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Anionic group II metal nitrate clusters of the formula [M2(NO3)5]
–, where M2 � Mg2, MgCa,

Ca2, and Sr2, are investigated by infrared multiple photon dissociation (IRMPD) spectroscopy
to obtain vibrational spectra in the mid-IR region. The IR spectra are dominated by the
symmetric and the antisymmetric nitrate stretches, with the latter split into high and
low-frequency components due to the distortion of nitrate anion symmetry by interactions
with the cation. Density functional theory (DFT) is used to predict geometries and vibrational
spectra for comparison to the experimental spectra. Calculations yield two stable isomers: the
first one contains two terminal nitrate anions on each cation and a single bridging nitrate
(“mono-bridging”), while the second structure features a single terminal nitrate on each cation
with three bridging nitrate ligands (“tri-bridging”). The tri-bridging isomer is calculated to be
lower in energy than the mono-bridging one for all species. Theoretical spectra of the
tri-bridging structure provide a better qualitative match to the experimental infrared spectra of
[Mg2(NO3)5]

– and [MgCa(NO3)5]
–. However, the profile of the low-frequency �3 band for the

Mg2 complex suggests a third possible isomer not predicted by theory. The IRMPD spectra of
the Ca2 and Sr2 complexes are better reconciled by a weighted summation of the spectra of
both isomers suggesting that a mixture of structures is present. (J Am Soc Mass Spectrom
2009, 20, 772–782) © 2009 Published by Elsevier Inc. on behalf of American Society for Mass
Spectrometry

The combination of ion-trapping mass spectrome-
ters and free-electron lasers tunable through the
mid-infrared region of the electromagnetic spec-

trum have provided invaluable access to the vibrational
spectra of discrete, gas-phase metal complexes [1–10]. It
is generally difficult to acquire a conventional linear
absorption spectrum of species commonly investigated
by mass spectrometry because of the low ion concen-
trations. However, use of an action spectroscopy
approach allows photon absorption to be monitored
by measuring fragmentation yields that result from
wavelength-specific infrared multiple-photon disso-
ciation (IRMPD) [11–13].
Using the uranyl (UO2

2�) and the europium (Eu3�)
cations, our group produced the first vibrational spectra
of gas-phase metal nitrate anions of the formula
[UO2(NO3)3]

– and [Eu(NO3)4]
– [14]. These experiments

were carried out at the FOM Institute for Plasma
Physics in Nieuwegein, The Netherlands, using the free
electron laser for infrared experiments (FELIX). FELIX

provides a tunable, high-intensity beam of photons
across the mid-IR range to a high-resolution mass
spectrometer. The IRMPD spectra of both the uranyl
and europium nitrate anions are dominated by the
antisymmetric nitrate stretch (�3), which is split into low
and high-frequency components corresponding to the
O-N-O (O-atoms involved in bonding with the metal),
and (non-coordinating) N�O stretches respectively.
Previous studies have shown that the splitting of the �3
(��3) is proportional to the interaction strength between
the metal and the nitrate ligands [15, 16]. In the uranyl
and europium nitrate anions, ��3 was found to be 264
cm–1 and 273 cm–1 respectively [14].
In a later study, IRMPD spectroscopy was used to

record vibrational spectra of anionic group II metal
nitrate complexes of the formula [M(NO3)3]

– where
M � Mg2�, Ca2�, Sr2�, and Ba2� [17]. By observing
differences in the magnitude of ��3, it was possible to
correlate the polarizing power to the bond strength
between the cation and the nitrate ligands. In the
IRMPD spectra of the group II trinitrato anions, the
high-frequency �3 component shifts to the red for
metals with a larger radius, while the low-frequency
component remains unperturbed irrespective of the
metal ion, and ��3 values are 231, 229, 218, and 208 cm

–1

for Mg2�, Ca2�, Sr2�, and Ba2� respectively. A similar
trend is observed for the ��3 values in the DFT calcu-
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lations, which shows that the interaction between the
metal and nitrate is largest for the magnesium complex
and decreases as Mg � Ca � Sr � Ba. DFT calculations
of complexes of the formula, [M(NO3)]

�, [M(NO3)2]
0,

and [M(NO3)3]
–, show that the ��3 shift increases as the

number of nitrate ligands decreases. In a general com-
parison with other metal nitrate species, the interaction
between group II metals and nitrate is stronger than
that between group I metals and nitrate i.e., LiNO3 and
KNO3 [15], but weaker than the interactions observed in
the uranyl or europium nitrate anions [14].
In the present study IRMPD spectra are recorded for

[M2(NO3)5]
– clusters, where the cations are Mg2�, Ca2�,

or Sr2�. The larger group II nitrate clusters are investi-
gated to gauge the effect of multiple metal centers on
the position and degeneracy splitting of the antisym-
metric nitrate stretch, and to compare the general val-
ues of �3 to those measured for the small, single cation
species [17]. Exploration of cluster ions in the gas phase
is an effective way to study the properties of nano-sized
particles of matter, and in particular the transition from
discrete atoms and molecules to bulk liquids and solids.
The number of possible structures for a cluster ion
increases rapidly with size and complexity. In the
present case, the structures of the [M2(NO3)5]

– com-
plexes are not known and isomers with multiple nitrate
conformations are possible. Systematically altering the
size of the metal cation offers the possibility of uncov-
ering trends in nitrate binding, and by studying a mixed
metal complex it may be possible to observe differences
in metal-nitrate binding in the same spectrum.

Experimental

ESI FT-ICR Mass Spectrometry

Previously established methods are used for generation
of ions and the subsequent collection of IRMPD spectra
[14, 17]. Briefly, group II metal nitrate solutions are
generated by dissolving the appropriate salt in water to
produce primary standards each having a concentration
of 10 mM, which are then further diluted with methanol
in a 1:5 ratio. For the MgCa cluster, aliquots of the
nitrate primary standards are mixed in a 1:1 ratio, and
this solution is then diluted 1:5 with methanol. Ions of
the formula [M2(NO3)5]

– (M2 � Mg2, MgCa, Ca2, or Sr2)
are generated using ESI in a Micromass Z-Spray source.
Ions are injected into a home-built Fourier transform
ion cyclotron resonance (FT-ICR) mass spectrometer
described in detail elsewhere [18].
Instrument operating parameters, such as desolva-

tion temperature, cone voltage, and ion accumulation
and transfer optics voltages, are optimized to maximize
formation of [M2(NO3)5]

– and transfer of the species to
the ICR cell. Dry nitrogen at a temperature of �32 °C is
used to assist in the desolvation process. Ions are
accumulated for the duration of the previous FT-ICR
cycle (�3 s) in an external hexapole and injected into the
ICR cell via a quadrupole deflector and an octapole rf

ion guide. Complexes of interest are isolated using a
stored waveform inverse Fourier transform (SWIFT)
pulse [19].

Infrared Multiple Photon Dissociation (IRMPD)

Infrared spectra are recorded by measuring the photo-
dissociation yield as a function of photon wavelength.
Precursor [M2(NO3)5]

– ions are irradiated using two
FELIX macropulses (35 mJ per macropulse, 5 �s pulse�
duration, FWHM bandwidth �0.5% of central �). In the��
IRMPD process, a photon is absorbed when the laser
frequency matches a vibrational mode of the gas-phase
ion and its energy is subsequently distributed over all
vibrational modes by intramolecular vibrational redis-
tribution (IVR). The IVR process allows the energy of
each photon to be dissipated before the ion absorbs
another, which leads to the promotion of ion internal
energy toward the dissociation threshold via multiple
photon absorption [20]. It is important to note that
studies have shown that infrared spectra obtained using
IRMPD are comparable to those collected using linear
absorption techniques [4, 21]. For the current experi-
ments, the free electron laser wavelength is tuned
between 6 and 12.5 �m in 0.1 to 0.04�� �m increments.��
The intensity of product and un-dissociated precursor
ions is measured using the excite/detect sequence of
the FT-ICR-MS after each IRMPD step [22]. The IRMPD
yield is normalized to the total ion current, and linearly
corrected for variations in laser power across the range
scanned [4, 19, 20].

DFT Geometry and Frequency Calculations

All DFT calculations are performed using the Gauss-
ian 03 program, employing an approach similar to the
one used in our previous group II nitrate study [17,
23–29]. Full geometry optimizations for [Mg2(NO3)5]

–,
[Ca2(NO3)5]

–, and [MgCa(NO3)5]
– are started using the

B3LYP functional [24, 25] and the 3-21g* basis set. Initial
optimization of [Sr2(NO3)5]

– is carried out with the
MWB28 Stuttgart-Dresden (SDD)-type pseudopotential
[26–29] and associated basis on the cation. To avoid
bias, initial geometry optimizations were begun with
nitrate and metal ion separated and randomly oriented,
and the respective species were allowed to approach
and find equilibrium positions as a result of the opti-
mization process. As discussed further below, two
stable structures have been identified, regardless of the
initial structure used at the beginning of the conforma-
tion search. The first one is a mono-bridging isomer,
[M2(bNO3)(tNO3)4]

– that contains a single bridging ni-
trate ligand, and four terminal nitrate ligands. The
second isomer is a structure containing three bridging
nitrates, and two terminal nitrates, that we refer to as a
tri-bridging isomer, [M2(bNO3)3(NO3)2]

–.
The initial structures for [Mg2(NO3)5]

–, [Ca2(NO3)5]
–,

and [MgCa(NO3)5]
– are then re-optimized and frequ-

ency calculations are performed using the 6-311�G(2d),
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6-311�G(3d), 6-311�G(2df) and 6-311�G(3df) basis sets.
Re-optimization of, and frequency calculations for,
[Sr2(NO3)5]

– involve use of the SDD pseudopotential on
Sr and 6-311�G(2d), 6-311�G(3d), 6-311�G(2df) or
6-311�G(3df) basis sets on N and O. For comparison
to IRMPD spectra, data generated at the B3LYP/6-
311�G(3df) or B3LYP/MWB28/6-311�G(3df) level of
theory are presented. For comparison to IRMPD spec-
tra, the calculated frequencies were scaled by a factor of
0.98, which is customary for scaling calculations of this
type [30–33].
Minima located using the approach outlined above

are re-optimized using the PBEPBE, MPWPW91, and
SVWN functionals and the 6-311�G(3df) or MWB28/
6-311�G(3df) basis sets. Regardless of which functional
is used, the trends outlined below with respect to the
relative energies of the predicted conformational iso-
mers are maintained. The same is true when MP2
single-point calculations are used to determine the
relative energies of the minima located using B3LYP/
6-311�G(3df) or B3LYP/MWB28/6-311�G(3df).

Results and Discussion

Density Functional Theory Calculations of
Isomeric Complexes

Minima identified for [Mg2(NO3)5]
– are shown in Figure 1

and for the corresponding calcium, strontium and
magnesium-calcium complexes in Figures S1–S4, (which
can be found in the electronic version of this article)
respectively. The mono-bridging structure is shown in
Figure 1a and b and consists of one bridging nitrate
ligand joining the two cations, and two terminal nitrate
ligands on each cation. Table 1 shows the metal–oxygen
bond lengths. Two different nitrates can thus be distin-
guished, the first being a terminal nitrate (t-NO3) bound
in a bidentate fashion to only one of the metal atoms.
Terminal nitrates on the other metal atom are bound in
a similar fashion. While there are two different pairs of
terminal nitrate ligands, the structural difference is
small and the calculations predict their vibrations to be
near-degenerate, except for the magnesium-calcium
mixed complex. The bridging ligand (b-NO3) has one
oxygen atom that is bound to both metal atoms, with
the other two oxygen atoms bound to one of the metal
atoms; i.e., each metal occupies adjacent O-N-O clefts
on the bridging nitrate, which is referred to here as a
double bidentate (db) nitrate bridge. The bond lengths
between the nitrate ligands and the metal increase as
the size of the metal increases, which suggests that the
interaction between the metal and nitrate is stronger for
the smaller, more charge-dense metals.
Figure 1c and d show the tri-bridging isomer, for

which bond lengths are given in Table 2. This isomer
contains nitrate anions in three different binding geom-
etries: a terminal, non-bridging nitrate, and two differ-
ent types of bridging nitrates. For one of the bridging
nitrates adjacent O atoms are bound to each of the metal

ions, and hence this is designated a double-monodentate
(dm) nitrate bridge. In the second type of bridging
nitrate, one metal cation occupies an O-N-O cleft, while
the second metal is bound to a single O atom that is
actually shared between both metal cations. This nitrate

Figure 1. Optimized geometry of [Mg2(bNO3)1(tNO3)4]
– isomer

(a) side view and (b) top view. Optimized geometry of
[Mg2(bNO3)3(tNO3)2]

– isomer (c) side view and (d) top view.
Structures were calculated with the B3LYP functional and the
6-311�G(3df) basis.
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conformation is referred to as a monodentate-bidentate
(mb) nitrate bridge.
The electronic energies and zero point corrections for

both structures calculated at the B3LYP/6-311�G(3df) or
B3LYP/MWB28/6-311�G(3df) level of theory are shown
in Table 3. For each anionic cluster ion, the tri-bridging
structure is lower in energy than the mono-bridging
isomers, and the energy difference, �E, increases fol-
lowing the trend [Mg2(NO3)5]

– � [MgCa(NO3)5]
– �

[Ca2(NO3)5]
– � [Sr2(NO3)5]

–, with values ranging from
0.804 to 5.800 kcal/mol. We note that the same qualita-
tive trend with respect to the relative energies of the

respective isomers (mono-bridging versus tri-bridging)
is observed regardless of the functional or basis set
(6-311�G(2d), 6-311�G(3d), or 6-311�G(2df)) chosen, and
when MP2 single point calculations are performed on the
lowest energy structures predicted by DFT. Coupled clus-
ter calculations [34–36] may provide a more accurate
prediction of relative energies for these species.

IRMPD of [M2(NO3)5]–

The IRMPD spectra of [Mg2(NO3)5]
–, [Ca2(NO3)5]

–, and
[Sr2(NO3)5]

– are shown in Figures 2, 3, and 4, respec-

Table 2. Bond lengths for metal-oxygen bonds in tri-bridging [M2(bNO3)3(tNO3)2]
–

Ion M1-O8, M2-O13 M1-O10, M2-O11 M1-O16, M2-O19 M1-O17, M2-O14 M1-O19, M2-O16 M1-O20, M2-O22

[Mg2(NO3)5]– 2.097 2.063 2.112 2.184 2.157 2.041
[Ca2(NO3)5]– 2.373 2.360 2.376 2.442 2.457 2.319
[Sr2(NO3)5]– 2.538 2.529 2.533 2.601 2.629 2.477
[Mg1Ca2(NO3)5]– 2.109, 2.370 2.064, 2.361 2.097, 2.382 2.188, 2.440 2.165, 2.444 2.038, 2.318

Table 1. Bond lengths for metal-oxygen bonds in mono-bridging [M2(bNO3)(tNO3)4]
–

Ion M1-O8, M2-O16 M1-O10, M2-O14 M1-O11, M2-O17 M1-O13, M2-O19 M1-O21, M2-O21 M1-O22, M2-O20

[Mg2(NO3)5]– 2.069 2.072 2.078 2.072 2.208 2.208
[Ca2(NO3)5]– 2.348 2.361 2.351 2.361 2.513 2.490
[Sr2(NO3)5]– 2.510 2.519 2.512 2.519 2.693 2.650
[Mg1Ca2(NO3)5]– 2.072, 2.346 2.074, 2.360 2.076, 2.351 2.075, 2.360 2.200, 2.515 2.194, 2.507
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tively, with the calculated spectra of the mono- and
tri-bridging complexes in panels (b) and (c), and a
weighted summation of both calculated spectra in panel
(d). The IR spectrum of bare nitrate is known to feature
a symmetric (�1) and an antisymmetric (�3) ONO
stretch. Coordination to a metal ion causes the antisym-
metric stretch mode to split into a low-frequency com-
ponent due to the metal-bound O atoms and a high-
frequency component due to the free O atoms [15, 16].
These modes are designated here as the bound and the
free antisymmetric stretching modes, �3b� and �3f� , respecff -
tively. Moreover, because each complex contains five
nitrate ligands, the observed features consist of a number
of nearly degenerate bands, which are generally not
resolved in the experiment. Table 4 shows the approx-
imate values of the nitrate stretches in the IRMPD
spectra for each of the complexes. The symmetric nitrate
stretch is found between 1000 and 1060 cm–1 for each

cluster anion: only a single vibration is observed in this
region of the spectrum, except for the magnesium
complex, for which two vibrations at 1007 and 1060
cm–1 are found. The values for �3b, �3f, and the magni-
tude of their splitting, ��3, are listed in Table 4. The
largest splitting is observed for the magnesium complex
and ��3 decreases as [Mg2(NO3)5]

– � [MgCa(NO3)5]
– �

[Ca2(NO3)5]
– � [Sr2(NO3)5]

–.
Table 5 shows the scaled frequencies (scaling factor

of 0.98) for all of the degenerate �1, �3b, �3f absorption
bands, and the ��3 calculated for the mono-bridging
[M2(bNO3)(tNO3)4]

– complexes at the B3LYP/6-311�
G(3df) or B3LYP/MWB28/6-311�G(3df) level of the-
ory. Calculated intensities are shown in bar format in
Figures 2b–5b, and complete listings of all calculated
frequencies and their intensities are provided in Tables
S1–S4 in the Supplementary Information. Each of the
three bands consists of a number of nearly, but not

Figure 2. (a) IRMPD spectrum of [Mg2(NO3)5]
–. (b) Calculated vibrational spectrum of the mono-

bridging [Mg2(bNO3)1(tNO3)4]
– isomer. (c) Calculated vibrational spectrum of the tri-bridging

[Mg2(bNO3)3(tNO3)2]
– isomer using the B3LYP functional and the 6-311�G(3df) basis. (d) A weighted

summation of a 50:50 mixture of the spectra of the mono-bridging and tri-bridging isomers. In the
calculated spectra (b) and (c), bars represent individual frequencies, while the smooth lines are
Gaussian convolutions at the experimentally observed bandwidth.

Table 3. Relative energies of [M2(NO3)5]
– conformational isomers

Structure
Electronic energy

(hartrees)
Zero point correction

(hartrees)
ZPE corrected energy

(hartrees) �E (kcal/mol)

[Mg2(bNO3)1(tNO3)4]– mono-bridging �1802.75646899 0.083139 �1802.673330 �0.804
[Mg2(bNO3)3(tNO3)2]– tri-bridging �1802.75803771 0.083426 �1802.674612 0
[Ca2(bNO3)1(tNO3)4]– mono-bridging �2757.83005434 0.079874 �2757.750181 �4.779
[Ca2(bNO3)3(tNO3)2]– tri-bridging �2757.83789177 0.080095 �2757.757797 0
[Sr2(bNO3)1(tNO3)4]– mono-bridging �1464.07150458 0.077997 �1463.993507 �5.800
[Sr2(bNO3)3(tNO3)2]– tri-bridging �1464.08082262 0.078073 �1464.002750 0
[MgCa(bNO3)1(tNO3)4]– mono-bridging �2280.29375524 0.081521 �2280.212234 �2.374
[MgCa(bNO3)3(tNO3)2]– tri-bridging �2280.29787779 0.081861 �2280.216017 0
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exactly degenerate vibrations, because the structures of
the five ligands in the complex are not identical, and so
their vibrations are slightly different. For the mono-
bridging conformation, the �1 symmetric nitrate stretch
is predicted to appear as a single absorption, regardless
of the complex. The �3b vibrations are observed at ca.
1280–1300 cm–1, which correspond to the terminal
nitrate ligands, and also at 1340–1360 cm–1, which
correspond to the bridging nitrate ligand. The major �3f
bands occur between 1470 and 1560 cm–1, depending on
the chemical environment.
Table 6 shows the scaled frequencies (factor 0.98) for

all of the degenerate �1, �3b, �3f bands for the tri-
bridging [M2(bNO3)3(tNO3)2]

– isomer. Calculated inten-
sities are shown in bar format in Figures 2c–5c, and
complete listings of all calculated frequencies and their
intensities are provided in Tables S1–S4 in the Supple-
mentary Information. The symmetric �1 bands are found
between 1020 and 1070 cm–1m and now appear as two
peaks, the more intense peak corresponding to the sym-
metric nitrate stretch of the terminal and monodentate-
bidentate bridging nitrate ligands, t-NO3 and mb-NO3,
respectively. The double-monodentate nitrate bridge,
dm-NO3, produces a less intense peak shifted to higher
frequency by �50 cm–1. The antisymmetric �3b stretch-
ing vibrations are calculated between 1250 and 1320
cm–1. Near degeneracy of the modes on the various
nitrate ligands causes a splitting into multiple closely
spaced peaks, indicating similarity between the chemi-
cal environments and consequent structures of the

nitrate ligands. The antisymmetric �3f is found between
1490 and 1580 cm–1 and is also split into multiple near
degenerate bands.
The IRMPD spectrum of [Mg2(NO3)5]

– (Figure 2a) is
compared with the spectra calculated for the two iso-
mers to gain insight into possible structures of the
complex. The peaks at ca. 1007 and 1060 cm–1 are
attributed to the �1 stretch. The predicted spectrum for
the tri-bridging isomer (Figure 2c) contains both peaks
although at frequencies �20 cm–1 higher than the
measurement. The spectrum calculated for the mono-
bridging complex (Figure 2b) contains only a single
peak in this region of the spectrum. Agreement between
the experimental and calculated frequencies for the �3b
stretch is not as good: the IRMPD �3b region contains
two modestly-resolved peaks at ca. 1270 and 1320 cm–1.
The broadened profiles of these peaks suggest contri-
butions from multiple, unresolved components. The
predicted spectrum for the tri-bridging complex has
four bands ranging from 1252 to 1297 cm–1 in this
region. Gaussian convolution of these frequencies using
bandwidths similar to those seen in the IRMPD spec-
trum shows that these peaks are likely not resolved in
the experiment. Turning to the mono-bridging complex,
five different �3b bands are calculated, with the most
intense at 1280 cm–1. This peak is in good agreement
with one of the experimental bands, but the calculated
band at 1363 cm–1 is not observed in the experimental
spectrum. The antisymmetric �3f band is a fairly broad
resonance centered at 1549 cm–1, and calculated spectra

Figure 3. (a) IRMPD spectrum of [Ca2(NO3)5]
–. (b) Calculated vibrational spectrum of the mono-

bridging [Ca2(bNO3)1(tNO3)4]
– isomer. (c) Calculated vibrational spectrum of the tri-bridging

[Ca2(bNO3)3(tNO3)2]
– isomer using the B3LYP functional and the 6-311�G(3df) basis. (d) A weighted

summation of a 60:40 mixture of the spectra of the mono-bridging and tri-bridging isomers. In the
calculated spectra (b) and (c), bars represent individual frequencies, while the smooth lines are
Gaussian convolutions at the experimentally observed bandwidth.
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for both structures provide reasonable agreement in
this region. The tri-bridging isomer is calculated to have
three absorptions that would not be resolved in the
experiment, but would have a high-frequency shoulder
at about 1580 cm–1, which is in good qualitative agree-
ment with the profile of the IRMPD spectrum. Con-
versely, the spectrum calculated for the mono-bridging
structure has a second absorption at 1520 cm�1, that
should be resolved from the major component at 1554
cm–1m , but this is not seen. An alternative method for
comparing structures is to compare experimental and
calculated ��3� values, measured as 254 cm–1m . The differ-
ence of the un-weighted averages calculated for the �3b�
and �3f� frequencies gives values that are about 20 cm–1m
higher for both the tri-bridging and mono-bridging struc-
tures, and so in this case, consideration of ��3� does not
provide additional insight.
The overall spectral profile is in better agreement with

that of the tri-bridging isomer in accord with the lower
energy of this structure. However, the calculated spec-
trum is not in perfect agreement, particularly with the
�3b modes. Possibly, both tri- and mono-bridging iso-
mers are present, which is reasonable given the small

energy difference between the isomers. A synthesized
spectrum for a 50:50 mixture of the two isomers (Figure
2d) provides good agreement for the �3f and �1 modes,
but contains an unobserved band at �1360 cm–1. Thus,

Figure 4. (a) IRMPD spectrum of [Sr2(NO3)5]
–. (b) Calculated vibrational spectrum of the mono-

bridging [Sr2(bNO3)1(tNO3)4]
– isomer. (c) Calculated vibrational spectrum of the tri-bridging

[Sr2(bNO3)3(tNO3)2]
– isomer using B3LYP functional and the MWB28/6-311�G(3df) basis for Sr/N,O.

(d) A weighted summation of a 60:40 mixture of the spectra of the mono-bridging and tri-bridging
isomers. In the calculated spectra (b) and (c), bars represent individual frequencies, while the smooth
lines are Gaussian convolutions at the experimentally observed bandwidth.

Table 4. Centroids for peaks in IRMPD spectra of [M2(NO3)5]
–

Ion N�O (�3) O-N-O (�3) ��3 Sym. NO3 (�1)

[Mg2(NO3)5]– 1549 1272, 1318 254 1007, 1060
[Ca2(NO3)5]– 1516 1282 234 1016
[Sr2(NO3)5]– 1500 1280 220 1023
[MgCa(NO3)5]– 1524, 1549 1266, 1295 243 1009

Table 5. Scaled vibrational frequencies for [M2(bNO3)(tNO3)4]
–

using DFT

Ion

High
frequency

�3

Low
frequency

�3 ��3

Sym.
NO3 (�1)

[Mg2(NO3)5]– 1519.45b

1553.60
1555.01
1567.99
1570.86

1254.35
1259.76
1274.91
1279.78
1362.84b

272.50 1026.65
1026.74
1028.87
1029.73
1048.53b

[Ca2(NO3)5]– 1491.28b

1528.31
1529.51
1542.25
1544.921

1253.67
1254.73
1267.21
1267.24
1341.18b

255.56 1030.38
1030.52
1031.79
1032.46
1044.51b

[Sr2(NO3)5]– 1472.57b

1509.55
1510.65
1522.35
1524.84

1254.66
1254.77
1264.88
1266.48
1333.91b

237.81 1030.51
1030.63
1031.83
1032.41
1044.34b

[MgCa(NO3)5]– 1507.36b

1528.61Ca

1543.92Ca

1554.57Mg

1569.32Mg

1254.09
1257.35
1268.32Ca

1276.65Mg

1351.36b

264.50 1026.64Mg

1029.13Mg

1030.83Ca

1032.53Ca

1045.92b

b � vibration of a bridging nitrate ligand.
Mg � vibration of nitrate ligands bonded to magnesium.
Ca � vibration of nitrate ligand bonded to calcium.
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the observed �3b band at �1320 cm–1 is not well
reproduced by either of the models: this peak suggests
the presence of a nitrate that is less symmetric than the
db-nitrate responsible for the �3b peak calculated at 1360
cm–1, but is more symmetric than the mb-nitrate which
produces �3b frequencies in the 1280–1300 cm

–1 range.
Inclusion of a nitrate moiety having intermediate sym-
metry would represent a significant geometry alteration
compared with either the mono-bridging or tri-bridging
structures, and we were unable to computationally
identify such minima.
The IRMPD spectrum of [Ca2(NO3)5]

– (Figure 3)
shows only a single �1 peak at 1016 cm

–1. The calculated

spectrum for the mono-bridging structure produces a
peak at 1030 cm–1, while two peaks were calculated
(1035 and 1079 cm–1) for the tri-bridging structure. As in
the case of the Mg2 cluster, agreement in the �3b region
is relatively poor for either structure. The experimental
spectrum contains a noticeably broadened �3b band
centered at�1282 cm–1 with a high-frequency shoulder.
The calculated spectrum for the tri-bridging structure
(Figure 3c) shows two closely spaced peaks at 1267 and
1308 cm–1 that are modestly resolved when convoluted
with band profiles similar to those found in the exper-
imental spectrum, and further broadening of this model
would give a reasonable match to the main band

Figure 5. (a) IRMPD spectrum of [MgCa(NO3)5]
–. (b) Calculated vibrational spectrum of the

mono-bridging [MgCa(bNO3)1(tNO3)4]
– isomer. (c) Calculated vibrational spectrum of the tri-bridging

[MgCa(bNO3)3(tNO3)2]
– isomer using the B3LYP functional and the 6-311�G(3df) basis. In the

calculated spectra (b) and (c), bars represent individual frequencies, while the smooth lines are
Gaussian convolutions at the experimentally observed bandwidth.

Table 6. Scaled vibrational frequencies for [M2(bNO3)3(tNO3)2]
– using DFT

Ion High frequency �3 Low frequency �3 ��3 Sym. NO3 (�1)

[Mg2(NO3)5]– 1531.51dm

1522.42t

1553.14t,mb

1579.14mb

1252.06t,mb,dm

1273.07t,mb

1297.14t.mb

1316.83t,mb,dm

267.13 1025.74mb

1030.60t

1077.43dm

[Ca2(NO3)5]– 1509.10dm

1525.83t

1527.64t,mb

1548.59mb

1257.80t,mb,dm

1267.35t

1269.62t,mb,dm

1287.52mb

1307.58mb,dm

254.91 1032.58t

1032.90t

1035.31mb

1078.69dm

[Sr2(NO3)5]– 1495.24dm

1506.06t

1508.27t,mb

1527.47mb

1261.50t,mb,dm

1267.43t

1269.47t,mb,dm

1286.43mb

1302.42mb,dm

236.54 1033.11t

1033.32t

1035.87mb

1073.61dm

[MgCa(NO3)5]– 1520.43dm

1529.71t(Ca)

1547.89t(Mg)

1564.11mb

1255.30t,mb,dm

1266.44t(Ca),mb(Ca)

1276.97t(Mg),mb(Mg)

1292.13t,mb,dm

1314.88t,mb,dm

264.68 1030.66t,mb

1032.78t,mb

1079.42dm

t � vibration of terminal nitrate ligands.
mb � vibration of monodentate-bidentate bridging nitrate ligands.
dm � vibration of double monodentate binding bridging nitrate ligand.
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observed. As in the spectrum calculated for the Mg2
mono-bridging isomer, the Ca2 mono-bridging isomer
displays two well-resolved �3b peaks at 1267 cm

–1 and
1341 cm–1. Considering �3f, we see another broadened
peak centered at about 1516 cm–1, with a prominent
shoulder on the low-frequency side. The two �3f bands
calculated for the mono-bridging isomer would pro-
duce such a shoulder, although somewhat better reso-
lution would be expected given the experimental peak
widths, and this is not observed. Three significant �3f
components are calculated for the tri-bridging isomer,
which when convoluted show a �3f profile with a
high-frequency shoulder, not in accord with the IRMPD
spectrum. In this instance a spectrum synthesized from
a 60:40 weighted summation of the mono-bridging and
tri-bridging isomers provides better qualitative agree-
ment with the experimental spectrum. Correctly ori-
ented shoulders are generated on both the �3b and �3f
bands. Thus, for [Ca2(NO3)5]

– the correlation between
the experimental IR spectrum and the theoretical spec-
trum generated by weighted summation strongly sug-
gests that a mixture of isomers is present.
The IRMPD spectrum of [Sr2(NO3)5]

– (Figure 4a)
again shows three prominent peaks due to the symmet-
ric �1 and antisymmetric �3b and �3f nitrate stretching
modes. The �1 mode measured at �1020 cm–1 is reason-
ably reproduced in the spectra calculated for both the
mono-bridging and tri-bridging structures, however,
the latter also is predicted to possess a lower intensity �1
peak about 40 cm–1 higher that is not seen experimen-
tally. The �3b region of the IRMPD consists of a broad-
ened profile, indicative of multiple unresolved compo-
nents, centered at �1280 cm–1, with a second maximum
at �1335 cm–1. The calculated spectrum for the mono-
bridging isomer has two peaks in the �3b region that
provide a qualitative fit, although better resolution
might have been expected. The calculated spectrum for
the tri-bridging structure also shows two (nearly) re-
solved �3b peaks, but their relative intensities are
counter to those observed experimentally. Considering
the �3f region, agreement between experiment and
calculated spectra appears better for the mono-bridging
isomer: the three �3f components calculated produce a
profile with a shoulder to lower frequencies in accord
with the IRMPD spectrum, although again somewhat
better resolution might have been expected. The tri-
bridging isomer has three unresolved bands matching
with the main band observed, but the shoulder to lower
frequencies is not reproduced. A weighted 60:40 sum-
mation of the spectra of the mono-bridging and tri-
bridging structures provides better qualitative agree-
ment with the IRMPD profiles measured for both the
�3b and �3f regions (Figure 4d) and provides a reason-
able explanation for the broadened profiles. The mono-
bridging structure is calculated to be �6 kcal/mol
higher than the tri-bridging structure, which again
indicates potential inaccuracy of the energies for the
species calculated by DFT, and the need for improve-
ment in this area.

IRMPD of [MgCa(NO3)5]�

Figure 5 shows the IRMPD spectrum of the mixed-
metal [MgCa(NO3)5]

� complex as well as calculated
spectra for the mono- and tri-bridging isomers. IR
induced dissociation of [MgCa(NO3)5]

� leads to the
formation of both [Mg(NO3)3]

� and [Ca(NO3)3]
–, see

Scheme 1. The trinitrato-calcium anion is generated in a
�2:1 ratio to the trinitrato-magnesium anion. At first
glance, this result appears counterintuitive, since the
��3 values indicate a stronger interaction between ni-
trate and magnesium than between nitrate and calcium.
This supposition is supported by an analysis of the
metal–oxygen bond lengths (Tables 1 and 2 for the
mono-bridging and tri-bridging structures, respec-
tively), which show that the Mg–O distances are shorter
than the corresponding Ca–O distances. However, rel-
ative energies for the ionic and neutral products for
each reaction shown in Scheme 1 were calculated at the
B3LYP/6-311�G(3df) level of theory, and formation of
the trinitrato-calcium anion was found to be favored by
1.124 kcal/mol. Previous work by our group indicates
that the magnesium complex adopts a conformation in
which the nitrate ligands are significantly tilted to
alleviate the ligand-ligand repulsive interactions [17].
Thus, it is expected that minimizing the number of
nitrate ligands on the Mg cation serves to minimize
these repulsive forces, and hence the formation of the
neutral [Mg(NO3)2] and the anionic [Ca(NO3)3]

– is
favored.
The �1 band of [MgCa(NO3)5]

� (Figure 5a) is cen-
tered at 1009 cm�1, in reasonable agreement with values
calculated for the tri-bridging and mono-bridging com-
plexes. The tri-bridging complex is predicted to have an
additional �1 stretch at about 1080 cm

�1 that was not
observed experimentally. However, the lower signal to
noise ratio for the mixed-metal complex may have
prevented observation of this second, relatively weak
absorption. The �3b region of the IRMPD spectrum is a
broadened, flat-topped peak that can be considered to
be derived from closely-spaced, unresolved peaks cen-
tered between �1265 and �1300 cm–1. The calculated
spectrum for the tri-bridging isomer clearly mimics this
band shape better than that for the mono-bridging one.
The mono-bridging isomer has three salient frequency
components, two of which are calculated within the
range defined by the IRMPD �3b profile, but one at
�1350 cm�1, which is not observed experimentally.
Agreement between experiment and theory for the �3f
region, where a broadened peak centered at �1524

Scheme 1. Dissociation pathway of mixed magnesium/calcium
nitrate cluster anion.
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cm�1 with a second maximum at about 1549 cm�1 is
observed, is also better for the tri-bridging isomer than
for the mono-bridging version. The experimental ��3
value is about 243 cm�1, smaller than the value for the
magnesium dimer but larger than that for the calcium
dimer.

Conclusions

Group II nitrate clusters of the formula [M2(NO3)5]
� (M�

Mg2, MgCa, Ca2, or Sr2) were studied using IRMPD
spectroscopy by measuring the yield of [M(NO3)3]

– as a
function of wavelength. The IRMPD spectra of all four
complexes display prominent absorption bands corre-
sponding to �1 and split �3 vibrations, the latter being
designated as lower frequency �3b (representing the
antisymmetric stretch of the O-N-O moiety bound to
the metal) and the higher frequency �3f (representing
the antisymmetric stretch of the non-metal bonding, or
free nitrosyl moiety). The magnitude of the splitting,
��3, indicates that the strength of the interaction
between the metal and ligand decreases according
to [Mg2(NO3)5]

– � [MgCa(NO3)5]
– � [Ca2(NO3)5]

– �
[Sr2(NO3)5]

–. The band frequencies vary depending on
the metal, indicating that values reflect changes in
structure or strength of binding.
DFT calculations were performed to elucidate struc-

tural implications, and two stable structures were calcu-
lated for all four complexes: a mono-bridging structure in
which the two metals are bound by a single nitrate, with
four non-bridging (or terminal nitrates), and a tri-bridging
structure, in which the two metals are bound by three
nitrates, with two non-bridging nitrate ligands.
In the case of the Mg2 and MgCa clusters, the spectral

profiles calculated for the tri-bridging and mono-bridging
structures are in poor agreement with the experimental
IRMPD spectrum. The creation of a weighted summation
of the two structures provides some evidence for existence
of a mixture of species, and of an alternative nitrate ligand
that is more symmetrical than the terminal nitrates, but
not as symmetrical as the db-nitrate modeled in the
mono-bridging structure. We have however not been able
to locate stable structures of this sort on the potential
energy surface.
The IRMPD spectra of the Ca2 and Sr2 complexes are

in good agreement with spectra synthesized from a
60:40 weighted summation of spectra calculated for
the mono-bridging and tri-bridging structures, respec-
tively. The summed spectra reproduce frequency and
qualitative profiles of all three spectroscopic features.
This suggests that the ion population of these com-
plexes consists of a mixture of at least two structures,
which may also explain the more broadened, unre-
solved appearance of the IRMPD spectra. The MgCa
complex clearly favors a tri-bridging structure over a
mono-bridging one, in agreement with the calculated
energetics.
The relative energies of the isomers indicate that a

mixture of structures is a reasonable possibility. The

DFT calculations indicate that the tri-bridging struc-
tures are lower in energy than the mono-bridging
structures, but never by more than 5.8 kcal/mol. The
energy difference between the two structures increases
as [Mg2(NO3)5]

– � [MgCa(NO3)5]
– � [Ca2(NO3)5]

– �
[Sr2(NO3)5]

–. In the Ca2 and Sr2 complexes, the summed
DFT spectra suggest that the higher energy mono-
bridging complex may be more abundant than the
tri-bridging complex.
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