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ABSTRACT: We report infrared photodissociation spectra of man-
ganese−CO2 cluster anions, [Mn(CO2)n]

− (n = 2−10) to probe
structural motifs characterizing the interaction between Mn and CO2 in
the presence of an excess electron. We interpret the experimental spectra
through comparison with infrared spectra predicted from density
functional theory calculations. The cluster anions consist of core ions
combining a Mn atom with a variety of ligands, solvated by additional
CO2 molecules. Structural motifs of ligands evolve with increasing cluster
size from simple monodentate and bidentate CO2 ligands to oxalate
ligands and combinations of these structural themes.

■ INTRODUCTION

The interaction of CO2 with metal atoms is an important aspect
in the catalytic conversion of CO2 by metal surfaces, metal
complexes, and metal-containing active centers in proteins. In
this context, manganese complexes are of interest for CO2
reduction and for adsorption in metal−organic frameworks.1−4

In the case of conversion of CO2 to CO at metal electrode
catalysts, the proposed rate-limiting step is the addition of a
single electron to CO2.

5,6 While manganese is not commonly
used in metal electrodes for the purpose of CO2 reduction,
metal organic Mn complexes have been shown to be CO2
reduction catalysts.3,7 In such complexes, the access of CO2 to
the metal atoms is restricted by the rest of the chemical
environment, e.g., ligands in metal organic complexes. It is of
fundamental interest to study the interaction of CO2 with metal
atoms, without limiting access of CO2 molecules to the metal
atom, e.g., by the presence other ligands. This can be achieved
by investigating metal−CO2 interactions in gas phase clusters.
Mass spectrometry, ion−molecule collision studies, and

infrared spectroscopy of mass selected cluster ions have been
particularly powerful tools to obtain information on metal−
CO2 interactions.8−14 Work on transition metal−CO2 cluster
ions has shown that in most cationic metal−CO2 clusters the
metal−CO2 interaction is governed by electrostatic
forces,9,15−19 with few exceptions20 unless the collision energies
are sufficiently high to allow insertion of metal atoms into CO
bonds.21 In contrast, anionic metal−CO2 clusters show
complex and intriguing chemistry with the formation of a
diverse set of CO2-based ligands.8,22−27 In this article, we
present experimental and computational work to determine the
nature of the interaction between CO2 and manganese atoms in
the presence of an excess electron. Using IR photodissociation
spectroscopy, we investigate possible binding motifs of CO2 to

manganese along with the influence of solvation on the charge
distribution of these manganese−CO2 complexes.

■ METHODS

Experimental Section. Our experimental setup has been
described in detail previously.28 Briefly, Mn vapor was
generated by irradiating a rotating Mn disk target with the
third harmonic of a pulsed Nd:YAG laser (355 nm; 40 mJ/
pulse). The vapor was entrained into a pulsed supersonic
expansion of CO2 (stagnation pressure 550 kPa) generated by
an Even−Lavie valve. This resulted in the formation of
[Mn(CO2)n]

− clusters along with (CO2)n
− clusters and other

species (see Supporting Information). The anionic products of
the ion source were injected into a Wiley−McLaren type mass
spectrometer. The ions of interest were mass-selected using a
pulsed mass gate and irradiated in a multipass cell by the output
of a tunable OPO/OPA system in the range of 1000−2150
cm−1 and 2200−2400 cm−1 with a bandwidth of ca. 2 cm−1 and
a pulse duration of 7 ns. The formation of fragment ions due to
the loss of a single CO2 molecule was monitored using a
reflectron as a secondary mass analyzer, and the fragments were
detected using a microchannel plate detector. Action spectra
were generated by monitoring the formation of fragment ions
as a function of photon energy and corrected for photon
fluence. Multiple spectra were recorded on several days and
averaged in order to increase the signal-to-noise ratio and
ensure reproducibility. The experiment was operated at a
repetition rate of 20 Hz.
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Computational. Calculations were performed using the
TURBOMOLE V. 5.9.5 suite of programs in order to explore
structural motifs of [Mn(CO2)n]

− clusters.29 The B3LYP
functional30,31 with dispersion correction32 was employed for
all calculations, and def2-TZVPP33 basis sets were used for all
atoms. Vibrational frequencies were calculated with the
AOFORCE

34 program, and were scaled by 0.9752 for all modes,
except the asymmetric stretching motion of metalloformate
type species. For the latter, a scaling factor of 0.9380 was used
based on calculations by Boese et al. for the corresponding
vibrational motion in [AuCO2]

−.35 Simulated spectra were
generated by representing the scaled calculated transitions with
Gaussians (12 cm−1 full width at half-maximum). Partial
charges were obtained using natural population analysis.36

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

− (n = 2−
10) are shown in Figure 1 and show a pronounced change with

cluster size, particularly between n = 2 and 4. The infrared
transitions are due to CO stretching vibrations of the clusters
and reflect the interaction of the individual CO2 moieties with
the metal as well as the charge distribution in the complex.
Individual CO2 molecules can act either as a solvent of the core
ion or as part of the core ion itself. Previous work on anionic
clusters containing CO2 showed8,22−27 that solvent CO2
molecules are only weakly perturbed, having antisymmetric
stretching frequencies slightly below the neutral gas phase
value37 of 2349 cm−1 due to the vicinity of the core anion.
Transitions in the region 2320−2350 cm−1 are evidence of at
least one CO2 molecule acting as a solvent species.38 We will
address the spectra in this region in more detail in our
discussion of the behavior of the larger clusters.
In contrast to CO2 solvent molecules, CO2 ligands bonded

directly to the metal have substantial partial negative charge, as
seen in studies of CO2 with other d-block metals.23−25,27 From
the point of view of a CO2 functional group, this excess charge
is accommodated in the 6a1 antibonding orbital,39 which
weakens the CO bonds compared to neutral CO2 and results in
a strong red shift of the CO stretching frequencies compared to

neutral CO2. Transitions in the region 1000−2150 cm−1 are
indicative of one or more CO2 ligands being part of the core
anion of the cluster, and the frequency positions depend on the
character of the interaction between the CO2 ligands and the
metal center.8,22−26 The signatures from 1600 to 1750 cm−1 in
the spectra of [Mn(CO2)n]

− clusters become increasingly
complex as the cluster size increases, particularly in the size
region from n = 2 to n = 4. This increase in complexity can be
due to two effects or combinations thereof: (i) the core ion can
be very polarizable, and different solvent conformations can
substantially change the charge distribution of the core ion,
resulting in shifts of corresponding infrared signa-
tures;8,22,23,25,26 (ii) multiple conformers of the core ion itself
can develop with increasing cluster size.23,27

It is important to note that we obtain the photodissociation
spectra of [Mn(CO2)n]

− clusters by monitoring the loss of CO2
molecules upon photon absorption. Therefore, the binding
energy of these CO2 molecules limits the spectral range in this
experiment. A single CO2 molecule solvating one of the
possible core ions in this work has a calculated binding energy
of ca. 1500 cm−1, and this binding energy diminishes by ca. 100
cm−1 with each increasing solvent molecule. Due to the internal
energy in the cluster prior to photon absorption, photon
energies lower than this threshold can still result in dissociation.
However, the photodissociation efficiency at photon energies
below the threshold for loss of a CO2 molecule is no longer
unity, and features at lower energies are suppressed in the
experimental spectra, particularly for the smaller clusters. The
binding energy of a CO2 ligand that is part of the core ion is of
the order of 104 cm−1. This is much larger than the photon
energies accessible in this experiment, and as a result, we
cannot probe the structure of an unsolvated complex anion.
Manganese has the electron configuration 4s23d5. Together

with the excess electron in the complex, this can result in
singlet, triplet, or quintet spin states. All calculated structures
were computed in all three spin states in order to determine
their relative energies and potential differences in geometry and
vibrational spectra. In all cases, the quintet structures were
lowest in energy, followed by the triplet structures, with the
singlet structures being highest in energy, as expected by simple
electron−electron repulsion arguments. At the same time, there
are no significant geometry differences between different spin
states of the same structural family, suggesting that the energy
differences are solely due to the electron configuration, with
little to no geometry changes. As we will discuss in detail for
cluster size n = 3, our experimental spectra provide some
evidence that the spectroscopic features we observe are due to
quintet states. Even if the calculated spectra for some core ions
are not sensitive to spin state, we assume that all core ions are
in quintet states. All structures presented in the remainder of
this article are therefore of quintet multiplicity unless stated
otherwise.

[Mn(CO2)2]
−. As mentioned above, the binding energy of a

CO2 ligand bound to a metal atom is too high to
photodissociate an unsolvated core ion species that contains
two strongly bound CO2 ligands. Therefore, the experimental
spectrum of [Mn(CO2)2]

− reflects the vibrational signatures of
solvated [MnCO2]

−. The spectrum for [Mn(CO2)2]
− has

signatures in both the core and the solvent regions (see later
discussion), in line with this expectation.
There are two strong transitions in the experimental

spectrum of [Mn(CO2)2]
−, one at 1592 cm−1 and another at

1710 cm−1, with a broad, unresolved feature in between. A

Figure 1. Photodissociation spectra of [Mn(CO2)n]
− cluster ions (n =

2−10, see numbers on right), obtained by monitoring the loss of one
CO2 unit. Each spectrum is scaled to its strongest feature.
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search for local minimum energy structures of a [MnCO2]
−

core ion revealed three structures that can recover features in
the experimental spectrum (see Figure 2 for notation).

Structure B(1) can be characterized as a metalloformate (η1

type ligand), where the C atom forms a covalent bond with the
Mn atom, and the two CO groups point away from the metal.
The A(1) family has a bidentate structure (η2 type ligand),
where the CO2 ligand forms both C−Mn and O−Mn bonds.
We note that A(1) and B(1) are calculated to lie within 1 meV
(0.1 kJ/mol) and can be seen as isoenergetic.
As mentioned earlier, we assume that all complexes have

quintet configurations, but we note that we cannot exclude the
other spin states purely on spectroscopic grounds for
[Mn(CO2)2]

−, since the spectra look very similar for all spin
configurations (see Supporting Information), and the assign-
ment therefore rests on energy arguments as stated above. A
comparison of the predicted infrared spectra of the different
structures with the experimental spectrum of [Mn(CO2)2]

− is
shown in Figure 2.
We assign the features at 1592 and 1710 cm−1 to the

antisymmetric stretching modes of B(1) and A(1), respectively.
The feature at 1592 cm−1 could in principle also be due to
C(1), where the CO2 unit is bound to the Mn via the oxygen
atom, and the ligand is effectively a CO2 anion. However, we
will show in the following that this is unlikely.
In order to investigate the origin of the broad feature

between the two intense peaks, we calculated a potential energy
curve by varying the C−Mn−O bond angle, θ, while allowing
all other coordinates to relax. This Born−Oppenheimer
potential energy curve, UBO(θ), connects the different quintet
structures, and allows inspection of the barriers toward
interconversion between them (see Figure 3). Surprisingly,
UBO(θ) is very flat, with almost no change in energy over a
range of 80°, suggesting that the CO2 rocking mode carries

large amplitudes, even at very low levels of excitation. The
potential energy surface also suggests a very shallow minimum
(25 meV; 2.4 kJ/mol) for structure C, which likely results in
quick conversion of C to A/B, i.e., leads to the formation of a
Mn−C bond. Based on this observation, we assume that
structure C is not reflected in the spectroscopic signatures.
Constructing a vibrationally adiabatic surface along this
coordinate according to the expression40,41

∑θ θ ω= + ℏU U( ) ( )
1
2 j

jad,0 BO
(1)

shows that the overall structure of the curve is roughly the same
as of UBO(θ). In this approach, the sum goes over the two CO-
stretching frequencies of the ligand, since they are much faster
than the CO2 rocking frequency. The corresponding curve for
the excited state with one quantum in the asymmetric CO
stretching mode of the CO2 ligand, Uad,1(θ), has again the same
overall structure. Unresolved sequence bands in the large
amplitude CO2 rocking vibration could explain the broad
feature between the two sharper bands in the spectrum. This is
reminiscent of the situation in some other systems with large
amplitude motions,41,42 but the flat potential energy surfaces,
small differences in the shapes of ground and excited states, and
the presumably very narrow spacing between quantum states in
the flat wells likely cause the lack of resolved sequence band
features. As stated above, all sharp spectral signatures in this
cluster size can be described as a mixture between structures
A(1) and B(1).
It is interesting to note that, for unsolvated MnCO2

−,
structure B(0) represents a maximum along the Mn−C−O
bond angle, which is ca. 200 meV (19 kJ/mol) above the
bidentate structure A(0), and A(0) is 68 meV (6.6 kJ/mol)
above isomer C(0), highlighting the role of solvation.

[Mn(CO2)3]
−. The spectrum for [Mn(CO2)3]

− has two
strong peaks at 1680 and 1724 cm−1, with two doublets of
weaker features at 1575 cm−1/1594 cm−1 and at 1003 cm−1/
1076 cm−1, as well as a small peak at 1330 cm−1. At this cluster
size, we probe core ions with one or two strongly bound CO2
moieties, since at least one solvent molecule needs to be
present to allow photodissociation in the photon energy range
of the experiment.

Figure 2. Comparison of the calculated spectra for different calculated
isomers of [Mn(CO2)2]

− (lower traces, all in quintet states) to the
experimental spectrum for [Mn(CO2)2]

− (top trace). Capital letters
denote the core ion structure, and numbers in parentheses denote the
number of solvent species. Energies are given relative to the
isoenergetic isomers A(1) and B(1). No other minimum energy
structures containing a solvent CO2 molecule were found at this
cluster size regarding core ions or solvent isomers. Mn atoms are
shown in purple, C atoms in black, and O atoms in red.

Figure 3. Potential energy surfaces along the Mn−C−O bond angle
for [Mn(CO2)2]

−. The Born−Oppenheimer curve , vibrationally
adiabatic ground state, and vibrationally excited surface belonging to
the antisymmetric CO stretching mode are shown in black, red, and
blue, respectively (see text for details). Note that the vibrational
frequencies were not scaled for the construction of these potential
energy surfaces.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.7b06870
J. Phys. Chem. A 2017, 121, 7534−7542

7536



The calculations reveal a plethora of possible structural
motifs for the core ion at this cluster size (see Supporting
Information), but only two core ion structures are necessary to
explain the main spectroscopic features (see Figure 4). The

lowest energy structures, D(1a,b), have two CO2 units forming
a C2O4 ligand and coordinating to the metal atom through two
oxygen atoms (we expand the nomenclature for isomers by
lowercase letters to distinguish solvent conformers). This core
ion structure is reminiscent of the planar D2h symmetry of
several inorganic salts of the oxalate (C2O4) dianion.43 In the
present case, the Mn atom and the oxalate ligand in the bare
complex D have partial charges of +0.72 e and −1.72 e,
respectively. The configuration and charge distribution can be
interpreted as an oxalate ion in a complex with a singly charged
Mn cation. This structure has previously been found in other
metal−CO2 cluster anions as well.

26,27

The structural family next higher in energy at this cluster size
(E) is of the “butterfly” type, which has been identified as the
main structural motif for several other first-row transition
metal−CO2 complexes.23−25,27 Further structural families (F −
H) found as core ion minimum energy structures are shown in
Supporting Information, but are unlikely to significantly
contribute to the spectrum at this cluster size.
A comparison of calculated frequencies of the conformers of

[Mn(CO2)3]
−, discussed above, to the experimental spectrum

is shown in Figure 4. The butterfly motif (E) best recovers both
main spectral features at this cluster size. It also recovers the
two lowest frequency features. The signatures at 1680 and 1724
cm−1 are due to the in-phase and out-of-phase combinations of
the asymmetric CO stretching modes of the individual CO2
ligands. The small features at 1003 and 1076 cm−1 are due to
in-phase and out-of-phase combinations of the symmetric CO
stretching modes. These features are strongly suppressed
because the transition energy is lower than the binding energy
of CO2 (∼1500 cm−1). Based on the comparison of
experimental and calculated spectra, we find that the butterfly
structural motif (E) is the main contributor to the experimental
spectrum. This observation is consistent with the observation in

other metal−CO2 cluster anions that high energy isomers can
be kinetically trapped during ion formation.25,27 The oxalate
motif (D) probably contributes to the overall intensity of the
peak at 1680 cm−1 and is responsible for the peak at 1330 cm−1.
Interestingly, different solvent positions do not seem to

significantly influence the peak positions of the butterfly isomer
(E) at this cluster size. Variations in the solvent conformation
around isomer D generally change the intensity ratios of the in-
phase vs out-of-phase combinations of the asymmetric CO
stretching vibrations, and the corresponding peak shifts are
typically of the order of 10 cm−1.
The transitions at 1575 and 1594 cm−1 may in principle be

caused by solvation conformers of isomers B or H (see
Supporting Information). However, their predicted features in
the range of 1200−1400 cm−1 are not observed, and while they
would almost certainly be suppressed by kinetic shift effects, the
signal-to-noise ratio in the experimental spectrum would likely
allow them to be observed. While we cannot unambiguously
exclude that they may contribute to the absorption features
around 1700 cm−1 at present, the origin of the peaks at 1575
and 1594 cm−1 remains unclear.
For core ion isomer E, the vibrational spectra of different

spin states for the butterfly motif are quite different regarding
both the splitting and the intensity ratio of the in-phase and
out-of-phase combinations of the antisymmetric stretching
modes of the two CO2 ligands (see Figure 5). These differences
confirm unambiguously that only the quintet state is populated
for this isomer, in agreement with the arguments made in the
overview section above.

We note that exploratory calculations for isomer E(0) allow
us to estimate a barrier height for interconversion to isomer
F(0) to be at ca. 50 kJ/mol (ca. 15 kJ/mol in the reverse
direction). Similarly, interconversion between isomers involving
a change of connectivity (e.g., from family E to family D) is
expected to have large isomerization barriers, since rather
strong metal−carbon and metal−oxygen bonds have to be
broken, together with a significant core ion geometry
rearrangement. We therefore judge all core ion isomers we
identified as relevant for n ≥ 3 to be robust, and their predicted
infrared signatures to be valid even after zero-point motion.

Figure 4. Comparison predicted spectra of selected calculated quintet
structures (lower traces, red) to the experimental spectrum of
[Mn(CO2)3]

− (top trace, black).

Figure 5. Calculated vibrational spectra for different spin states of
structure E(1b) and the experimental spectrum of [Mn(CO2)3]

−

(top). Numbers in superscript indicate the spin state of the complex.
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[Mn(CO2)4]
−. At this cluster size, the spectrum becomes

more complex, and prominent new spectroscopic features
appear at 1321 and 1777 cm−1. The lowest energy structure for
this cluster size contains three CO2 moieties (structure I, see
Figure 6). It builds on the oxalate motif (D), with an additional

bidentate CO2 ligand opposite of the oxalate group. Other
conformers are formed by adding solvent molecules to
structures D(1a,b), on the oxalate side, and to the butterfly
motif, E(1a,b).
The experimental spectrum for [Mn(CO2)4]

− is presented in
Figure 7 together with calculated spectra for the structures
described above. The calculated spectrum with the oxalate/
bidentate structural family I, particularly isomer I(1b), shows
excellent agreement with the group of three peaks in the 1600−
1800 cm−1 region, as well as the peak observed at 1321 cm−1.
Different solvent conformers shift the upper and lower
components of the group, which may account for some of
the substructure in this region. Core ion structures D and E are
also compatible with some of the features in the 1600−1800
cm−1 range, and they may contribute to the overall absorption
profile in this region.
We can assign some of the individual transitions at lower

wavenumbers as follows. The peak at 1321 cm−1 is the in-phase
combination of the symmetric CO2 stretching modes in the
oxalate group, in either structure D or I, and this motion is
relatively insensitive to solvation position. The feature at 1777
cm−1 (the highest frequency component of the main group of
peaks) is assigned to the asymmetric stretching mode of the
bidentate CO2 ligand in structure I, while the transitions
between 1600 and 1750 cm−1 are due to in-phase and out-of-

phase combinations of asymmetric CO stretching motions in
the C2O4 moiety. Similar to the behavior of core ion structure
D, peak positions and relative intensities for structure I are
weakly influenced by the position of the CO2 solvent.
The butterfly motif (E) very likely also contributes to the

spectrum, and we assign the weak signatures at 1003 and 1076
cm−1 to this core ion, similar to the low energy peaks observed
for n = 3. The solvent conformations at this cluster size are
calculated to have a stronger influence on the peak positions for
this core ion. In particular, asymmetric solvation around one of
the bidentate CO2 ligands results in an increased localization of
the mode onto single CO2 ligands. The “in-phase” mode
becomes localized on the unsolvated ligand, while the “out-of-
phase” mode mainly involves the CO oscillators on the solvated
ligand. This localization is concomitant with an increase of the
splitting between the “in-phase” and “out-of-phase” modes, as
the partial charges on the two ligands differ due to the
asymmetry in the solvation. Structures based on core ion E are
much higher in energy than the oxalate/bidentate structures,
but we assume that core ion E is kinetically trapped, since
isomerization from this core ion into others would require
Mn−C bonds to break. Judging from our calculations on
MnCO2

− (see Figure 4), this is associated with a barrier of at
least ca. 350 meV (34 kJ/mol).
For structure D, our calculations suggest that solvation of this

core ion directly at the metal atom during cluster formation
results in the formation of structure I. Isomers D(2a) and
D(2b) are roughly 1 eV higher in energy than structures I(1a−
c), since the Mn−O and Mn−C bonds to the bidentate ligand
stabilize core ion I relative to core ion D. This implies that as
the number of solvents increases, it becomes more and more

Figure 6. Calculated structures and relative energies of [Mn(CO2)4]
−

clusters. See caption of Figure 2 for nomenclature and color scheme.

Figure 7. Comparison of the experimental spectrum of [Mn(CO2)4]
−

(upper trace) with calculated spectra of several structural isomers
(lower traces). See Figure 6 for structures.
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likely that core ion I will be formed, while core ion D will be
less populated as solvation sites become occupied around the
oxalate motif. We assume that structure D isomerizes to
structure I as the cluster size increases.
Similar to [Mn(CO2)3]

−, the two weak signatures just below
the main group of peaks (1562 and 1604 cm−1) are compatible
with contributions from core ions B or H (see Supporting
Information). However, as mentioned above, these core ions
have additional predicted signatures at lower wavenumbers,
which should be observable with similar intensities as the peak
found at 1321 cm−1. The narrow width of this peak, however,
suggests that it is not a composite feature with contributions
from several core ion isomers. We will therefore refrain from
assigning the two features at 1562 and 1604 cm−1.
Larger Clusters. There are only small changes upon further

increase of cluster size. In particular, the relative intensities of
features below 1300 cm−1 seems to increase. This can be
rationalized with the decreasing binding energy of CO2 solvent
molecules at increasing cluster size. Note that this diminishing
of kinetic shift effects is more pronounced for smaller core ion
structures, since they will have more solvent molecules at the
same cluster size.
Interestingly, the observation of new core ion isomers also

becomes possible. In particular, a core ion with two oxalate
ligands (J) is now the lowest energy calculated isomer. This
structure differs from structure D in that the individual oxalate
ligands and metal atom have a charge of −1.289 e and +1.60 e,
respectively. While the individual oxalate ligands have a lower
amount of charge compared to the single oxalate complexes
(∼−1.5 e), the combined presence of both oxalate ligands
results in a large amount of positive charge on the Mn atom.
Two additional new core ion isomers based on C2O4 ligands
were also found, a core ion with one D2d and one D2h oxalate
ligand (K) and a core ion with two D2d ligands (L) (see
Supporting Information). Both of these structures are very high
in energy, and calculated vibrational frequencies are not
consistent with the experimental spectrum. Calculated core
ion structures and their relative energies of selected core ion
geometries are provided in Figure 8.
The experimental spectrum of [Mn(CO2)5]

− is shown in
Figure 9 along with the calculated spectra of several isomers. As
with the smaller cluster sizes, most features of the experimental
spectrum are recovered with various solvent configurations
around core ion geometries that have already been discussed. In
particular, we expect core ion structures E and I to play
dominant roles in the spectra of the larger clusters, since a
conversion of structures formed with bidentate ligands to
oxalate ligands will involve a significant isomerization barrier
(see discussion above). Core isomer J may contribute to the
intense peak at 1728 cm−1. Since it has only one solvent
molecule, the predicted lower energy feature may be too
strongly suppressed by CO2 binding energy effects to appear in
the spectrum.
The tendency of the larger clusters to form oxalate ligands is

interesting, since it suggests a strong affinity to CO2, with a
preference toward highly charged ligands. We note that in
complexes that contain two oxalate ligands (either in the planar
D2h configuration or the D2d configuration) the metal atom has
a charge of at least +1.5 e. By incorporating larger CO2 moieties
into the complex, the manganese atom is able to donate more
electron density to the ligands, resulting in further oxidation of
the metal center, reflecting its tendency to realize higher
oxidation states.

The spectra of the larger clusters show some more
complexity in the region of the dominant signatures (1600−
1800 cm−1), as some of the peaks in this region split and
develop more shoulders with increasing cluster size. This
behavior can be traced to the solvent conformation dependence
of some of the main core ion structures. The spectroscopic
patterns of the oxalate and bidentate containing core ions
discussed above (e.g., structures E and I) exhibit a clear
dependence on solvent conformation. This solvation depend-
ence is very likely at the heart of the splitting and shifts
observed for the larger clusters, reminiscent of the behavior of
[Cu(CO2)n]

− cluster ions.23 Given the large spectral congestion

Figure 8. Selected structures and relative energies for [Mn(CO2)5]
−,

ordered from top to bottom along increasing numbers of solvent
molecules.

Figure 9. Comparison of the experimental spectrum of [Mn(CO2)5]
−

(upper trace) with calculated spectra of several structural isomers
(lower traces). See Figure 8 for structures.
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of the dominant spectral region, we refrain from assigning
individual signatures to specific solvent conformers.
The structures found in [Mn(CO2)n]

− clusters based on
bidentate and oxalate ligands are consistent with the structures
found in clusters containing other first row transition metals
(Fe, Co, Ni, and Cu).23−25,27 It is clear that the first row
transition metals share common binding motifs to CO2,
specifically a preference for the η2 bonding scheme. This is
different from clusters of CO2 with coinage metals (Ag and
Au),8,22 where the dominant binding motif is a metalloformate
structure.
The region that is characteristic for solvent features, i.e.,

around 2350 cm−1, is interesting in [Mn(CO2)n]
− clusters. The

antisymmetric stretching mode of free CO2 is at 2349 cm−1,
and the corresponding signatures of solvent CO2 molecules are
typically found slightly to the red of this mark, since solvation
of anions by CO2 involves a small amount of charge transfer
onto the solvent.44 With an increasing number of solvent
molecules, the charge transfer per solvent molecule typically
diminishes, and the antisymmetric stretching vibrational modes
of the solvent molecules shift toward increasing wavenumbers
as a result. This behavior has been observed in all other metal−
CO2 cluster anions so far,8,22−27 although some cluster systems
exhibit some substructure in the solvent region that is likely due
to inequivalent solvent positions. One of the components
observed in the solvent region in [Mn(CO2)n]

− clusters follows
this expected trend, staying to the red of the antisymmetric
stretching mode of free CO2. Different from other metal−CO2
cluster anions, the larger [Mn(CO2)n]

− clusters develop an
additional signature that is clearly blue-shifted compared to the
frequency of neutral CO2 (see Figure 10), and can reach peak

positions as high as 2354 cm−1. This blue shift relative to free
CO2 is reminiscent of metal−CO2 cluster cations,

16,45,46 where
CO2 molecules bind to a cation via M−O interactions, keeping
the CO2 molecules linear. Metal organic complexes can also
accommodate CO2 as a ligand in such a configuration. In
exploratory calculations on [Mn(CO2)9]

− with core ion
structure J, we found a minimum energy structure with four
solvent molecules around the equatorial oxalate ligands, and
one solvent above the plane of the core ion (see Supporting

Information). The calculated antisymmetric stretching mode of
this additional solvent molecule is at 2355 cm−1. The presence
of a solvent molecule close to the metal atom could therefore
account for the blue-shifted signature in the spectra of the
larger clusters. We note that the solvent above the plane of the
core ion is not along the axis of the complex and cannot be
classified as being in an axial position.

Calculated Size Evolution of Core Ion Structures. Since
the present experiment is only sensitive to clusters with at least
one weakly bound CO2 molecule, it is of interest to compare
the calculated lowest energy cluster structures for each cluster
size with those experimentally observed (summarized in Table
1).

As mentioned earlier, the global minimum structure for
unsolvated MnCO2

− (i.e., n = 1) is structure C(0), which is
transformed upon solvation into the least stable structure for n
= 2. As a consequence, the lone solvent molecule at n = 2
drastically affects the core ion structure, and the lowest energy
structure for n = 1 is not even observed at n = 2 in the
experiment. In contrast, for bare core ions at n = 2, the lowest
energy structure is D(0), the Mn−oxalato complex, which is
calculated to be the lowest energy solvated core ion and is
experimentally observed at n = 3. Similarly, for the larger
clusters, the calculated minimum energy structure at size n
corresponds to the lowest energy solvated core ion structure at
size (n + 1), and they are observed experimentally as well. As a
result of this comparison, we conclude that while a CO2
molecule solvating MnCO2

− will change the core ion structure,
the core ions in larger clusters are robust with respect to
solvation.

■ CONCLUSIONS
The structures of the dominant core ions in [Mn(CO2)n]

−

clusters depend on the number of CO2 molecules in the cluster
anion. Structural families evolve from a single CO2 moiety
bound as a formate or bidentate ligand through butterfly type
and oxalate to combinations of these two as main structural
themes. Our calculations suggest that there is a tendency
toward incorporation of an increasing number of CO2 moieties
into the core ion with increasing cluster size, up to four CO2
molecules in the form of two C2O4 ligands. The structural
behavior is similar to that of other first-row transition metals,
particularly to that found in Fe−CO2 cluster anions.

27 The later
transition metals (Co, Ni, Cu) tend to bind CO2 predominantly
by forming bidentate interactions involving metal−carbon and
metal−oxygen bonds.23−25 The later coinage metals (Ag, Au)
are distinctly different, forming mainly metalloformate
complexes with single CO2 ligands.

8,22 Spectroscopic evidence
points to the preferential population quintet spin states.

Figure 10. Infrared spectra of [Mn(CO2)n]
− in the region character-

istic for solvent features. The cluster size is indicated by the numbers
on the right.

Table 1. Size Evolution of Calculated Unsolvated and
Solvated Lowest Energy Structures, and Comparison with
Experimental Observations for n = 1−5

n
calcd lowest energy

structure
lowest solvated structure

at n + 1
experimentally obsd

at n + 1?

1 C(0) (O-
monodentate)

A(1), B(1) no

2 D(0) (oxalato) D(1) yes
3 I(0) (oxalato/

bidentate)
I(1) yes

4 J(0) (bioxalato) J(1) yes
5 J(1) (bioxalato)
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Overall, manganese−CO2 cluster anions can be characterized as
metal organic complexes with bidentate and oxalate ligands in
mostly planar configurations, with an intriguing richness of
available structures.
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