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ABSTRACT

The reduction of carbon dioxide to oxalate has been studied by experimental Collisionally 

Induced Dissociation (CID) and vibrational characterization of the alkali metal oxalates, 

supplemented by theoretical electronic structure calculations. The critical step in the reductive 

process is the coordination of CO2 to an alkali metal anion, forming a metal carbonite MCO2
− 
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able to subsequently add a second CO2 molecule. While the energetic demand for these 

reactions is generally low, we find that the degree of activation of CO2 in terms of charge 

transfer and transition state energies is the highest for lithium and systematically decreases 

down the group (M = Li – Cs). This is correlated to the strength of the binding interaction 

between the alkali metal and CO2, which can be related to the structure of the oxalate moiety 

within the product metal complexes evolving from a planar to a staggered conformer with 

increasing atomic number on the interacting metal. Similar structural changes are observed for 

crystalline alkali metal oxalates, although the C2O4
2− moiety is in general more planar in these, 

a fact that is attributed to the increased number of interacting alkali metal cations compared to 

the gas-phase ions.  

   

I. INTRODUCTION

While methanol and carbon monoxide are widely used as C1 chemical feedstock, 

methane and carbon dioxide have found limited uses as of today.1–4 The utilization of simple 

molecular building blocks such as CO2 in direct synthesis is of significant importance, as it has 

the potential to reduce the waste-to-product ratio of industrial processes by providing a more 

atom-efficient route to the desired products.5–9 However, the stability and inertness of CO2 pose 

significant challenges in terms of its chemical transformation. Consequently, although it already 

has various technological and chemical applications10–13, a significant fraction of these simply 

release it into the atmosphere in its original state at the end of the process. 14–16 Chemical 

transformation by reduction of CO2 to oxalate,

2CO2 + 2e− → C2O4
2−     (1)

has received much interest in the recent years. It is most often carried out using oxophilic, 

electron-poor transition metals or lanthanide complexes.17–23 This reaction can formally be 
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thought of as either a two-step one-electron reduction, followed by the coupling of the reduced 

CO2
•− species, 

2CO2 + 2e− → 2CO2
•−     (2)

CO2
•− + CO2

•− → C2O4
2−,     (3)

or alternatively a one-step two-electron reduction followed by nucleophilic attack of CO2
2− on 

the neutral counterpart,

CO2 + 2e− → CO2
2−        (4)

CO2
2− + CO2 → C2O4

2−.     (5)

Carbon dioxide has a negative electron affinity,24–26 and its reduced intermediates must 

therefore be stabilized. This can be achieved through interactions with a metal, 

CO2 + M− → MCO2
−     (6)

MCO2
− + CO2 → MC2O4

−.     (7)

Here, M may represent a metal cathode, as for example in electrochemical reduction,27–30 a 

coordinated metal in the case of reduction by organometallic complexes17–23, or simply a metal 

atom when isolated as gas-phase species.31–36 Of particular importance for the reduction 

reaction in terms of selectivity is the structure and electronic properties of the metal-coordinated 

CO2 (Eq. (6)), which constitutes the first intermediate in the formation of a covalent (C—C) 

bond. CO2 is a versatile ligand, and several of its coordination modes have been described and 

characterized.33–41 Although several recent studies have focused on transition or lanthanide 

metal catalysts, it has been shown that alkali metal atoms spontaneously reduce CO2, forming 

metal–carbon dioxide complexes, M+CO2
− and (M+)2CO2

2−, as well as metal–oxalates, 

M+C2O4
− and (M+)2C2O4

2−.42–45 The critical step in these reactions is the reduction of CO2 to 

CO2
•− by a neutral metal atom. A second metal atom is needed for the reduction to the oxalate 
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dianion. The analogous two-electron reduction of CO2 to oxalate stimulated by a single alkali 

metal anion has been studied through the corresponding reverse process, namely the 

decarboxylation of anionic metal oxalates, MC2O4
−.46–48 The MCO2

− anions formed by 

decarboxylation of MC2O4
− can be formally viewed as complexes between carbonite, CO2

2−, 

and a singly charged metal cation, M+, the former assumed to be an important intermediate in 

the reductive activation of carbon dioxide to carbon monoxide, formic acid, methanol, 

formaldehyde or other products.49–51 

The gas-phase oxalate dianion, C2O4
2−, hereafter denoted as Ox2−, is unstable with 

respect to electron detachment due to Coulombic repulsion, but can be stabilized by a minimum 

of three water molecules.52,53 The ion has a C—C single bond in the range 1.54 – 1.57 Å with 

a rotational barrier of 8 – 25 kJ/mol, depending on the local environment.54–56 It is widely 

accepted that the most stable conformer in solution is staggered or slightly twisted, having D2d 

or D2/C2 symmetries, respectively.54,55,57–61 Similar geometries are adopted by Ox2− when 

coordinated by metals, as observed in the crystal structures reported in the course of  

spectroscopic studies of the solid and aqueous alkali metal oxalates, M2C2O4,  M = Li – Cs.57,61–

65 In general, it is seen that planarity between the alkali metal cations and the oxalate anions in 

the crystals decreases down the alkali metal group. Thus, the interaction with a suitably 

polarizing metal, such as the lighter alkali metals Li – K, reduces the Coulombic repulsion 

between the two carboxylate groups sufficiently to allow for planarity in the oxalate 

scaffold.54,55 Alternatively, the degree of planarity can be rationalized by noting that lighter 

metals fit better within the Ox2− bite and interacts more strongly with the anion.54,55   

In this study we aim to characterize the structures of alkali metal oxalate complexes, 

MC2O4
−, as products of two-electron CO2 reduction mediated by single metal anions, with 

particular attention to their connection to the structures of the intermediate metal carbonites, 

MCO2
−. In addition, we examine whether the structure of oxalate in the solids is due to a crystal-
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packing effect, or is intrinsic to the nature of the coordinating ligand. This characterization is 

achieved by analyzing the results of both cryogenic ion vibrational spectroscopy and CID mass 

spectrometry with electronic structure calculations. With this joint experimental – theoretical 

approach, we reveal the factors that control the degree of carbon dioxide activation by the alkali 

metals.    

II. METHODS

a. Mass spectrometry

The formation of the metal oxalate complexes (MC2O4
−, MOx−) was accomplished by 

electrospraying solutions with 1.0 – 4.0 mM oxalic acid and 1.0 – 6.0 mM metal chloride (M = 

Li, Rb and Cs) or metal hydroxide (M = Na and K). We used a Waters Micromass QTOF 2 MS 

with a modified custom collision gas inlet for precise control of the collision induced 

dissociation (CID) conditions. The capillary and time-of-flight detector were operated at 3 and 

−3 kV, and the multichannel plate detector was kept between 1.9 – 2.3 kV. The source and 

desolvation temperatures were 100 and 150 C°, respectively. The metal oxalate ions, MOx−, 

were mass selected and subjected to CID under 2.0   10−4 mbar argon pressure in the collision 

cell. Breakdown curves were acquired by varying the collision energy during this process and 

used to estimate the binding energies of the metal oxalates and their metal carbonite fragments. 

In order to validate the threshold energies estimated by linear extrapolation of the breakdown 

curves, we applied the same methodology to two systems with well-characterized dissociation 

thresholds, namely protonated ethanol and deprotonated benzoic acid. Our procedure yields 

similar values to those reported in the literature.66–68 More details are available in the Supporting 

Information (SI). The uncertainties in the threshold energies due to the kinetic and thermal shifts 

as well as the kinetic energy release associated with the dissociation reactions are difficult to 
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quantify for our experimental setup. For this reason we only report the threshold energies with 

the numerical uncertainty associated with the extrapolation procedure, ranging from 5 – 45 

kJ/mol.  

b. Cryogenic ion vibrational spectroscopy

The gas-phase metal oxalate vibrational spectra were obtained using the Yale hybrid 

Orbitrap/time-of-flight photofragmentation mass spectrometer described previously.69,70  

M+Oxalate2− (M = Li, Na, K, Rb, Cs) ions were extracted from ~2 mM solutions of oxalic acid 

and solid metal hydroxide salts (obtained from Sigma Aldrich with no further purification and 

dissolved in methanol or methanol:H2O mixtures) using electrospray ionization and mass 

selected in the quadrupole of a modified69 Thermo Fisher Scientific Orbitrap Velos Pro. The 

selected ions were then accumulated in a (20-50 K) Paul trap where they were cooled by a 

buffer gas mixture of He and (~10%) hydrogen to provide the “messenger tags” (D2 for Li, K, 

and Cs; H2 for Na and Rb) weakly bound to the parent anions. The hydrogen molecules provide 

a low energy photofragmentation channel, which was monitored to collect linear (i.e., one-

photon) vibrational spectra with a minimum of structural perturbation. The spectrum of D-

Oxalate was reproduced from a previous report.71 In that case, a ~1 mM solution of oxalic acid 

in methanol was electrosprayed and deuterated by leaking D2O vapor into the second 

differentially pumped stage before the condensation and photofragmentation of 2H2 tags. 

c. Computational

We employed the Gaussian 09/1672 software for the computational studies for the 

calculations with the B3LYP density functional, the G4 composite method and the second order 

Møller-Plesset perturbation theory (MP2),73–77 and the NWChem78 suite of electronic structure 

software for the Coupled Cluster Singles and Doubles with a perturbational estimate of triple 

excitations [CCSD(T)]79–81 calculations. For the MP2 and CCSD(T) calculations, the frozen-
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core approximation was deemed unsuitable due to certain alkali metal core orbitals being higher 

in energy than the lowest energy CO2 valence orbitals in the complexes. This issue has been 

previously noted by Rassolov and coworkers,82 as well as Petrie,83 both suggesting feasible 

approaches to separate the core from the valence electrons. We chose to rearrange the active 

space manually on the basis of visual inspection of the orbitals. The frozen core of Na was 

therefore adjusted to the [1s22s2] electrons and that of K to the [1s22s22p63s2] electrons, see the 

Supporting Information (SI-C, Figures S17/S18). The Ahlrichs/Weigend basis set def2-

TZVPPD was chosen for the calculations due to its versatility and availability over the periodic 

table (H-Rn), and retrieved from the Basis Set Exchange Web portal.84–88  For the heavier 

elements Rb and Cs, this basis set employs effective core potentials (ECP) accounting for scalar 

relativistic effects through a quasi-relativistic description of the core region.87–89 The core 

potentials replace all electrons in the shells up to the penultimate one, i.e. 28 electrons for Rb 

and 46 electrons for Cs. For the Rb- and Cs-Oxalate complexes, all electrons not described by 

the effective core potentials were included in the determination of electron correlation. The 

basis set superposition error was estimated for the metal carbonites using the function 

counterpoise method,90–92 that includes the CO2 deformation energy93 which is substantial since 

the CO2 moiety is bent in the MCO2
− complexes. A detailed procedure is contained in the SI. 

The BSSE correction amounts to a correction of 5 – 12 kJ/mol at the CCSD(T) level of theory 

with the triple-ζ basis set (see Table S5 in the SI). The B3LYP density functional was used for 

the initial survey of the reaction landscape, while the G4 composite and the CCSD(T) methods 

were used to refine the thermochemistry, the latter also to provide more reliable metal carbonite 

geometries. 
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III. RESULTS AND DISCUSSION

a. Mass spectrometric characterization

The primary fragmentation pathway of all the alkali metal oxalate anions occurs by two 

sequential decarboxylations, as indicated in Figure 1 and Equations 8 and 9, the first one to 

produce MCO2
− and the second M−, 

MC2O4
− (m/z: 95, 111, 127, 173, 221) → MCO2

− (m/z: 51, 67, 83, 129, 177) + CO2      (8)

MCO2
− (m/z: 51, 67, 83, 129, 177) → M− (m/z: –, 23, 39, 85, 133) + CO2       (9)

 

Figure 1. Fragmentation mass spectra of MC2O4
− recorded at a collision energy integrated in the range 

ECOM = 3.0 – 5.0 eV under 2.0  10−4 mbar collision gas (Ar) pressure. The m/z values of the mass 

selected parent ions are enclosed in frames.
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For the lithium oxalate anion, the decarbonylation leading to lithium carbonate, is also 

observed:

 LiC2O4
− (m/z 95) → LiCO3

− (m/z 67) + CO.   (10)

These observations are in good agreement with previous reports by Tian,46 Attygalle48 and 

Curtis et al.47 as well as studies of thermal decomposition of the solid alkali metal oxalates.63,94–

97 It should also be mentioned that the lithium anion, Li− (m/z 7) is below the low mass cut-off 

our QTOF 2 instrument. According to MP2/6-311++G(d,p) calculations by Attygalle et al.48 

LiCO2
− has a lower electron detachment energy (47 kJ/mol) than the decarboxylation barrier 

(54 kJ/mol), suggesting that electron detachment yielding neutral lithium carbonite radical, 

which occurs at the crossing of the neutral and ionic surfaces, 

LiCO2
− → LiCO2

• + e−,   (11)

is the dominant decomposition channel. Our estimates for the electron detachment energy and 

the decarboxylation barrier of the Li system are 77 kJ/mol and 80 kJ/mol with the G4 composite 

method and  52 and 69 kJ/mol at the CCSD(T)/def2-TZVPPD level of theory (both using MP2 

geometries), respectively. For the sodium analogue, the difference between the computed 

electron detachment energy and decarboxylation barrier for NaCO2
− was reported48 to be 2.5 

kJ/mol (67.0 and 69.5 kJ/mol), the former having the lowest energy value. However, Na− (m/z 

23) is observed in our experiments.  The G4 (using MP2 geometries) results indicate that the 

vertical electron detachment of NaCO2
− requires 82 kJ/mol, while the decarboxylation has a 

barrier of 52 kJ/mol. The CCSD(T) calculations yield values of 67 kJ/mol and 38 kJ/mol for 

the electron detachment energy and decarboxylation barrier, respectively. 
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Figure 2. Breakdown curves for the MC2O4
− (M = Li, Na, K, Rb, Cs) complexes and appearance curves 

for MCO2
− and M− recorded for the collision energy interval ECOM = 0.4 – 8.0 eV under 2.0  10−4 mbar 

collision gas (Ar) pressure.
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In order to probe the binding energies of the complexes, we measured the breakdown 

and appearance curves over an energy range from 0.4 – 8.0 eV in the center of mass (COM) 

frame (Figure 2), and the resulting (estimated) threshold energies are shown in Table 1. It is 

important to emphasize that the threshold energies are less accurate for M− than for MCO2
−, 

since they are affected by secondary fragmentation. Therefore, we expect a closer 

correspondence between the theoretical and experimental values for the latter than for the 

former, given a reliable computational method. To the best of our knowledge, experimental 

threshold energies have not been reported to date for any of these systems.

Table 1. Experimentally estimated threshold energies for MCO2
− and M− in kJ mol−1 and MP2/def2-

TZVPPD barriers in parentheses. Uncertainties (one standard deviation) are associated with the linear 

extrapolation procedure outlined in the SI, and only partly reflect the experimental uncertainty (cf. 

experimental section).

M = Li M = Na M = K M = Rb M = Cs

MCO2
− 256 ± 14

(238)
157 ± 10

(150)
150 ± 9
(143)

110 ± 6
(145)

109 ± 11
(158)

M− n/a
(317)

238 ± 45
(192)

200 ± 19
(176)

157 ± 16
(181)

139 ± 5
(195)

The observation that M− is increasingly more abundant than MCO2
− for K, Rb and Cs (cf. Figure 

1) can be qualitatively attributed to the decreasing dissociation energy for MCO2
− → M− + CO2 

going down the series from Li to Cs. A more quantitative assessment, however, will require 

explicit treatment of the electron detachment channel. The combined ion yields of MCO2
− and 

M− do not account for the total signal loss of the precursor oxalate complexes (cf.  Figure 2), 

which could be an artefact of electron detachment. However, a fraction of the total signal loss 

is inherent to the ion transport, making explicit treatment of the electron detachment channel 

difficult.  
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b. Computational modeling of the unimolecular MOx− dissociation

A detailed computational survey was conducted to aid the understanding of the 

elementary reaction steps in the dissociation of the alkali metal oxalates into metal anions and 

carbon dioxide. Some of the key results are presented in Table 2, while more complete potential 

energy diagrams are reported in the SI. Attygalle et al.48 have previously reported results at the 

MP2/6-311++G(d,p) level of theory for these reactions, yet several additions and refinements 

have been made herein, such as employing electronic structure methods of higher accuracy [i.e. 

CCSD(T) and the G4 composite methods] and using more detailed reaction models. We advise 

the reader that some of the notation in this Table 2 is introduced in section III d.

Table 2. MP2/def2-TZVPPD and G4, CCSD(T)/def2-TZVPPD (EE + ZPVE) energies for the 

dissociation of MOx− in kJ mol−1, relative to MC2O4
− (1A). 1A corresponds to the optimum MOx− 

geometries, notwithstanding KOx−. The MOx− complexes were optimized at the MP2/def2-TZVPPD 

level of theory and energies were subsequently refined at the CCSD(T)/def2-TZVPPD and G4 levels 

using these geometries. The MCO2
− and CO2 geometries were optimized at both the MP2 and CCSD(T) 

levels. The G4 energies are computed using the MP2/def2-TZVPPD geometries. 

M = Li M = 
Na

M = 
K

M = 
Rb M = Cs Method

0 0 0 0 0 MP2
0 0 0 – – G4MC2O4

− (1A)
0 0 0 0 0 CCSD(T)
77 49 −3 – – MP2
76 47 −1 – – G4MC2O4

− (1B)
76 48 –2 – – CCSD(T)
238 150 137 141 154 MP2
233 161 152 – – G4

M(κ2–O2C)− 
(2A) + CO2 237 160 146 152 165 CCSD(T)

249 178 161 166 174 MP2
238 181 172 – – G4

M(η2–CO2)− 
(2B) + CO2 248 180 164 171 183 CCSD(T)
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317 189 169 174 188 MP2
310 202 189 – – G4M− + 2CO2

302 183 166 174 189 CCSD(T)
326 211 193 200 216 MP2
372 255 236 – – G4

M + e− + 
2CO2 346 230 209 216 230 CCSD(T)

9 22 24 26 28 MP2
63 53 47 – – G4
45 47 43 42 41 CCSD(T)

EA(M)

60 53 48 46 46 Exp.98–102

Our calculations indicate that the energetic demands for the CO2 loss from MOx−,

MC2O4
− → MCO2

− + CO2,       (8)

decrease with atomic number on the metal up to KOx−, and subsequently increase slightly to 

CsOx−. The same trend is observed for the decarboxylation of MCO2
−, 

MCO2
− → M− + CO2.         (9)

This is in contrast to our experimental estimates, the accuracy of which depends on a multitude 

of factors, which are difficult to assess (cf. experimental section II. a.), making it unfeasible to 

assign higher validity to either of the experimental or theoretical energies. As a test of the 

reliability of our computational methods, the electron affinities of the metals were calculated. 

The experimental Electron Affinities (EA) decrease monotonically down the alkali metal 

group,98–102 while MP2 yields an increasing trend down the series. CCSD(T) slightly 

underestimates the electron affinities of all alkali metals, but manages to reproduce the 

experimental trend, lithium notwithstanding, while the G4 results are best in agreement with 

the experimental Electron Affinities (EA) for the Li – K atoms.98–102, 103–105 Despite erroneous 

EAs for MP2, there is general qualitative agreement among all methods for the dissociation of 

MOx−. 
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As regards the optimum geometries, the oxalate moiety is twisted from the planar to the 

staggered conformation with increasing metal atomic number from Li to Cs (Figure 3). 

Figure 3. MP2/def2-TZVPPD optimized geometries 1A and 1B of the MOx− complexes with NBO 

partial charges on C2O4 and M indicated. Bond distances in Angstroms (Å), angles in degrees.

Specifically, the lowest energy LiOx− complex is calculated to be planar (1A, C2v), 

NaOx− slightly twisted (1A, C2), KOx− has both twisted (1A, C2) and staggered (i.e., with the 

metal ion bound closer one -CO2 group, 1B, Cs) conformations that are close in energy, while 
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RbOx− and CsOx− are both staggered (1A, Cs), similar to their crystalline counterparts.57,62–65 

The staggered MOx− complexes may dissociate directly to the lowest energy carbonites, 2A, 

M(κ2–O2C)− (cf. Figure 5), while the planar (LiOx−) and twisted (NaOx−) complexes require 

metal migration to yield an end-on isomer (1B, C2v) prior to dissociation. For all oxalates, the 

formation of the 2B isomers, M(η2–CO2) is the most demanding pathway as discussed further 

in section d. 

c. Cryogenic ion vibrational spectroscopic characterization of the MOx− complexes

Figure 4. Vibrational predissociation spectra for the MC2O4
− (M = D, Li, Na, K, Rb and Cs) complexes 

“tagged” by either D2 (M = Li, K and Cs) or H2 (M = Na and Rb). The deuterium oxalate spectrum is 

adapted with permission from (Wolke, C. T.; DeBlase, A. F.; Leavitt, C. M.; McCoy, A. B.; Johnson, 

M. A. Diffuse Vibrational Signature of a Single Proton Embedded in the Oxalate Scaffold, HO2CCO2
–. 

J. Phys. Chem. A 2015, 119 (52), 13018–13024.).71 Copyright (2020) American Chemical Society. The 

Page 15 of 44 Physical Chemistry Chemical Physics



16

MP2/def2-TZVPPD minimum energy structures are shown to the left, and the corresponding computed 

vibrational frequencies (scaled by 0.990 for the Li, Na and K, and by 0.985 for the Rb and Cs), are 

denoted by sticks. The scaling has been determined according to the best fit to the experimental spectra.  

The structural characterization of the alkali metal oxalates was achieved by acquiring 

vibrational spectra of the corresponding mass-selected, cryogenically cooled gas-phase ions 

with the results displayed in Figure 4. We could not reach sufficient signal intensities to acquire 

spectra of the corresponding metal carbonites. The harmonic spectra of the calculated (at the 

MP2/def2-TZVPPD level of theory) MC2O4
− structures feature four transitions in the 

fingerprint region between 1100 and 1900 cm−1, resulting from combinations of carbonyl 

(C=O) displacements, which are in good agreement with the experimental band patterns. 

According to our MP2 calculations, the symmetry of the MOx− complexes is reduced down the 

series, from C2v for Li to C2 for Na and K, and finally Cs for Rb and Cs. Note that for 

hydrogen/deuterium the point group is also Cs as the potential for proton transfer between O 

atoms has a double minimum shape.71

For the C2v and C2 metal oxalates (Li, Na and K), the strongest C=O stretching based 

fundamental is the in-phase combination of the unbound C=O displacements (ν15), observed at 

1683, 1652 and 1634 cm−1, respectively. The out-of-phase combinations (ν14) are found slightly 

lower in energy at 1661, 1625 and 1592 cm−1, and exhibit different shifts relative to the in-

phase bands with increasing ligand size (Δν: 22 to 43 cm−1). As expected, the bound C=O 

displacements are lower in energy, with in-phase combinations (ν13) at 1335, 1358 and 1381 

cm−1 and out-of-phase combinations (ν12) at 1220, 1232 and 1238 cm−1. Although KOx− appears 

well-characterized by a harmonic vibrational model, additional details are recovered from the 

calculated anharmonic spectra. The FWHM of the unbound C=O fundamental band centered at 

1634 cm−1 in the K complex is slightly larger with an asymmetrical lineshape relative to the 
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corresponding band for the other metal oxalates (20 cm−1 compared to 17 cm−1 (LiOx−), 15 

cm−1 (NaOx−), 13 cm−1 (RbOx−) and 11 cm−1 (CsOx−)). This broadening can be traced to two 

combination bands with significant oscillator strength (~50 % of the fundamental) within 11 

cm−1 from the corresponding calculated transition (see SI). 

In the asymmetric (Cs) Ox complexes with D, Rb and Cs, the CO2 moieties are 

distinguishable from each other. One of these has equivalent C=O bonds, most closely 

resembling a carboxylate group (CO2
−), while the other has notably different C=O bond lengths, 

i.e. the structural features of a carboxyl group (M–O–C=O). The strongest oscillator is thus the 

unbound C=O displacement (ν15) of the carboxyl group, observed at 1768, 1622 and 1626 cm−1 

for D, Rb and Cs. Nearly as strong is the asymmetric CO2 displacement of the carboxylate 

group (ν14), located at 1683 cm−1 for the deuterium complex, and at 1528 cm−1 for both RbOx− 

and CsOx−. The lowest frequency bands in the range 1200 – 1400 cm−1 are due to the in- and 

out-of-phase combinations of CO2 bound in a symmetric motif as well as the bound C=O 

displacements (ν13, ν12). For the deuterium complex, the vibrational modes in this range involve 

the movement of the deuteron ligand to a higher degree than in the corresponding alkali metal 

oxalates.71 Thus, the band at around 1200 cm−1 can be mainly attributed to the OD-bend, while 

the combination of out-of-phase symmetric CO2 and bound C=O displacement modes make a 

minor contribution to this feature, consistent with the previous assignment.71 

In terms of overall trends, we observe a red-shift of the unbound C=O (ν14, ν15) stretches 

concurrent with the blue-shift of the bound C=O vibrations (ν12, ν13) with increasing metal size. 

In other words, the bound and unbound C=O displacement bands converge with the increasing 

atomic number of the metal ligand, a fact that can be attributed to the decreasing covalence in 

the metal-oxalate bonding. At the same time, oxalate twists towards the most stable staggered 

configuration of the isolated dianion. For Ox2− the antisymmetric carboxylate stretches are 

degenerate, with a transition at around 1580 cm−1.58,60,61 In comparison, we observe a splitting 
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of the corresponding transition (symbolized by an arrow in the Cs trace, to ν14 and ν15), due to 

the presence of the metal in the RbOx−  and CsOx− spectra in Figure 4. For the Li – K species, 

this effect manifests itself by the increasing splitting of the unbound C=O modes with metal 

size, as the out-of-phase mode gradually transforms into the asymmetric CO2 displacement 

mode in the RbOx− and CsOx− spectra. Note that while the DOx− spectrum most closely 

resembles those of RbOx− and CsOx−, in which oxalate is staggered, the oxalate moiety is planar 

in that complex. The asymmetry, or rather the non-equivalency of the two CO2 moieties, are 

thus enforced by deuteron’s smaller size and the double-minimum covalent bonding motif, 

while the large size of the Rb and Cs ions makes them unsuitable for symmetric accommodation 

within the oxalate scaffold. Additionally, the increasingly ionic bonding for the heavier alkali 

metal complexes increases the electron density on the oxalate, which in turn lessens the 

Coulombic repulsion by twisting about the C—C bond.   

 The geometry of Ox2− in an aqueous solution with alkali metal counterions was 

previously studied by Kuroda et al., who proposed the formation of contact ion pairs, M+…Ox2−, 

in which oxalate assumes D2d and D2h conformations.61 However, these authors suggested a 

different position for the metal, with a mixture of side- and end-on coordination being observed, 

which is likely due to the presence of solvent molecules and the formation of a fully connected 

hydrogen bonding network in the condensed phase that is absent in the binary complex. We 

rather find that the gas-phase MOx− geometries resemble those of the solid metal oxalate 

salts.57,62–65  In that regime, however, Ox2− is planar from Li to K, whereas the degree of 

coplanarity between the alkali metal cations and the oxalate dianion in the crystal lattice 

decreases with heavier counterions. Crystalline Rb oxalate has two isomeric forms (planar and 

staggered) with respect to oxalate at elevated temperatures, while in the Cs salt it is 

staggered.62,63 The differences in the oxalate conformations between the gas-phase and the solid 

species could stem from the different numbers of interacting metal cations in the two cases. 
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Indeed, for the gas-phase MC2O4
− complexes, there is only one interacting cation, while the 

crystalline analogues have several. Thus, we surmise that the structure of oxalate in solid 

crystals is not solely governed by packing effects as suggested by Dinnebier et al.62, but also 

by the intrinsic nature of the interaction with the coordinating metal. This is partly supported 

by noting that the oxalate moiety in both NaHC2O4•H2O106 and KHC2O4
107–109 salts is slightly 

twisted with an angle of ∠OCCO=13°, and that Ox2− is covalently interacting with a proton in 

addition to an alkali metal cation.    

d. Activation of CO2 and the formation of the MOx− complexes

The activation of CO2 as an isolated molecule can be accomplished by the addition of 

an alkali metal anion, 

CO2 + M− → MCO2
−.     (6)

Although a barrier might be present for this reaction, the relevant barrier heights are low (1 – 

15 kJ/mol). The addition reaction may lead to two different metal carbonite isomers, one with 

bidentate oxygen-metal coordination, 2A, M(κ2–O2C)−, the other with mixed carbon-oxygen, 

or acyl metal coordination, 2B, M(η2–CO2)−. Previous studies have shown that CO2 forms 

metalloformates, M(η1–CO2)−, with Ni, Cu, Pd, Pt, Au, Ag, and Bi.31,32,36,110,111 For the alkali 

metal series, CCSD(T) calculations indicate that only the LiCO2
− is stable as a metalloformate, 

with a BDE of 11 kJ/mol and C—M bond of 2.28 Å (not shown). We surmise that the alkali 

metals attain the bidentate oxygen-metal coordination due to being more oxophilic, as 

quantified by Kepp112. The abovementioned metals are among the least oxophilic (0.0 – 0.2 on 

the Kepp scale), favoring the metalloformate geometry. Interestingly, Li, has a relatively low 

oxophilicity (0.3), which could partly explain its increased propensity towards the 

metalloformate structure.  
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Formation of the 2B isomer should occur with the lowest barrier, and we expect it to be 

the initial product of reaction (6), similarly to what has been reported for the neutral reaction43–45 

CO2 + M → MCO2.   (13)

In order to assess the degree of CO2 reduction in terms of charge transfer, we invoked 

the natural bond orbital (NBO)113 analysis at the CCSD(T)/def2-TZVPPD optimized 

geometries of the metal carbonite anions shown in Figure 5. 
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Figure 5. CCSD(T)/def2-TZVPPD optimized geometries of the 2A (M(κ2–O2C)−, C2v) and 2B (M(η2–

CO2)−, Cs) alkali metal carbonites. Bond lengths are in Angstroms (Å) and angles in degrees. The NBO 

partial charges on the CO2 moiety as well as the carbon and the metal atoms are also indicated. 

Going down the series from Li to Cs, the partial charge on the metal atom decreases 

while it increases on the CO2 moiety. At the same time, the M—O bond length increases, 

corresponding to a weaker interaction between CO2 and M when going from Li to Cs. The 

∠OCO bond angle ranges from 127° – 133° in the 2A isomers, while the corresponding angles 

for the 2B isomers are wider, 134° – 139°. These values are close to the reported bond angles 
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for the analogous neutral MCO2 species.43,44 The partial charges on the CO2 in the 2A 

complexes are close to −1, suggesting that the electronic state resembles that of the isolated 

carbon dioxide radical anion, CO2
•−.24 However, due to the metal-oxygen interaction, the C—

O bonds are elongated (1.24 – 1.26 Å) and the ∠OCO angle is slightly narrowed when compared 

to the structure of the isolated CO2
•− (1.23 Å and 138°).35,114 Thus, the C—O bond lengths of 

the 2A complexes range from that of CO2
•− to those found in carboxylate groups (1.26 Å).115 

The 2B isomers have slightly different C—O bond lengths due to the metal interacting with 

only one oxygen atom. The largest difference between the two C—O bonds are found in the 

lithium 2B isomer, with this difference decreasing down the series from Li to Cs. The second 

order perturbation theory analysis in the NBO basis suggests that the M—C bond donates 

electron density to the C—O antibonding orbital, while the oxygen lone pair donates to the M—

C antibonding orbital. The stabilization due to the former diminishes with increasing atomic 

number, while it increases for the latter. This is consistent with the observed C—O bond 

differences and the elongation of the M—C bond down the series. 

The next step in the reduction of CO2 to C2O4
2− is the addition of a second carbon 

dioxide molecule to the metal carbonite,

MCO2
− + CO2 → MC2O4

−.    (7)

This reaction provides a suitable test system to probe the extent of CO2 activation in the 

intermediate MCO2
− complex. Two phenomenologically different transition states, TS1A and 

TS2A, for the addition of a second CO2 were found, differing according to whether C—C bond 

formation occurs with or without interaction between the incoming CO2 and the metal, as shown 

in Figure 6. The carboxylation of the lightest metal carbonites, Li and Na, is calculated to 

proceeds exclusively via TS1A. Both reaction paths are accessible for the heaviest metal 
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carbonites, K – Cs, with decreasing energetic demands for TS2A down the series as discussed 

further below. 

Figure 6. Structures and energetics of transition states for the addition of CO2 to MCO2
− (2A) at the 

MP2/def2-TZVPPD level of theory. The C–C bond length (Å) corresponds to the reaction coordinate. 

ΔETS is the energy difference (Ee + ZPVE) between the transition state and the MCO2
− + CO2 asymptote.

The barrier for CO2 addition is lowered when the reaction coordinate (primarily the C—

C bond length) is elongated towards that of the separated reactants in the transition state. 

Following this deduction, the metal carbonite becomes a less efficient nucleophile down the 

alkali metal series, as seen by the decreasing C—C bond length and increasing barrier height in 
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TS1A. However, the barriers are lowered when the addition proceeds through TS2A for the K, 

Rb and Cs species. We surmise that the energetic penalty is lowered due to the increasingly 

negative and larger metal participating in the activation of the incoming CO2. Therefore, we 

observe mixed carbon and metal nucleophilicity in TS2A consistent with the fact that as the 

metal size increases, more of the negative charge remains on the metal in the MCO2
− species. 

The activation of CO2 as a carbon nucleophile is more accurately assessed by 

considering the reaction path via TS1A in conjunction with the partial charges on the carbon. 

The energetic demands increase with metal size for the addition proceeding over this barrier, 

congruent with the assumption that the lighter metals are more efficient in activating CO2. We 

find some support in the literature on the relative reactivities of the neutral lithium and sodium 

carbonites, MCO2, in that the latter exhibits lower reactivity towards CO2 than the former.45 In 

addition, we find that the order of reactivities of neutral alkali metals towards CO2 have been 

reported as Li > Cs > K > Na.44 This was rationalized by stating that the initial interaction 

between CO2 and the alkali metal leads to the formation of a neutral 2B analogue, and that its 

relative stability controls how readily the reaction sequence begins. We find that the 

interconversion between 2A and 2B ions requires less energy than the addition, except for Na. 

For the 2B species, carboxylation occurs without a barrier for all metals according to our 

calculations, and we might expect this reaction to display significant metal activation of the 

incoming CO2. This is supported by our calculations predicting a negative charge that is 

generally larger on the metal and lower on the CO2 moiety in the 2B carbonites. 

The relative stabilities (in kJ/mol) of the various isomers 1A/1B and 2A and the paths 

connecting them via transition states TS1A and TS2A for all alkali metals are summarized in 

Figure 7, which provides a global picture of the potential energy landscape for each system.

Page 24 of 44Physical Chemistry Chemical Physics



25

Figure 7. Relative stabilities of isomers 1A/1B and 2A (kJ/mol) for the alkali metals considered in this 

study on the MP2/def2-TZVPPD level of theory.

The core ionization energies, IE(1s), have been shown to correlate with properties such 

as Lewis acidity and basicity,116,117 and the C(1s) energies of the MCO2
− complexes (Table 3) 

could therefore prove useful descriptors of their carbon nucleophilicity.

Table 3. C(1s) energies (eV) of the MCO2
− complexes at the CCSD(T)/def2-TZVPPD level of theory. 

The corresponding value for neutral CO2 is −311.9 eV.

MCO2
− 2A 2B

Li −302.40 −303.861

Page 25 of 44 Physical Chemistry Chemical Physics



26

Na −304.04 −305.608
K −304.88 −306.204
Rb −305.24 −306.487
Cs −305.20 −306.348

The C(1s) energy is a diagnostic for the charge distribution around the nucleus, and it can be 

used to infer how well it interacts with positive of negative charges. A higher orbital energy 

implies more negative charge around the nucleus, favoring nucleophilicity. The near linear 

correlation (R2 = 0.96, see SI) of the C(1s) energies with the 2A + CO2 (TS1A) barrier heights 

strengthen the results obtained from the NBO analysis. The lower orbital energies of the 2B 

species support the assumption that these are not as efficient carbon nucleophiles as 2A.    

Finally, we computed the partial charges on the MOx− product complexes as a step 

towards validation of our simple model, where the two electrons needed for the formation of 

the C–C bond between two CO2 molecules are provided by the alkali metal anions, as implied 

by equations (6) and (7). Figure 3 in conjunction with Figure 5 illustrates the expected charge 

reversal from of the metal −1 to +1 that would result from the stepwise reduction of CO2 to 

C2O4
2−.

IV. CONCLUSIONS

Alkali metal oxalate and alkali metal carbonite binding energies decrease down the 

alkali metal series, as indicated by both approximate experimental dissociation thresholds and 

the results of electronic structure calculations. For the MOx− complexes, this trend is evident in 

the evolution of the C=O stretching fundamentals in the IR spectra, specifically the blueshift of 

the bound C=O vibrational bands down the series. The size and binding strength of the 

interacting metal also determines the degree of planarity for the oxalate moiety, which evolves 
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towards the most stable isolated (Ox2−) D2d isomer with increasing metal size. The change in 

planarity provides an additional transition state for the decarboxylation of the K – Cs alkali 

metal oxalates, which lead us to propose two different types of nucleophilic reactivity for the 

intermediate MCO2
− complexes. These intermediates may react either as pure carbon or mixed 

carbon-metal centered nucleophiles, with the smaller and more tightly bound metal complexes 

preferring the former, while those with larger, more polarizable metals favoring the latter. This 

difference can be attributed to a more complete charge transfer from the metal to the CO2 moiety 

in the more tightly bound species (i.e. Li). According to our proposed reaction model, the 

activation of CO2 by the alkali metals proceeds energetically downhill when an additional 

electron is introduced. 
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