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ABSTRACT: Gas-phase infrared photodissociation spectra of [V(CO,),]* com-
plexes revealed three new vibrational bands at 1140, 1800, and 3008 cmlatn =7,
the features of which are retained in the larger clusters (Ricks, A. M.; Brathwaite, A.
D.; Duncan, M. A. J. Phys. Chem. A 2013, 117, 11490—11498). However, structural
assignment of this intriguing feature remains open. Herein, quantum chemical
calculations on [V(CO,),]" were carried out to identify the structure of the low-lying  Exp. h
isomers and to assign the observed spectral features. The comparison of calculated -
infrared spectra of [V(CO,),]* with experimental infrared spectra identified the

[V(*-C0,)(CO,) "

)

800 1200 1600 2000 2400
Wavenumber (cm )

Theory
—

AL

formation of a bent CO,™ species, suggesting the ligand-induced activation of CO, by
the vanadium cation. The structures and infrared spectra of [Cr(CO,),]* and [Mn(CO,),]* were also predicted and discussed.

1. INTRODUCTION

Transformation of carbon dioxide into chemical products of
value has received increasing attention over the past decades."”
Transition-metal catalysts are widely used for these processes.
Vibrational spectroscopic signatures of molecular level
mechanics are often masked by the diffuse nature of the key
bands in the condensed phase. Cluster spectroscopy coupled
with mass spectrometry in the gas phase can mass-select the
complexes of interest and analyze them without the
interference of the surrounding environment, which provides
the structural and spectral information for mechanistic
understanding of a chemical reaction.”™°

The interaction of CO, with the excess electron leads to a
deformation of the CO, molecule from the linear geometry of
the neutral to a bent anion. The O—C—O bond angle of CO,~
anion species has been determined by a variety of
experimental ~'* and theoretical "'* methods to be about
134°. Gas-phase infrared photon dissociation spectroscopic
studies on the mass-selected metal anion—CO, complexes have
characterized the monodentate coordination [M(5'-CO,)]~
for Cu™, Ag”, Au™, and Bi~ anions'>™'® and the bidentate
coordination [M(#*-C0O,)]™ for Co™ and Ni~ anions.'”"®
Switching from monodentate coordination [M(#'-CO,)]™ to
oxalate species [M(C,0,)]™ was observed in the [Bi(CO,),]”
complexes.”” Gas-phase infrared photodissociation (IRPD)
spectroscopy of [CIMg(17*-0,C)]™ revealed a bidentate double
oxygen metal—CO, coordination fashion."” The #*CO,, n*
oxalate, and oxide-carbonyl motifs have been observed in the
anionic [M(CO,),]” (M = Fe and Ti) complexes.?“o’21 The
reactivity of cobalt cluster anions Co,” (n = 3—17) toward
dissociative activation of CO, occurs at n = 7, peaks at n = 8—
10, and then gradually decreases with increasing cluster size.””
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Interestingly, dissociative activation of CO, emerges on the
Pt,” clusters with n > 5.

In general, the CO, molecule is weakly bound to the metal
cations in an “end-on” configuration via electrostatic
interactions (17'-OCO), as exemplified by IRPD spectroscopy
of [M(CO,),]* (M = Fe, Al Co, Rh, Ir, Cu, and Ag)
complexes.”* ™’ Gas-phase kinetics studies have shown that
only nine atomic metal cations (Sc*, Ti*, Y*, Zr*, Nb*, La’,
Hf*, Ta*, and W) are able to reduce CO, to form the oxide-
carbonyl structure [OMCO]* at room temperature.”® IRPD
spectroscopy of [Ti(CO,),Ar]" and [Ti(CO,),]" (n = 3—7)
indicated that there was a sharp band in the CO stretching
vibration region, suggesting that Ti* is able to reduce CO, to
form the oxide-carbonyl structure [OTiCO]*.** The oxide-
carbonyl complexes [OMCO(CO,),_;]* have been observed
for Ni* and Si*.*>*!

Interestingly, recent IRPD spectroscopy of reaction of V*
with CO, by adding one CO, molecule at a time revealed that
the CO, molecules are weakly coordinated to the metal in the
n < 6 clusters. Three new vibrations of 1140, 1800, and 3008
cm™ were observed at n = 7, the features of which were
retained in the larger clusters.*> The formation of an oxalate-
type C,0,” anion species was proposed to account for these
intriguing observations. However, the conclusive identification
of the cluster structure remains open. In this work, quantum
chemical calculations on [V(CO,),]* were carried out to
identify the structure of the low-lying isomers and to assign the
observed spectral features. Considering that Cr and Mn are
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Figure 1. Optimized structures of [M(CO,),]* (M =V, Cr, Mn) (O, red; C, cyan; V, pink; Cr, ochre; Mn, violet). Relative energies (inside

brackets) are given in kJ/mol.

close to V in the series of 3d transition-metal cations, the
structure and infrared spectra of [Cr(CO,),]* and [Mn-
(CO,),]* were also calculated and compared to those of
[V(CO,),]*. The comparison of calculated IR spectra of
[V(CO,),]* with experimental IR spectra reveal the formation
of a bent CO,” species, suggesting the ligand-induced
activation of CO, by the vanadium cation.

2. COMPUTATIONAL METHOD

Quantum chemical calculations were performed using the
Gaussian 09 program.”” The B3LYP hybrid functional
augmented with a dispersion correction (B3LYP-D3) was
utilized. The def2-TZVPP basis set was used for the V, Cr, Mn,
C, and O atoms. Different metal-CO, coordination modes
discussed in the literature®”®'*** were calculated for the
[M(CO,);]* (M =V, Cr, and Mn) cation, resulting in six
structural motifs (i.e., oxide-carbonyl, 7*-oxalate, #>-CO,, n'-
OCO, n*-carbonate, and #*-O,C) (see Figure 1), where
superscripts denote the number of bonds between the metal
atom and the CO, ligand and chemical element symbols
describe the atoms directly interacting with the metal. Possible
spin states were considered. Relative energies and binding
energies included zero-point vibrational energies. Harmonic
vibrational frequencies were scaled by a factor of 0.9752 to
account for the systematic errors,"” which were determined by
a comparison of experimental and calculated frequencies of the
free CO, molecule. The resulting stick spectra were convoluted
by a Gaussian line-shape function with a full width at half
maximum linewidth of 10 cm™}, in order to account for line-
broadening effects.

The EDA-NOCYV analysis (energy decomposition analysis-
natural orbitals for chemical valence)®® was performed with
ADF2018%°*® using the functional BP86-D3(BJ) level and the
triple- with double polarization function Slater-type orbitals as
basis sets for the self-consistent field calculations. The
interaction energy (AE,,) between two fragments is
decomposed into four energy terms, viz., the electrostatic
interaction energy (AEq,), the Pauli repulsion (AEp,,;), the
orbital interaction energy (AE,;), and the dispersion
interaction energy (AEdisp), Therefore, the interaction energy
(AE;,,) between two fragments can be defined as

AEint = AE + AEPau].i + AEOrb + AEdiSp

elstat

3. RESULTS AND DISCUSSION

Optimized structures of [M(CO,),]" (M =V, Cr, and Mn) are
illustrated in Figure 1. Representatively, relative energies of the
isomers with different spin states for [V(CO,),]* are given in
Table S1. The comparison of the experimental IRPD spectrum
to the calculated IR spectra for [V(CO,),]* is shown in Figure
2 and band assignments are listed in Table 1. The calculated IR
spectra of [Cr(CO,),]* and [Mn(CO,),]* are depicted in
Figures 3 and 4, respectively.

3.1. [V(CO,),I*. As shown in Figure 1, the lowest-energy
isomer for [V(CO,),]" (labeled V-A) consists of an oxide-
carbonyl structure [OVCO(CO,)¢]* with a 'A state, in which
three CO, molecules are bound directly to the metal in the
first-coordination shell and three CO, molecules are weakly
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Figure 2. Comparison of the experimental IRPD spectrum of
[V(CO,),]* to the calculated IR spectra of the six lowest-energy
isomers. The experimental spectrum was digitized from the
literature.**
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Table 1. Experimental Band Positions (cm™') of [V(CO,),]*
and Calculated Harmonic Frequencies (cm™) and Band
Assignments of the V-C Isomer

label  Exp. V-C assignment
A 2402 2401  in-phase combinations of CO, antisymmetric
stretch
B 2376 2373  out-of-phase combinations of CO, antisymmetric
stretch
C 2348 2357  antisymmetric stretch of the second-sphere CO,
D 1800 1829  C=O antisymmetric stretch of CO,~
E 1363 1337  CO, symmetric stretch
F 1267 overtone of bending mode of the second-sphere
CO,
1237 overtone of bending mode of the first-sphere CO,
G 1140 1154 C=O symmetric stretch of CO,~
H 664 721 bending mode of the second-sphere CO,
637 639  bending mode of the first-sphere CO,
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Figure 3. Simulated IR spectra of the six lowest-energy isomers for
[Cr(CO,),]".
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Figure 4. Simulated IR spectra of the six lowest-energy isomers for
[Mn(CO,),]".

tagged in the second-coordination shell. The next energetically
higher isomer (V-B, +32.6 kJ/mol) has an 5*-oxalate ion core.
In the third isomer, V-C, a bidentate coordination moiety
[V(n*-CO,)]" is formed, which lies +47.2 kJ/mol higher in
energy than V-A. The V-D isomer (+47.5 kJ/mol) is a 7'-
OCO weakly solvated structure, in which four CO, molecules
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are bound to the V' cation in the first-coordination shell with
an end-on configuration and three CO, molecules are attached
in the second-coordination shell. The V-E isomer (+57.6 kJ/
mol) features a #>-carbonate motif. The V-F isomer (+60.5 kJ/
mol) contains a #>-0,C motif.

In the V-B isomer, the NBO charge of the V atom, oxalate,
and CO, ligands is calculated to be 1.03, —0.74, and 0.71
(Table S2), respectively, implying the charge transfer from the
metal to CO,. Natural population analysis analysis shows that
the spin population of the V atom and oxalate motif is 1.96 and
—0.02, respectively, which indicates that the unpaired electron
is mainly located on the V atom. Formally, a doubly charged
oxalate-type C,0,2” moiety is thus formed in the [V(CO,),]*
cluster, which is different from the sin%ly charged oxalate-type
C,0,” moiety reported previously.”” In the V-C isomer
([V(#*-C0,)(CO,)4]*), the oxidation state of V is +2 and the
bent CO, molecule is determined to be a singly charged CO,~
anion. The O—C—O bond angle in V-C is 141°, which is
slightly larger than the value of free CO,™ anion (134°).”'* In
the V-A, V-B, V-C, V-E, and V-F isomers, the CO, molecule is
activated. In contrast, the CO, molecule is only weakly bound
to the metal in the V-D isomer.

As shown in Figure 2, the simulated IR spectrum of V-C
agrees best with the experimental IRPD spectrum. In the
simulated IR spectrum of V-C, the bands at 2401 and 2373
cm™! are attributed to the in-phase and out-of-phase
combinations of CO, antisymmetric stretches, respectively,
which are consistent with the experimental values of bands A
(2402 cm™) and B (2376 cm™) (Table 1). The band at 2357
cm™ is due to the antisymmetric stretch of the second-sphere
CO,, which reproduces the experimental band C (2348 cm™).
The band at 1829 cm ™" is assigned to the C=0 antisymmetric
stretch of CO,”, which matches the experimental band D
(1800 cm™). The band at 1337 cm™ is due to the CO,
symmetric stretch, which is sharply observed at 1363 cm™
(band E) in the IRPD experiment. The band at 1154 cm™ is
due to the C=O symmetric stretch of CO,”, which
reproduces the experimental band G (1140 cm™'). The
bands at 639 and 721 cm™! are attributed to the CO, bending
mode, which matches the experimental bands H (637 and 664
cm™). The experimental band F (1237 and 1267 cm™) is
assigned to the overtone of CO, bending mode as reported
previously.”> The experimental band at 3008 cm™ could be
due to the v; + v; combination of both CO stretching modes
of CO,™.* This has also been observed in AI-CO,
complexes.””

In the simulated IR spectrum of V-A (Figure 2 and Table
S3), the peaks at 1022 and 2184 cm™" are due to the V—O and
C—O stretches in the [OVCO]" ion core, respectively, which
are not observed experimentally. It thus appears that isomer V-
A does not contribute to the experimental spectrum. The
presence of isomer V-B could be eliminated on the basis of
experimental absence of the V—O symmetric and antisym-
metric stretches of [V(C,0,)]" at 787 and 846 cm™" (Figure 2
and Table S4). The IR spectrum of V-D reproduces the
experimental bands A—C, E, and H (Figure 2 and Table S5).
In the simulated IR spectrum of V-E (Figure 2 and Table S6),
the peaks at 776, 854, 1066, and 2322 cm™! are absent in the
experimental spectrum. For isomer V-F, the bending mode of
17*-0,C motif (796 cm™") is predicted which is not seen in the
experimental spectrum (Figure 2 and Table S7). Thus, we
conclude that isomer V-C is probably the main isomer present
in the experiment. The minor contribution of isomer V-D
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cannot be ruled out because its spectrum matches to the part
of the experimental spectrum. As illustrated in Figure 1,
different structural motifs yielded characteristic vibrational
features in the predicted IR spectra, which might be helpful for
structural identification.

It has been reported that the most stable isomer of
[V(CO,)]" has the end-on configuration, and the high-barrier
hinds the transform from weakly solvated structure to oxide-
carbonyl structure.** Even though V-A (oxide-carbonyl
structure) is energetically more stable than V-D (weakly
solvated structure) by 47.5 kJ/mol, the transform from V-D to
V-A could be dynamically prohibitive, resulting in the
experimental absence of V-D. As aforementioned analysis,
one electron is required to be transferred from V to form the
doubly charged oxalate-type C,0,* moiety in V-B. The
experimental absence of V-B implies that these charge-transfer
processes could be not readily to occur. The barrier for the
isomerization from V-C to V-A and that from V-C to V-B is
calculated to be 69.2 and 34.1 kJ/mol, respectively, suggesting
that the V-C isomer could be kinetically trapped in the
observed structure. It is reminiscent of experimental
observations of higher ener%y isomers on the potential energy
surface of charged species.””*'~*

3.2. [Cr(CO,);]* and [Mn(CO,),I*. For [Cr(CO,),]*, the
most stable isomer, labeled Cr-D, is the #'-OCO structure
(Figure 1). The relative stability of other five structural motifs
follows the order of #>-CQO, (Cr-C) > n*-carbonate (Cr-E) >
n*-oxalate (Cr-B) > #%-0,C (Cr-F) > oxide-carbonyl (Cr-A).
For [Mn(CO,),]*, the relative stability of the six isomers is in
the order of #'-OCO (Mn-D) > *-CO, (Mn-C) > #*-0,C
(Mn-F) > oxide-carbonyl (Mn-A) > n*-carbonate (Mn-E) >
1*-oxalate (Mn-B).

In the reaction of a single CO, molecule with 3d transition-
metal cations M', it has been found that the oxygen-atom
transfer can only be achieved by Sc* and Ti* via the formation
of the oxide-carbonyl structure [OM(CO)]*.*® Recent
experimental IRPD spectra of a series of [V(CO,),]" clusters
exhibited new vibrational features at n = 7,> which is identified
to be a bent CO,” species from the present calculations,
indicating the ligand-induced activation of CO,. It can be seen
from Figure 1 that the most stable isomers of [Cr(CO,),]* and
[Mn(CO,),]" are the weakly solvated structures, the feature of
which is quite different from [V(CO,),]*. IRPD spectroscopy
of [M(CO,),]* (M = Fe, Co, and Cu) indicated that CO, is
weakly bound to the metal cations.””*”** IR spectra of larger
[Ni(CO,),]* clusters provide evidence for the formation of
oxide-carbonyl species assisted by solvation.”’

The calculated IR spectrum of the Cr-A isomer for
[Cr(CO,),]* (Figure 3) is similar to that of V-A for
[V(CO,),]* (Figure 2). Similar results have also been obtained
for other isomers of [Cr(CO,),]" and [Mn(CO,),]* (Figures
3 and 4). It can be seen that the predicted IR spectra of
different type structures for the [Cr(CO,),;]* and [Mn-
(CO,),]* clusters are different in the 800—2300 cm™" region.
The IR spectra of [Cr(CO,),]* and [Mn(CO,),]* could be
measured by the IRPD technique, which helps to identify the
structures and shed light on the microscopic mechanism of
CO,-metal interactions.

3.3. Bonding Analysis of Isomer V-C for [V(CO,),I*.
The origin of the ligand-induced activation of CO, was
analyzed using the EDA-NOCV method. Table S8 shows the
numerical results for the V-C isomer of [V(CO,),]*. The
contribution of the orbital interaction AE,,, (65.7%) is larger
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than the electrostatic attraction AEg,, (30.9%). There are two
major contributions to the orbital interactions of the bent

CO,". The associated deformation densities Ap; and Ap, for
the V-C isomer is depicted in Figure S. The direction of the
Deformation densities [V(CO,)el* BentCO,-
AE,p=—-117.13 HOMO —  LUMO

o

(=4

.

¥

AE,pp=—14.78 LUMO <« HOMO

Figure S. Plot of the deformation densities (Ap) of the pairwise
orbital interactions between [V(CO,)4]" and the bent CO," ligand in
the V-C isomer of [V(CO,),]* and associated stabilization energies
AE (kcal/mol) and the shape of the most important interacting
orbitals of [V(CO,)¢]* and the bent CO,” moieties. The color code
of the charge flow is red — blue.

charge migration is red — blue. It becomes obvious that AE_,
comes from the backdonation [V(CO,)s]" — #* antibonding
orbital of CO in the bent CO,” ligand while AE_;, comes
from the weaker donation [V(CO,)¢]* < 7 bonding orbital.
Both orbital interactions will give rise to the activation of the
CO, ligand. These findings provide physical insights into the
fundamental mechanism for CO, activation on the transition
metals, which would have important implications for the
rational design of single-atom catalysts.

4. CONCLUSIONS

The interactions of the CO, molecules with the V', Cr¥, and
Mn" cations were investigated by quantum chemical
calculations. The comparison of calculated infrared spectra of
[V(CO,),]* with the experimental infrared spectra revealed
the formation of a bent CO,” species, indicating the ligand-
induced activation of CO,. The most stable isomers of
[Cr(CO,),]* and [Mn(CO,),]" are the weakly solvated
structures, the feature of which is different from [V(CO,),]".
The simulated IR spectra of different type structures for
[Cr(CO,),]" and [Mn(CO,),]" are different in the 800—2300
m~' region, which could be measured by the IRPD technique
and thus helps to identify the structures.
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