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Abstract
Differentiation between two isomers of hydroxypyridine N-oxide according to the metal cation
adducts generated by electrospray ionization (ESI) was investigated for different metal cations,
namely Mg (II), Al (III), Ca (II), Sc (III), Fe (III), Co (II), Ni (II), Cu (II), Zn (II), Ga (III), besides the
diatomic cation VO(IV). Protonated molecules of the isomeric hydroxypyridine N-oxides as well
as the singly/doubly charged adducts formed from neutral or deprotonated ligands and a doubly/
triply charged cation were produced in the gas phase using ESI, recording mass spectra with
different metal ions for each isomer. While complex formation was successful for 2-
hydroxypyridine N-oxide with trivalent ions, in the case of 3-hydroxypyridine N-oxide, only
peaks related to the protonated molecule were present. On the other hand, divalent cations
formed specific species for each isomer, giving characteristic spectra in every case. Hence,
differentiation was possible irrespective of the metal cation utilized. In addition, quantum
chemical calculations at the B3LYP/6-31+G(d,p) level of theory were performed in order to gain
insight into the different complexation of calcium(II) with the isomers of hydroxypyridine N-oxide.
The relative stability in the gas phase of the neutral complexes of calcium made up of two
ligands, as well as the singly charged and doubly charged complexes, was investigated. The
results of these calculations improved the understanding of the differences observed in the mass
spectra obtained for each isomer.
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Introduction

The potential of electrospray ionization (ESI) for obtain-
ing and studying gas-phase metal complexes was

realized soon after the method had been introduced by Fenn

and co-workers as a soft-ionization technique for polar
involatile molecules [1]. Complexation with metal ions in
solution, followed by efficient transport of charged com-
plexes to the gas phase by ESI, represents a promising
method for ionization of a variety of analytes, including
those that are not directly amenable to ESI. Within the past
decade, alkali, alkaline earth, and transition metal ions have
been extensively used in ESI for many types of compounds.
For example, metal ions have been successfully used for
stereochemical differentiation by tandem mass spectrometry
of some bicyclic diols [2] and glycosyl dithioacetals [3].
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Moreover, transition and alkaline earth metals were used to
differentiate isomeric flavonoids based on metal complex-
ation and tandem mass spectrometry [4].

Differentiation of heterocyclic N-oxides and their isomeric
hydroxylated metabolites is relevant since they are formed
during metabolic biotransformation of many drugs. When N-
oxidation or hydroxylation occurs on the same aromatic ring,
tandem mass spectra obtained are usually very similar. For
example, the similarity of the tandemmass spectra of protonated
8-hydroxyquinoline and quinoline N-oxide obtained by ESI
showed that these isomeric oxygenated compounds were
indistinguishable by this method [5]. In a previous work we
have reported the differentiation of hydroxypyridine N-oxide
isomers by analyzing the dissociation behavior in positive-ion
mode atmospheric pressure mass spectrometry, employing ESI
as well as atmospheric pressure chemical ionization (APCI) and
atmospheric pressure photoionization (APPI) sources [6].

In the present work, we investigate the differentiation of
hydroxypyridine N-oxide isomers generating adducts corre-
sponding to these molecules (neutral or deprotonated)
attached to metal cations by ESI. The selected isomers are
2-hydroxypyridine N-oxide 1 and 3-hydroxypyridine N-
oxide 2 (Scheme 1). 2-hydroxypyridine N-oxide 1 exists as
a tautomeric mixture of 1-a and 1-b, 1-a being the main
tautomer in solution and in the crystal state [7].

The chelating properties of 2-hydroxypyridine N-oxide 1,
behaving as a heterocyclic analog of hydroxamic acids, have
been reported previously by potentiometric and spectropho-
tometric methods for several divalent and trivalent metals
[8–10]. The present work extends the investigation to mass
spectrometry, including the isomeric ligand 3-hydroxypyr-
idine N-oxide 2 in order to gain complementary insights into
the behavior of both isomers as metal complexating agents.

This study included, among others, the trivalent metal
ions iron (III), gallium (III), and aluminum (III), which are
of interest for their abilities to form stable complexes when
associated with hydroxamates [11]. Scandium (III) was also
included for comparative purposes as complexation studies
with this trivalent ion are far less common [12]. Some other
environmental divalent metal ions [magnesium (II), calcium
(II), cobalt (II), nickel (II), copper (II), and zinc (II)] have
also been involved in the present study. Due to the
biological relevance of the complexes of 2-hydroxypyridine
N-oxide 1 with Vanadyl (IV) as insulinomimetic compounds
[13], this diatomic cation was studied too.

In order to achieve a better understanding of the differences
observed in the mass spectra of each isomer with metals, ab
initio computational calculations were also performed. Charac-
terization of the main ions obtained and analysis of the relative
stability of the possible complexes formed in the gas phase may
provide an important tool to understand the differences in the
ion pattern of each isomeric hydroxypyridine N-oxide. The
calcium complexes made up of two ligands of each isomer were
chosen as a benchmark model. Such species were identified
with MS (vide infra) for both isomers with important relative
abundances, thus allowing direct comparisons between the
experiment and theoretical calculations.

Experimental
Chemicals and Sample Preparation

2-Hydroxypyridine N-oxide and 3-hydroxypyridine N-oxide
were purchased from Sigma-Aldrich (Milwaukee, WI, USA).
LCMS grade methanol and HPLC grade water were purchased
from Carlo Erba (Milan, Italy). The analyte solutions, each at a
concentration of 10 mM, were prepared using methanol. The
metal ion stock solutions, each at a concentration of 10 mM,
were prepared using water from the metal salts of MgCl2-
6H2O, AlCl3, CaCl2, Sc(OTf)3, VOSO4-5H2O, FeCl3-6H2O,
CoCl2-6H2O, NiSO4-7H2O, CuSO4-5H2O, ZnCl2, and GaCl3
obtained fromGa2O3 [14]. A small excess of HCl was added to
the stock solutions of the trivalent metal ions.

Mass Spectrometry

Mass spectrometric analyses were performed using a Bruker
micrOTOF-Q II mass spectrometer (Bruker Daltonics, Bill-
erica, MA, USA), equipped with ESI. The instrument was
operated at a capillary voltage of 4.5 kV with an end plate
offset of –500 V, a dry temperature of 180 °C using N2 as
dry gas at 4.0 lmin–1 and a nebulizer pressure of 0.4 bar.

Multi-point mass calibration was carried out using a
sodium formate solution from m/z 50 to 900 in positive ion
mode. Data acquisition and processing were carried out
using the Bruker Compass Data Analysis ver. 4.0 software
supplied with the instrument.

The metal solutions in water were added in excess to
solutions of each compound (approximately 2–3:1 ratios)
prior to infusion into the mass spectrometer. Sample
solutions were infused into the source using a KDS 100
syringe pump (KD Scientific, Holliston, MA, USA) at a
flow rate of 180 μL min–1.

Each experiment was repeated at least three times in
different days in order to ensure reproducibility.

Computational Methods

All calculations were performed using the Gaussian 03
computational package [15]. Geometries of neutral, singly
charged, and doubly charged molecules were optimized at

Scheme 1. Structures of the N-oxides studied for isomer
differentiation
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the B3LYP hybrid density functional level of theory (DFT)
[16, 17] using the 6-31+G(d,p) basis set. This basis set,
featuring both polarized and diffuse orbitals, has been
proved to be well suited for investigating systems with
delocalized charges [18]. The most probable protonation
sites of the molecules were determined through analysis of
the electrophilic Fukui function [19]. The optimized struc-
tures were characterized by harmonic frequency analysis as
local minima (all frequencies real). Corrections for zero-
point vibrational energy were included using the same level
of theory.

Results and Discussion
Mass Spectrometry Study

Protonated molecules as well as metal cation adducts of the
isomeric neutral or deprotonated hydroxypyridine N-oxides
were produced in the gas phase using ESI. The solutions
containing the different metals with each isomer were
freshly prepared prior to infusion into the mass spectrometer
recording their mass spectra after 5 min of infusion in order
to let the stabilization of the species occur. The identity of
the most significant metal cation adducts and their observed
masses (with error in parenthesis) are listed in Tables 1 and 2
for isomers 1 and 2, respectively. The confirmation of the
assignments was based on high resolution mass-to-charge
ratios, on collision induced dissociation (CID) product spectra
and on analysis of the characteristic isotopic patterns of
certain metals.

The key feature of mass spectra obtained with trivalent
metal ions, except for scandium (vide infra), is the presence of a
predominant specie for each isomer. The adduct made up of
two deprotonated ligands attached to the metal cation domi-
nated the spectra of isomer 1 (Figure 1), whereas only the peak
arising from the protonated molecule was observed for isomer
2. An analogous of the former adduct [M + 2 L – 2 H]+ has
been reported previously in ESI mass spectra of solutions of
aluminum (III) with 2,3-dihydroxypyridine as ligand [20].

The relative stability of the diagnostic precursor ions [M
+ 2 L – 2 H]+ obtained for isomer 1 was further investigated
by CID. For this purpose, two approaches were employed:
the determination of E1/2 values [21] and CE50 values [22].
These parameters were extracted from the dissociation
curves by plotting the relative abundance of the parent ion
or the survival yield respectively, as a function of the
collision energy corresponding to the lab frame, determining
the value of the collision energy for 50% fraction or survival
of the precursor ion. The estimated E1/2 values obtained for
the precursor ions [M + 2 L – 2 H]+ of iron, aluminum and
gallium are 16 eV, 23 eV, and 25 eV, respectively, while the
CE50 values are 10 eV, 17.5 eV, and 20 eV, respectively.
Therefore, both approaches are in very good agreement
giving the same relative trend. The dissociation curves of the
precursor ions [M + 2 L – 2 H]+ are given in Supplementary
Figures S1–S3 (see Supporting Information). T
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Mass spectra obtained with divalent metal cations
exhibited several characteristic species for each isomer.
The main features of the mass spectra obtained with these
ions are collected in Tables 1 and 2. The alkaline earth metal
dications showed a slightly different behavior than the
transition metal ions. This is illustrated in the mass spectra
given in Figure 2, where calcium and copper were taken as
examples. The complete mass spectra obtained with the
other metal ions studied are shown in Supplementary
Figures S4–S5 (see Supporting Information).

The main metal cation adducts observed for isomer 1
with alkaline earth metals were singly charged cations with
up to three ligands including a water molecule. Unlike
alkaline earth systems, transition metals with isomer 1
presented clusters with two metal centers and three ligands
besides a major abundance of singly charged cations with up
to two ligands including a water molecule.

It is remarkable that the assignments of the metal cation
adducts of isomer 2 showed its ligands in their neutral form
in spite of their similarity in stoichiometry to that observed
with isomer 1. In the case of alkaline earth metals, doubly
charged adduct ions were predominant, while singly charged
species with chloride attached were important for transition
metals such as cobalt and zinc. This complexation behavior
has been reported previously for metals such as calcium,
magnesium, cobalt, and nickel, with a different monodentate
ligand, namely 3-azidopropionitrile [23, 24]. As an excep-
tion, singly charged ions resulting from reduction of Cu (II)
to Cu (I) were detected for isomer 2 in the case of copper,
which is known to be easily reduced during the ESI process
[25]. In the case of nickel, doubly charged species were
detected corresponding to much less intense peaks compared
to the protonated molecule of isomer 2.

Vanadyl exhibited several singly charged metal adducts
resulting from reduction (oxygen loss) or oxidation in the
case of isomer 1, whereas the protonated molecule was the
only peak observed for isomer 2. This behavior is in
agreement with the variety of oxidation states attainable by
vanadium [26].

Although scandium is a trivalent ion, the metal adduct
ions displayed in its mass spectra were reminiscent of those
observed with the divalent metal chloride systems, where
the counter ion remains attached to the adduct. Moreover, the
further incorporation of several molecules of solvent (i.e.,
water and methanol) rather complicated its mass spectra.

The differences observed between the isomers may be
explained considering the ability of isomer 1 to form stable
chelates acting as a bidentate ligand that limits the
coordination of surrounding molecules in contrast to its
isomer 2.

Computational Study

Support was sought from theoretical calculations in order to
bring some insights into the different complexation of 2-
hydroxypyridine N-oxide 1 and 3-hydroxypyridine N-oxideT
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Figure 1. Representative mass spectra recorded for electrospray produced metal adducts of neutral/deprotonated 2-
hydroxypyridine N-oxide 1 (L) with the trivalent metal ions (M): (a) aluminum; (b) iron; (c) gallium; with counter ion (X): chloride

Figure 2. Representative mass spectra recorded for electrospray produced metal adducts of neutral/deprotonated
hydroxypyridine N-oxides (L) 1 (left) and 2 (right) with the divalent metal ions (M): (a) calcium; (b) copper
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2 with calcium (II). The bis-ligand stoichiometry was chosen
for comparative reasons between both systems because of
the relative abundance these species exhibited in the mass
spectra (Figure 2a). Water molecules were excluded from the
model in order to simplify it by reducing the degrees of
freedom of the system. Despite their intervention in many
complexes as seen in Tables 1 and 2, this simplification
aimed to capture the essential features of the system.

The purpose of this study was to obtain a set of structures
and energies of the possible neutral, singly charged, and
doubly charged bis-ligand calcium complexes in order to
ascertain the stability of the different species for each
isomer. The neutral complexes were taken as a starting
point to facilitate the succeeding calculations, as the charged
complexes may be obtained by successive protonations.

Characterization of the relevant structures of the neutral
complexes of calcium containing two deprotonated ligands
of isomers 1 and 2 was carried out by exploratory ab initio
calculations. Full geometry optimizations were performed
obtaining the structures displayed in Figure 3. Frequency
analysis of the stationary structures obtained was performed
to complete the characterization. The prefixes I (N-O) and II
(C-O) are used to indicate the oxygen atoms involved in the
different coordination modes obtained for isomer 2.

As it follows from Figure 3, two enantiomeric complexes
1C were found for isomer 1, containing the two ligands
coordinated to the metal ion through both oxygen atoms
forming a “tetrahedral-like” environment around calcium ion
with a dihedral angle between the aromatic rings of 93°.
Such unusual coordination has been reported recently for
calcium caffeates [27]. On the other hand, extensive
exploratory calculations on the complexes of isomer 2
revealed the inability of this ligand to behave as bidentate
using both oxygen atoms. Instead, three different complexes

were found, I,I'-2C; I,II'-2C, and II,II'-2C, presenting
alternative coordination modes with the calcium cation
bound to the two ligands through a single oxygen atom of
each one (Figure 3).

Protonation Sites

The first step in the mass spectrum interpretation of ionized
substances by protonation is the determination of the site in
which this process occurs [28]. In this context, local
reactivity indices such as the atomic nucleophilic indices
(fk

–), also known as electrophilic Fukui functions, provide an
interesting alternative way to identify the most probable sites
of protonation [19]. Recently, this methodology has been
employed to identify the protonation sites in a series of
natural and synthetic compounds [6, 29, 30].

In order to estimate the condensed Fukui function [31],
two approaches were employed: the finite-difference approx-
imation [32], using Mulliken population analysis (MPA)
[33], and natural population analysis (NPA) [34] charges.
The complete list of values is shown in Supplementary Table
S1 (see Supporting Information). The most probable proto-
nation sites obtained by the calculations depicted above are
summarized in Table 3, showing that the oxygen atoms are the
preferred protonation sites in all cases, differing in their identity
according to the complex. It is significant that the most favored
sites in the case of complexes formed with isomer 1, are the
oxygen atoms of the N-oxide moiety whereas for isomer 2 are
the atoms non-coordinated to calcium.

It should be mentioned that in a previous work [6], we
performed conformational studies of the protonated hydrox-
ypyridine N-oxides 1 and 2 at the B3LYP/6-31++G(d,p)
level of theory, finding two conformers for each isomer. In
the stable conformations, the protonated oxygen group

Figure 3. B3LYP/6-31+G(d,p) optimized geometries of the neutral bis-ligand calcium complexes of 1 and 2. The values
between brackets are the energy differences relative to the most stable complex of isomer 2 in kcal/mol (The most relevant
optimum geometrical parameters of the structures are available in the Supporting Information)
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(hydroxyl) substituent was found to be coplanar with the
aromatic ring, whereas the protonated oxygen group of the
N-oxide moiety was oriented almost perpendicular to the
aromatic ring, except when a hydrogen bond may occur in
the structure, where was found to be coplanar. Hence, in all
starting geometries of each one of the singly charged
complexes, the initial conformations upon protonation were
explored taking into account the afore-mentioned. The
optimized structures of the stable conformations found for
the singly charged complexes are shown in Figures 4 and 5.
The suffixes IH (N-O) and IIH (C-O) are used to indicate the

identity of the protonated oxygen atom, while the different
conformations corresponding to similar coordination modes
and protonated atoms are distinguished by lowercase letters.

Protonation of 1C according to the most favored
positions (Table 3) led to three conformations: 1C-IHa,
1C-IHb, and 1C-IHc (Figure 4). Moreover, protonation at
the oxygen group substituent of the aromatic ring resulted in
three additional conformations upon geometry optimizations
calculated for comparative purposes: 1C-IIHa, 1C-IIHb, and
1C-IIHc (Figure 4). Six stable conformations were also
found upon protonation of the different coordinated com-

Figure 4. B3LYP/6-31+G(d,p) optimized geometries of the singly charged bis-ligand calcium complexes of 1. The values
between brackets are the energy differences relative to the most stable complex of the isomer in kcal/mol. (The most relevant
optimum geometrical parameters of the structures are available in the Supporting Information)

Table 3. Summary of condensed Fukui functions for electrophilic attack for the bis-ligand neutral calcium complexes. Values in bold indicate the preferred
site of protonation for each complex

Method
site (k)

MPA fk
– NPA fk

-

1C I,I'–2C I,II'–2C II,II’–2C 1C I,I'–2C I,II'–2C II,II'–2C

O(I) 0.11 0.02 0.05 0.15 0.11 0.02 0.05 0.17
O(II) 0.09 0.14 0.13 0.05 0.09 0.16 0.15 0.05
O(I') 0.11 0.02 0.16 0.15 0.11 0.02 0.17 0.17
O(II') 0.09 0.14 0.06 0.05 0.09 0.16 0.06 0.05
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plexes of 2C according to the most favored positions: I,I'-
2C-IIHa, I,II'-2C-IIHa, I,II'-2C-IIHb, II,II'-2C-IHa, II,II'-2C-
IHb, and II,II'-2C-IHc (Figure 5).

Upon analyzing the relative energy differences among the
conformations found of the singly charged complexes of
each isomer, it is interesting to note that the most stable ones
correspond to geometries where the formation of a hydrogen
bond involving both ligands is feasible (Figures 4 and 5).
Concerning isomer 1 calcium complexes (Figure 4), two
conformations with a hydrogen bond between the ligands
were found (1C-IHa and 1C-IHb). In the remaining
conformations, both ligands were close to be coplanar,
having either coordination number 4 and no hydrogen bonds
(1C-IIHa and 1C-IIHb) or coordination number 3 with an
intramolecular hydrogen bond (1C-IHc and 1C-IIHc). On
the other hand four conformations with intermolecular
hydrogen bonds were found for calcium complexes of
isomer 2 (I,I'-2C-IIHa; I,II'-2C-IIHa and II,II'-2C-IHa),
besides II,II'-2C-IHb which resulted very similar and slightly
more energetic than II,II'-2C-IHa (Figure 5). Conformations
without hydrogen bonds (I,II'-2C-IIHb and II,II'-2C-IHc)
resulted to be more extended as expected from the absence
of further stabilizing interactions between both ligands.

In the subsequent stage, the structures of the doubly
charged complexes were optimized upon protonation,
according to the most favored positions calculated, of certain
structures in order to reduce the extent of calculations. Two
distinctive structures were selected among the less energetic
singly charged complexes of each isomer, namely 1C-IHa
and 1C-IHb as well as I,II'-2C-IIHa and II,II'-2C-IHa. The
most probable protonation sites obtained in an analogous
fashion to that depicted previously are summarized in
Table 4 and once more the oxygen atoms are the preferred
protonation sites and rather those belonging to the preceding
non protonated ligand. The complete list of values is shown
in Supplementary Table S2 (see Supporting Information). It
is interesting to note that some carbon atoms belonging to
the preceding non protonated ligand exhibit large values as
well, although lower than the oxygens. This behavior may
be attributed to the well known strong ortho- and para-
directing effect of the hydroxyl or deprotonated hydroxyl
moiety of enhancing the nucleophilic character at the ortho
and para positions of the aromatic ring.

Different starting initial conformations were explored
upon protonation (vide supra) but in this occasion, fewer
conformations were found for each double positively

Figure 5. B3LYP/6-31+G(d,p) optimized geometries of the singly charged bis-ligand calcium complexes of 2. The values
between brackets are the energy differences relative to the most stable complex of the isomer in kcal/mol. (The most relevant
optimum geometrical parameters of the structures are available in the Supporting Information)
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charged complex obtained upon protonation of the corre-
sponding singly charged cation. The most relevant structures
are shown in Figure 6 and the remaining ones in Figure S6
(see Supporting Information). In respect of I,II'-2C-IIHa,
protonation at the oxygen group substituent of the aromatic
ring resulted in an additional doubly charged cation
calculated for comparative purposes.

It can be seen from Figure 6 that as regards the energy
differences among the conformations found for the doubly
charged complexes of each isomer, the most stable structures
correspond to geometries where the formation of hydrogen
bonds is no longer possible between both ligands. This
behavior is contrary to that observed previously for the
singly charged complexes. In connection with the confor-

mations obtained, isomer 1 complexes display both ligands
coplanar (1C-I,II'Ha, 1C-I,II'Hb and 1C-I,I'Ha), whereas for
isomer 2 complexes the dihedral angle between the aromatic
rings of both ligands is about 90° (I,II'-2C-I',IIHa, II,II'-2C-I,
I'Ha, and II,II'-2C-I,I'Hb). In relation to isomer 2 complexes,
the collinear extended conformations resulted less energetic
than the more compacted ones (I,II'-2C-II,II'Ha and II,II'-
2C-I,II’Ha) (see Supporting Information).

Ionized Complexes Stability

Once obtained the structures of the singly charged and
doubly charged calcium complexes of each isomer, it
remains to be seen if the analysis of their relative stability

Figure 6. B3LYP/6-31+G(d,p) optimized geometries of the doubly charged bis-ligand calcium complexes of 1 and 2. The
values between brackets are the energy differences relative to the most stable complex of each isomer in kcal/mol. (The most
relevant optimum geometrical parameters of the structures are available in the Supporting Information)

Table 4. Summary of condensed Fukui functions for electrophilic attack for the singly charged bis-ligand calcium complexes. Values in bold indicate the
preferred protonation sites for each complex

Method
Site (k)

MPA fk
– NPA fk

-

1C–IHa 1C–IHb I,II'-2C–IIHa II,II'-2C–IHa 1C–IHa 1C–IHb I,II'–2C–IIHa II,II'–2C–IHa

O(I) 0.01 0.01 0.05 0.05 0.02 0.01 0.04 0.05
O(II) 0.06 0.05 0.01 0.07 0.06 0.04 0.01 0.08
O(I') 0.08 0.17 0.22 0.12 0.09 0.18 0.24 0.13
O(II') 0.16 0.13 0.12 0.12 0.17 0.14 0.13 0.13
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explains the differences observed in the mass spectra
recorded with calcium (Figure 2a).

Initially, the relative stability of the singly charged
complexes plus a proton upon dissociation into its two
neutral ligands and the calcium dication according to (1) was
investigated. Complexation energies CE for the singly
charged complexes (Table 5) were calculated from the
following expression:

CE ¼ EC � ECa IIð Þ � 2EL; ð1Þ

where EC is the calculated energy of the complex, ECa(II) that
of isolated calcium dication, and EL that of the most stable
conformation of the corresponding neutral ligand.

It can be seen from Table 5 that the inherent higher stability
of the complexes of 1 compared with that of 2 upon
dissociation. Such stabilization is understandable in terms of
the structures and coordination modes found in the complexes
of each isomer (Figures 4 and 5). It is interesting to note that
singly charged metal adducts were not observed in the
corresponding mass spectra of isomer 2, whereas they rank
among the most important species observed in the case of
isomer 1 (Figure 2a). Thus, calculated complexation energy
values might account for the different relative intensities of the
singly chargedmetal adducts in the mass spectra of each isomer.

Finally, relative stability of doubly charged species upon
deprotonation by a neutral molecule generating two singly
charged molecules was analyzed, i.e., (2), (3), (4). Possible
relevant neutral molecules are the neutral complexes as well
as the solvent molecules present in the source, namely
methanol and water. Deprotonation energy values were
calculated for the different complexes found for each isomer,
where dE1 is the energy difference between the neutral

precursor and its singly charged complex and dE2 is the
energy difference between the singly charged precursor and
its doubly charged complex (Table 6).

Stability is related to the deprotonation energy differences
according to the following equations:

CaL2½ �þþ þ CaL2 � 2H½ �! 2 CaL2 � H½ �þ

dE ¼ dE2 � dE1

ð2Þ

CaL2½ �þþ þ H2O! CaL2 � H½ �þ þ H3O
þ

dE ¼ dE2 � dEH2O

ð3Þ

CaL2½ �þþ þ CH3OH! CaL2 � H½ �þ

þ CH3OH2
þ

dE ¼ dE2 � dECH3OH

ð4Þ

Taking together the values of Table 6 and (2), the
conclusion can be drawn that in all cases, dE1 9 dE2, thus
indicating the incompatibility of diprotonated and neutral
species as expected. However, in the absence of neutral
complexes, surrounding solvent molecules must be taken
into consideration. The literature values [35] for the proton
affinities of water and methanol are 165.2 kcal mol–1 and
180.3 kcal mol–1, respectively. In an analogous fashion to
that employed in Table 6, the deprotonation energies of the
oxonium ions of water and methanol were calculated giving
values of 163.6 kcal mol–1 and 179.1 kcal mol–1, respec-
tively. Therefore, the good agreement between the calculated
values (energies at 0 K) and the literature values (enthalpies
at 298 K) provides support to the model used for the
calculations in which the effect of the thermal and enthalpic
corrections cancel when the energy difference is calculated
as observed in the cases studied. However, the translational
enthalpy of proton (5/2RT) is the most important thermal
contribution (1.5 kcal mol–1) [36] and its neglect probably
might account for the systematic lower value of the energies
calculated compared with the proton affinities.

Comparing the values obtained for the solvent molecules
with those reported in Table 6 (dE2) for the most stable

Table 5. Complexation energies (kcal mol–1) for the singly charged bis-
ligand calcium complexes

Complex CE Complex CE

1C–IHa –29.9 I,I'-2C–IIHa 3.23
1C–IHb –28.8 II,I'-2C–II’Ha –2.74
1C–IHc –24.1 II,I'-2C–II’Hb 4.19
1C–IIHa –24.4 II,II'-2C–IHa –6.96
1C–IIHb –24.4 II,II'-2C–IHb –4.01
1C–IIHc –20.3 II,II'-2C–IHc 10.2

CE = energy difference between the singly charged complex plus a proton
and its two neutral ligands plus the calcium ion

Table 6. Deprotonation energies (kcal mol-1) for the singly charged and doubly charged bis-ligand calcium complexes

Complex dE1 Complex dE1 Complex dE2 Complex dE2

1C–IHa 219.9 I,I'–2C-IIHa 259.1 1C–I,II'Ha 146.1 I,II'–2C–I',IIHa 182.3
1C–IHb 218.7 I,II'–2C-IIHa 256.4 1C–I,II'Hb 136.8 I,II'–2C–II,II'Ha 142.5
1C–IHc 214.1 I,II'–2C-IIHb 249.5 1C–I,I'Ha 146.1 II,II'–2C–I,II'Ha 139.5
1C–IIHa 214.4 II,II'–2C-IHa 255.3 II,II'–2C–I,I'Ha 179.1
1C–IIHb 214.4 II,II'–2C-IHb 252.3 II,II'–2C–I,I'Hb 179.0
1C–IIHc 210.2 II,I'–2C-IHc 238.1

dE1: energy difference between the neutral precursor and its singly charged complex
dE2: energy difference between the singly charged precursor and its doubly charged complex
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complexes of each isomer, it can be seen that doubly
charged complexes of 2 are stable upon deprotonation by
solvent (dE 9 0) while those of 1 are not (3), (4). These
results suggest a reasonable explanation for the different
charged species observed in the mass spectra of both
isomers, i.e., doubly charged species are the most important
among the calcium complexes of 2 while they are not
observed for 1 (Figure 2a).

Conclusions
Differentiation via metal complexation in positive ion mode
electrospray mass spectrometry of two representative
hydroxypyridine N-oxide isomers was investigated. In
addition to the observation of singly charged metal adducts
arising from one or two deprotonated ligands of 2-
hydroxypyridine N-oxide 1 with divalent or trivalent metals,
respectively, the presence of the ligands of 3-hydroxypyr-
idine N-oxide 2 in their neutral form was noted in the doubly
or singly charged metal adducts obtained with divalent
metals besides its omnipresent protonated molecule. Both
isomers could easily be distinguished, no matter the metal
ion utilized, by comparing the characteristic ions exhibited
in their mass spectra.

The relative stability of the bis-ligand isomeric hydrox-
ypyridine N-oxide calcium complexes could be analyzed
upon structural optimization of singly charged and doubly
charged complexes using B3LYP/6-31+G(d,p). Quantum
chemical calculations at the former level of theory suggest
that the ability of isomer 1 of forming stable chelates acting
as a bidentate ligand would stabilize the formation of singly
charged species due to the presence of intermolecular
hydrogen bonds. However, hydrogen bonds are lost upon
formation of doubly charged species. Furthermore, these
species are unstable as they might be deprotonated by
solvent molecules. On the contrary, isomer 2 behaves as a
monodentate ligand and only a slight energy difference
exists between its proton bound complexes and the dis-
sociated neutral ligands and calcium, thus showing an
unfavorable formation of singly charged species. On the
other hand, the most stable doubly charged species show
stability upon deprotonation by solvent molecules as well.
As a result, it could be suggested a reasonable rationalization
for the observation of singly charged and doubly charged
species as the most important bis-ligand calcium complexes
of 1 and 2, respectively.

Our results suggest that the characterization of the main
metal adduct ions obtained as well as the analysis of the
relative stability in the gas phase of the possible complexes
formed with each isomer provide an important tool to
achieve a better understanding of the differences observed
in the mass spectra of both hydroxypyridine N-oxide
isomers with metal cations. We conclude that it might be
possible to explain and predict the mass spectrometric
behavior of similar isomeric systems with metal cations in
an analogous fashion.
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