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ABSTRACT: We present infrared spectra and density
functional theory calculations of mass selected [Sn(CO2)n]

−

cluster anions (n = 2−6). The spectra and structures of these
clusters exhibit less structural diversity than those of analogous
clusters with first-row transition metals, but are more complex
than those for the heavy coinage metals or for the related
[Bi(CO2)n]

− clusters. The most favorable core ion structure
for all cluster sizes can be characterized as a Sn-oxalate
complex, Sn[C2O4]

−. Higher energy isomers based on a
bidentate η2-(C,O) CO2 ligand tightly bound to the metal
atom in SnCO2

− complexes are also observed, even for the
largest cluster sizes studied here. For n = 2, another high
energy isomer is found, featuring a CO2 ligand weakly bound
to the metal atom in a SnCO2

− ion.

■ INTRODUCTION

The heterogeneous catalysis of CO2 reduction on metal
surfaces has been a topic of intense research over the past
decades.1 Increased attention has been given to alternatives to
the often employed noble and platinum group metals, as part of
an effort to achieve reduction using less expensive and more
abundant metals. Devices based on such metals, should they
prove to be as efficient as traditional catalyst materials (or even
better), would represent an industrially viable route toward a
carbon neutral fuel cycle. Initial studies of electroreduction of
CO2 over post-transition metals (Bi, Sn, Pb) by Hori and co-
workers in a low concentration solution of bicarbonate showed
a preference for formic acid formation over the normally
desired carbon monoxide products.2,3 Additional studies
investigating the reaction of CO2 with Sn nanoparticles suggest
the generation of formate to be the dominant product under
bicarbonate.4,5

In contrast, recent work by Rosenthal and co-workers, using
electrochemically roughened post-transition metal surfaces in
concert with ionic liquid solvents, has yielded several devices
with Faradaic efficiencies toward CO formation that rival more
expensive, traditional electrode materials (Ag, Au).6−8

While electrochemical experiments are useful in identifying
viable catalyst materials and product distributions of CO2
reduction under different conditions, the fundamental inter-
actions of the CO2 species with electrode surfaces are not well
understood. Experiments by Kanan and co-workers have shown
that electrochemically roughened, nanoparticulate electrode
surfaces exhibit higher Faradaic efficiencies than atomically flat
surfaces.4,9,10

The details of molecular interactions with catalysts are
difficult to study in situ (and even more difficult in operando)

because of the complexity of a condensed phase environment.
Negatively charged clusters of metal atoms with CO2 can be
used as well defined model systems to study the interaction of
CO2 with a metal atom in the presence of an excess electron,
without suffering from such complexity. The geometry,
vibrational frequencies, and charge distributions of these
metal−CO2 complexes provide fundamental insight into the
interaction of CO2 with an undercoordinated, charged corner
site on a nanoparticle or electrode surface. In this work, we
present infrared photodissociation spectra of [Sn(CO2)n]

− (n =
2−6) compared to calculated vibrational frequencies.

■ METHODS
Experiments were performed using a home-built photo-
dissociation spectrometer that has been described in detail
previously.11 Material from a rotating Sn target was vaporized
by the third harmonic of a pulsed Nd:YAG laser (355 nm; 40
mJ/pulse; 5−7 ns pulse duration). The resulting metal vapor
was then entrained into a pulsed supersonic expansion of CO2
(550 kPa) generated with an Even−Lavie valve. The resulting
anions were accelerated to ca. 3.5 keV kinetic energy in a
custom Wiley−McLaren time-of-flight mass spectrometer.
Mass selection of the target species of composition
[Sn(CO2)n]

− was achieved using a pulsed mass gate located
in the first space focus of the instrument. Mass selected ions
were irradiated in a multipass cell12 with the output of an
infrared optical parametric converter system. Absorption of an
infrared photon of sufficient energy by [Sn(CO2)n]

− clusters
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resulted in the evaporation of a weakly bound CO2 molecule
from the cluster. The resulting change in ion mass was
measured using a reflectron in a secondary mass analysis step.
Photodissociation action spectra were generated by monitoring
the formation of fragment ions as a function of photon energy,
corrected for photon fluence. The experiment operates in the
single-photon regime, as our pulse energies are insufficient for
multiphoton processes to occur. Several spectra for each cluster
size were measured on different days to ensure reproducibility
and increase the signal-to-noise ratio. The experiment was
operated at 20 Hz repetition rate.
The experimental spectra are presented in separate regions,

corresponding to two different crystal settings of the light
source. Since there are no spectroscopic features connecting the
two regions, we cannot give exact relative intensities for the two
different spectral regions. Instead, each spectrum is individually
normalized to the highest intensity spectral feature and each
region is normalized separately.
Quantum chemical calculations were performed using the

TURBOMOLE suite of programs.13 Cluster structures were
optimized using density functional theory14 (B3LYP func-
tional)15 with dispersion correction,16 and def2-TZVPP17 basis
sets were used for all atoms. This basis set includes an ECP-28
effective core potential for the Sn atom to account for scalar
relativistic effects. This level of theory has been successfully
used in past work on metal−CO2 anionic clusters.18−26

Harmonic vibrational analysis was performed using the
AOFORCE program,27 and atomic charges were calculated
employing natural population analysis.28 Harmonic frequencies
were scaled to account for anharmonicity, using a value of 0.975
based on a comparison of experimental and calculated
frequencies for neutral CO2. A scaling factor of 0.9380 based
on previous work29 was used for the asymmetric stretching
motion of carboxylate type ligands. Simulated spectra were
generated by convoluting calculated frequencies and intensities
with a Gaussian whose width corresponds to typically observed
experimental peak widths (12 cm−1 full width at half-
maximum). The [Sn(CO2)2]

− potential energy curve along
the Sn−C stretching coordinate was generated using the same
functional, and zero point energy contributions for this curve
were included for all modes except for the Sn−C stretching
mode.

■ RESULTS AND DISCUSSION
Overview. Experimental spectra for [Sn(CO2)n]

− (n = 2−
6) are shown in Figure 1. Typically, vibrational modes that
occur in the region from 1000 to 2150 cm−1 are mostly
localized on the negatively charged core ion, while transitions in
the higher energy region are assigned to the antisymmetric
stretching modes of CO2 molecules acting as solvent species.30

The signatures in the solvent stretching region shift to the blue
with increasing cluster size (ca. 3 cm−1 per additional CO2
unit). This has been observed previously in other metal CO2
anionic cluster systems and can be explained with a diminishing
influence of the molecular anion on each individual solvent
species as the number of solvent molecules increases.18−26

Vibrational motions of the core ion can be characterized as
asymmetric and symmetric stretching motions of carbon
dioxide ligands bound to the metal atom. These ligands are
often strongly reduced, which results in an average of the red
shift of the symmetric and antisymmetric stretching frequencies
compared to neutral CO2. Such shifts can be associated with
the population of an antibonding orbital in the CO2 unit, which

results in an increase in the CO bond distance, diminishing CO
bond strength, and a substantial deviation of the OCO bond
angle from 180°.31,32

We note that there is an abrupt change in the lower energy
region of the spectra from n = 2 to n = 3 where an intense
feature at 1850 cm−1 (observed for n = 2) disappears, and two
new spectral features emerge (for n ≥ 3) around 1680 and 1720
cm−1. This suggests a change of the core ion structure that is
the main contributor to the spectrum, and possibly its size. For
clusters beyond n = 3, there are only small changes in peak
positions, and no further evolution of the spectroscopic pattern
but the relative intensities of some of the features change.
As stated above, the experimental spectra are collected as

vibrational predissociation action spectra by monitoring the
photon-induced generation of fragment ions as a function of
photon energy. The detection efficiency in photodissociation
spectroscopy generally depends on the magnitude of the
binding energy of the most weakly bound species in the cluster
compared to the photon energy. If this binding energy is
significantly higher than the energy of a particular vibrational
transition, photon-induced dissociation may still occur, as the
residual energy in the cluster prior to irradiation combined with
the photon energy can still suffice to lead to dissociation. The
total thermal energy content of the clusters can be estimated
assuming that they can be described as an evaporative
ensemble, where the internal energy content of the cluster is
estimated to be on the order of the binding energy of the last
species to evaporate from it in the cluster source.33 If the
binding energy of the solvent species is higher than the incident
photon energy, the probability for dissociation during the
window of observation in the experiment (ca. 20 μs) will be less
than unity. This results in a suppression of the experimentally
observed intensity of any mode whose energy is lower than the
binding energy of the most weakly bound constituent of the
cluster. Our calculations indicate that the solvent binding
energies of Sn-CO2 clusters depend on the core ion geometry
as well as the solvation position, particularly for small clusters,

Figure 1. IR photodissociation spectra of [Sn(CO2)n]
− (n = 2−6).

The numbers between the panels indicate the cluster size n. The traces
in the two spectral regions are individually normalized to the most
intense peak. The red dashed vertical line gives the position of the
antisymmetric stretching mode of free CO2.
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and are typically equivalent to ca. 1500 cm−1. Features below
1500 cm−1 can therefore be expected to be weaker than in the
predicted spectra.
[Sn(CO2)n]

− cluster ions can in principle occur in doublet or
quartet spin states. The calculated energies for [Sn(CO2)n]

−

ions with doublet spin were lower in energy than those for ions
with quartet spin by 100−300 kJ/mol, depending on the core
ion geometry. Also, many structures that are stable in doublet
spin configurations and are clearly identified in the spectra (see
below) dissociate into a Sn anion and CO2 solvent species
when calculated as a quartet species. The interaction between
the Sn atom and the CO2 ligands is likely strong enough to
break the symmetry of the 5p orbitals on the metal. This allows
the doublet states to become more stable than the quartet
states, even though the bare Sn anion has a quartet
configuration. This finding is reminiscent of work on Snn

−

cluster anions. While atomic Sn− has a quartet ground state,34

the dimer Sn2
− has a doublet ground state,35 as do the larger

clusters.36 We note, however, that the infrared spectra do not
allow us to unambiguously determine the spin state of the
species studied here.
[Sn(CO2)2]

−. The experimental spectrum of [Sn(CO2)2]
−

shows a high intensity feature at 1850 cm−1. An additional
strong transition is found at 1640 cm−1. There is also a lower
intensity feature at 1269 cm−1 and a very weak signature at
1178 cm−1. In addition to the features in the core ion region,
there is a peak at 2333 cm−1, which indicates that some of the
clusters in the ion beam must be composed of a SnCO2

− core
ion and one solvent molecule.
The experimental spectrum of [Sn(CO2)2]

− is presented
along with several calculated structures in Figure 2, and the
relative energies of these isomers (and others) are collected in
Figure 3. The lowest energy isomer (A) at this cluster size has
the two CO2 units forming an oxalato ligand, where the Sn
atom is found bridging the two COO− groups of the ligand,
forming an overall planar structure. The next higher energy
isomer (B) consists of a nonplanar oxalato ligand, binding to

the Sn atom with both O atoms of one of its COO− groups.
Oxalato ligands are very common in metal−CO2 cluster anions,
and often form the lowest energy isomers in such
systems.20,21,24−26

Since our detection scheme relies on the presence of weakly
bound cluster constituents, with dissociation energies of the
order of the photon energy, we can safely exclude core ion
isomers A and B as sources of the observed spectrum for n = 2,
since their binding energies are much higher than the photon
energies (of the order of 100 kJ/mol and higher). While we
assume that these low energy isomers are in fact present in the
beam, they are unobservable by single photon infrared
photodissociation spectroscopy, and we will discuss them for
larger cluster sizes (see below). We restrict our discussion of
the spectrum for n = 2 to those species that can dissociate upon
absorption of a single photon in this spectral region. Core ions
C and D fulfill this condition, although they are relatively high
in energy. Freezing out higher energy isomers during cluster
formation has been observed in many other metal−CO2 cluster
systems.20,21,24,25 The assignments made in the following
discussion are summarized in Table 1.
Both core ions C and D exhibit a CO2 ligand bound to the

metal through its carbon and one oxygen atom. This η2-(C,O)
binding motif has been found previously in several other
metal−CO2 cluster anions and is one of the most common
metal−CO2 ligand binding motifs.

19−21,24,25 On the basis of the
calculated vibrational frequencies, we assign the transition at
1640 cm−1 to the asymmetric stretching frequency of such a
bidentate CO2 ligand. The symmetric stretching mode of this

Figure 2. Calculated vibrational spectra of relevant structures of
[Sn(CO2)2]

− (lower traces) compared to the experimental spectrum
(upper trace). The nomenclature of the structures is explained in
Figure 3. We estimate that the band at 2333 cm−1 is a factor of 6−10
weaker than the band at 1850 cm−1 (see text).

Figure 3. Minimum energy structures for [Sn(CO2)2]
−. Capital letters

denote the core ion structure, and numbers and lower case letters in
parentheses denote the number and position conformer of solvent
species. No other minimum energy structures containing a solvent
CO2 molecule were found at this cluster size regarding core ions or
solvent isomers. Sn atoms are shown in gray, C atoms in black, and O
atoms in red.
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ligand is predicted to appear around 1100 cm−1 and is likely the
cause of the very weak feature observed at 1178 cm−1.
The comparison of experimental and calculated spectra

suggests that the main contribution to the observed spectrum
comes from core ion structure D, which does not allow for the
presence of a solvent molecule at this cluster size. This is
consistent with the low signal-to-noise ratio of the feature in the
solvent region, indicating that only a very small fraction of the
ions contributing to the spectrum contains a solvent molecule.
While we cannot directly compare relative intensities for the
two different spectral regions (see the Methods section), we
estimate that the band at 2333 cm−1 is a factor of 6−10 weaker
than the band at 1850 cm−1. As a result, we cannot observe the
features belonging to core ion structure C in the core ion
region.
Core ion isomer D features an η2-(C,O) ligand as well as a

second ligand that is bound through the carbon atom of the
CO2 species. This η

1-C metalloformate binding motif has been
observed previously in other gas phase metal CO2 cluster
anions.22,23,26 The calculated bond dissociation energy of the
η1-C ligand predicts the Sn−C bond strength to be around
1500 cm−1, suggesting that it can be broken by the absorption
of a single photon in the experimentally relevant spectral
region. As explained above, the features at lower frequencies
will be suppressed and appear only because dissociation is
assisted by the thermal energy content imparted on the ion in
the ion source.
In the η1-C binding motif, the electrophilic carbon atom of

the CO2 molecule interacts with a partially negatively charged
metal atom, in this case the Sn atom. Electrophilic attack at the
metal atom results in a donation of charge from the η2-(C,O)
complex into the carboxylate group. Charge donation into this
second CO2 ligand results in a red shift of the asymmetric CO
stretching frequency of that ligand. On the basis of the
calculated spectra, it is straightforward to assign the high
intensity transition at 1850 cm−1 to the antisymmetric CO
stretching mode of the carboxylate ligand. The symmetric
stretching mode of the carboxylate ligand is calculated to be at
1194 cm−1, and can be assigned to the experimental feature at
1269 cm−1. The asymmetric stretching motion of the η2-(C,O)
ligand can be assigned to the experimental transition at 1640
cm−1.
As mentioned above, the presence of a solvent signature

implies the presence of clusters containing a SnCO2
− core ion

and a solvent molecule. Structures C(1a) and C(1b) feature a
single, strongly bound η2-(C,O) ligand and a solvent molecule.
Core ion C may contribute to the spectroscopic feature at 1640
cm−1. However, core ions C and D are predicted to have
signatures that differ by ca. 25 cm−1 in this region. Since the
relative abundance of core ion C is likely to be small compared
to that of core ion D, and the observed peak at 1640 cm−1 is

narrower than the predicted difference of the two signatures
(the full width at half-maximum is 14 cm−1), we assign this
feature to core ion D. The only clear proof of the existence of
core ion C is the feature in the solvent region at 2333 cm−1.
Interestingly, isomers C(1b) and D(0) are structurally very

similar, and represent two minima on a potential energy
surface, describing physisorbed and chemisorbed CO2 on a
SnCO2

− core ion, respectively (see Figure 4). Transformation

of C(1b) into D(0) occurs by the formation of a Sn−C bond.
The highest occupied molecular orbital (HOMO) provides
insight into the interaction between the Sn atom and CO2
ligand. A comparison of the HOMOs of structures C(1b) and
D(0) along with the transition state is shown in Figure 5. In the

case of structure D(0), one of the p-orbitals of the Sn atom is
mixing with one of the π orbitals of the carboxylic CO2 ligand.
Calculated atomic charges suggest that this bond results in a
transfer of −0.41 e of charge onto the η1-C ligand. Most of this
charge is transferred out of the Sn atom, which is neutral in
structure C(1b) but has a charge of +0.35 e in structure D(0).
We note that along this potential energy surface there are no
rapid changes in either the C−O bond distances or the OCO
bond angle of the carboxylate ligand, suggesting a gradual
change in the character of the second CO2 molecule from
solvent to ligand. This is reflected in a gradual elongation of the

Table 1. Assignments for the Spectrum at n = 2

observed
(cm−1)

mainly contributing core ion and vibrational
mode

predicted
(cm−1)

1178 D, symmetric CO stretch of η2-(C,O)
ligand

1092

1269 D, symmetric carboxylate CO stretch 1196
1640 D, asymmetric CO stretch of η2-(C,O)

ligand
1698

1850 D, antisymmetric carboxylate CO stretch 1898
2333 C, antisymmetric CO stretch of solvent 2326a

aAverage value of isomers C(1a) and C(1b).

Figure 4. Calculated potential energy surface of structure D(0) along
the Sn−C bond distance coordinate; all other coordinates were
allowed to relax. Energies are corrected for zero point energy along all
modes except for the Sn−C stretching mode.

Figure 5. HOMO contours of several structures along the Sn−C bond
length potential energy surface connecting structures C(1b), left, and
D(0), right. Isosurfaces shown are at 70% of the maximum orbital
amplitude.
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Sn p-orbital, eventually forming a weak σ-bond with the CO2
ligand. The existence of both a chemisorbed and a physisorbed
isomer, their potential energy minima separated only by a
difference in the metal−carbon distance, has been found in
gold−CO2 complex anions, even though the experimental
record has been ambiguous for these species.29,37,38

The present case shows experimental evidence for both types
of complexes, where the binding partner for the chemisorbed/
physisorbed CO2 unit is a [SnCO2]

− complex. While the
calculated potential energy surface seems to show a route for
direct interconversion between a chemisorbed and a
physisorbed CO2 molecule, we note that the surface shown
in Figure 4 is questionable regarding the barrier height, and
even regarding the existence of a local minimum corresponding
to the physisorbed structure C(1b). The calculated barrier to
Sn−C bond formation starting from isomer C(1b) is only
around 0.6 kJ/mol. This suggest that the cluster is very floppy,
with rapid interconversion between structure D(0) and
structure C(1b). However, the calculated spectrum for the
(static) structure D(0) fits very well to the experimental
signatures. One would expect broad intermediate spectroscopic
features if rapid interconversion between the two structures
were to occur, but these are not reflected in the experimental
spectrum. We therefore assume that either the barrier height is
underestimated by our calculations or the physisorbed structure
C(1b) does not exist. In the latter case, the solvent signature at
2333 cm−1 would be caused solely by isomer C(1a).
In comparison to other metalloformate species, the

[Sn(CO2)2]
− system is unique due to the low bond dissociation

energy of the Sn−C bond. While similar experiments29 on
AuCO2

− (calculated bond dissociation energy ca. 33 kJ/mol)
needed two infrared photons for dissociation, the calculated
dissociation energy in the present work (ca. 18 kJ/mol) and the
much better signal-to-noise ratio compared to ref 29 strongly
suggest that dissociation of [Sn(CO2)2]

−, while it may be
thermally assisted, occurs upon absorption of a single infrared
photon.
As mentioned above, it is important to note that the infrared

spectrum for n = 2 likely does not encode the dominant core
ion geometry at this cluster size, since the lowest energy
structures cannot dissociate upon absorption of a single infrared
photon. However, the spectrum allows insight into the
structural behavior of higher energy isomers, which are of
fundamental interest in the context of other metal−CO2
complexes and their chemical bonding.
[Sn(CO2)3]

−. Increasing the cluster size by an additional CO2
molecule results in a number of changes in the IR
photodissociation spectrum compared to [Sn(CO2)2]

−. The
experimental spectrum contains three strong features in the
spectral region characteristic for the core ion signatures, with
peaks at 1625, 1678, and 1721 cm−1 as well as two lower
intensity features at 1299 and 1323 cm−1. The most
pronounced changes from n = 2 to n = 3 are the disappearance
of the large spectral feature found at 1850 cm−1 in the spectrum
for n = 2, the change of the spectral signatures around 1700
cm−1, and the increase in the intensity of the solvent signature,
reflected in its strongly increased signal-to-noise ratio. The
increase of the intensity of the solvent feature indicates that,
unlike in [Sn(CO2)2]

−, a significant part of the cluster ions have
at least one solvent CO2 molecule. Calculated structures are
provided in Figure 6, and a comparison of predicted spectra
with the experimental spectrum is shown in Figure 7. Table 2
summarizes the assignments as discussed below.

Figure 6. Calculated structures of [Sn(CO2)3]
− clusters. Structures are

calculated in the doublet spin state, and all energies are relative to the
lowest energy calculated structure at this size.

Figure 7. Calculated vibrational spectra of several conformers of
[Sn(CO2)3]

− (red) compared to the experimental spectrum (black). A
section of the experimental spectrum is enhanced to highlight low
intensity features.
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The absence of any high intensity features in the region from
1800 to 1900 cm−1 for n = 3 suggests that core ion geometry D
does not significantly contribute to the photodissociation
spectrum at this cluster size. There are, however, weak
signatures at 1850 and 1945 cm−1, which we assign to the
antisymmetric CO stretching mode of the carboxylate ligand
for different solvent conformers around core ion D, denoted
D(1a) and D(1b) in Figures 6 and 7. The sensitivity of this
feature to solvent position is consistent with this assignment, as
demonstrated for other metalloformate complexes.22,23,26 The
bidentate ligand of core ion D likely contributes to some of the
signatures around 1700 cm−1, but the weak intensity of its
higher energy signatures indicates that it is not one of the main
sources for these intense bands.
Solvation around core ion structure D results in a

destabilization of the weak Sn−C bond, particularly for
solvation around the bidentate CO2 ligand, which polarizes
electron density out of the carboxylate bound ligand. This
destabilization ultimately favors core ion C, and the calculated
energies for the isomers shown in Figure 6 corroborate this
interpretation. Structures C(2a) and C(2b) feature two
different solvation environments around the bidentate CO2
ligand, one where both solvent molecules are on the ligand side
of the complex and another where there is a solvent molecule
on either side of the complex (see Figure 6). The solvation
environment around the bidentate ligand of core ion C affects
the frequency of the asymmetric CO2 stretching mode. We
assign the asymmetric CO stretching mode of structure C(2a)
to the experimental feature at 1625 cm−1. Core ion C(2b) likely
contributes to the peak at 1678 cm−1, although there are likely
contributions to this peak from other core ion isomers, as
discussed below.
The addition of a third CO2 molecule to the cluster allows

for core ion geometries featuring two CO2 ligands to be
solvated, making the signatures of core ion isomers A and B
apparent in the experimental spectrum. For the description of
the vibrations of core ion A, we characterize the normal modes
of the oxalato ligand in terms of coupled metal-bound and free
CO oscillators. The in-phase stretching motion of the free CO
oscillators and the in-phase motion of the metal-bound CO
oscillators each have a high oscillator strength, while the out-of-
phase combinations are much weaker. We assign the transition
at 1721 cm−1 to the in-phase combination of the free CO
oscillators in the planar oxalato ligand of core ion A, while the
out-of-phase combination likely contributes to the peak at 1678
cm−1. The metal-bound CO oscillators are at lower frequencies

due to the weakening of the corresponding CO bonds by
interaction with the metal, and we assign the feature at 1299
cm−1 to the in-phase combination of the metal-bound CO
oscillators of core ion A. The out-of-phase combination is
predicted to carry only very little intensity, and we do not
observe it in the spectrum. Different solvation positions do not
result in strong differences in the vibrational signatures of core
ion A.
Structural family B introduces a different connectivity of the

Sn atom to the oxalato ligand, where the metal only interacts
with a single CO2 subunit. This interaction can be described as
an extension of the η2-(O,O) motif previously identified by
Asmis and co-workers in MgCl−CO2

−,39 where the highly
nucleophilic carbon atom of the carbene species has bonded
with a second CO2 unit, forming a C−C bond, and transferring
electron density from the carbene ligand into the second CO2
unit. Unlike in planar oxalate complexes, where the C−C
torsion angle is locked due to interactions with the metal,
structural family B features a staggered oxalato ligand, due to
the repulsion of the partially negative oxygen atoms.
Different from core ion A, the CO2 subunits in core ion

structure B are no longer equivalent, leading to changes in the
coupling of the CO stretching modes of the two subunits. The
“free” CO2 subunit has a calculated OCO angle of 132° and a
predicted asymmetric CO2 vibrational frequency of 1664 cm−1.
In contrast, the interaction of the metal with the oxygen atoms
results in a calculated OCO bond angle of 116° for the metal
bound CO2 subunit and a strongly red-shifted asymmetric CO2
vibrational frequency predicted at 1385 cm−1. This difference
highlights the significant influence of the metal on the
asymmetric CO2 stretching frequency of the metal bound
CO2 subunit, even though the charges of the two CO2 moieties
are similar. We assign the experimental feature at 1678 cm−1 to
the asymmetric stretching motion of the “free” CO2 subunit of
a nonplanar oxalate ligand. The asymmetric stretching mode of
the metal-bound CO2 subunit is likely too weak to be
observable at this cluster size, but a feature compatible with
the predicted frequency position for this mode appears for
larger clusters (see Figure 1). Unlike the asymmetric stretching
modes, the symmetric stretching modes of the individual CO2
subunits are strongly coupled, resulting in in-phase and out-of-
phase combinations. We assign the out-of-phase combination
of symmetric stretching motions of the individual CO2 subunits
to the peak at 1323 cm−1. The intensity of the in-phase
combination (at 1331 cm−1) is predicted to be too weak to be
observable in the current experiment. Different solvation
positions do not strongly differ in the vibrational signatures
for core ion B.

Larger Cluster Sizes. The size evolution of the
experimental spectra can reveal whether core ion structures
are stable under increased solvation, especially when consider-
ing small core ions. Since no new signatures appear in the
spectrum at larger cluster sizes, we assume that no new core ion
structures are established at increasing levels of solvation. The
main change in the experimental spectrum as cluster size
increases above n = 3 is a loss of intensity in the asymmetric
stretching mode assigned to core ion C. This suggests that
increasing solvation results in isomerization into a different core
ion, likely A or B. Structural family D is no longer significantly
populated in the experiment for n ≥ 3.
The observation of high energy isomers at all cluster sizes

studied here implies that there are significant barriers to
isomerization into the lowest energy core ion isomer (A),

Table 2. Assignments for the Spectrum at n = 3

observed
(cm−1)

mainly contributing core ion and vibrational
mode

predicteda

(cm−1)

1299 A, in-phase combination of metal-bound CO
stretches

1286

1323 B, out-of-phase combination of symmetric
CO2 stretches

1297

1625 C, asymmetric CO stretch, structure C(2a) 1616
1678 B, antisymmetric stretch of free CO2 subunit 1664
1721 A, in-phase combination of free CO stretches 1698
1850 D, antisymmetric carboxylate CO stretch,

structure D(1b)
1855

1945 D, antisymmetric carboxylate CO stretch,
structure D(1a)

1929

aUnless assigned to specific solvent isomers, average values of different
solvent isomers are reported.
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resulting in ions that are kinetically trapped in high energy
structures. This is a common theme in cluster anions of metal
atoms with CO2,

18−21,24,25 and [Sn(CO2)n]
− clusters are no

exception. As an example, exploratory calculations allow us to
estimate the barrier to conversion of core ion isomer B into
core ion isomer A at ca. 70 kJ/mol, allowing this isomer to exist
with significant abundance, despite its high energy.

■ CONCLUSIONS

Infrared photodissociation spectroscopy of [Sn(CO2)n]
−

cluster anions in concert with quantum chemical calculations
reveals information regarding the interaction between CO2 and
atomic Sn in the presence of an excess electron.
The smallest cluster for which an infrared photodissociation

spectrum is observed (n = 2) shows how a CO2 molecule can
undergo bonding to the Sn atom in a SnCO2

− ion, leading to a
weakly bound carboxylate ligand, reminiscent of other metal−
CO2 complexes. The spectrum therefore allows insight into
interesting fundamental aspects of metal−CO2 bonding.
However, the spectrum for n = 2 is unlikely to encode the
structures of the most prevalent core ions.
This changes for n ≥ 3, where the spectrum likely does

reflect the structures of the dominant core ions of the clusters.
These can be characterized as tin−oxalato complexes, where
the oxalato ligand can be coplanar with the tin atom, with the
latter bridging the two CO2 subunits of the ligand. Another
form identifiable in the spectrum for n = 3, and gaining in
importance for larger clusters, is an oxalato ligand bound to the
Sn atom with the two O atoms of one of its CO2 subunits.
Finally, a single η2-(C,O) CO2 ligand is also identifiable at n = 3
but becomes less important as solvation increases. Larger
clusters clearly favor oxalato ligands over other interaction
motifs. For all cluster sizes, high-energy core ion isomers are
observed, reflecting the fact that barriers to isomerization are
sufficiently high for these species to be kinetically trapped.
While nanocrystalline tin and bismuth electrodes show

similar performance for the electrocatalytic reduction of
CO2,

6−8 the interaction of CO2 with atomic tin is somewhat
different than that of other metal atoms in negatively charged
metal−CO2 cluster ions, where the metal is a good electro-
catalyst for CO2 reduction.22,23,26 In particular, small
[Sn(CO2)n]

− cluster anions do not preferentially form
metalloformate complexes, which have been identified in
other cluster anions, and may be the basis for the functional
interactions of electrocatalytically active metals with CO2.
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