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ABSTRACT: We explore the structures of [Ti(CO2)y]
− cluster anions using

infrared photodissociation spectroscopy and quantum chemistry calculations. The
existence of spectral signatures of metal carbonyl CO stretching modes shows that
insertion of titanium atoms into C−O bonds represents an important reaction
during the formation of these clusters. In addition to carbonyl groups, the infrared
spectra show that the titanium center is coordinated to oxalato, carbonato, and oxo
ligands, which form along with the metal carbonyls. The presence of a metal oxalato
ligand promotes C−O bond insertion in these systems. These results highlight the
affinity of titanium for C−O bond insertion processes.

■ INTRODUCTION

Adsorption of CO2 on neutral TiO2 surfaces has been shown to
result in C−O bond dissociation and the formation of gaseous
or surface-adsorbed CO upon the addition of an excess
electron.1,2 This reaction is thought to proceed at titanium
atoms next to oxygen vacancy sites, where the newly formed
O− atomic ion can fill the vacancy. This hypothesis involving an
undercoordinated titanium atom as an active site is reminiscent
of supported single-atom catalyst systems, where single metal
atoms are anchored to high surface area supports (e.g., zeolites,
metal organic frameworks) or incorporated in surface-
immobilized metal−organic complexes.3−5 In these systems,
access by reactant molecules to the catalyst is controlled by the
(incomplete) coordination environment of the metal center.
Elucidating the structural motif for the interaction of CO2

with a metal center of a heterogeneous catalyst in situ is
challenging due to surface inhomogeneity and speciation,
particularly under turnover conditions, where multiple species
will be present. Infrared spectroscopy has been used with some
success to suggest binding motifs for CO2 molecules interacting
with a TiO2 surface, but these studies do not take into
consideration the effect that an excess electron would have on
the metal−CO2 moiety.

6−10 An alternative route to the detailed
characterization of metal−molecule interaction is to use mass
spectrometric preparation of ionic complexes in tandem with
laser spectroscopy. Such a strategy circumvents many of the
complications of speciation and allows the detailed study of
model systems for metal−CO2 interaction.

11−17

As an example of more extreme undercoordination, the
interaction of CO2 with bare, atomic Ti and molecular TiOx (x
= 1−2) has been studied in experimental and computational
work on gas-phase and matrix-isolated titanium and titanium
oxide neutrals and cations, investigating the structure of CO2-
single metal atom complexes and the activation that
occurs.18−25 Notably, this work showed that insertion of Ti
into C−O bonds occurs for neutral Ti and TiO reactions with
CO2,

18,21−26 as well as for Ti+ with CO2.
27,28 In fact, Mascetti

and co-workers demonstrated that a Ti atom spontaneously
inserts into CO2 with no barrier, forming a strong TiO bond
and a metal carbonyl.22,24 Early transition metals, with their
high oxophilicities, are generally likely to form insertion
products in interaction with CO2, due to the strength of the
formed metal−oxygen bond.28 Other works have shown CO
bond insertions in cationic clusters of CO2 with titanium and
vanadium, as well as silicon and nickel.29−33

The behavior of negatively charged complexes of Ti and CO2
involving these processes has not been studied, yet it is highly
relevant in the context of electroreduction of CO2. Similarly,
the influence of coordination and ligands on the propensity for
bond insertion has not been clearly addressed. In the present
work, we investigate the structure of clusters of a single
titanium atom interacting with CO2 molecules in the presence
of an excess electron using photodissociation spectroscopy of
mass-selected, metal-containing cluster ions34 in concert with
quantum chemical calculations. We allow multiple CO2
molecules to interact with the metal, observing evidence for
bond insertion products as well as formation of other CO2-
based ligands. Finally, we computationally explore the impact of
a ligand on C−O bond insertion in [Ti(CO2)y]

− clusters and
discuss the influence of charge on the intracluster chemistry in
Ti−CO2 clusters.

■ EXPERIMENTAL AND COMPUTATIONAL
METHODS

Experiments are carried out with an infrared photodissociation
spectrometer described previously.34 Briefly, material from a
rotating titanium metal disc target is vaporized by the third
harmonic of an Nd:YAG laser (355 nm, 35−40 mJ pulse−1).
The metal vaporization plasma is entrained in a supersonic
expansion of CO2 (5.5 bar backing pressure) emitted by a
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pulsed Even−Lavie valve. The resulting metal−CO2 clusters are
injected into a Wiley−McLaren time-of-flight mass spectrom-
eter, and ion optics steer the cluster anions through
differentially pumped regions to the first space focus of the
mass spectrometer, where ions with the mass-to-charge ratio
(m/z) of interest are isolated by a pulsed mass gate.35 The
mass-selected ions are irradiated with the output of a pulsed,
tunable infrared light source, with signal enhancement achieved
using a multipass optical configuration.36 Photodissociation
occurs when the infrared laser is resonant with a vibrational
transition in the anionic cluster and imparts sufficient energy to
evaporate a subcomponent of the cluster. This method of
detecting absorption events relies on the presence of weakly
bound CO2 molecules, whose binding energies are on the order
of or less than the energy of the absorbed photon.
The experimental spectrum is collected in two parts (940−

2160 and 2085−2400 cm−1), corresponding to two different
crystal settings of the infrared optical parametric converter, with
nearly 100 cm−1 of overlap between the two spectral regions. In
the spectra collected for this work, this overlap region contains
an absorption band whose peak area, as fitted with a
Lorentzian, is used to scale the two regions relative to each
other.
In order to interpret the experimental data, we use density

functional theory calculations to find minimum energy
structures of [Ti(CO2)y]

− cluster anions (y = 4 and 5) and
predict their infrared spectra. All geometry optimization
calculations are performed with the TURBOMOLE quantum
chemical program37 using the B3LYP density functional38,39

with empirical dispersion correction40 and the def2-TZVPP
basis set.41 This level of theory has been successfully used in
past work on metal−CO2 anionic clusters.

42−50

An empirical scaling factor of 0.9754 was used to qualitatively
account for anharmonicity and to scale computed CO2
vibrations, based on previous work in our group on the
stretching oscillations of CO2-based ligands.42−50 In order to
derive a scaling factor that is valid for carbonyl stretching
vibrations, we compared the vibrational frequencies obtained
using our methods with experimental work on [Ti(CO)6]

+ by
Brathwaite et al.14 This work investigated the metal-dependent
shift of the carbonyl stretching vibration, identifying a single
band in the [Ti(CO)6]

+ experimental spectrum at νCO,expt =
2110 cm−1, which they assign to a quartet Oh cluster. Using the
same methods described above (B3LYP-disp/def2-TZVPP
level and basis), we reoptimized the quartet Oh [Ti(CO)6]

+

geometry and obtained the vibrational frequencies (see Tables
S5 and S6) for this cation. The unscaled calculated value for
νCO,theor is 2177 cm−1, resulting in a scaling factor (νCO,expt/
νCO,theor) = 0.9692. All calculated CO stretching modes of
carbonyl groups were multiplied by this factor for the purpose
of comparing the experimentally observed infrared spectrum
with the calculated structures. The computed infrared spectra
are convolved with a 12 cm−1 fwhm Lorentzian line shape to
produce predicted spectra for comparison with our exper-
imental results.
A Natural Bond Orbital analysis is carried out using NBO

5.0,51 as implemented in Q-Chem, Version 4.0.1.52 These
calculations operate at the B3LYP level with the same empirical
dispersion correction referenced above, the def2-TZVPP basis
for C and O atoms, and the def-TZVPP basis for metal atoms.
Natural populations and Mulliken−Mayer bond orders are
extracted from these calculations.

■ RESULTS AND DISCUSSION

Spectroscopy of [Ti(CO2)n]
− Cluster Ions. In metal−CO2

cluster anions, CO2 units can exist in one of two roles. They
can be covalently bound to the metal and be characterized as a
part of the core ion of the cluster or they can be weakly bound
to the core ion and play the role of a solvent (note that
individual “CO2 units” may no longer have the connectivity of
CO2, hence the use of the word “units”). The experimental
strategy employed here relies on the presence of a weakly
bound species, since absorption of a single infrared photon in
the range 1000−2400 cm−1 has to be sufficient to cause the
dissociation of the target ion. If the photon energy absorbed in
a vibrational transition is around the binding energy of a solvent
CO2 molecule (which ranges from 15 to 25 kJ mol−1 or from
1250 to 2100 cm−1) or greater, photodissociation can occur.
Even for photon energies somewhat below the solvent binding
energy, the energy content of the cluster prior to excitation
(which is estimated to be of the same order of magnitude as the
solvent binding energy49,53) will be sufficient to lead to the loss
of a weakly bound CO2 molecule from the cluster. As a
consequence, the spectrum at cluster size y can be best
understood as a probe of the structure of ions with size (y − 1).
In this experiment, the smallest cluster ions for which

photofragments were observed have the composition [Ti-
(CO2)4]

−. Since the detection scheme of our experiment relies
on the presence of weakly bound CO2 molecules, the absence
of photofragmentation for y ≤ 3 implies that the first three CO2
units are strongly bound to the metal.
The infrared photodissociation spectra for [Ti(CO2)y]

−

anionic clusters are shown in Figure 1, with increasing numbers

Figure 1. Infrared photodissociation spectra of [Ti(CO2)y]
− (y = 4−

6). Spectral regions of interest are indicated by Greek letters (see also
Table 1).
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of CO2 units (y = 4−6) interacting with a single titanium atom.
The spectra consist of several distinct regions, labeled with
Greek letters α−ε, which are listed in Table 1. The spectra have

some common intense features, which have been observed for
specific types of ligands in other [M(CO2)n]

− clusters.54 In
Table 1, we assign ligand vibrational modes that are likely to
contribute to the absorption features in this region, based on
past work42−50 as well as computational results from the
present work. Spectroscopic signatures of solvent CO2
molecules are expected to occur in the range 2300−2350
cm−1, while core ion signatures are found at lower wave-
numbers.
Some of the spectral regions, like β, are ambiguous regarding

an assignment of spectral features to specific ligands, and even
the combination of regions α−δ cannot be used to clearly
identify core ion structures. However, region ε contains features
that can be uniquely assigned to carbonyl stretching vibrations.
In addition to being clear evidence for Ti insertion into CO
bonds of CO2, we will show below that this region is the key to
obtaining more detailed information on the cluster structure, in
comparison with our computational results. It is particularly
useful to note that we observe intense features in this region,
compared to other spectral signatures, indicating the high
abundance of carbonyl-containing core ions.
All structures reported here have doublet spin. Similar to

Fe−CO2 cluster anions,
49 we cannot rule out the presence of

other spin states a priori. Our calculations find that the
important structural isomers are minimum energy structures in
both the doublet and the quartet states, and we cannot exclude
the quartet states based on their predicted infrared spectra.
However, the quartet states are more than 200 kJ mol−1 higher
in energy than the doublet states. This is unusually high,
compared to the difference between different spin states in
other metal−CO2 cluster anions, and we assume that the
clusters are in doublet states based on this large energy
difference.
As mentioned above, the observed spectrum for [Ti-

(CO2)4]
− in the core ion region contains the spectroscopic

signatures of a core ion with three CO2 units bound to the Ti
atom. We identify three low-lying core ion structures with the
stoichiometry [Ti(CO2)3]

− (Figure 2, III-A, III−B, and III−C)
using quantum chemical calculations. Cluster structures are
from here on labeled by the number of CO2 units present in the

cluster (Roman numerals), the core ion that cluster is based
upon (capital letters), and if there are solvent CO2 molecules
parenthetical lowercase letters to distinguish different solvent
positions (see also Supporting Information).
Core ion A, represented by structure III-A, consists of three

CO2 units, two of which form an oxalato ligand, while the third
CO2 unit dissociates into an oxo and a carbonyl ligand upon
insertion of the Ti atom into one of its CO bonds, resulting in a
structure with Cs symmetry (the σ plane is formed by the O−
Ti−CO plane). Core ion B (structure III−B) features a
carbonato ligand, two carbonyl ligands, and an oxo ligand. This
core ion also has Cs symmetry, with the σ plane bisecting the
two carbonyl ligands. The third core ion structure, core ion C
(structure III−C), unlike the other core ions, does not feature a
CO ligand. Instead, one CO2 unit binds to titanium in a
bidentate η2-(C,O) fashion (this ligand defines the σ plane of
this Cs core ion), with two other CO2 units forming an oxalato
ligand. Solvation of these three core ions by a single CO2
solvent molecule results in [Ti(CO2)4]

− clusters (labeled IV-A,
IV−B, and IV−C with varying solvent positions) whose
signatures may be present in the experimental spectrum
collected for [Ti(CO2)4]

−.
We note that several isomers of [Ti(CO2)4]

− clusters exist
with core ions containing four CO2 units. These isomers have
energies that are lower than or comparable to those of the low-
energy solvated core ions (structures IV-D, IV-E, and IV−F in
Figure 2 and others, see Supporting Information). However, as
mentioned above, our experiment is not sensitive to their
presence at this cluster size, since absorption of a single infrared
photon will not result in dissociation without a weakly bound
solvent molecule. While the cluster ions that give rise to the
observed spectrum are not the lowest energy isomers for this
cluster size, isomers other than the global minimum structure
can be kinetically trapped during cluster formation, as has been
shown for other [M(CO2)n]

− clusters.49,50 The relative energies
of relevant structures are summarized in Table 2.
All core ions have high degrees of coordinationcontaining

at least four bonds between the metal center and its ligands
consistent with the fact that no photodissociation signal was
observed in experiments targeting smaller cluster sizes. As
mentioned above, the high intensities of the carbonyl features
relative to the signatures around 1700 cm−1 indicate that
carbonyl-containing core ions clearly dominate the core ion
structures with three CO2 units. The signatures of the carbonyl

Table 1. Observed Vibrational Peaks and Assignments for
the Infrared Photodissociation Spectra of [Ti(CO2)y]

− (y =
4−6)

feature
center ν
(cm−1) assignments

α 2340 antisymmetric CO2 stretching mode of solvent
CO2

β 1730 asymmetric stretching mode of an η2-(C,O) CO2
ligand

in-phase and out-of-phase combinations of free CO
stretching vibrations of an oxalato ligand

free CO stretching mode of an η2-carbonato ligand
γ 1300 in-phase combination of metal-bound CO

stretching motions in an oxalato ligand
δ 1140a metal-bound CO stretching motions of a

carbonato ligand
ε 1850−2200 metal-bound carbonyl stretching mode

aFeature δ grows in starting at cluster size y = 5.

Figure 2. Core ion structures of [Ti(CO2)y]
− (y = 3, 4) identified in

this work. Ti atoms are shown in purple, C in black, and O in red.
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groups present in most of the calculated core ions are distinct
and will be used to assign the infrared photodissociation spectra
to contributing core ion structures.
Shown in Figure 3 is the experimental spectrum for

[Ti(CO2)4]
− compared to the calculated infrared spectra for

core ions A, B, and C, solvated by a single solvent CO2
molecule. The absorption features in regions α, β, γ, and ε are
all well described by predicted vibrational modes in the three
proposed core ion structures.55,56 We note that there are no
spectral features that are unique signatures of core isomer C,
since features α, β, and γ are also predicted to occur for core
isomer A, and there is no unambiguous proof that core ion C is
contributing to the experimental spectrum. In fact, we will
argue later in this paper that it is unlikely that core isomer C is
significantly populated in the experiment.
The carbonyl stretching region for the smallest cluster size

studied here, [Ti(CO2)4]
−, is shown in Figure 4, compared to

calculated spectra of carbonyl-containing core ions relevant to
this cluster size. The experimental spectrum contains three
features in this region. The first peak, which is the most intense,
appears at 1922 cm−1. A shoulder appears just to the blue of
this peak, at 1940 cm−1. Finally, a small peak appears at 2056
cm−1. The solvated core ions featuring carbonyl ligands (IV-A
and IV−B in Figure 2) have distinct CO stretching signatures.
The lowest lying conformation of a solvated core ion with

three CO2 units is based on core ion A (structure IV-A(a)) The
corresponding spectrum is shown in Figure 4b; its carbonyl
stretching frequency is predicted at 1938 cm−1. This
conformation represents the lowest energy isomer for y = 4
with at least one solvent molecule, and isomer energies

reported for all structures with this cluster size are given relative
to this isomer. Other solvent conformers for core ion A (e.g.,
structures IV-A(b) and IV-A(c), see Supporting Information)
have calculated zero-point-corrected energies up to 10 kJ mol−1

above the lowest energy form. Core ion A can be solvated by
CO2 in several positions (see Supporting Information,
structures IV-A(a), IV-A(b), and IV-A(c)). The binding
energies for the solvent CO2 depend on its position and are
calculated to be in the range 15−25 kJ mol−1 (1300−2100

Table 2. Calculated Relative Energiesa of Isomers for y = 4
and 5

structure energy (kJ mol−1)

[Ti(CO2)4]
− relative energies

IV-A(a) 0
IV-A(b) 5
IV-A(c) 10
IV-B(a) 37
IV-B(b) 44
IV-C(a) 72
IV-C(b) 78
IV-D (−69)
IV-E (−34)
IV-F (6)

[Ti(CO2)5]
− relative energies

V-A(a) 71
V-A(b) 76
V-B(a) 108
V-C(a) 145
V-C(b) 150
V-D(a) 0
V-D(b) 5
V-E(a) 35
V-E(b) 37
V-E(c) 37
V-F(a) 77
V-F(b) 95

aEnergies are given relative to the lowest energy isomer with at least
one solvent molecule. Energies for other isomers, which cannot be
experimentally observed, are listed in parentheses (see text). The
structures for all listed isomers are shown in Supporting Information.

Figure 3. Experimental spectrum of [Ti(CO2)4]
− (a) and computed

spectra for several core ion isomers at this cluster size (b--d). Spectral
regions of interest are indicated by Greek letters.

Figure 4. Carbonyl stretching region for [Ti(CO2)4]
− showing (a)

experimental and computed spectra for (b) structure IV-A(a) and (c)
structure IV−B(a). Computed CO vibrational frequencies have been
scaled by 0.9694. Numbers in each trace designate the band centers.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.8b01843
J. Phys. Chem. A 2018, 122, 2983−2991

2986



cm−1) for this core ion, enabling photodissociation by infrared
photons without significant suppression of core ion features in
the carbonyl stretching region. The position of the solvent
molecule does not significantly change the calculated CO
stretching mode, as all calculated frequencies for solvated core
ions of family A range from 1934 to 1939 cm−1, and we assign
this mode to the high-intensity feature at 1922 cm−1.
Similar to the arguments presented for core ion isomer A,

solvated core ion B can also be accessed experimentally in the
spectrum for y = 4. This core ion, which features two carbonyl
ligands, is solvated preferentially at the carbonato ligand.
Solvation of core ion B results in cluster structures that are at
least 37 kJ mol−1 higher in energy than the lowest energy
solvent conformer of core ion A. The calculated binding energy
of the CO2 solvent molecule is slightly larger (19−26 kJ mol−1,
1600−2200 cm−1) than for core ion A, but we can still expect
photodissociation to occur in the carbonyl stretching region
with little to no suppression. Comparing the experimental
spectrum with the calculated carbonyl stretching signatures of
this cluster, we see that there is some evidence for the
appearance of solvated core ion B (Figure 4c). With two
equivalent carbonyl ligands, this core ion has two coupled CO
oscillators that give rise to two vibrational featuresthe in-
phase and out-of-phase combinations of the two CO stretching
oscillations. The higher intensity out-of-phase feature is
predicted at 1941 cm−1, close to the shoulder on the intense
CO stretching feature in the experimental spectrum, and the in-
phase combination (calculated 2042 cm−1) is close to the small
feature observed experimentally at 2056 cm−1. On the basis of
the predicted intensity ratio of the two modes, we assign the
out-of-phase mode to the shoulder at 1940 cm−1 and the in-
phase mode to the peak at 2056 cm−1.
With increasing degree of solvation, the experimentally

observed vibrational modes in the carbonyl stretching region
blue shift by ca. 7 cm−1 per solvent molecule. We performed
calculations on clusters with y = 5, which exhibit 5−10 cm−1

blue shifts compared to y = 4, depending on the solvent
positions, consistent with the experiment. Due to the
computational cost, the increasing number of possible solvation
isomers, and the fact that there is no significant change in the
infrared spectrum from y = 5 to y = 6, we did not perform
calculations on clusters with y > 5. The most notable difference
between the experimental spectra for y = 4 and y = 5 and 6 is
the significant intensity increase in the peak close to 2100 cm−1

relative to the peak appearing ca. 1930 cm−1, resulting in similar
intensities of the two peaks.
At clusters with y > 4, larger core ions may come into play.

Core ions D−F, shown in Figure 2, contain four CO2 units (see
Table 2 for relative energies). Structure V-D(a) is the lowest
energy isomer of all structures containing five CO2 units and is
71 kJ mol−1 lower in energy than structure V-A(a). Core ion D
does not contain any carbonyl ligands; instead, it features two
bidentate oxalato ligands. This structure is similar to the
structure recently observed in [Mn(CO2)n]

− clusters.50 This
core ion likely contributes to the [Ti(CO2)y] (y = 5 and 6)
experimental spectra with intensity in regions β and γ (Figure
1).
Core ions E and F have at least one carbonyl ligand. In core

ion E, two of the CO2 units form an oxalato ligand while the
other two form a carbonato ligand and a carbonyl ligand.
Solvated structure V-E(a) lies 37 kJ mol−1 lower in energy than
V-A(a). Core ion F has C2 symmetry, with two carbonato and
two carbonyl ligands. Structure V−F(a) is nearly isoenergetic

with V-A(a), lying just 6 kJ mol−1 higher in energy. Several
other higher energy core ions were identified computationally,
including carbonyl-containing core ions G and H that are
within 40 kJ mol−1 of the energy of V-A(a) (Supporting
Information). However, these structures either have only
weakly bound CO ligands (ca. 7 kJ mol−1) which are unlikely
to survive the exothermic insertion reactions leading to their
formation. Others are significantly higher in energy (>40 kJ
mol−1) than V-A(a); all structures are listed in the Supporting
Information.
Solvation of core ions D−F results in weakly bound CO2

solvent molecules, enabling us to observe these core ions in the
[Ti(CO2)y]

− (y = 5 and 6) spectra. The binding energy for
CO2 solvent molecules on these core ions is 16−21 kJ mol−1

for core ion D, 19−22 kJ mol−1 for core ion E, and ca. 19 kJ
mol−1 for core ion F. The simulated spectra for structures V-
A(a)−V-F(a) for the y = 5 cluster are shown in Figure 5 along
with the experimental [Ti(CO2)5]

− spectrum. The peaks at
1930 and 1951 cm−1 in the experimental spectrum are assigned
to solvated core ions A and B. On the basis of the fact that core

Figure 5. Experimental spectrum of [Ti(CO2)5]
− (a) and computed

spectra for several core ion isomers at this cluster size (b−g). Traces
with different colors in the computed spectra correspond to different
solvent positions. Spectral regions of interest are indicated by Greek
letters.
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ion V-E leads to the lowest energy carbonyl-containing cluster
isomers at this cluster size, we tentatively assign the feature at
2110 cm−1 to core ion E. The broad, low-intensity signal
centered on 2050 cm−1 is tentatively assigned to the two
carbonyl modes in V−F. These modes depend on the solvent
conformation for this core ion (see Figure 5g). At the same
time, the OC−Ti−CO bending vibration is very soft (unscaled
predicted value at 47.65 cm−1), and we expect it to be excited in
the ions prior to irradiation, which likely leads to considerable
broadening. Core ions E and F both contain carbonato ligands.
Since these core ions are all expected to begin contributing to
experimental spectra for y > 5, our assignments are consistent
with the increasing relative intensity in region δ (Figures 1 and
5 and Table 1).
While core ion D constitutes the lowest energy isomer for all

clusters with y ≥ 4, it is important to note that insertion
structures are still important for all cluster sizes discussed in the
present work. Their importance can be gauged by comparing
the relative intensities of the spectral regions β and ε (see
Figure 5). All calculated structures contribute to region β,
through η2-(C,O), oxalato, or carbonato ligands, and the
predicted wavenumbers are very close, consistent with the
substructure and width of feature β. In contrast, the features
belonging to carbonyl stretching modes are spread out over a
much larger spectral region. The fact that the integrated
intensity over the carbonyl region is similar to that of region β
indicates that carbonyl-containing core ions are still important
species at larger cluster sizes, even though they are not lowest
in energy. To illustrate the fact that bond insertion isomers are
important species, even for y ≥ 4, Figure 6 shows a simulation

for a hypothetical isomer mixture, where the predicted spectra
for isomers V-A(a), V-D(a), and V-E(a) (as shown in Figure 5)
have been added with equal weight. Comparison of the
simulation for this mixture of isomers with the experimental
spectrum shows that a very similar overall band pattern is
achieved, with similar relative intensities as those observed
experimentally. The comparison demonstrates that insertion
structures are at least as important as the lowest energy isomer
V-D(a) in the isomer mixture of the ion beam, evidenced by
the 2:1 ratio for the abundance of insertion vs noninsertion
isomers in the simulation.
Insertion of Ti into CO Bonds. The appearance of intense

features characteristic of carbonyl groups shows that bond

insertion is an important reaction during the formation of
[Ti(CO2)y]

− clusters. Each CO ligand is formed upon insertion
of the metal atom into the carbon−oxygen bond of a CO2
molecule, simultaneously forming an oxo ligand. Bond
dissociation could in principle occur in the laser vaporization
plasma (the bond dissociation energy of free CO2 is 532.2 kJ
mol−1).57 However, while some insertion-type structures have
been previously predicted as global minimum structures for
[M(CO2)n]

− cluster anions (M = Cu, Co, Ni), only weak
experimental evidence exists for their formation in experiments
under similar conditions as in the present work.44−46 Only in
the case of [Fe(CO2)n]

− anionic clusters did we positively
identify the formation of structures containing a CO ligand.49

Bond insertion has been observed for [Ti(CO2)n]
+ cations,30

and similarly, for titanium−CO2 cluster anions, we can
unambiguously assign the features in the carbonyl stretching
region as vibrations of CO ligands bound to a titanium atom,
formed by an insertion process.
Of course, there are other possible core ion structures that do

not exhibit a carbonyl ligand, and it is a fair question whether
the carbonyl-containing species are the dominant species in
clusters where many different and in some cases lower energy
isomers may be populated. There are two key pieces of
evidence that imply that bond insertion processes are indeed
dominating core ion formation in [Ti(CO2)y]

− clusters.
First, as mentioned above, comparing the predicted

intensities of infrared signatures around 1700 cm−1 that are
common to most CO2 based ligands with the predicted
intensities in the carbonyl stretching region, one would expect
that a large abundance of species without carbonyl ligands
would lead to an aggregate feature in region β that would dwarf
the signatures in the carbonyl region. The experimental spectra
and the simulation presented in Figure 6 show that this is not
the case.
Second, a computational treatment of Ti insertion into a C−

O bond on CO2 suggests that we should expect this process to
be much more efficient than for later first-row transition metals,
as we will show in the following paragraphs.
To investigate the potential energy landscape of titanium

anion insertion into the C−O bond of a CO2 molecule, we
simulated this process by scanning one of the C−O bond
distances of a CO2 molecule in the presence of a bare metal
atom M and an excess electron (Figure 7a), relaxing all other
coordinates. For M = Ti, short C−O bond distances result in
the formation of the local minimum bidentate η2-(C,O)
structure of [TiCO2]

− (Figure 7a). However, only a small
barrier (ca. 27 kJ mol−1) separates the η2-(C,O) structure from
the global minimum insertion structure (OTiCO−), which lies
ca. 68 kJ mol−1 lower in energy compared to the bidentate
structure. Compared with later first-row transition metals, the
barrier to formation of a carbonyl ligand is very small for
titanium. Recently, we reported a barrier of more than 100 kJ
mol−1 for Fe insertion into the C−O bond of CO2 in an [Fe−
OCO]− complex.49 Even more substantial barriers exist for
other metals, e.g., ca. 200 kJ mol−1 for the analogous Ni
complex (Figure 7a, blue circles). In the case of titanium−CO2
interaction, C−O bond breaking occurs readily, and the
required energy can easily be supplied in the ion source, even
by mere condensation of CO2 onto the metal atom. These
results are reminiscent of the observed bond insertion processes
that occur for neutral Ti atoms.22,24,26 Because of the high
oxophilicity of titanium, the metal−oxygen bond formed upon
bond insertion (forming the metal−oxo ligand) is stronger than

Figure 6. Comparison of the experimental [Ti(CO2)5]
− spectrum (a)

with the sum of the calculated spectra (b) for isomers V-A, V-D, and
V-E.
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the same bond formed for other metals. The calculated
Mulliken−Mayer bond orders for the M−O bond in each case
are as follows: Ti, 2.11; Fe, 1.52; Ni, 1.29, following the
oxophilicity trend of Ti > Fe > Ni.58 This is reflected in the
analogous potential energy curves for bond insertion of Fe or
Ni (Figure 7a), where insertion is associated with a much
higher barrier, and the energies for the inserted metal and the
η2-(C,O) structure are similar.
Schwarz and co-workers showed that the presence of certain

ligands makes C−O bond insertion more favorable in cationic
titanium hydrides.59,60 We similarly note the impact of a ligand
on C−O bond insertion. Figure 7b shows the results of
scanning the C−O bond distance of a CO2 molecule in the
presence of a M(CO2)2

− species with two CO2 units forming
an oxalato ligand. Similar to the scenario without the oxalato
ligand, the CO2 first binds to the titanium metal center in a
bidentate binding scheme (η2-(C,O)), forming core ion C
(structure III−C). While there is again a small barrier between
this core ion and the metal-inserted structure, the presence of
the oxalato ligand brings the barrier down to less than 5 kJ
mol−1. The resulting metal insertion structure is in fact core ion
A (structure III-A), which is 72 kJ mol−1 lower in energy than
core ion C. Due to the very small barrier, core ion C will likely
be converted to core ion A. We therefore assume that core ion
C does not contribute significantly to the observed signatures in
our experimental spectra. Again, Ti behaves differently from Fe
and Ni, where an oxalato ligand raises the energy of the inserted
structure (Figure 7b). While insertion structures have been
positively identified for [Fe(CO2)n]

− cluster anions, they
appeared in conjunction with carbonato ligands, not oxalato
ligands.
Finally, we note that the overall charge in the complex plays

an important role for the chemistry in titanium−CO2 clusters.
Zhou and co-workers30 performed IR photodissociation
spectroscopy on titanium−CO2 cluster cations. While they
also find bond insertion structures to dominate the
composition of their ion beam, all other CO2 units in their
simulated structures are bound by electrostatic interaction,
forming OCO···Ti+ structures, similar to those found by the
Duncan and Mckenzie groups for other metal−CO2 cluster
cations.31,32,61−65 In contrast, titanium−CO2 cluster anions
form very different metal−organic complexes, where strong
metal−oxygen bonds are formed, and carbonato as well as

oxalato ligands result from the interaction of several CO2 units
in the presence of the metal atom and the excess electron.42−50

Considering the charge distribution in cluster ions, anionic
complexes display a very rich electronic structure where the
traditional concepts of formal charges are mostly too simplistic
to reflect the electronic structure of the complex in any
reasonable approximation. For example, the Ti atom has a
partial charge close to +1 e in the presence of a carbonato
ligand (isomers III−B and IV−B), but in the presence of an
oxalato ligand (isomer III-A and IV-A), the partial charge is ca.
+1.4 e. For the global minimum at y = 4, which has two oxalato
ligands (isomer IV-D), the partial charge on the Ti atom is ca.
+1.7 e. Overall, the partial charge on the Ti atom seems to be
dominated by the identity of the ligands, where oxalato ligands
will accumulate ca. −1.4 e and carbonato ligands have ca. −1.2
e. Neither of these partial charges are properly described by the
expected formal charge of −2 e for these ligands. Similar to
other metal−CO2 cluster anions, the chemistry displayed by
Ti−CO2 cluster anions is much richer than that of most of their
cationic counterparts.

■ CONCLUSIONS

The results of spectroscopic studies of [Ti(CO2)y]
− anionic

clusters in vacuo demonstrate the strong tendency for C−O
bond insertion by titanium in anionic complexes with CO2.
Through observation of the metal carbonyl CO stretch region
in infrared photodissociation spectra and supported by
quantum chemical calculations, we identify products of
titanium insertion. The calculated barrier to bond breaking is
small in these complexes, and the bond insertion process is
assisted by the presence of an oxalato ligand. The oxo groups
produced by bond insertion can combine with additional CO2
molecules to form carbonato ligands. Overall, reactions of Ti
atoms with CO2 in the presence of an excess electron result in
the formation of oxalato, carbonato, carbonyl, and oxo ligands.
These results are consistent with the observation of oxalate,
carbonate/bicarbonate, and CO products at Ti catalyst sites in
condensed phase catalysts.
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