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1. Introduction

Metal nitrate and nitric acid species have been a focus of vibra-
tional spectroscopic studies, primarily because the vibrations of the
nitrate anion can function as a sensitive probe of chemical envi-
ronment. The dominant feature in the infrared spectrum of alkali
metal nitrates is the antisymmetric (�3) NO3 stretch at approxi-
mately 1360–1400 cm−1. However, matrix isolation spectroscopy
(MIS) experiments have shown that for discrete metal nitrate ion
pairs the metal distorts the D3h symmetry of the anion, splitting the
degenerate �3(e) (NO3

− antisymmetric stretching) mode into the
�3a and �3b components [1,2]. Within a limited number of systems,
the magnitude of the splitting (��3) has been shown to be pro-
portional to the metal binding strength. For example, ��3 values
of 260 and 171 cm−1 were measured for LiNO3 and KNO3, respec-
tively [1]. For isolated ammonium and hydronium nitrate species
the ��3 values were ∼170 and 150 cm−1, respectively [2].

MIS studies of nitric acid have also revealed the effect of dis-
ruption of the nitrate anion symmetry. For isolated HNO3, an NO2
antisymmetric stretch near 1700 cm−1 was observed, along with
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etal-nitrate anions M(NO3)3
−, where M = Mg2+, Ca2+, Sr2+ and Ba2+, were

hoton dissociation (IRMPD) spectroscopy. Photodissociation of each of the
ugh the elimination of a neutral M(NO3)2 unit. An absorption pattern char-
served in the IRMPD spectra, including the symmetric and antisymmetric

it into high-and low-frequency components as a result of perturbation of
exation to the metal ion, and the magnitude of the splitting decreases fol-
Sr2+ ∼= Ba2+. The experimental spectra are in good general agreement with
nctional theory (DFT) calculations.

© 2008 Elsevier B.V. All rights reserved.

NOH bending and symmetric NO2 modes at 1340 and 1320 cm−1,
respectively [3]. In addition, the spectrum of HNO3 was later
found to depend on the extent of hydration. Addition of two H2O
molecules generates a nitric acid dihydrate, giving IR spectra sim-
ilar to those of nitrate, with an antisymmetric nitrate doublet at

1440 and 1270 cm−1, and the activated symmetric stretching mode
at 1040–1029 cm−1 [4–6]. These results were interpreted in terms
of the highly asymmetric NO3 stretch in the dihydrate complex,
distinct from absorptions attributed to the monohydrate and tri-
hydrate, which showed only a single nitrate antisymmetric stretch
mode at about 1390 cm−1 [7,8].

Complications arising from interactions with the local environ-
ment, such as with water molecules in solution and to a lesser
extent the matrix in MIS, can be avoided when the complexes are
studied in complete isolation in the gas-phase. The combination
of ion-trapping mass spectrometers and photodissociation using IR
free electron lasers has provided unprecedented access to the vibra-
tional spectra of discrete, gas-phase metal ion complexes [9–18].
Acquisition of conventional linear absorption spectra is generally
not possible because of the extremely low ion densities in an ion
trap mass spectrometer. However, using an action spectroscopy
approach, photon absorption can be monitored by measuring
fragmentation yields from wavelength-selected infrared multiple-
photon photodissociation (IRMPD) [19–21].

Our group recently applied wavelength-selective IRMPD to
generate the first vibrational spectra of gas-phase metal-nitrate
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anions, focusing on [UO2(NO3)3]− and [Eu(NO3)4]− [22]. The exper-
iments were performed using the Free Electron Laser for Infrared
Experiments (FELIX) at the FOM Institute for Plasma Physics in
Nieuwegein, The Netherlands, which delivers a high intensity beam
of photons at wavelengths across the mid-IR range to a dedicated
high-resolution mass spectrometer. The IRMPD spectra of both
[UO2(NO3)3]− and [Eu(NO3)4]− are dominated by the nitrate anti-
symmetric �3 stretch. As in matrix isolated spectra of metal-nitrate
species, the �3 stretch is split into high- and low-frequency compo-
nents. The higher frequency component, measured at about 1537
and 1542 cm−1 for the UO2

2+ and Eu3+ complexes, respectively,
corresponds to the terminal, non-coordinating N O group, while
the lower frequency absorption (at 1272 and 1264 cm−1 for UO2

2+

and Eu3+, respectively) is attributed to the antisymmetric O N O
stretch that involves the O atoms that coordinate the metal center.
The ��3 values are thus 264 and 273 cm−1 for the UO2

2+ and Eu3+

species, respectively, comparable to the value measured previously
for LiNO3 using MI spectroscopy [1].

In the experiments presented here, the IRMPD approach was
used to generate vibrational spectra of anionic complexes with
general formula [M(NO3)3]−, where M = Mg2+, Ca2+, Sr2+ and Ba2+.
Following trends down the group II species allows a systematic
investigation of the influence of the polarizing power of the cation
on the diagnostic splitting of �3. Density functional theory (DFT)
calculations were performed to determine the lowest-energy struc-
tures for each of the anions, to confirm peak assignments in the
infrared spectrum and to further assess structural trends of the
group II metal-nitrate complexes.

2. Experimental

2.1. Generation of metal-nitrate anions by ESI

Metal (Mg2+, Ca2+, Sr2+ and Ba2+) nitrate salts were purchased
from Sigma–Aldrich (Zwidrecht, The Netherlands) and used as
received. For health and safety reasons, the Be2+ salt was not
included in these experiments. Spray solutions for ESI were pre-
pared by dissolving the metal-nitrate salt in a 1:1 mixture of
deionized water and HPLC-grade methanol to generate concentra-
tions of ∼1 mM.

The anionic metal-nitrate species were generated in a home-
built Fourier transform ion cyclotron resonance (FT-ICR) mass
spectrometer at the FOM Institute for Plasma Physics in
Nieuwegein, The Netherlands. The mass spectrometer is equipped

with a Z-spray electrospray ionization source (Micromass, Manch-
ester, UK) that produces ions at atmospheric pressure in a spray
plume orthogonal to a sampling cone. Ions are accumulated in the
hexapole trap of the ESI source prior to being injected into the ICR
cell via a quadrupole deflector and a 1-m long octapole ion guide.
Rapid switching of the DC bias of the octapole during the ion trans-
fer allows for capture of the ions in the ICR cell without the use
of a gas pulse, thus avoiding collisional heating of the ions [23].
Abundant ions corresponding to M(NO3)3

− were detected in the
mass spectrum, and isolated for IRMPD study using a stored wave-
form inverse Fourier transform (SWIFT) pulse [24] which ejects all
species except those having the desired mass.

2.2. Infrared multiple-photon dissociation (IRMPD)

Infrared spectra are collected by monitoring the efficiency of
IRMPD as a function of laser wavelength. After mass-selective isola-
tion, the precursor ions are irradiated using ten FELIX macropulses
(40 mJ per macropulse, 5 �s pulse duration, bandwidth 0.2–0.5%
of central �). IRMPD occurs through non-coherent absorption of
tens to hundreds of IR photons, when the laser frequency matches
ass Spectrometry 273 (2008) 24–30 25

a vibrational mode of the gas-phase ion. The energy is distributed
over all vibrational modes by intramolecular vibrational redistri-
bution (IVR). The IVR process allows the energy of each photon to
be “relaxed” prior to the absorption of the next photon, and thus
allows promotion of the ion’s internal energy to the dissociation
threshold [25]. Prior studies have shown that the infrared spec-
tra obtained using IRMPD are comparable to those obtained using
linear absorption techniques [4,26].

To produce infrared spectra, the free electron laser was scanned
in 0.02–0.04 �m increments between 6 and 12.5 �m, with mea-
surement of product ions and un-dissociated precursor ions using
the excite/detect sequence of the FT-ICR-MS [27] after irradiation
with FELIX. The IRMPD yield is normalized to the total ion yield,
and corrected for variations in FELIX power over the spectral range.

2.3. Molecular structure and frequency calculations

The Gaussian 03 group of programs [28] was used for density
functional theory calculations in support of the IRMPD investi-
gation. Full geometry optimizations and frequency calculations
were performed for the bare nitrate anion and for complexes with
general formula [M(NO3)3]−, [M(NO2)2] and [M(NO3)]+. The geom-
etry optimization and frequency calculations for [M(NO3)3]− were
used for direct comparison to IRMPD spectra. The calculations for
[M(NO3)2] and [M(NO3)]+ were performed to probe the influence of
the number of nitrate ligands within a complex on the positions of
symmetric and antisymmetric NO3 stretches, and the magnitude
of the splitting of the former due to interactions with the metal
ion. The B3LYP functional [29,30] was used for all calculations. Our
goal was not to assess the absolute accuracy of DFT methods for
predicting vibrational frequencies for the metal-nitrate anions, but
rather to use the DFT-generated frequencies to confirm assignment
of bands in the IRMPD spectrum. Therefore, calculations using other
functionals or computational models were not attempted, nor were
calculations of precursor ion dissociation energies.

For the Mg2+ and Ca2+ species geometry optimizations were
initiated using the B3LYP functional and the 3–21 g* basis set.
Initial geometry optimizations for the Sr and Ba species were
instead performed using a gen basis set approach in which a
Stuttgart–Dresden-type (SDD) pseudopotential [31–34] and asso-
ciated basis set was used for the metal ion (MWB28 and MWB46 for
Sr and Ba, respectively) and the 3–21 g* basis set for N and O. The
preliminary geometries for each species were then re-optimized
using the B3LYP functional and larger basis sets. For the Mg2+ and
Ca2+ species, the 6-311 + g(2d,p) basis set was used on the metal

ion and the 6-311 + g(d,p) basis set was applied to N and O. For re-
optimization of the Sr2+ and Ba2+ species, the SDD pseudopotential
and basis set was used for the metal atoms, and the 6-311 + g(d,p)
basis set was applied to N and O. Frequency calculations were then
performed using the same functional and basis sets. For comparison
to the experimentally derived spectra, the frequencies generated by
DFT are scaled by a factor of 0.98 for inclusion into Fig. 3. As dis-
cussed below, the B3LYP functional and the basis sets employed
provide good general agreement with the experimental IRMPD
spectra.

To probe the relationship between relative complex ion energy,
inter-ligand distances and nitrate tilt angle (vide infra), a series
of single-point calculations are carried out using the B3LYP func-
tional, the gen 6-311 + g(2d,p)/6-311 + g(d,p) basis set combination
for [Mg(NO3)3]− and the MWB46/6-311 + g(d,p) combination for
[Ba(NO3)3]−. The tilt angle, discussed in a later section, is the angle
of the nitrate ligands measured relative to the plane defined by the
metal cation and the 3 N atoms within the complex (Fig. 1). For
measurements of inter-ligand distances, O1 O1 refers to the dis-
tance between O atoms of adjacent ligands when both occupy the
same side of the reference plane used to measure the tilt-angle.
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Fig. 1. General [M(NO3)3]− structure with vertical orientation of the nitrate ligands.
The tilt angle for the nitrate ligands is measured relative to the horizontal plane
defined by the metal cation and the 3 N atoms within the complex. A tilt angle of
90◦ (as shown here) corresponds to vertically oriented nitrate ligands. The metal
atom M is positioned directly behind the O atom in the figure.

Table 1
Bond lengths for lowest energy conformations of the [M(NO3)3]− as determined
using DFT

N Oa N O M O O1 O1

NO3
− 1.260

[Mg(NO3)]+ 1.214 1.282 2.120 3.270
[Ca(NO3)]+ 1.217 1.280 2.409 3.783
[Sr(NO3)]+ 1.218 1.279 2.569 4.054
[Ba(NO3)+ 1.221 1.278 2.743 4.361

aFor NO3
− , each N O bond has partial double bond character.

The O1 O2 distance corresponds to the distance between O atoms

of adjacent ligands that lie on opposite sides of the reference plane.
For the single-point calculations, the complexes were initially con-
structed using the optimized geometry of the nitrate anion (using
B3LYP/6-311 + g(d,p)). The nitrate ligands were oriented vertically
(90◦) and the metal–N and metal–O distances were set at the values
taken from the fully optimized structures of either [Mg(NO3)3]−

or [Ba(NO3)3]−. The single-point calculations were performed by
holding the metal–nitrate N atom distance constant and altering the
tilt angle from 90◦ (fully vertical nitrate ligands) to 35◦. Tilt angles
less than 35◦ were not considered because the energies of the com-
plexes were increasing dramatically as the angle approached this
value (see below).

3. Results and discussion

3.1. Density functional theory calculations for [M(NO3)3]−

Optimized structures for [Mg(NO3)3]−, [Ca(NO3)3]−,
[Sr(NO3)3]− and [Ba(NO3)3]− are shown in Fig. 2. For NO3

−

and each [M(NO3)3]− ion, bond lengths and angles from the DFT
calculations are provided in Tables 1 and 2, respectively. In each

Table 2
Bond angles for lowest energy conformations of the [M(NO3)3]− as determined using
DFT

O N O O N O

NO3
− 120.0

[Mg(NO3)3]− 114.7 122.6
[Ca(NO3)3]− 116.1 122.0
[Sr(NO3)3]− 116.5 121.7
[Ba(NO3)3]− 116.8 121.6
Fig. 2. Lowest energy conformations predicted for the [M(NO3)3]− species where
M = Mg2+, Ca2+, Sr2+ and Ba2+. Structures were obtained using the B3LYP functional;
6-311 + g(2d,p) basis set on Be2+, Mg2+ and Ca2+, MWB26 on Sr2+, MWB48 on Ba2+

and 6-311 + g(d,p) basis set on N and O. The left column shows the respective ions
as viewed perpendicular to the plane containing the nitrate N atoms and the cation.
The right column shows the ions when viewed along the same plane.

[M(NO3)3]− ion, the nitrate ligands are bound to the respective
metal ions in a bidentate fashion. Geometry optimizations starting
from monodentate nitrate coordination collapsed to the bidentate
coordination mode shown in Fig. 2. For [Mg(NO3)3]−, the three
N atoms and Mg are arranged in trigonal planar geometry. The
three NO3

− ligands are neither coplanar, nor are they normal
to the plane. Instead, the ligands are significantly tilted and
the complex adopts a ‘propeller’ conformation. Comparing the
structures of the trinitrato Ca2+, Sr2+, and Ba2+ complexes, the
nitrate anions adopt orientations that become progressively more
normal to the metal-nitrogen plane. Relative to the reference
plane defined by the metal ion and the three N atoms of the
nitrate ligands, the tilt angles in optimized structures are 63.0◦,

69.3◦, 76.9◦ and 87.1◦ for the Mg2+, Ca2+, Sr2+ and Ba2+ species,
respectively.

The pronounced propeller conformation for the Mg and Ca com-
plexes presumably arises as the result of repulsive inter-ligand
interaction: repulsion by the O atoms of adjacent nitrate ligands
is minimized by tilting. To probe the effect of the tilt angle on the
energy of the complex, and for changes in inter-ligand O O dis-
tances, a series of single-point calculations were carried out for the
[Mg(NO3)3]− and [Ba(NO3)3]− species. The results derived from the
single-point calculations are shown in Figs. 3 and 4 for [Mg(NO3)3]−

and [Ba(NO3)3]−, respectively. In Figs. 3a and 4a, the O1 O1 and
O1 O2 distances for the respective complexes are shown for tilt
angles of the nitrate ligands ranging from 90◦ (fully vertical) to
35◦. For Mg and Ba nitrate complexes, the O1 O2 distance (Fig. 1),
is larger than the O1 O1 distance by 0.663 and 0.507 Å, respec-
tively. With increasing tilt angle, the O1 O1 distances increase
while the O1 O2 distances decrease. For the [Mg(NO3)3]− species,
the O1 O1 and O1 O2 distances are comparable between 60◦ and
65◦, while for [Ba(NO3)3]− the distances are comparable between
65◦ and 70◦. Figs. 3b and 4b show the changes in electronic energy
for [Mg(NO3)3]− and [Ba(NO3)3]−, respectively, with increasing tilt
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Fig. 3. Influence of nitrate ligand tilt angle on (a) the O1 O1 and O1 O2 distances
and (b) overall complex electronic energy for [Mg(NO3)3]— as determined using
single-point calculations (B3LYP/6-311 + g(2d,p)/6-311 + g(d,p)).

angle. For [Mg(NO3)3]−, the energy of the complex decreases to
a minimum at approximately 65◦, and then increases with fur-
ther increase of the tilt angle. The energy minimum derived from
the single-point energy calculations corresponds well with the tilt
angle of ∼63◦ observed for the optimized structure of [Mg(NO3)3]−

as shown in Fig. 2. Based on a comparison of the data in Fig. 3a and
b, it appears that the increasing O1 O1 distances with increasing
tilt angle lowers the complex energy (presumably by minimizing
repulsion) until the minimum at ca. 60–65◦. Beyond this tilt angle,
the sharper decrease in O1 O2 distance, and thus greater poten-
tial repulsion by the O atoms, significantly influences the complex
energy.

As shown in Fig. 4b for [Ba(NO3)3]−, the complex energy

decreases slightly to a minimum at 85◦, increases slightly for tilt
angles of 85–70◦, and then undergoes a more pronounced increase
for tilt angles less than 65◦. The minimum observed in Fig. 4b is
close to the ∼87◦ tilt angle predicted for the optimized structure
described above. In general, the effect on complex energy with
changes in tilt angle from 90◦ to 70◦ is less pronounced for the Ba
complex than for the Mg analog, which suggests that there is less
energetic driving force for the nitrate ligands to adopt tilted config-
urations to minimize repulsive interactions within the complexes
that contain the larger cations. The effect of the tilt angle on rela-
tive energies and inter-ligand O O atom distances for the Ca- and
Sr-containing complexes is expected to be intermediate between
values calculated for complexes of Mg and Ba, which is supported
by the tilted nitrate ligands predicted for the minimized structures
shown in Fig. 2.

The DFT calculations, with the functional and basis sets
used here, predict equivalent N O bond lengths of 1.260 Å for
the bare nitrate anion. Bonding to the metal ion within the
[M(NO3)3]− anion distorts the symmetry of the anion, creating non-
coordinating N O and metal-coordinating N O groups. Compared
to bare nitrate, the N O bond length in the [Mg(NO3)3]−anion is
Fig. 4. Influence of nitrate ligand tilt angle on (a) the O1 O1 and O1 O2 distances
and (b) overall complex electronic energy for [Ba(NO3)3]− as determined using
single-point calculations (B3LYP/6-311 + g(2d,p)/6-311 + g(d,p)).

substantially decreased to 1.214 Å (Table 1). The N O bond length
increases following the trend Mg2+ < Ca2+ < Sr2+ < Ba2+, suggesting
that the bond systematically weakens with increasing cation radius
and decreasing polarizing power. The N O bond length (coordinat-
ing O atoms) is increased (to 1.282 Å) in [Mg(NO3)3]− compared to
the N O bond lengths in the bare nitrate anion. Thus, as the cation
polarizing power increases (decreasing metal ionic radius), so does
the N O bond length, while the N O bond length decreases.

The O N O and O N O bond angles of the [M(NO3)3]− species
were also found to depend on the ionic radius of the metal (Table 2).
The O N O angle connects the two O atoms that coordinate the
metal ion, while the O N O angle involves the terminal, non-
coordinating O atom. Thus, as the cation polarizing power increases,

the O N O angle decreases and the O N O angle must increases.
For example, the O N O angle decreases from 116.8 for the Ba2+

complex to 114.7 for the Mg2+ version, while the O N O angle
increases from 121.6 for the Ba2+ complex to 122.6 for the Mg2+

version.

3.2. IRMPD of [M(NO3)3]−

Fig. 5 shows mass spectra generated during an IRMPD run for
Mg(NO3)3

− and are representative of those collected for each of the
M(NO3)3

− precursor ions. The mass spectrum of [Mg(NO3)3]− iso-
lated using a SWIFT pulse and irradiated at 1600 cm−1 is shown in
Fig. 5a. At this wavelength, FELIX was “off-resonance” with absorp-
tions of the complex and no photodissociation of Mg(NO3)3

− is
observed. The mass spectrum shown in Fig. 5b was obtained when
Mg(NO3)3

− was irradiated at approximately 1500 cm−1, near the
resonance of the high-frequency N O antisymmetric stretch of the
nitrate ligands (see below). IR induced photodissociation results in
the elimination of a neutral Mg(NO3)2 unit to leave NO3

−. Similar
dissociation pathways are observed for each of the group II nitrate
anions. To generate IRMPD spectra, the NO3

− yield from each of the
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Fig. 5. Mass spectra generated from an experiment involving IRMPD of
[Mg(NO3)3]−: (a) spectrum produced following isolation of [Mg(NO3)3]− and irradi-
ation “off-resonance” with light at ca. 1600 cm−1, (b) spectrum following isolation of
the same species with irradiation “on-resonance” at ca. 1500 cm−1. Absorption of IR
photons induced photodissociation pathway that involves elimination of Mg(NO3)2.

Table 3
Best estimates of the centroids of peaks in the experimental IRMPD spectra of

[M(NO3)3]−

N O O N O (�3) ��3 Sym. NO3 (�1)

[Mg(NO3)3]− 1517 1298 219 1011
[Ca(NO3)3]− 1487 1279 208 1009
[Sr(NO3)3]− 1476 1276 200 1010
[Ba(NO3)3]− 1469 1271 198 1009

M(NO3)3
− precursor ions was monitored as FELIX is scanned from

approximately 1800 to 900 cm−1.
Fig. 6 shows the IRMPD spectra of Mg(NO3)3

−, Ca(NO3)3
−,

Sr(NO3)3
− and Ba(NO3)3

−. The experimental spectra are compared
to theoretical spectra derived from DFT calculations (B3LYP/6-
311 + g(2d,p)/6-311 + g(d,p) or B3LYP/SDD/6-311 + g(d,p)), with the
computed spectra scaled by a factor of 0.98. Peak positions in the
IRMPD spectra are provided in Table 3, along with unscaled fre-
quencies for each of the M(NO3)3

− species derived from the DFT
calculations (Table 4). In each of the IRMPD spectra, three promi-
nent absorptions are observed. The two absorptions that appear in
the ranges 1400–1550 cm−1 and 1250–1350 cm−1 in Fig. 3a–d cor-
respond to the antisymmetric nitrate stretching (�3) mode, which

Table 4
Theoretical vibrational frequencies (cm−1, unscaled) for [M(NO3)3]− derived from
DFT calculations

N O (�3) O N O (�3) ��3 Sym. NO3 (�1)

NO3
− 1377.76, 1377.83 n.a. 1065.74

[Mg(NO3)3]− 1558.95, 1559.02 1292.80, 1327.97 230.98 1050.52, 1050.63
[Ca(NO3)3]− 1538.22, 1538.32 1286.44, 1308.75 229.47 1051.02, 1051.09
[Sr(NO3)3]− 1526.95, 1526.99 1309.02 217.93 1053.33, 1053.36
[Ba(NO3)3]− 1515.02, 1515.04 1306.7 208.32 1055.31, 1055.33
Fig. 6. IRMPD results for [M(NO3)3]−: (a) [Mg(NO3)3]− , (b) [Ca(NO3)3]− , (c)
[Sr(NO3)3]− , and (d) [Ba(NO3)3]− . In each spectrum, the blue (dark) trace corre-
sponds to the experimental IRMPD spectrum while the red (lighter) trace represents
the spectrum predicted by DFT.

is split as a result of interaction with the metal ion. The higher
frequency component is attributed to stretching of the terminal,
non-coordinating N O moiety, while the lower frequency com-
ponent is assigned to the antisymmetric O N O stretching of
the nitrate ligands [1]. The other major absorption in each spec-
trum appears in the region of 1000–1050 cm−1, and is assigned
to the symmetric nitrate stretch, �1. The spectral features of the
[M(NO3)3]− species measured in this study are consistent with
those reported in earlier MIS studies of metal-nitrate species [1–8]
as well as our previous IRMPD investigation of [UO2(NO3)3]− and
Eu(NO3)4]− [22].

The experimental IRMPD spectra are in good general agreement

with those predicted using B3LYP/6-311 + g(2d,p)/6-311 + g(d,p) or
B3LYP/SDD/6-311 + g(d,p). Table 4 shows that the DFT calculations
predict two nearly degenerate bands for the high-frequency com-
ponent of the �3 absorption, regardless of the precursor ion, which
are not resolved in the IRMPD spectrum. The two closely spaced
absorptions correspond to modes that involve the N = O units of
two of the three nitrate ligands.

For Mg(NO3)3
−, the DFT calculations predict further splitting

of the low-frequency component of the �3 stretch into two peaks,
spaced by 35 cm−1. The splitting is due to the symmetric and anti-
symmetric combinations of the O N O stretches for the three
nitrate ligands. A similar splitting of the low-frequency component
of �3 is also predicted for the Ca complex, although the spacing
between the two absorptions is smaller (23 cm−1). The resolution
of the IRMPD experiment was not sufficient to resolve the two com-
ponents, although in the IRMPD spectrum of Mg(NO3)3

−, the band
near 1300 cm−1 is significantly broader than the analogous peaks
for the other anionic metal-nitrate complexes, which likely indi-
cates the presence of two bands, split by a larger spacing of about
35 cm−1.
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for the M(NO3)3 anions are lower than those measured by the
same technique for UO2(NO3)3

− and Eu(NO3)4
− (264 and 274 cm−1,

respectively [22]) and lie between those measured for matrix iso-
lated LiNO3 and KNO3 monomers (��3 of 260 and 171 cm−1,
respectively). The most appropriate comparison to make is between
the trinitrato species M(NO3)3

− investigated in the present study,
and the value for UO2(NO3)3

−, which shows that the group II metals
interact less strongly (based on the magnitude of ��3) with nitrate
than does the uranyl ion.

As noted above, the alteration in ��3 for M(NO3)3
− as the cation

2+ 2+
Fig. 7. (a) NO3
− stretching frequencies plotted versus ionic radius of the coordinated

metal cations. The high-frequency �3 band and �1 bands are plotted. (b) ��3 splitting
values plotted versus ionic radius. B3LYP calculated values are plotted in red for
M(NO3)3

− (circles), M(NO3)2
o (squares), and M(NO3)+ (triangles). IRMPD values for

M(NO3)3
− complexes are plotted using green circles.

3.3. Influence of metal ion on splitting of �3 stretch
In the respective IRMPD spectra of the M(NO3)3
− anions, the

position of the high-frequency component of �3 shifts to the red
with increasing metal ion radius [35] (Fig. 7a). The magnitude
of the shift was 48 cm−1 as the cation was varied from Mg2+ to
Ba2+. This trend is accurately predicted by the B3LYP calculations
(shift magnitude of 44 cm−1), although the calculated values for
the high-frequency �3 component were 42–52 cm−1 higher than
the measurements. A similar trend in the high-frequency com-
ponent of the �3 stretch were calculated for the neutral dintrato
complexes, as the cation was changed from Mg2+ to Ba2+. The high-
frequency �3 values were greater, as was the magnitude of the red
shift on going from Mg2+ to Ba2+ (95 cm−1, compared to 44 cm−1

for the trinitrato complexes). Calculations of the cationic mononi-
trato complexes also produced the same trend, with a red shift of
68 cm−1 seen when the cation was changed from Mg2+ to Ba2+. In
contrast to the high-frequency �3 component, the positions of the
low-frequency �3 component less sensitive to cation substitution.
In the IRMPD data, a red shift of 27 cm−1 was noted as the cation was
varied from Mg2+ to Ba2+; a similar trend was observed in the B3LYP
values, but direct comparison was less straightforward because of
ass Spectrometry 273 (2008) 24–30 29

Table 5
Theoretical vibrational frequencies (cm−1, unscaled) for [M(NO3)2] derived from DFT
calculations

N O (�3) O N O (�3) ��3 Sym. NO3 (�1)

[Mg(NO3)2] 1652.07 1225.55, 1225.60 426.52 1010.73
[Ca(NO3)2] 1613.80 1230.11, 1230.12 383.69 1024.89
[Sr(NO3)2] 1593.05 1237.75, 1237.76 355.30 1030.33
[Ba(NO3)2] 1557.44 1241.91, 1241.92 315.53 1034.61

the presence of multiple modes for the Mg2+ and Ca2+ complexes.
The symmetric �1 band was effectively insensitive to the metal ion.

As noted earlier, previous studies of isolated MNO3 and related
species, the magnitude of the splitting of the �3 absorption (��3)
is proportional to the strength of the interaction between the
metal ion and the nitrate ligand [1]. Theoretical ��3 values for
the M(NO3)3

− ions investigated in this study as derived from the
DFT calculations are listed in Table 4. For the Mg2+ and Ca2+ com-
plexes, the ��3 value given by the average of the two calculated
low-frequency �3 components is reported.

The DFT calculations predict a general decrease of ��3 with
increasing ionic radius, with values of approximately 231, 229, 218
and 208 cm−1 for Mg2+, Ca2+, Sr2+ and Ba2+, respectively (Table 4,
Fig. 7b). The experimentally determined ��3 values are 219, 208,
200 and 198 for Mg2+, Ca2+, Sr2+ and Ba2+, respectively, which qual-
itatively follow the trend predicted by DFT, although the values are
consistently lower than the computed values by anywhere from 10
to 21 cm−1. The ��3 values decrease as the cation is changed from
Mg2+ to Ba2+, following the same qualitative trend observed in the
high-frequency �3 values. Close examination of plots of �3 and ��3
versus cation ionic radii showed that the trends were neither lin-
ear nor exponential, suggesting that these parameters could not be
related by a simple arithmetic relationship.

The ��3 values measured for the trinitrato-group II cation com-
plexes provided an opportunity for comparison with prior values
acquired for other complexes. Overall, the measured ��3 values

−

is changed from Mg to Ba is modest (based on the IRMPD data
and B3LYP calculations), which reflects the fact that the presence
of three nitrate ligands in the complexes reduces the extent of
perturbation by the metal ion on each of the nitrate ligands. To
gain a better understanding of how the number of nitrate ligands
influences the magnitude of ��3, the values for M(NO3)3

− can be
compared to those predicted for M(NO3)2 and M(NO3)+ by DFT
(B3LYP/6-311 + g(2d,p)/6-311 + g(d,p) or B3LYP/SDD/6-311 + g(d,p))
calculations. The vibrational frequencies, including ��3 values,
predicted for M(NO3)2 and M(NO3)+ are provided in Tables 5 and 6,
respectively, and are depicted graphically in Fig. 7b. The optimized

Table 6
Theoretical vibrational frequencies (cm−1, unscaled) for [M(NO3)]+ derived from DFT
calculations

N O (n3) O N O (n3) �n3 Sym. NO3 (�1)

[Mg(NO3)2] 1737.10 1108.11 628.99 952.49
[Ca(NO3)2] 1709.03 1153.02 556.01 992.30
[Sr(NO3)2] 1683.23 1169.49 513.74 1001.23
[Ba(NO3)2] 1668.77 1175.67 493.10 1008.52
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geometries for the species, as well as predicted bond lengths and
angles, are provided in the Supporting information. For the neu-
tral M(NO3)2 species, the ��3 values decrease with increasing
cation radius and decreasing polarizing power, as observed for the
M(NO3)3

−anions. However, compared to the trinitrato anions, the
predicted alteration in ��3 values caused by changing the cation
were much larger, varying by approximately 100 cm−1. The ��3
ranged from 427 cm−1 for Mg(NO3)2 to 316 cm−1 for Ba(NO3)2.

The trend toward larger ��3 values in complexes containing
fewer nitrate ligands is further substantiated by calculations for
the cationic mononitrato M(NO3)+ complexes. As in the neutral
and anionic complexes, the trend in the ��3 values are predicted
to decrease with increasing cation radius and decreasing polariz-
ing power for the M(NO3)+ species. However, the magnitude of the
��3 values calculated for the mononitrato cations M(NO3)+ were
on the order of 100 cm−1 higher than for the analogous dinitrato
neutrals (Fig. 7b), and around 200 cm−1 higher than those for the
trinitrato anions M(NO3)3

−. The ��3 values ranged from 629 cm−1

for Mg(NO3)+ to 493 cm−1 for Ba(NO3)+.
The comparison of calculated values for the tri-, di- and monon-

itrato complexes with the respective metal ions suggests that the
number of nitrate ligands significantly influence the magnitude of
the splitting of �3. Even so, the IRMPD data for the trinitrato com-
plexes show that the strength of interaction between metal ion and
nitrate ligands, on average, decreases with increasing ionic radius.

4. Conclusions

Infrared multiple-photon dissociation spectroscopy has been
applied to record infrared spectra of discrete gas-phase [M(NO3)3]−

anions, where M is Mg2+, Ca2+. Sr2+ or Ba2+. For each precursor
anion, the photodissociation pathway activated by absorption of
IR photons was elimination of a neutral M(NO3)2 unit to yield an
NO3

− anion. Characteristic metal-nitrate ligand bands are observed
in the IR spectra of the respective complexes that are in good agree-
ment with those predicted by DFT calculations. The antisymmetric
nitrate stretch is split into high- and low-frequency components,
consistent with earlier matrix isolation studies of metal-nitrate
monomers, and an earlier IRMPD study of [UO2(NO3)3]− and
[Eu(NO3)4]−. The magnitude of the splitting, ��3, depends on the
metal center, decreasing for Mg2+ > Ca2+ > Sr2+ ∼= Ba2+. The trend
observed is consistent with the fact that the ��3 value is used to

measure the strength of metal ion binding to nitrate. Overall, ��3
values measured for the [M(NO3)3]− anions are lower than the val-
ues measured for [UO2(NO3)3]− and [Eu(NO3)4]−, which shows that
the group II cations interact less strongly with nitrate than does the
either the uranyl ion or the Eu(III) cation.
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