0.14 10 0.3
Trod (◦C) 105 80 Ambient

a Taken from Catalog Handbook of Fine Chemicals by Aldrich Chemical Company Inc.

Briefly the mass spectrometer used consists of nega-
tive ion source, magnetic analyzer and electron multi-
plier. Deploying of electron energy and mass number
were carried out by IBM-comparable computer using
CAMAC interface.

Among all of the MALDI matrices gentisic acid
(GA) was chosen for investigation in this work be-
cause this is an organic acid which undergoes the
thermal decomposition and this is one of the best ma-
trices in MALDI at the end. Besides [GA− CO2]− is
a molecule of hydroquinone (HQ) and [GA− CO2 −
H2]− is a molecule ofp-benzoquinone (p-BQ) and
these decay channels are also the subject of this work.
Thus compounds under investigation are GA, HQ and
p-BQ. All of compounds under investigation are solid
under standard conditions. They were introduced into
ionization chamber of the mass spectrometer using a
rod which may be heated up to 110◦C with purpose
to evaporate of substances under investigation. The
rod was made from stainless-steel and was introduced
in the ion source of the mass spectrometer through the
sluice chamber. The ion source of the spectrometer
was equipped with an oven to heat molecules under
investigation up to 300◦C with purpose to obtain tem-
perature dependence of electron attachment process.

3. Results

The relative dissociative attachment cross-sections
for molecules investigated are shown inTable 1. A
method for determining the relative dissociative at-
tachment cross-section was described previously[10,
11]. Briefly determination of the relative dissociative
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attachment cross-section was carried out by compari-
son of the negative ion currents for substance investi-
gated and SF6 which has a well-known cross-section
for the negative ion formation[12]. The relative vapor
pressure of the different substances in the ion source
was determined by means of switching the mass spec-
trometer in positive ion mode.

The temperature of the rod used in this study for
evaporation of compounds under investigation into
reaction chamber of the mass spectrometer and melt-
ing point for the compounds taken from the Catalog
Handbook of Fine Chemicals by Aldrich Chemical
Company Inc. are listed inTable 1. The temperature
of the rod was chosen so to obtain satisfactory inten-
sity of the main dissociative or associative channel
for each substance under investigation.

The negative ion mass spectrum of gentisic acid
was reported in detail previously[7]. In table form
the negative ion mass spectrums of gentisic acid, hy-

Table 2
The negative ion mass spectrums of molecules under investigation at 80◦C

Compound m/z ratio Ion structure Energy of maximum (eV) Intensity (%)

Gentisic acid 154 [M]− 0.0 0.36
153 [M − H]− 0.83 100

3.4 15
152 [M − H2]− 6.6 36
135 [M − OH − H2]− 5.0 2.2
109 [M − COOH]− 4.9 15
108 [M − CO2 − H2]− 7.6 15
107 [M − COOH − H2]− 6.0 1.1

Hydroquinone 109 [M − H]− 1.6 100
4.2 8.8

108 [M − H2]− 5.2 28
8.7 7.0

92 [M − H2O]− 1.3 0.57
25 [C2H]− 10.3 1.5
17 [OH]− 10.2 0.65

p-Benzoquinone 108 [M]− 1.4 100
82 [M − C2H2]− 4.7 0.15
80 [M − CO]− 2.0 0.12
79 [M − COH]− 4.8 0.65

6.8 0.44
41 [C2OH]− 5.1 0.14

6.3 0.34
25 [C2H]− 6.3 0.35

7.8 0.38

droquinone andp-benzoquinone at 80◦C are shown
in Table 2. The negative ion mass spectrum of
p-benzoquinone agrees well with earlier experimental
results[13]. In this work we present anion yields corre-
sponding tom/z 108 only, namely [GA−CO2−H2]−,
[HQ − H2]− and p-BQ− ions for compounds un-
der investigation. The temperature dependencies of
the negative ion yield for these decay channels are
shown in Figs. 1–3 (solid line) for gentisic acid,
hydroquinone andp-benzoquinone, respectively. In-
tensity shown on the figures is in arbitrary units but
the same for each spectrum. In addition anion yield
of one more intense decay channel in negative ion
mass spectrums of compounds under investigation is
shown inFigs. 1–3(open circles), namely anion yield
for [M − H]− decay channel in the negative ion mass
spectrums of gentisic acid (Fig. 1) and hydroquinone
(Fig. 2) and for [M−COH]− channel in the spectrum
of p-benzoquinone (Fig. 3).
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Fig. 1. Negative ion yield for decay channels [GA− H]−, m/z 153 (open circles) and [GA− CO2 − H2]−, m/z 108 (solid line) in electron
capture negative ion mass spectrum of gentisic acid (GA) at different temperatures.

4. Discussion

The temperature of molecules in MALDI sample
is varied from ambient temperature (before applying
the laser pulse) to approximately 500–700 K (after
applying the laser pulse) as it was shown elsewhere
[14]. Thus the matrix molecules (molecules of gen-
tisic acid for example) which may capture free elec-
trons which exist in MALDI[5] are rather “hot”. In
addition molecules of carboxylic acid undergo the
decomposition at high temperature with escape of
carbon dioxide molecule (decarboxylation) and frag-
ments formed may in turn capture electrons. So on

the basis of our experimental results we can define
what is happened when molecule of gentisic acid
as well as the products of its decomposition cap-
ture low-energy electron at different temperatures. In
other words we suppose that processes taking place
in the ion source of the mass spectrometer may be a
model of MALDI processes concerning at least dis-
sociative electron attachment to matrix molecules in
conventional MALDI experiments.

In the case of gentisic acid (Fig. 1) decreasing of
[GA −H]− ion yield as the temperature increases fol-
lows decreasing of amount of gentisic acid in the re-
action area of the ion source because some molecules
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Fig. 2. Negative ion yield for decay channels [HQ− H]−, m/z 109 (open circles) and [HQ− H2]−, m/z 108 (solid line) in electron capture
negative ion mass spectrum of hydroquinone (HQ) at different temperatures.

undergo decarboxylation before they capture electron.
Indeed some amount of free CO2 molecules appears
in the ion source that was controlled by measuring
of O− anion yield from CO2 molecule (correspond-
ing results are not shown here). Such a decreasing
of [GA − H]− ion yield may be a temperature effect
as well. According to CO2-MALDI model [9] it is
very appropriate when carbon dioxide molecules are
formed in MALDI sample because they may assist the
desorption of analyte molecules. Below we are going
to show that an origin of gas molecules in MALDI
may be attributed to electron attachment processes as
well as to decarboxylation. Indeed, in the negative ion

mass spectrum of gentisic acid there is decay chan-
nel [GA − CO2 − H2]− (m/z 108) that gives two gas
molecules at once. Moreover, as the temperature of the
target molecule rises the strong features appear on the
anion yield corresponding to that decay channel (see
Fig. 1) at low-energy electrons. These are the resonant
states at approximately 0.15 and 1.25 eV. However,
some molecules of gentisic acid have undergone the
thermal decomposition inevitably before they capture
electron. Thus some amount of hydroquinone appears
in the reaction area of the mass spectrometer.

In negative ion mass spectrum of hydroquinone
there is a decay channel [HQ− H2]− with the same
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Fig. 3. Negative ion yield for decay channel [p-BQ− COH]−, m/z 79 (open circles) and for formation of parent long-lived anionp-BQ−,
m/z 108 (solid line) in electron capture negative ion mass spectrum ofp-benzoquinone (p-BQ) at different temperatures.

m/z ratio as for [GA− CO2 − H2]− decay chan-
nel in the spectrum of gentisic acid. One can see in
Fig. 2that the resonant state at approximately 1.25 eV
appears on the anion yield curve for [HQ− H2]−

decay channel in the spectrum of hydroquinone as

the temperature rises. The yield of [HQ− H]− ion
decreases along with increasing the temperature of
target molecule just as it is in the spectrum of gentisic
acid. This may be attributed to the thermal decom-
position of hydroquinone in the gas phase which is
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the ejection of two hydrogen atoms from molecule
of hydroquinone. Such a process leads to formation
of p-benzoquinone in the reaction area of the mass
spectrometer.

The most intense peak in the negative ion mass
spectrum ofp-benzoquinone corresponds to forma-
tion of parent long-lived anion havingm/z 108. Yield
of that channel is on two orders of magnitude more
intense than others[13]. So we believe that thermal
decomposition of hydroquinone takes place in the gas
phase and a resonant state at 1.25 eV on the anion
yield curve for [HQ− H2]− at 300◦C corresponds
to molecular anion ofp-benzoquinone. Moreover, the
relative autodetachment lifetime for that resonance in
the negative ion mass spectrum of hydroquinone at
300◦C was estimated to approximately 26�s. This
value agrees reasonable with autodetachment lifetime
of molecular anion ofp-benzoquinone at the same
temperature which was estimated to approximately
20�s. A method for determination of the relative
autodetachment lifetime was described previously
[15]. Decreasing of parent anion yield in the case of
p-benzoquinone (seeFig. 3) as the temperature of
the target molecule increases is a general effect of
autodetachment as it was discussed elsewhere[16,17].

The anion yields corresponding tom/z 108 for all
compounds under investigation are shown inFig. 4at
the minimal and maximal temperatures. We propose
the following assignment of the anion yield observed
for [GA − CO2 − H2]− decay channel in the neg-
ative ion mass spectrum of gentisic acid at 300◦C.
The resonant states above 3.5 eV correspond mainly to
the ion [HQ− H2]− in the spectrum of hydroquinone
which appears in the ion source owing to a process
of decarboxylation GA→ CO2 + HQ at high tem-
perature. These resonant states are unimportant for
MALDI because there are no free electrons with such
energies in MALDI plume. The peak at approximately
1.25 eV corresponds to the ionp-BQ− in the spectrum
of p-benzoquinone which appears in the ion source
owing to processes both GA→ CO2 + H2 + p-BQ
and HQ→ H2 + p-BQ at high temperature. We were
unable to measure the relative autodetachment life-
time for this resonance directly in the spectrum of

Fig. 4. Negative ion yields for all compounds under investigation
for dissociative and associative electron capture channels corre-
sponding tom/z 108 at 80◦C (open circles) and 300◦C (solid
line).

gentisic acid because of intensity of the neutral com-
ponent was too small to be detected. Position of this
resonant state on electron energy scale corresponds
to 1.25 eV both in spectrum of gentisic acid and hy-
droquinone at 300◦C that allows us to propose that
p-benzoquinone molecules formed by thermal decom-
position are heated to the same temperature as it is seen
from the anion yield forp-BQ− in Fig. 3 at 300◦C.

One can see inFig. 4that threshold peak at 0.15 eV
corresponds only to the molecule of gentisic acid. This
decay channel leads to formation of pseudomolecular
anion with a structure ofp-benzoquinone that seems
more probable. Corresponding to this decay channel
neutral fragment is a molecule of carbon dioxide.
Such a fact is very useful for MALDI because in such
a way there is an origin of gas molecules follows
by electron attachment to matrix. Thus low-energy
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electron attachment by molecule of gentisic acid in
solid MALDI sample just after laser pulse produces
the free electrons may assist the desorption of analyte
molecules into the gas phase in according to the model
described elsewhere[9]. Arising of the threshold peak
of pseudomolecular anion along with the temperature
may probably be interpreted in terms of Illenberger’s
model[16] for the case when corresponding vibration
level lies near the crossing point of molecular and dis-
sociative terms. But this research requires additional
precise calculations but it is not a subject of this work.

5. Conclusions

The temperature dependence of dissociative and
associative electron attachment processes by molecule
of gentisic acid as well as by the products of its ther-
mal decomposition in the ion source of the mass spec-
trometer at high temperature has been investigated by
means of ECNI-MS. On the basis of these results and
measurements of the relative autodetachment lifetimes
the yield of [GA− CO2 − H2]− anion in the negative
ion mass spectrum of gentisic acid was interpreted. It
was shown that dissociative attachment by molecule of
gentisic acid may lead to formation of gas molecules.
Thus that process may assist the desorption of MALDI
sample in conventional MALDI experiments[9].
This finding is especially important for understand-
ing MALDI desorption because there are thermally
stable matrices (6-aza-2-thiothimine, for example).
In such a case matrix never gives gas molecules by
the thermal decomposition but only by the capture of
low-energy electrons[7]. On the other hand, it will
be interesting to investigate along the same line the
others unstable matrices, like caffeic and sinapinic
acids, for example. But this is a subject of subsequent
investigations.
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