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RATIONALE: Proton and radical are transferred between matrices and matrix and analyte in matrix-assisted laser
desorption/ionization (MALDI) and these transfers drive ionization of analytes. The odd-electron anion [M-2H]"~ was
generated in dihydroxybenzoic acids (DHBs) and the ion abundance of the 2,5-DHB was the highest among six DHB
isomers. We were interested in the mechanism of the ion generation of the odd-electron anion.

METHODS: The observed [M-2H]"~ and [M-3H] ™ ions, which were generated with the hydrogen radical removed from
the phenolic hydroxyl groups (OH) in DHB isomers, were analyzed using negative-ion MALDI-MS. The enthalpy for ion
generation and their stable structures were calculated using the density functional theory (DFT) calculation program
Gaussian 09 with the B3LYP functional and the 6-31+G(d) basis set.

RESULTS: The number of observed [M—-2H]"~and [M-3H] ™ ions of the DHB isomers was dependent on the positions of the
phenolic OH groups in the DHB isomers because the carboxy group interacts with the ortho OH group due to neighboring
group participation, as confirmed from the stable structures of the [M—-2H]"~ anions calculated with the Gaussian 09
program. The DHB isomers were placed into three categories according to the number of the ions.

CONCLUSIONS: Odd-electron anions ([M-2H]*") and [M-2H"-H]~ ([M-3H]") ions were generated from DHB isomers
due to removal of the hydrogen radical from the phenolic groups. The enthalpy for ion generation revealed that ion
formation proceeds via a two-step pathway through the [M-M]™ ion as an intermediate. © 2016 The Authors. Rapid
Communications in Mass Spectrometry Published by John Wiley & Sons Ltd.

Matrix-assisted laser desorption/ionization mass  the analytes.m 2,5-Dihydroxybenzoic acid (2,5-DHB) (Fig. 1) is

spectrometry (MALDI-MS) has become an established method
for the structural identification of biological and biochemical
molecules and industrial materials.'"?! The ion formation
mechanisms involve many complex processes in which
analytes are protonated/deprotonated, which makes it
difficult to fully understand these mechanisms. The models
for ion formation in MALDI have been summarized in
reviews.’* Ton formation in MALDI generally involves
irradiation of the matrix with a laser and excitation. The matrix
is first desorbed and ionized, followed by the transfer of ions
between the ionized matrix and neutral analytes and between
desorbed neutral matrix and analyte, and finally ionization of
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known as one of the most efficient matrices for large
biomolecules."**! The ion formation including proton
transfer from 2,5-DHB has been well studied; however, the
overall mechanism for ion formation from DHB has not yet
been clearly explained. ™ 2,5-DHB has the largest
absorption cross section among the six DHB positional
isomers in the laser irradiation with a Nd:YAG laser at a
wavelength of 355 nm."®! Jessome et al. studied the ion
efficiency of the different DHB isomers to reveal the ion
formation mechanism for the most efficient matrix of 2,5-
DHB."¥! The ion efficiency of 2,5-DHB was reported to be
highest among the six DHB isomers; however, the reasons
given for the superior ion efficiency of 2,5-DHB were
ambiguous. No clear relationships were observed between
MALDI biomolecule signals and the gas-phase basicity,
proton affinity or ionization potentials of DHB isomers until
now.3!

Recently, we reported that the ion signal of odd-electron
anions ([M-2H]") from 2,5-DHB was found to be largest
among the DHB positional isomers.'®! It was detected from
2,5-DHB, besides the conventional even-electron anion
[M-H] ", as a rare case among all matrices.®! Until now, the
mechanism of the ion formation of these odd-electron anions
have not been studied. We have studied the hydrogen radical
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Figure 1. Structures of the [M-H] anion form of

dihydroxybenzoic acid (DHB) isomers.

removing ions (the odd-electron anion [M-2H]"~ and
[M-3H]") of polyphenol compounds such as DHB and
flavonoids, and the hydrogen radical can be removed from
the phenolic hydroxyl groups.[16’17]

There was a phenolic OH group from which the hydrogen
radical could not removed. We proposed that the hydrogen
radical could not be removed from the phenolic OH groups
in intramolecular interactions. In the previously reported
paper, compounds such as salicylic acid and 2,5-DHB, which
contain a phenolic hydroxyl group ortho (2-position) and a
carbonyl function, often exhibit special behavior under UV
irradiation, whereby UV irradiation induces an intramolecular
proton shift along the intramolecular H-bond in these
molecules.”! Because of that, it was assumed that the proton
at the ortho-phenolic OH group could be transferred to matrix
and analyte from 2,5-DHB in the MALDI process in the
previous papers.[3’9] In this study, we showed the hydrogen
radical could not be removed from the ortho (2-position)
phenolic OH in all six DHB positional isomers with density
functional theory (DFT) calculations. Here, we attempt to
reveal the mechanism of the ion formation of the odd-electron
anion [M-2H]"" of 2,5-DHB and other isomers in MALDI with
DFT calculations to provide clues to understanding the
ionization mechanism of DHB matrix in MALDI.

EXPERIMENTAL

Materials

2,3-Dihydroxybenzoic acid (2,3-DHB), 2,4-dihydroxybenzoic
acid (24-DHB), 2,5-dihydroxybenzoic acid (2,5-DHB),
2,6-dihydroxybenzoic acid (2,6-DHB), 3,4-dihydroxybenzoic
acid (3,4-DHB), and 3,5-dihydroxybenzoic acid (3,5-DHB)
(as shown in Fig. 1) were acquired from Tokyo Chemical
Industry Co., Ltd (Tokyo, Japan). HPLC grade acetonitrile
was obtained from Nacalai Tesque, Inc. (Kyoto, Japan).
Milli Q water was used for all experiments.

Mass spectrometry

All MALDI-TOFMS spectra were acquired with an Ultraflex
I MALDI TOF/TOF instrument equipped a pulsed Nd:YAG
laser at a wavelength of 355 nm (fluence >250 pJ/pulse;

Bruker Daltonics, Co., GmbH, Germany) under the same
experimental conditions. An aliquot of analytes was dissolved
in an aqueous solution of 80% acetonitrile at a final
concentration of 1 mg/mL, and 1 pL of the supernatant was
deposited on the target and allowed to dry. The measurement
conditions, such as laser irradiation power, were the same for
each of the isomers studied. The MALDI-MS spectrum of
each isomer was measured five times. The peak intensities
for the [M—2H]"~ and [M-3H]  ions were normalized with
respect to the [M-H] ion as 100%. The reproducibility of
the data was sufficiently high to successfully determine the
signal ratios.

Quantum chemical calculations

Density functional theory (DFT) calculations were performed
using the Gaussian 09 program.!'®! The geometries were
optimized using the B3LYP functional and the 6-31+G(d)
basis set. Spin-unrestricted calculations were used for all
open-shell systems.

RESULTS AND DISCUSSION

Figure 2 shows that the relative ion abundance for the
[M—2H]"~ odd-electron anion from 2,5-DHB was extremely
high among the six DHB isomers, and almost as high as that
for the [M-H] even-electron anion. In contrast, the
[M-2H]"" anion was not detected from 2,6-DHB, but only
the [M-H]  anion. The relative ion abundances for the
[M=2H]*~ odd-electron anion from 2,3-DHB, 2,4-DHB,
3,4-DHB, and 3,5-DHB were much lower than those for the
[M-H]™ even-electron anion (<10%). 3,4-DHB and 3,5-DHB
had two species of the [M-2H]"~ and [M-3H] ™ ions. From
the view point of organic chemistry, we assumed that the
phenolic OH at the 2-position interacts with the carboxy group
in DHBs according to neighboring group participation as
salicylic acid (Supporting Information-1). The numbers of
the [M—2H]*~ and [M-3H] " ions observed in six DHB isomers
can be explained from their structures with or without the
ortho phenolic OH.!"®! The ortho phenolic OH groups of 2,3-
DHB, 2,4-DHB and 2,5-DHB interact with the carboxy group,
and one hydrogen radical is removed from the other phenolic
OH group (Fig. 3). Both of the phenolic OH groups can interact
with the carboxy group in 2,6-DHB; therefore, no odd-electron
anion was detected. Both of the phenolic OH groups of
3,4-DHB and 3,5-DHB cannot interact with the carboxy group,
then the two hydrogen radical is removed from the phenolic
groups (Fig. 3). The chemical species [M-2H"-H] ™ ion is very
labile because of the two oxygen radicals, which changed to
the [M-3H] ™ ion as the even-electron anion. Therefore, the
[M-2H]*~ and [M-3H]~ ions were detected from 3,4-DHB
and 3,5-DHB (Fig. 3).

To confirm our assumption, the most stable structures of the
[M—2H]"~ odd-electron anion were calculated using Gaussian
09 with B3LYP 6-31 + G8(d), and the results are shown in
Fig. 4. In the calculated structures, one proton is trapped
between the carboxy group and the ortho phenoxylic hydroxyl
group in 2,3-DHB, 2,4-DHB, 2,5-DHB, and 2,6-DHB, which
indicates that there are intramolecular hydrogen bonds
between them. It is then difficult for the proton to be removed
from these stable structures. In contrast, the proton of the
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that of [M-H] . The relative ion abundances are normalized with respect to
that for [M—H] ™ as 100%. The maximum value for 2,5-DHB is 100%, while that
for the others is 20%.
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Figure 3. Scheme of [M-2H]"~ odd-electron anion generation
of 2,5-DHB (A) and [M-3H]  even-electron anion generation
of 3,4-DHB (B).

carboxy group in 3,4-DHB and 3,5-DHB can easily be removed
in the stable structures of the [M—2H]°~ ions, as evident in
Fig. 4. Both the [M-2H]"~ and [M-3H]™ ions were detected
in the MALDI-MS spectra for 3,4-DHB and 3,5-DHB. Thus,
the calculated structures for the DHB isomers support the
assumption. Therefore, the numbers of the [M-2H]*~ and

The DHB isomers were categorized into three groups
according to the ion abundance of the [M—2H]"~ odd-electron
anion as shown in Table 1. 2,5-DHB had an extremely high ion
abundance of [M-2H]"~ among the six isomers, and no
[M—=2H]"~ anions were detected from 2,6-DHB, while the four
other isomers, 2,3-DHB, 2,4-DHB, 3,4-DHB, and 3,5-DHB, had
low abundances (<10%) of the [M-2H]*~ and [M-3H]~
anions. It was difficult to explain the differences in ion
abundance among these four DHBs because their [M-2H]"~
and [M-3H] anions were present in low abundance and
small differences.

To explain these tendencies for the abundance of the
[M=2H]*~ odd-electron anion from the DHB isomers,
especially for 2,5-DHB, the ion generation enthalpy was
calculated using quantum calculations of Gaussian 09 with
B3LYP 6-31 + G8(d). For instance, Fig. 5 shows the enthalpy
diagram for 2,5-DHB (see enthalpy diagrams for the other
DHB isomers in the Supporting Information-2). All ions from
all of the DHB isomers were generated by endothermic
reactions. The ion formation also included the absorbance
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Figure 4. Calculated structures for the singly charged negative ion [M—2H]"~ of the

DHB isomers.
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Table 1. Enthalpy of ion generation from the DHB isomers

2,5-DHB 2,3-DHB 3,4-DHB 2,4-DHB 3,5-DHB 2,6-DHB
Ion abundance of [M—2H]*™ 100% less than 10% n.d.
AH [M-2H]"~ 366.2 370.3 374.8 393.7 448.9 447.1
AH [M-H]” 99.7 52.2 52.9 76.1 128.8 445
AH [M-2H]*~ - 4H [M-H]~ 266.5 318.8 321.8 317.6 320 402.6
(4H [k]J/mol])

®The relative ion abundance of [M-2H]*~ normalized to the ion [M-H]".
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Figure 5. Enthalpy diagram for ion generation from 2,5-DHB.
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Scheme 1. Generation of the [M-2H]"~ odd-electron anion.

cross section and heat capacity factors. The heat capacity
of DHB isomers was assumed to be almost the same because
of their similar structures.[*! The absorbance cross section of
2,5-DHB was the highest at 355 nm as described.['#19!

The enthalpies for the generation of the [M-2H]"~ odd-
electron anion are summarized in Table 1. The differences of
enthalpy between the generation of [M-2H] "~ and [M-H] " ions
were reasonable and corresponded well with the ion abundance
tendency for the [M-2H]’~ anions from six DHB isomers
(Table 1). The enthalpy difference ((IM—2H]*~ - [M-H]") for
2,5-DHB was the smallest (4H 266.5 k]/mol) by far, and that
for 2,6-DHB was the largest (4H 402.6 k]J/mol) among them.
There were two gaps in the enthalpy difference (((M—2H]*™ -
[M-H] ") at2,5-DHB and 2,6-DHB, which justified their separate
categorization according to the experimental data.

The differences in enthalpy between the [M-2H]"~ and
[M-H] " ion generation indicate that the [M-2H]"~ anion is
generated mainly through the [M-H] anion as an
intermediate. This suggested that the generation of [M—2H]"~
anions is a two-step reaction, as shown in Scheme 1.

CONCLUSIONS

[M-2H]"~ (IM-H"-H]"") odd-electron anions were generated
from DHB isomers due to the removal of the hydrogen radical
from the phenolic groups. Although there are two phenolic
groups in DHBs, the [M-3H] ™ ions were not observed in the
spectra of 2,3-, 2,4-, and 2,5-DHB because of neighboring
group participation. The high abundance of the [M-H"-H]"~
anion for 2,5-DHB can result from two factors. One is low heat
of reaction. The other is high temperature from the high
absorbance. The enthalpy for ion generation revealed that
ion formation proceeds via a two-step pathway through the
[M=M]™ ion as an intermediate. The [M-3H]™ even-electron
anions were generated from 3,4- and 3,5-DHB because there
was no neighboring group participation. These were
generated via the chemical species of [M—2H*-H]~ (Fig. 3).
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