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Mg+(CO2)n and Mg+(CO2)nAr ion-molecule complexes are produced by laser vaporization in a pulsed-
nozzle source and studied with mass-selected infrared photodissociation spectroscopy. Photodissociation of
Mg+(CO2)n occurs by elimination of one or more intact CO2 molecules, while Mg+(CO2)nAr species eliminate
argon. Infrared resonance-enhanced photodissociation (IR-REPD) spectra are obtained by measuring the
fragment yield versus energy near the asymmetric stretch vibration of CO2 (2349 cm-1). Structured vibrational
bands are measured that are mostly blue shifted with respect to the vibration in the free molecule. In Mg+-
(CO2)n complexes, higher laser powers are required to achieve photodissociation, and the resonances are
broad. In Mg+(CO2)nAr complexes, fragmentation is more efficient and the bands are sharper. For the smaller
complexes Mg+(CO2)n)1-3, the number of IR bands and their positions are in good agreement with theoretical
predictions. The results provide strong evidence for a linear structure for Mg+-CO2, a bent configuration for
Mg+(CO2)2, and a trigonal pyramidal structure for Mg+(CO2)3. Larger complexes have vibrational bands
near the free-CO2 asymmetric stretch, indicating the presence of CO2 ligands not attached to the metal.

Introduction

Gas-phase metal ion chemistry provides detailed studies of
metal-ligand interactions and metal ion solvation.1-4 Many
studies have focused on the energetics of bonding and on
reaction mechanisms using conventional mass spectrometry
methods.5-10 However, spectroscopic studies to measure ion
structures have been problematic. In recent years, electronic
photodissociation spectroscopy has emerged as an effective
approach to probe the electronic states of small metal ion
complexes and in some cases the structures of these complexes
have been determined.11-23 Theory has investigated metal ion
complexes,24-31 but it has been difficult to compare theory and
experiment directly. Electronic spectroscopy probes excited
states that may be difficult to treat with theory. Ground-state
spectroscopy is possible in principle through infrared photo-
dissociation32 or through ZEKE photoelectron spectroscopy33,34

measurements. These methods have been applied widely to
nonmetal complexes, but less so for metal-containing systems.
Using new OPO infrared lasers, our group has recently begun
an effort into the IR spectroscopy of metal ion complexes.35,36

In the present report, we describe our measurements on
Mg+(CO2)n and Mg+(CO2)nAr complexes.

Among the metal ion complexes studied previously with
electronic spectroscopy, those with the group II metals have
been a major focus because of their simple electronic
structure.13-21 These metal ions have one valence electron
in an ns1(2S) ground state, and there are strongly allowed
(2P r 2S) electronic transitions at low energy. These ions are
relatively unreactive (insertion chemistry is endothermic with
many small molecules), and therefore electrostatic complexes
form efficiently. Because the perturbation on the metal ion is
not large, the strong atomic resonance line is preserved in metal
ion complexes. Although there are shifts and multiplet splittings

due to the details of ligand interactions, the spectra of complexes
are often found close to the energy of the free ion resonance.
Mg+, Ca+, and Sr+ complexes of the form M+-Lx have been
studied with rare gas atoms and many small molecules using
electronic photodissociation spectroscopy.13-21 These studies
yielded electronic state energies, excited state vibrational
frequencies and bond energies for many complexes. Because
magnesium ions have relatively few electrons, theory has
examined the structures of various Mg+Ln complexes and these
results have been compared to experiments.24 In the case of
Mg+(CO2), for example, experimental work in our group has
found a sharp spectrum consistent with a linear Mg+-OCO
complex,16b in agreement with theory,24b and as expected for a
charge-quadrupole binding interaction. A similar spectrum and
a linear structure is found for Ca+(CO2),17 and transition metal
ion complexes with CO2 have also been found to form linear
complexes.12 However, larger Mg+(CO2)n complexes (n>1)
have broad spectra without vibrational structure due to photo-
induced reactions and predissociation.16a,18b These dynamics
have also been seen for many metal ion complexes with multiple
ligands. Consequently, sharp vibrational structure is often
observed in the electronic spectra of monoligand complexes,
but vibrational structure is almost never seen for any larger
systems.37 Infrared spectroscopy studies in the ground electronic
state are not likely to cause photoinduced reactions, and even
if the electronic structure changes because of reactions, IR
measurements should still be possible. Therefore, we are
pursuing IR measurements on many of these same group II metal
ion complexes. We examine Mg+(CO2)n systems first because
of the previous electronic spectroscopy16 and theory24b already
performed on these complexes.

Infrared spectroscopy is a standard method for inorganic or
organometallic complexes in the condensed phase,38 but IR
measurements on metal ion complexes suffer from low sample
density and the required intense IR light sources are not
generally available. However, progress with IR optical para-
metric oscillator (OPO) systems has stimulated a new generation
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of IR measurements on both neutral complexes and ion-
molecule complexes. Lisy and co-workers were the first to direct
this technology to metal systems in their studies on alkali cation
complexes.32 In recent work, our group has combined IR-OPO
lasers with clusters produced by laser vaporization to obtain
the first IR spectra of transition metal complexes in the gas
phase.35 Complexes of the form Fe+(CO2)n and Fe+(CO2)nArm

were studied near the CO2 asymmetric stretch (ν3) region (2349
cm-1 in the isolated CO2 molecule). These studies provided
structures for the small complexes and they provided the first
evidence for the formation of solvation spheres in these systems.
In the present paper, we present the corresponding infrared
photodissociation spectroscopy of Mg+(CO2)n and Mg+(CO2)n-
Ar complexes and compare the results to theoretical calculations
of structures and vibrational frequencies.

Experimental Section

Mg+(CO2)n and Mg+(CO2)nAr clusters are produced by laser
vaporization in a pulsed nozzle cluster source. The third
harmonic (355 nm) of a Spectra Physics Nd:YAG laser (Quanta
Ray INDI 30) is used to vaporize a rotating magnesium rod.
Clusters are formed in a supersonic expansion of pure CO2, or
with a few percent of CO2 seeded in argon, using a General
Valve with a 1 mmnozzle at backing pressure of 40 psig. The
operation of the molecular beam machine and mass spectrometer
has been described previously.18 The ions are skimmed from
the source chamber into the mass spectrometer chamber and
extracted from the molecular beam by pulsed acceleration
voltages. They are then mass selected with pulsed deflection
plates before reaching the reflectron region, where the infrared
laser beam intersects them at the turning point in the reflectron
field to induce their photodissociation. The laser beam is focused
or not, depending on the intensity required and the fragmentation
yield. Both parent and fragment ions drift through a second flight
tube where they are mass analyzed by their time-of-flight. The
output of the electron multiplier tube (EMT) detector is recorded
with a digital oscilloscope (LeCroy Waverunner model LT-342)
and transferred to a PC via an IEEE-488 interface. Infrared
resonance enhanced photodissociation (IR-REPD) spectra are
recorded by monitoring the intensity of fragment ion(s) as a
function of the wavelength.

An IR OPO/OPA laser (Laser Vision) pumped by a Con-
tinuum 9010 Nd:YAG laser is used to photodissociate the
clusters. This system has two 532-nm-pumped KTP crystals in
the grating tuned oscillator section and four KTA crystals in
the amplifier section. The signal output from the oscillator is
combined with residual 1064 nm in the amplifier, and difference
frequency generation here provides the tunable near-IR output
from 2.2 to 4.9µm (4500 to 2050 cm-1). Pulse energies ranging
from 15 to 1 mJ, respectively, and the line width is on the order
of 0.3 cm-1. A typical spectrum is obtained with a 1.2 cm-1

scan step and averaged over 250 laser shots. In so-called “low
power” experiments, the unfocused laser is used, which has a
pulse energy of 1-3 mJ/pulse near 2350 cm-1. In so-called
“high” laser power conditions, this light is focused with a 25
cm focal length lens.

Density functional theory (DFT) quantum chemical computa-
tions were performed on Mg+(CO2)n, wheren ) 0, 1, 2, and 3,
using the GAUSSIAN 94 program package.39 Two gradient-
corrected functionals, denoted B3LYP and BP86, were used to
compute the geometries, energies, and harmonic vibrational
frequencies. Energies were converged to at least 10-6 hartrees
in the self-consistent field procedures, although the absolute
accuracy may be somewhat lower due to numerical integration

procedures. The B3LYP functional is a hybrid Hartree-Fock
and density functional theory (HF/DFT) method using Becke’s
three-parameter exchange functional (B3)40 with the Lee, Yang,
and Parr correlation functional (LYP).41 The BP86 functional
uses Becke’s 1988 exchange functional (B)42 and the 1986
correlational correction of Perdew (P86).43 We employed a
triple-ú basis set with polarization functions, denoted TZP. This
basis was constructed from the Huzinage-Dunning44,45 set of
contracted triple-ú Gaussian functions. Added to this was one
set of five d-type polarization functions for each Mg, C, and O
atom [Rd(Mg) ) 0.200,Rd(C) ) 0.654, andRd(O) ) 1.211].
The final contraction scheme for this basis is Mg(13s9p1d/
6s5p1d) and C,O(11s6p1d/5s3p1d). Geometries were optimized
without any symmetry constraints for each molecular species
with each functional using analytic gradient techniques. Residual
Cartesian gradients were less than 1.5× 10-5 hartree/bohr.
Stationary points found in optimizations were confirmed as
minima by computing the harmonic vibrational frequencies
using analytic second derivatives with each functional.

Results and Discussion

Laser vaporization of a magnesium rod in an expansion of
pure CO2 gas produces a distribution of complexes of the form
Mg+(CO2)n, as described previously.16 Minor amounts of MgO+-
(CO2)n clusters are also seen. The distribution of clusters
typically extends out ton ) 20 or so. A similar distribution is
obtained in mixed argon/CO2 expansions with various concen-
tration ratios, except that additional complexes are seen of the
form Mg+(CO2)nArm, for m ) 1-3.

Carbon dioxide complexes were chosen for these experiments
because of the convenient infrared spectroscopy of CO2. The
three vibrations of this linear triatomic are well-known (ν1,ν2,ν3

) 1333, 667, 2349 cm-1).46 The asymmetric stretch and bend
are IR-active in the free molecule, but all of these modes may
be IR active in metal complexes. However, within the tuning
range of our OPO system, we are only able to probe the region
of the asymmetric stretch vibration or the region of overtones
or combination bands that may occur at higher frequencies.

When these clusters are mass selected and excited near the
CO2 ν3 asymmetric stretch resonance, the pure CO2 clusters
fragment by losing one or more intact CO2 molecules. When
the mixed clusters are excited, they initially eliminate one or
more argon atoms. If the laser power is high enough, argon-
containing clusters may go on to lose CO2 molecules after the
argon is lost. Power dependence studies indicate that these
multiple fragmentation events are sequential processes. At the
lowest laser powers employed, pure CO2 clusters lose only one
molecule and argon-containing clusters lose only one argon
atom. This fragmentation behavior is much the same as that
which we reported for Fe+(CO2)n and Fe+(CO2)nArm clusters.35

The known and calculated bonding energetics for Mg+(CO2)n

clusters in the small size range (n ) 1-3) suggest that
elimination of CO2 should require at least two photons in these
systems. For example, the Mg+(CO2) bond energy has been
determined previously in our laboratory to be 14.7 kcal/mol
(∼5140 cm-1),16 while this has been calculated to be 16.4 kcal/
mol.24b The binding energy of Mg+(CO2)2 (with respect to the
loss of the first ligand) has been calculated at about 11.0 kcal/
mol (3850 cm-1). The measured power dependence for these
small systems indicates that more than one photon is required
to dissociate these systems. The known and calculated bond
energy for Mg+-Ar indicates that elimination of argon is a one
photon process. Our group has determined the bond energy to
be 1295 cm-1,20a while it has been calculated at 1041 cm-1.24g
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Photodissociation of the mixed complexes is consistent with a
one-photon process for argon elimination.

As already observed in our previous study of Fe+-(CO2)n

clusters,35 no fragmentation was obtained for the Mg+-CO2

complex, even at the highest laser fluence available. This is
consistent with its known bonding energy, which is greater than
the one-photon IR excitation energy. Multiphoton absorption
and photodissociation could be possible in principle. However,
as we have discussed elsewhere,35 the relatively sparse density
of vibrational states in the small complexes is not favorable for
a multiphoton absorption process. When the first photon is
resonant on a vibrational fundamental, the effects of anharmo-
nicity cause a loss of resonance at the second or higher
vibrational levels for that mode. If there are also no other states
at the two-photon energy from overtones or combinations of
other modes, absorption is difficult except at high laser power
when saturation may broaden the resonances. The low state
density also limits intramolecular vibrational relaxation (IVR),
which is required for the excitation energy to be transferred
from the IR chromophore (the asymmetric stretch) to the Mg+-
OCO metal-stretch dissociation coordinate.35 Thus, it is not too
surprising that dissociation of the small complexes would be
difficult. As expected, the dissociation of larger complexes is
progressively easier, consistent with higher state densities that
facilitate multiphoton absorption and provide more rapid IVR
rates.

The wavelength dependence of the photodissociation process
for Mg+(CO2)n clusters is shown in Figure 1 for the clustersn
) 2-6 in the wavelength region from 2310 to 2450 cm-1. All
of these spectra were recorded at low laser fluence (3 mJ/cm2)
except for the smallest cluster Mg+(CO2)2 for which a 25 cm

lens was used to compensate for the very low fragmentation
yield. Under these experimental conditions, each species
undergoes the loss of one CO2 molecule, and the spectra are
obtained by monitoring the intensity of thisn - 1 fragment
channel versus the wavelength of the infrared laser. Recogniz-
able vibrational bands are obtained for all clusters (except the
n ) 1 species) near the position of the asymmetric stretch in
the free CO2 molecule.

For all clusters, the majority of the structure observed lies to
the blue of the transition for the free CO2 molecule (shown in
Figure 1 as a vertical dotted line). Mg+(CO2)2 has three
overlapping bands centered at 2351, 2368, and 2380( 2 cm-1,
with a bandwidth of 12( 2 cm-1. As shown, the signal is quite
weak for this spectrum. For Mg+(CO2)3 the signal is much
better, and two bands are observed at 2356 and 2382( 2 cm-1.
The first of these is quite broad, with a line width of about 16
cm-1, and the shoulders on both sides could indicate that there
are unresolved or overlapping transitions. The second resonance
is less intense but somewhat narrower (8 cm-1). For the larger
clusters with four, five, and six CO2 molecules, similar spectra
consisting of a set of three bands with approximately the same
width (7 ( 2 cm-1) are obtained. The two most blue shifted
transitions at 2363 and 2385(1 cm-1 for Mg+(CO2)4 are
slightly more blue shifted upon solvation, occurring at 2368
and 2388(1 cm-1 for Mg+(CO2)6. In each of then ) 4, 5,
and 6 spectra, the lower energy band exhibits a splitting that
gets progressively larger. For Mg+(CO2)4, this appears as a
shoulder to the red, which evolves into two distinct features
for Mg+(CO2)6 at 2348 and 2353(1 cm-1. However, the
position of these two transitions does not change to a great
degree with cluster size (within 1 cm-1), but rather the line width
gets smaller making the splitting appear greater. The bandwidth
could be narrower for larger clusters because they dissociate
more easily. The binding energy of CO2 molecules is expected
to decrease as the first solvation shell is completed and fewer
infrared photons are required to dissociate the complex, yielding
a narrower line width.

The width and congestion in these spectra are very similar
to those we have seen previously in the spectra of the
corresponding Fe+(CO2)n complexes.35 The line widths and
structure are believed to arise from a number of factors including
the possible presence of isomeric structures and the role of
power broadening and saturation. The latter is especially likely
for the n ) 2 complex which requires extremely high laser
power to measure any dissociation. In previous work on halide
anion-molecular clusters,47 the broadening in similar IR photo-
dissociation spectra was attributed to warm clusters that were
fluxional in structure. As a result of this, the IR spectra were
broadened because absorption from different structural con-
figurations contributed to the spectrum. However, although we
cannot exclude this completely, we do not believe this explana-
tion is appropriate for the clusters under study here. Our laser
vaporization cluster source is quite different from the sources
used to make anion clusters in other labs. The anion sources
use electron impact on clusters that have already undergone
supersonic expansion, and then evaporative cooling takes place
during and immediately after cluster growth. In our source, ion
complexes form in the laser vaporization plasma and then
undergo supersonic expansionafter cluster growth. We have
measured the temperature of mono-ligand clusters via rotation-
ally resolved electronic spectroscopy, and find temperatures in
the 3-20 K region.18,19 Although we cannot guarantee that all
the larger clusters are cooled completely by this expansion, it
is unlikely that the small clusters studied here would have

Figure 1. The infrared photodissociation spectroscopy of Mg+-
(CO2)n)2-6 as a function of the laser wavelength from 2310 to 2450
cm-1.
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temperatures very different from the mono-ligand species that
we have characterized before. Our photodissociation efficiencies
for different clusters also suggest that they are cold. We see
extremely low photodissociation cross sections here for then
) 2 complex and this improves with cluster size. Ifn ) 2 was
warm enough to be fluxional in structure, its photodissociation
should be easier because of that internal energy. As a final note,
these cation clusters are a good deal more strongly bound than
the previously studied anions. The charge in metal cation clusters
is more localized because of the differences in ionization
energies between the metal and CO2, as opposed to anions
clusters where electron affinity differences between cluster
components are not so great. Consequently, the cation complexes
are expected to have more rigid structures, especially in the
small cluster sizes when ligands are attached to the metal. The
simplest picture of our clusters therefore, is that they are
relatively cold internally and have rather rigid structures. The
broad lines seen for species such asn ) 2 are likely caused by
power broadening, since dissociation can only be observed at
high laser power.

As cluster size increases, the number and kind of infrared
oscillators increases. As we have described for Fe+(CO2)n

complexes,35 the absorption intensity to the blue of the free CO2

resonance is understandable if the CO2 ligands bind to the Mg+

in an end-on configuration. Such a configuration is expected
for a charge-quadrupole electrostatic interaction, and it has also
been predicted for these complexes by theory.24b In the case of
the n ) 1 complex, our previous electronic spectroscopy
experiments confirmed that the complex has such an overall
Mg+-O)CdO linear configuration.16 In this structure, the CO2
asymmetric stretch vibration is shifted to higher frequency
because the molecule experiences increased repulsive interaction
on the inside potential wall due to the presence of the metal
ion. Depending on the structure of the complex, one or more
IR active vibrational bands are expected when multiple ligands
bind to the metal ion, and this explains the presence of more
than one blue-shifted band in the larger clusters.

It is also possible to understand the bands that occur near
the position of the free CO2 resonance at 2349 cm-1. Absorption
here is expected if there are CO2 ligands in the cluster that are
not attached directly to the metal. As we have discussed before,35

the asymmetric stretch in pure CO2 clusters (those without
metal) shifts by no more than 1-2 cm-1 from the free monomer
resonance.48-50 Therefore, CO2 molecules in these metal ion
complexes that are bound only to other CO2 molecules (i.e., on
the surface of the cluster) should also have resonances essentially
at the same value as the free CO2 monomer. Then ) 2 spectrum
is broadened as noted above so that it covers the region around
the free molecule frequency and to higher frequency. Then )
3 spectrum begins to be more structured, with a small shoulder
in this region, but by then ) 4-6 clusters there is a clear
multiplet peak here. In the small clusters, this feature is likely
associated with isomeric clusters that have at least one surface-
bound molecule. Although the density of these isomeric
structures is not expected to be great, their photodissociation
yield should be high because of the relatively weak bonding.
The CO2 dimer bond energy is about 500 cm-1,51 and this is
much less than the Mg+-CO2 binding energy near 5000 cm-1.16

Because of these energetic differences, the CO2 ligands in the
small clusters are nearly all expected to be attached to the
metal in their minimum energy structures. However, the larger
clusters (e.g.,n ) 5 and 6) may have one or more external
ligands, and the free-CO2 band does indeed appear more clearly
here.

When such broad spectra are measured in photodissociation
spectroscopy, it is often desirable to enhance the photodisso-
ciation yield and increase the quality of spectra via the so-called
rare gas “tagging” method.47,52,53 We have described our
implementation of this method in our studies of Fe+(CO2)n

clusters.35 To accomplish this here, we make mixed complexes
containing both CO2 and argon bound to Mg+. The binding
energy of Mg+Ar is 1295 cm-1,20,21which is considerably less
than that of Mg+CO2 (5140 cm-1).16 Therefore, IR-excited
clusters containing both argon and CO2 are expected to fragment
by the loss of argon if energy flow (IVR) is efficient throughout
the cluster, and this is what we observe. The efficiency of this
process should be high, since one IR photon near the CO2

asymmetric stretch has almost twice the amount of energy
needed to break the Mg+-Ar bond. Argon also adds low-
frequency vibrational state density to the clusters, which
enhances the rate of IVR and therefore the rate of dissociation.
In previous examples of cluster IR spectroscopy, the action
spectra measured by elimination of such a rare gas tag resemble
those of the untagged clusters in line position, but the line width
is narrower and the efficiency of dissociation is greater.35,47We
therefore have employed this methodology here. Interestingly,
all the Mg+(CO2)nAr clusters do dissociate efficiently by losing
argon, including then ) 1 species that could not be dissociated
before.

Figure 2 shows the effect of argon tagging on the Mg+(CO2)2

spectrum. The upper trace of the figure shows the spectrum
measured without tagging. As indicated in Figure 1, this
spectrum is noisy and broadened because of the extreme laser
conditions required for dissociation. Three broad bands are
apparent. The lower trace shows the dissociation spectrum of
Mg+(CO2)2Ar measured in the argon-loss channel. The lower
energy band seen in the untagged spectrum near the free-CO2

resonance is no longer observed, but sharper bands are measured
at nearly the same positions of the two higher frequency bands.
These sharp features appear at 2368 and 2384 cm-1. The lower
energy band seen only in the untagged spectrum could have
been caused by an isomer with one CO2 molecule bound to the
other rather than to the metal. This species would have a
resonance near the free-CO2 value, and its band intensity might
be artificially enhanced beyond its actual concentration in this
photodissociation spectrum because it is much easier to dis-
sociate. In the tagged spectrum, the overall dissociation yield
is much greater and unfocused laser excitation is enough to
initiate dissociation. Either the other isomer is not formed
efficiently when argon is present because argon somehow
changes the available binding sites, or the dissociation yield of
these isomeric clusters near the free-CO2 wavelength is not high
enough to make the band intensity in this region comparable to
the now more intense spectrum.

It is again useful to compare this result to those obtained
previously for anion-molecular clusters produced from electron
impact cluster sources.47 In those experiments, argon tagging
also produced much simpler vibrational spectra. The mechanism
was suggested to be that the argon containing clusters provided
a colder subset of species in an otherwise warm cluster
distribution, and that these colder complexes had simpler spectra.
While this mechanism is indeed reasonable for the anion
clusters, we do not believe that it is appropriate here. We have
already noted above that our source is different and that clusters
without argon are already cold.18,19 The simplest explanation
for our complexes is that the argon binding energy is low enough
to make one-photon dissociation possible, and this explains the
higher dissociation yield and simpler spectra obtained with argon
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tagging. In both the previous anion systems and the clusters
here one must question if the added argon is indeed an innocent
bystander from the standpoint of cluster structure. This is a
difficult question to answer except to say that spectra do not
usually change in their resonance positions when argon is added.
Future studies could use tagging with even more weakly binding
species such as neon to further test the effects of tagging.

Figure 3 shows the photodissociation spectra of
Mg+(CO2)1-3Ar as a function of the infrared wavelength from
2310 to 2430 cm-1. The fragmentation channel for each cluster
in these spectra is the loss of argon. The dissociation yield is
on the order of 10% at low laser fluence (few mJ/cm2) and
increases to 50% using a 25 cm lens. The higher laser power
conditions are used for the spectra shown here. For all cluster
sizes, strong resonances are found to the blue of theν3 transition
for the isolated CO2 molecule (vertical dotted line). For Mg+-
CO2Ar, only one resonance is observed centered at 2381(1
cm-1 while the Mg+(CO2)2Ar complex has two bands at 2368
and 2384(1 cm-1 as noted above. Mg+(CO2)3Ar also has a
similar two-band spectrum, with resonances at 2364 and 2388
(1 cm-1. The line widths observed for these Mg+(CO2)nAr
spectra are about 5 cm-1, which is similar to the line widths
that we measured previously for Fe+(CO2)nAr complexes.35 The
low internal energy in these complex ions and the weak binding
energy of the argon atom provide high fragmentation yields and
sharp resonances. Under low infrared fluence conditions, the
position and line width of the observed transitions remain
unchanged, but the band at 2388 cm-1 for Mg+(CO2)3Ar is
barely visible. Mg+(CO2)Ar undergoes efficient photofrag-
mentation, even at low laser power, which was not the case for

Fe+(CO2)Ar.35 This is interesting, because the binding energies
of both Fe+ and Mg+ to CO2 and Ar are quite similar (about
5000 cm-1 for CO2 and about 1000 cm-1 for Ar).6,9,16,20,24The
corresponding Mg+(CO2)1-3Ar2 complexes have also been
studied by monitoring the fragment channels associated with
the loss of both one and two argon atoms. These spectra are
identical to those shown in Figure 3. Therefore, the transitions
observed for the argon tagged species are believed to represent
the best measurement possible for the position of bands in the
absorption spectrum of the corresponding Mg+(CO2)n com-
plexes, and these bands can be used to consider the structures
of these clusters.

The qualitative appearance of the spectra for the smaller
clusters (i.e., the number of bands seen) can be used to deduce
their structures. Then ) 1 complex was determined previously
to have a linear structure,16 and theory also predicts this.24 For
such a linear structure, only one IR-active vibrational mode is
expected in the region of the asymmetric stretch, and only one
band is seen here. Therefore, this IR spectrum is completely
consistent with the linear structure found in previous measure-
ments. Then ) 2 complex can have two vibrational modes in
the region of the asymmetric stretch derived from in-phase and
out-of-phase motions of this type on the two ligands. If the
structure is overall linear (i.e., OdCdO-Mg+-OdCdO), then
only the out-of-phase motion is IR-active and only one band is
expected in this region. We found this behavior for the
corresponding Fe+(CO2)2 complex.35 However, if the structure
is bent, then both the in-phase and out-of-phase vibrations are
IR-active in much the same way that the symmetric and
asymmetric O-H stretches in water are both IR-active. Two

Figure 2. The IR photodissociation spectrum measured for Mg+(CO2)2

in the CO2-loss channel compared to the spectrum of Mg+(CO2)2Ar
measured in the Ar-loss channel. As shown, argon tagging eliminates
the signal at lower energy, and the bands at higher energy are much
sharper.

Figure 3. Infrared photodissociation spectroscopy of Mg+-(CO2)n)1-3-
Ar in the asymmetric stretch region of CO2, measured in the Ar-loss
channels. The blue shift for then ) 1 complex compared to the free
CO2 molecule is 32 cm-1. For the larger complexes, two bands are
observed, corresponding to the in-phase and out-of-phase combinations
of the CO2 asymmetric stretches.
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bands are therefore expected in this region, and indeed two
bands are observed. This proves that the Mg+(CO2)2 complex
is bent. Bauschlicher and co-workers actually predicted that the
n)2 complex would be bent based on their theoretical
calculations.24b The rationale for this is the high polarizability
of the valence3selectron of Mg+. When a ligand such as CO2

binds to Mg+, the linear structure results from the charge-
quadrupole interaction, as noted above. However, the negative
end of the CO2 is able to polarize the valence electron of Mg+,
and this results in a lobe of negative charge at a position opposite
the first ligand’s binding site. When a second CO2 arrives, it
apparently avoids this negative charge region and binds more
effectively in a bent configuration. Bauschlicher calculated that
the angle between the two CO2 ligands would be about 88°.24b

Similar considerations can also be applied to then ) 3 complex.
The possible vibrational modes near the asymmetric stretch can
be constructed from in-phase and out-of-phase combinations
of this motion on the three CO2 ligands. If the structure is
trigonal planar, the in-phase combination is not IR-active, but
the degenerate (2+ 1) out-of-phase motion is active, and only
one vibrational band would be expected. However, if the same
kind of valence electron polarization effect causes the structure
to be bent, then both kinds of vibrations would be IR-active
and two bands would be expected here. The observation of two
bands for Mg+(CO2)3 is then consistent with a nonplanar
structure such as a trigonal pyramid.

To investigate these structural issues more quantitatively, DFT
calculations were performed on the Mg+(CO2)1-3 complexes
using both the B3LYP and BP86 functionals. The minimum
energy structures derived from these calculations without any
symmetry constraints in the optimizations are shown in Figure
4, and the energetics of binding in these configurations are
summarized in Table 1. For the 1-1 and 1-2 complexes, the
structures found are nearly the same as those reported by
Bauschlicher and co-workers.24b The 1-3 complex has not been
studied previously. In all three complexes, the CO2 ligand binds
with an oxygen toward the metal, as expected for the charge-
quadrupole electrostatic interaction. In then ) 1 complex, the
Mg+-O bond distance is 2.134 or 2.156 Å for B3LYP or BP86
functionals. Bauschlicher found a slightly shorter value of 2.10
Å.24b In the n ) 2 complex, this bond distance increases to
2.182 or 2.205 Å. As Bauschlicher has discussed previously,24b

the second ligand approaches from the side resulting in aC2V
structure. While Bauschlicher found an O-Mg+-O angle of
88°, we find an angle of 89.0° or 90.2° with the B3LYP or
BP86 functionals, respectively. Closer approach of the ligands
to each other is not favored because their quadrupole moments
repel each other in the aligned parallel configuration. In then
) 2 complex, the Mg+-OCO angle is not linear, but rather is
close to 165° for both functionals. The lowest energyn ) 3
complex also has all three ligands binding on the same side of
the ion (C3V symmetry), due to the same polarization effect
discussed above. The Mg+-O bond distance increases further
to 2.216/2.236 Å, and the Mg+-OCO angle decreases to about
160°, i.e., it is bent more away from the linear configuration.
The metal-ligand bond energy for then ) 1 complex is
(B3LYP) De ) 15.8 andD0 ) 15.4 kcal/mol. These compare
with the previous value calculated by Bauschlicher ofD0 )
16.4 kcal/mol24b and our experimental value ofD0 ) 14.7 kcal/
mol.16 The incremental binding for then ) 2 and 3 complexes
areD0 ) 10.8 and 8.3 kcal/mol, respectively. The second and
third ligands are bound more weakly than the first. A similar
trend was found by Bauschlicher for then ) 1 and 2
complexes.24b

To investigate the possible role of isomeric structures, we
have also explored structures for these small systems that have
inequivalent CO2 ligands. For example we explored a config-
uration for then ) 2 complex with one ligand attached to metal
in the linear configuration and a second CO2 bound in a “T”
configuration. This “T” binding configuration was also explored
for the n ) 1 complex. In both then ) 1 and 2 complexes,
such “T” bonded configurations were found not to be local
minima. A similar configuration was explored forn ) 3, and
in this case theC2V structure with side-bonded CO2 is found to

Figure 4. Optimized DFT geometries of Mg+-(CO2)n)1-3 with
structural parameters for the B3LYP and BP86 functionals. Only one
structural minimum is found for then ) 1 and 2 species, butn ) 3
has bothC3V andC2V isomers.

TABLE 1: Total Electronic Energies of Mg+, CO2,
Mg+(CO2), Mg+(CO2)2, and Mg+(CO2)3 with a TZP Basis
Set

system B3LYPa

De

(kcal/
mol) BP86a

De

(kcal/
mol)

Mg+ -199.80911 -199.80089
(-199.80911) (-199.80089)

CO2 -188.65686 -188.66504
(-188.64517) (-188.65377)

Mg+CO2 -388.49115 15.8 -388.49004 15.1
(-388.47880) (15.4) (-388.47815) (14.7)

Mg+(CO2)2 -577.16616 27.4 -577.17231 25.9
(-577.14122) (26.2) (-577.14849) (25.1)

Mg+(CO2)3 (C3V) -765.83717 36.1 -765.85063 34.3
(-765.79966) (34.5) (-765.81465) (32.9)

Mg+(CO2)3 (C2V) -765.82722 29.8 -765.83761 26.1
(-765.98979) (28.4) (-765.80175) (24.8)

a Energies are in hartrees. Zero-point corrected values are listed in
parentheses.
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be a local minimum lying 6.24 kcal/mol above theC3V structure.
As shown in Figure 4, this structure has two end-on CO2

molecules and the side-bonded ligand is also significantly bent
with oxygen atoms closer to the metal. Depending on the
temperature and the dynamics of cluster growth, it is therefore
conceivable that then ) 3 complex could have either one or
both of these isomeric structures present in the molecular beam.

Table 2 provides the harmonic vibrational frequencies
calculated for these various complexes and the comparison to
our experimental values. The IR oscillator strengths calculated
appear in parentheses. As expected, the B3LYP harmonic
vibrational frequencies overshoot the experimental values. We
therefore have calculated the vibrations of the free CO2 molecule
at the same level of theory and we apply a frequency shift based
on this result to correct the vibrations in the complexes for the
effects of anharmonicity. The “corrected” vibrational predictions
for the asymmetric stretch-related modes also appear in Table

2. With the B3LYP functional, the free CO2 ν3 mode is
calculated at 2410 cm-1, which is 61 cm-1 to the blue of the
actual transition. All the frequencies calculated for the com-
plexes that involve the asymmetric stretch mode have therefore
been reduced by this same amount. The BP86 calculations fall
exactly on the experimental value of the free CO2 asymmetric
stretch, and therefore no correction is applied in this coordinate
for the complexes. The B3LYP corrected vibrational bands are
added to Figure 3 as vertical blue or red bars (see below) with
the approximate relative intensities of the calculated vibrations
indicated.

As shown in Table 2, and illustrated dramatically in Figure
3, the vibrational band positions predicted via the B3LYP shifted
calculations are in remarkable agreement with the experimental
values measured with argon tagging. We measure the asym-
metric stretch in then ) 1 complex at 2381 cm-1 while the
predicted value for this mode is 2382 cm-1. The out-of-phase

TABLE 2: Theoretical Harmonic Vibrational Frequencies in cm-1 of CO2 and Mg+(CO2)n with a TZP Basis Seta

CO2 B3LYP BP86 exptl CO2 B3LYP BP86 exptl

ω1 (Σg) 1373 (0.0) 1317 (0.0) 1333 ω3 (Πu) 675 (35.4) 641 (25.8) 667
ω2 (Σu) 2410 (681.1) 2349 (555.5) 2349 ω4 (Πu) 675 (35.4) 641 (25.8) 667

Mg+CO2 B3LYP BP86 exptl Mg+CO2 B3LYP BP86 exptl

ω1 (A′) 2443 (857.0) 2378 (695.9) ω4 237 (104.1) 230 (103.0)
ω1 (corrected) 2382 2381 ω5 72 (1.9) 68 (2.1)
ω2 1372 (74.2) 1319 (59.3) ω6 (A′′) 648 (39.6) 612 (31.3)
ω3 648 (39.9) 612 (31.3)

Mg+(CO2)2 B3LYP BP86 exptl Mg+(CO2)2 B3LYP BP86 exptl

ω1 (A1) 2446 (455.0) 2378 (695.9) ω9 (B1) 652 (73.0) 614 (57.6)
ω1 (corrected) 2385 2384 ω10 60 (0.4) 48 (0.6)
ω2 1373 (27.5) 1317 (16.5) ω11 (B2) 2428 (1456.4) 2364 (1241.6)
ω3 650 (45.5) 610 (29.0) ω11 (corrected) 2367 2368
ω4 223 (82.70 212 (78.3) ω12 1370 (78.3) 1315 (59.6)
ω5 90 (0.08) 81 (0.05) ω13 647 (26.4) 609 (24.0)
ω6 31 (1.3) 27 (1.2) ω14 202 (82.7) 195 (84.9)
ω7 (A2) 651 (0.0) 613 (0.0) ω15 59 (0.06) 54 (0.03)
ω8 65 (0.0) 56 (0.0)

Mg+(CO2)3 (C3V) B3LYP BP86 exptl Mg+(CO2)3 (C3V) B3LYP BP86 exptl

ω1 2449 (225.4) 2374 (103.4) ω13 37 (1.1) 34 (1.1)
ω1 (corrected) 2388 2388 ω14 26 (0.4) 22 (0.4)
ω2 2425 (1423.8) 2355 (1160.7) ω15 (A′′) 2425 (1412.4) 2356 (1142.2)
ω2 (corrected) 2364 2364 ω15 (corrected) 2364 2364
ω3 1374 (7.4) 1312 (0.9) ω16 1371 (49.9) 1311 (31.1)
ω4 1371 (50.2) 1311 (30.7) ω17 654 (52.2) 564 (41.1)
ω5 653 (49.9) 564 (42.9) ω18 649 (1.4) 560 (0.5)
ω6 649 (60.3) 556 (37.2) ω19 646 (10.4) 555 (14.4)
ω7 647 (14.2) 555 (12.7) ω20 191 (58.8) 189 (60.0)
ω8 223 (70.1) 215 (60.7) ω21 87 (0.01) 77 (0.04)
ω9 194 (59.8) 192 (60.3) ω22 62 (0.5) 56 (0.2)
ω10 99 (0.0) 89 (0.0) ω23 54 (0.0) 43 (0.0)
ω11 87 (0.03) 76 (0.1) ω24 27 (0.4) 24 (0.4)
ω12 63 (0.7) 58 (0.3)

Mg+(CO2)3 (C2V) B3LYP BP86 exptl Mg+(CO2)3 (C2V) B3LYP BP86 exptl

ω1 2470 (373.0) 2402 (296.7) ω12 513 (133.0) 482 (108.2)
ω1 (corrected) 2409 2388 ω13 411 (98.6) 395 (84.2)
ω2 2455 (1441.6) 2389 (1233.2) ω14 350 (7.9) 330 (7.8)
ω2 (corrected) 2394 2364 ω15 323 (66.4) 304 (75.6)
ω3 1585 (565.3) 1562 (482.3) ω16 221 (2.9) 204 (5.4)
ω4 1393 (34.5) 1339 (26.1) ω17 131 (17.9) 118 (16.9)
ω5 1390 (112.2) 1336 (92.6) ω18 108 (1.8) 99 (1.6)
ω6 1335 (1.1) 1262 (12.1) ω19 101 (9.2) 92 (7.7)
ω7 834 (4.5) 792 (0.6) ω20 90 (0.0) 81 (0.0)
ω8 647 (78.0) 610 (49.9) ω21 37 (0.0) 33 (0.0)
ω9 646 (82.4) 609 (62.4) ω22 36 (5.7) 32 (5.0)
ω10 645 (15.9) 608 (12.3) ω23 33 (12.0) 30 (11.0)
ω11 644 (0.0) 608 (0.0) ω24 28 (0.03) 25 (0.0)

a IR intensities are given in parentheses in km/mol.
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(B2) and in-phase (A1) combinations ofν3 in then ) 2 complex
are predicted at 2367 and 2385 cm-1, respectively, while our
experimental values lie at 2368 and 2384 cm-1. In the n ) 3
complex, vibrations are calculated for both theC2V and C3V
isomeric structures. For the lowest energyC3V structure, the in-
phase combination of the asymmetric stretch on the three ligands
is calculated at 2388 cm-1, while the out-of-phase combination
is at 2364 cm-1. These values for the lowest energy isomer are
indicated as blue bars in the figure, and the experiment measures
exactly these values. TheC2V structure is calculated also to have
two allowed vibrational bands in this region, but these are
predicted at 2394 and 2409 cm-1 (indicated as red bars in the
figure). These positions are about 30 and 20 cm-1 respectively
higher in energy than the bands that we observe. Therefore,
our spectral data for then ) 3 complex is consistent with the
C3V isomer that was predicted to be the most stable, and it finds
no evidence for the less stableC2V isomer. Taken as a group,
these results indicate that the argon-tagged spectra do indeed
represent the positions of the absorption bands for the corre-
sponding pure CO2 complexes. Likewise, the agreement
between these measured spectra and theory also suggest that
these complexes have essentially the structures calculated, even
though argon is present in some undefined position in the
experiment. Apparently the CO2 ligands bind to the metal more
strongly (as expected) and the argon atoms do not perturb these
structures significantly enough to change their vibrational
spectra.

It is interesting to compare the band intensities measured in
Figure 3 to the IR absorption strengths calculated (indicated
with blue bars). In then ) 3 complex, for example, the band at
2388 cm-1 is predicted to have an IR oscillator strength of 225
km/mol, while the 2364 cm-1 band is doubly degenerate with
a combined intensity of about 2850 km/mol. In the spectrum
shown, these bands appear with roughly equal intensity.
However, as noted above, there is a much larger difference in
these two band intensities when they are measured at low laser
power (the 2388 band is then barely detectable). Under the
higher power conditions used to obtain the spectra shown in
the figure, the 2364 band is almost certainly saturated, and then
the two bands have similar intensities. A similar effect probably
causes the 2367 and 2385 bands in then ) 2 spectrum to appear
with similar intensity. Although it might be more desirable in
the future to use lower laser powers to get more accurate line
intensities, working in this higher power mode of operation
ensures that we detect all the IR-active bands possible in these
spectra.

The results of these calculations and their striking agreement
with the spectra of the argon-tagged complexes also provide
some insight into the structures of the un-tagged complexes.
As noted above, the spectra shown in Figure 1 all have shoulders
(n ) 2-4 complexes) or actual peaks (n ) 5 and 6 complexes)
occurring at the position of the free CO2 vibration. These
shoulders are clearly not present in the argon tagged spectra,
nor is any absorption predicted here in the calculations for the
lowest energy structures for these complexes. As noted above,
resonances at this position in metal ion-CO2 complexes have
been associated with surface-bound ligands, i.e., those not
attached to the metal ion. The calculations suggest that such
structures do not represent the lowest energy species. They must
then represent other less-stable isomers formed in the cluster
growth, as discussed above. It is quite surprising that such
isomers would be formed because the binding energies for
surface CO2 molecules must be much less than for those attached
to the metal ion. However, in Figure 1, the shoulders in question

have intensities comparable to the other bands. This could be
indicating that these isomers exist in the beam with densities
comparable to the other more stable isomers. However, since
we measure these spectra by photodissociation rather than
absorption, it is not clear that line intensities can be related in
a straightforward way with cluster densities. Saturation could
affect these band intensities in the same way noted above.
Additionally, it could be that these features are artificially
enhanced in the pure CO2 clusters simply because they dissociate
easier. A similar effect has been suggested in our study of
Fe+(CO2)n clusters.35 In the argon-tagged species, no evidence
is found for these resonances near the free CO2 position. This
could mean that the presence of argon somehow blocks the
formation of the minor isomers in the small clusters. On the
other hand, it could also be because the argon tagged clusters
dissociate quite easily and other isomeric clusters present in
low concentration lose their photodissociation advantage and
therefore are no longer noticeable on the scale of these spectra.
It is clear from this discussion and that in our previous work
on Fe+(CO2)n clusters that we need to be especially careful in
interpreting band intensities in these spectra measured with
photodissociation.

In the IR spectrum of free CO2, overtone and combination
bands can be detected under certain conditions. Figure 5 shows
a long scan of Mg+(CO2)3 from 2100 to 3000 cm-1 to
investigate the possibility of such bands in these complexes.
This spectrum has been recorded at high laser fluence. The bands
seen before in Figure 1 at 2356 and 2382 cm-1 are seen again
with higher signal levels, and a new spectroscopic feature
appears at 2407( 2 cm-1, which is 54 cm-1 above the most
intense band at 2356. A higher frequency band just above the
main features has also been seen in the case of Fe+(CO2)3 even
at low infrared power.35 It is believed to be related to a
combination band of the asymmetric stretch together with a low-
frequency bending mode. As shown in Table 2, bending modes
in the range of 50-60 cm-1 are indeed predicted for this

Figure 5. Spectroscopy of Mg+-(CO2)3 from 2100 to 2950 cm-1

measured with a focused IR laser. The spectrum shows the same bands
seen in Figure 1 at 2358 and 2382 cm-1, and there is an additional
weaker band near 2407 cm-1. This latter band could be a combination
between the asymmetric stretch and a low-frequency bend. Other bands
appear to the blue of theν3 transition at 2641 and 2748 cm-1. The
most likely assignments for these are the combination band (ν1 + 2ν2)
and the overtone 2ν1, respectively.
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complex, and so such a combination band makes sense here
also. Other new features are seen as bands at 2641 and 2748
cm-1. These lie 285 and 392 cm-1 to the blue from the main
transition. Table 2 shows that the metal-ligand stretch in this
complex is expected near 190 cm-1, and no other bands are
predicted between this and the CO2 ν2 bending modes at about
640 cm-1. Therefore, it is not likely that these bands come from
any combination of the main transition and a lower frequency
vibration. However, the free CO2 molecule exhibits a strong
Fermi resonance in theν1/2ν2 region, the unperturbed frequen-
cies being 1333 and 1334 cm-1, respectively. The splitting
induced by this perturbation is about 103 cm-1. It is conceivable
that a similar vibrational combination could occur in this
complex. The vibrations in the complex corresponding to the
monomerν1 mode (symmetric stretch) areν3, ν4, andν16, with
frequencies near 1370 cm-1, while the modesν5-7 andν17-19

with frequencies near 650 cm-1 correspond to the monomerν2

(bend). Combinations of two asymmetric stretch versus one
asymmetric stretch plus two bends would lie at about the
position of the higher frequency bands. In-phase versus out-
of-phase overtones of the symmetric stretch on different ligands
might also produce bands here. So indeed, overtone/combination
bands can apparently be observed for then ) 3 complex, but
we were not able to see such bands for other cluster sizes. The
n ) 3 species is optimum for this because the parent ion signal
is large and the photodissociation yield is high.

The structural trends documented for the small clusters here
(n ) 1-3) may also provide insight into the growth of larger
cluster structures. As discussed above, the free-CO2 resonance
in the small clusters probably comes from minor isomers. The
dissociation yields are low and it is difficult to measure these
spectra without argon tagging. However, the larger clusters (n
) 4-6) have much higher dissociation yields and these spectra
have higher signal-to-noise ratios. Although band intensities
must be viewed with care, the free CO2 bands are quite
prominent here, perhaps indicating the presence of substantial
amounts of CO2 not attached to the metal even in these relatively
small cluster sizes. The polarization effect that causes same-
side bonding in the small clusters may be causing the clusters
in the size range of 4-6 to grow preferentially by adding to
the surface of the metal-bound molecules rather than by adding
to the electron rich opposite side of the Mg+. If this pattern of
cluster growth continues, larger species may resemble CO2

clusters with a metal ion imbedded in the surface rather than a
metal ion with solvation layers assembled around it. However,
if metal-CO2 clusters behave in the way proposed for various
metal-water clusters,10,13,31then charge separation (Mg+ f Mg2+

+ e-) may occur within some larger cluster sizes, and then the
polarization effect of the valence electron would be changed or
eliminated and a more solvated interior metal dication may be
formed. At present we are limited by signal levels and
dissociation lifetimes and cannot study the larger clusters.
However, instrument modifications are planned to overcome
these difficulties, and future measurements may be possible on
much larger clusters to address these issues.

Conclusions

Infrared photodissociation spectroscopy is reported for mass-
selected Mg+(CO2)n and Mg+(CO2)nAr clusters in the region
of the CO2 asymmetric stretch vibration. The pure CO2 clusters
dissociate by losing CO2 molecules, while the mixed clusters
lose argon. The dissociation yield for both kinds of clusters has
resonances near the asymmetric stretch vibration in the free CO2

molecule. In the pure CO2 clusters, these resonances are broad

and require high laser powers to be detected. Dissociation yields
are higher in the argon tagged clusters, and the resonances
consist of a few sharp bands for each cluster size. The majority
of the resonant structure occurs to higher frequency than the
asymmetric stretch in the free CO2 molecule, consistent with
end-on binding of the ligand to the metal ion. This configuration
is expected for the charge-quadrupole electrostatic interaction.
Weak shoulders in the small clusters and distinct bands in the
larger clusters are found exactly at the resonance of the free
CO2 molecule. These are associated with isomeric structures
having surface-bound CO2 molecules. Density functional cal-
culations are carried out on the Mg+(CO2)n clusters forn)1-
3. These calculations find structures with the ligands binding
preferentially on the same side of the metal ion. The vibrational
bands predicted for these structures are in excellent agreement
with those measured, confirming the proposed structures. The
occurrence of surface-bound CO2 resonances at small cluster
sizes (n ) 4-7) suggests that additional CO2 clustering may
take place asymmetrically on the same side of the metal ion.
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