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ABSTRACT: We present a computational survey of the reduction of CO, to CO by M
alkali metal and alkaline earth metal chloride anions in the gas phase, uncovering also COZ\i
mechanistic aspects on the selective tuning between oxalate and carbonate products

relevant to chemical or electrochemical processes. The reduction of a single CO, molecule c
is typically endothermic, whereas the corresponding disproportionation reaction involving Co; OQ
two molecules is exothermic. Our computational results suggest consistent periodic trends

M \
with reaction energies being highest for elements toward the center of each group. The Q / }\ W

€]
SN
/

I c—C
factors governing these trends are discussed, in particular, the covalent contributions to o’g\o co co O/ ° \O
bonding in these highly ionic species. Ve ° Y

M-0O
M =Li, Na, K, Rb, Cs
BeCl, MgCl, CaCl, SrCl, BaCl
Bl INTRODUCTION Scheme 1. Structural Motifs of Metal Carbonites (MO,C)
From a circular economy perspective, the use of CO, as @) @) e}
teedstock for synthetic fuels or commodity chemicals is an / \\ / \\ /7
attractive prospect. In practice, the first step in such processes C M Oo=C— M M—C .
will be the reduction of CO, to CO. Once formed, CO may \ S \»
then serve as a reactant, for example, in the Fischer—Tropsch O O
synthesis of hydrocarbons' and the Cativa/Monsanto
. . 12,3 . .

processes for production of acetic acid.”” Obviously, direct K2-02C 1’]2-C02 1’]1-002

reduction of CO, to CO is an endothermic reaction:

CO,(g) = CO(g) + l/zoz(g) AH°__ = 283 kJ/mol

@ and Cr,""">?°7?? even insert into one of the C—O bonds with
The required energy can be obtained either electrochemi- subsequent CO elimination:
cally, e, MCO, - OMCO — MO + CO. (iv)

+ - —
2H(aq) + 2¢7(aq) + CO,(g) = CO(g) + H,0(), Metal carbonites, formed by the addition of alkali and

(ii) alkaline metal anions to one CO, molecule, may in turn add a
or by using a suitable reducing agent, with the following second CO,, giving rise to metal oxalate complexes by C—C
reaction acting as a prototype example (ignoring the fact that coupling:
the water—gas shift reaction, actually used for producing H, in _ +co, _ +co, ~
industry, is the reverse of this): M — MCO, — MC,0, . (v)
CO,(g) + H,(g) = CO(g) + H,0(1) (iii) In association with this observation, we recently found from

] ) ) an energy resolved collisional activation study that metal
It is well established that metal atoms and anions may add

CO, to form complexes in gas phase reactions, formally metal
carbonites (MCO,). Their preferred structures are shown in
Scheme 1, which in the case of alkali and alkaline earth metals
is the bidentate coordination of the metal to both oxygen
atoms (k>-0,C),*”"* while for transition metals, the metal
typically binds to the carbon atom (7'-CO,) or in a side-on
fashion (7*-CO,)."*~"” Early transition metals, M = Sc, Ti, V,
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1A

Figure 1. Schematic potential energy diagram of reactions between a CO, molecule and alkali (M = Li—Cs) and chloride-tagged alkaline earth (M
= BeCl—BaCl) metal anions, M. 1A is the k¥*-O,C isomer, while 1B is the #°-CO, coordinated metal carbonite.

Table 1A. Relative ZPVE-Corrected [MP2/def2-TZVPPD] Electronic Energies for M~ + CO, —» MO~ + CO, in kJ/mol

Li Na K Rb
M~ + CO, 0* 0 (e 0“
INC1 -15 —10 =74 =7
TS1A 14 13¢ 14“ 12¢
TS1B —4 3¢ 7¢ 7¢
1A —79¢ -39 —33¢ —33¢
TSIC1 —44° 9« 2¢ 27
1B —68 -11¢ -9 -8
MO~ + CO 160 228 213 213

Cs BeCl MgCl CaCl SrCl BaCl
0 0 0 0 0 0
-5 -22 -15 —13 —-11 -9
157 n.e.’ 20 6 3 0
74 -23 -9 1 -6 n.e.
—34“ —247 —102 —103 -73 -85
—37 neb 6 -35 -32 —45
—14“ —248 —84 —96 -76 —82
191 —181 66 86 104 41

“From ref 12. "Proceeds by dissociation and reattachment via INC1. “The designation n.e. indicates either nonexistent minima or, in the case of
transition states, that the reaction proceeds with a monotonic increase in potential energy in both directions along the reaction coordinate.

oxalate complexes of this kind provide an alternative route to
CO formation since the disproportionation reaction

MC,0,” - MCO,~ + CO (vi)

was observed for M = Li but not for M = Na—Cs."” It turned
out that the same type of decarbonylation had previously been
seen by other authors.’*** Closely related to this, Miller and
Uggerud observed the formation of metal carbonates
accompanied by the expulsion of CO, i.., reductive
disproportionation, in Sg2-type reactions between MCO,~
(M = ZnCl, MgCl) and CO, at near-thermal energies:

MCO,” + CO, - MCO;™ + CO." (vid)

The intermediacy of a metal oxalate complex was inferred in
these reactions. Reductive disproportionation of CO, along
this pathway has also been reported for several low valent
transition metal systems, typically initiated by the formation of
corresponding metal carbonites.*>™*” Furthermore, carbonate
formation is an unwanted byproduct since it results in both
energy and carbon loss during electrolytic CO, reduction to
CO, for which oxalate production is another competing
process.”®

Studying elementary reactions in the isolated gas phase
provides fundamental insights into the physicochemical factors
that determine chemical reactivity.

In particular, it would be useful to understand how different
metal anions interact with the CO, molecule and how this in
turn determines which reaction pathways toward CO
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formation are available for a given metal anion. Based upon
the discussion above, we are interested in obtaining
comprehensive pictures of the following two reactions:

M™ + CO, - MO + CO (viii)

M~ + 2CO, — MCO,” + CO. (ix)

Here, we limit ourselves to investigating periodic trends for
the anionic alkali metals (M = Li, Na, K, Rb, and Cs) and the
isovalent chloride-bonded alkaline earth metals (M = BeC],
MgCl, CaCl, SrCl, and BaCl), identifying relevant intermedi-
ates and key transition structures based upon quantum
chemical calculations. Our efforts in isolating some of these
intermediates experimentally have turned out rather unsuccess-
fully, probably due to their low inherent stabilities—which are
not a limitation for theoretical calculations. Despite the
fundamental objective of our study, we hope that the results
and insights may be of use for practical purposes, for example,
providing insights into electrochemical and chemical reduction
of CO, as already mentioned.

B RESULTS AND DISCUSSION

The reaction mechanisms relevant for reduction of CO, to CO
mediated by a single anionic metal center, M, are illustrated in
Figure 1, and the corresponding computed [MP2/def2-
TZVPPD] energies are presented in Table 1A. The fully
metal inserted complex OMCO™ is reported as a key
intermediate for the early transition metals'*">*°™*" but

https://doi.org/10.1021/acs.organomet.1c00213
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Table 1B. [MP2/def2-TZVPPD] NBO Partial Charges and Other Relevant Data on the Reactants, Intermediates, and

Products of the M~ + CO, - MO~ + CO Reaction

Li Na K Rb

M~ M —-1.0 -1.0 -1.0 -1.0
Cl n.a. n.a. n.a. n.a.

1A M 0.4 0.0 —-0.2 —-0.2
C 0.5 0.7 0.8 0.8

o -0.9 -0.9 -0.8 -0.8

Cl n.a. n.a. n.a. n.a.

1B M 0.0 -0.3 —-0.4 -0.5
C 0.7 0.9 1.0 1.0

O prigge -1.0 —09 —0.8 -0.8

O Terminal -0.8 -0.8 -0.7 —0.7

Cl n.a. n.a. n.a. n.a.

MO~ M 0.9 0.5 0.4 0.4
(0] -1.9 -1.5 -1.4 -14

Cl n.a. n.a. n.a. n.a.

rv—o (A) 1.69 1.94 2.23 2.32

Cs BeCl MgCl CaCl SrCl BaCl
—1.0 —0.2 —0.1 —0.1 —-0.1 —-0.1
n.a. —0.8 —-0.9 —-0.9 —-0.9 —-0.9
—-0.2 1.1 1.5 1.5 1.4 1.4
0.8 0.5 0.4 0.4 0.5 0.5
—-0.8 -1.0 -1.0 -1.1 -1.0 -1.0
n.a. —0.6 —0.8 —0.8 —-0.9 -0.9
—-0.4 0.9 1.2 1.3 13 1.3
0.9 0.5 0.5 0.4 0.4 0.5
—0.8 -1.0 -1.0 -1.1 -1.1 -1.0
-0.7 —-0.8 —-0.8 —-0.8 —-0.8 —-0.8
n.a. —0.6 —0.8 —0.8 -0.9 -0.9
0.5 1.6 1.8 1.8 1.8 1.7
-1.5 -1.8 -1.9 —-1.8 -1.8 -1.7
n.a. -0.8 -0.9 -1.0 -1.0 -1.0
2.62 1.39 1.80 1.99 2.04 2.08

Table 2A. Relative ZPVE-Corrected [MP2/def2-TZVPPD] Electronic Energies for M~ + 2 CO, - MCO;"~

Li Na K Rb
M +2CO, 0 0 0 0
1A + CO, -79¢ -39 -33 -33
TSIC1 + CO, —44 9“ 27 27
1B + CO, —68“ -11 -9 —8“
INC2A —1027 —64° 60“ -61°
INC2B —927 -32 —34 -36"
TS2A —102“ —46“ —26“ —29¢
TS2B —84“ n.e. —34 —36
2A -317¢ —189“ —169“ n.e.
TSIC2 —226" —134° —168“ n.e.
2B —241° —1407 —1727 —174°
TS3A n.e. S 24 11
TS3B —88 S n.e. n.e.
TS3C —-28 84 79 76
INC3 —200 =70 -52 —47
MCO;™ + CO —181 —48 -20 —14

+ CO in kJ/mol

Cs BeCl MgCl CaCl SrCl BaCl
0 0 0 0 0 0
—347 —247 —102 —103 -73 -85
-3¢ n.ebs 6 -35 -32 —45
—14 —248 —84 —-96 -76 —82

—627 n.e. n.e. n.e. n.e. n.e.
n.e. —-273 —-110 —134 —-117 —126

-30“ n.e. n.e. n.e. n.e. n.e.
n.e. —244 —10S —130 —-113 —123
n.e. —-504 —-334 —344 -323 —334
n.e. —266 —198 —254 -307 —327
—188“ —357 —232 -315 -312 —33S§
9 n.e. —120 —140 —121 —127
n.e. n.e. —-107 —-110 —118 —-127
56 —198 —41 —66 —63 -89
-=70 —411 —243 —272 —-251 —246
—41 —-399 —228 —239 -216 —226

“From ref 12. "Proceeds by dissociation and reattachment via INC1. “The designation n.e. indicates either nonexistent minima or, in the case of
transition states, that the reaction proceeds with a monotonic increase in potential energy in both directions along the reaction coordinate.

turned out not to correspond to a stable minimum energy
structure for any of the metal anions studied here.
Consequently, we will only need to consider [M,CO,]”
intermediates with intact CO, cores, consistent with previously
published literature on reactions between these metals and
C02.4_9’11’12

The formation of the intermediate metal carbonites®”*° 1A/
1B via a weakly bonded ion—molecule complex INC1 is always
exothermic and facile. Small or negligible barriers separate
INC1 from 1A and 1B, respectively. The bidentate structure
1A is typically the more stable isomer. It should also be noted
that the barrier for interconversion between the two isomers,
TSIC1, is usually close to or lower in potential energy than the
separated reactants, M~ + CO,, and always lower than the
separated products MO~ + CO, with the exception of M =
BeCl. The formation of the products from both 1A and 1B
occurs without a reverse barrier.

Before continuing, it should be mentioned that the reverse
reaction, adsorption of CO to alkaline earth metal oxide
surfaces, has been reported to lead to the initial formation of
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MCO, surface species, acting as precursors to a range of
products."' ~*

According to our calculations, the reduction of CO, to CO
is endothermic for all systems, except for M = BeCl, giving rise
to a significantly exothermic reaction (AH®,, ox = —181 kJ/
mol). Unfortunately, experimental reaction energies are not
directly available for all species from the literature for
comparison since complete Born—Haber cycles cannot be
established without making assumptions including theoretical
data, and some of the experimental data are affected with
considerable uncertainties. Despite this, we have made such
"experimental” estimates; see Supporting Information (SI) and
further in the text. Although there is considerable scatter, the
relatively uncertain estimates show essentially the same
periodic trends as the computed data.

From Table 14, it can be seen that the reduction of CO, to
CO is more endothermic for the alkali metals anions than for
the alkaline earth metal chloride anions. This can be
rationalized by using the reactions of Li~ and BeCl™ as
illustrative examples by employing Natural Bond Orbital
(NBO) analysis,* providing localized Lewis-type structures

https://doi.org/10.1021/acs.organomet.1c00213
Organometallics 2021, 40, 1735-1743
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Figure 2. Schematic potential energy diagram for the reactions between two CO, molecules and alkali (M = Li — Cs) and chloride-tagged alkaline

earth (M = BeCl—BaCl) metal anions, M".

Table 2B. [MP2/def2-TZVPPD] NBO Partial Charges and Other Relevant Data for MC,0,” and MCO;~

Li Na K

2A M 1.0 1.0 1.0

2B M 0.9 1.0 1.0

MCO;~ M 0.9 1.0 1.0
ri—o (A) 1.78 2.10 241

Rb

n.a.
1.0
1.0
2.52

Cs BeCl MgCl CaCl SrCl BaCl
n.a. 1.7 1.8 1.9 1.9 1.9
1.0 1.6 1.8 1.9 1.9 1.9
1.0 1.7 1.8 1.9 1.9 1.9
2.58 1.57 1.92 2.16 2.28 2.42

and partial charges for the reactants and products (Table 1B).
In the product LiO~, the metal atom has an NBO charge of
0.9, indicating a Li—O bond (1.69 A) with an extensive polar
character with Li almost devoid of 2s electrons. The metal—
oxygen bond in the isovalent CIBeO™ also has a polar character
but with a clearly more covalent contribution—seen from the
higher relative electron density at the metal—giving rise to a
much stronger bond. This observation is obviously correlated
to a much shorter M—O bond length for Be (1.39 A),
corresponding to the smaller atom/ion radius. Similar
comparisons can be made for the bond lengths of pairs of
alkali and alkaline earth metals as one goes down in the
periodic table. The effect is the same, but generally, the
difference in metal—oxygen dissociation energies becomes
smaller down the group.

The reaction mechanisms relevant for the reduction of two
CO, molecules to CO leaving the complementary CO; moiety
in the form of a metal complex are illustrated in Figure 2, and
the corresponding computed energies are presented in Table
2A. Following the initial reaction between CO, and the metal,
there are two potential routes for the subsequent reaction
between 1A/1B and a second CO, molecule, one being
carboxylation to form the metal oxalates 2A/2B and the other
reductive disproportionation to MCO;~ + CO.

The formation of the oxalates 2A/2B is exothermic and
constitutes the global potential energy minima for all metals
considered. In analogy with carbonite formation, this reaction
can proceed via the ion—molecule complexes INC2A and
INC2B separated from the products by the small or negligible
barriers TS2A and TS2B, respectively. Notably, carboxylation
proceeds monotonically downhill for the alkaline earth metal

1738

carbonites—without forming an intermediate ion—molecule
complex, INC2A.

Decarbonylation of 1A/1B competes directly with carbox-
ylation, and the same ion—molecule complex can act as the
first step in both reactions. Although the total reaction leading
to MCO;~ + CO is exothermic for all metal species, the
corresponding barriers TS3A and TS3B are higher in potential
energy than the separated reactants M~ + 2 CO, for the alkali
metals, except for lithium. In contrast, the barriers for the
alkaline earth metals are well below the separated reactants and
also the 1A/1B + CO, asymptote in energy.

In the isolated gas phase, without a surrounding thermal
bath, oxalates first formed in this way keep their total energy,
which either back-dissociates reforming the reactants or gives
rise to decarbonylation via TS3C leading to MCO;~ + CO.
Regardless, decarbonylation of the oxalates is seen to be
energetically more demanding than decarbonylation of the
ion—molecule complexes INC2A/INC2B, yet both display
similar periodic trends. Notably, TS3C is lower in energy than
the M~ + 2 CO, asymptote for the alkaline earth metals and
lithium, incidentally also explaining why, among the alkali
metals, decarbonylation is only observed for the lithium oxalate
complex upon collisional activation, whereas the rest dissociate
solely by consecutive decarboxylations.'”*°~**

Oxalate formation as described in Table 2A is particularly
facile for the alkaline earth metal carbonites due to the absence
of potential energy barriers. The degree of charge transfer from
the metal to CO, during complexation is a useful metric for the
activation of the latter. ”'>** Our NBO analysis, outlined in
Table 1B, suggests that while CO, receives almost two
electrons from the alkaline earth metal chlorides, the alkalis

https://doi.org/10.1021/acs.organomet.1c00213
Organometallics 2021, 40, 1735-1743
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Figure 4. Comparison of “experimental” and computational reaction energies for the reduction of CO, to CO by the alkali metals. The connecting
lines are meant as a guide to the eye and carry no further significance. For the "experimental” values, the error bars indicate uncertainties.

donate less than one. This leads to noticeable differences in
how the second CO, moiety binds to alkali and alkaline earth
metals, the former displaying generally wider OCO angles and
shorter C—O bonds than the latter—more closely resembling
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the structure of the isolated molecule—in turn affecting the
reaction energetics; see SI-C for geometries.

The reactivity trends are similar as for the reduction of one
CO, to CO. The same reasoning applies for the relative

stabilities of the carbonate products as the oxides, and the

https://doi.org/10.1021/acs.organomet.1c00213
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reactions of Li~ and BeCl™ can conveniently be used to
illustrate this once more. Table 2B shows that the M—O bonds
in the product LiCO;~ are close to completely ionic (1.78 A)
due to the positive NBO charge on the metal, whereas they are
more covalent (1.57 A) in the corresponding ClBeCO;~
species. The bond lengths thus decrease across periods.
Meanwhile, the M—O bond lengths of MCO;™ increase
down each group in parallel with increasing atom/ion radius;
see SI-C for further details.

The overall reaction energies for both decarbonylation
reactions, as well as formation of the intermediary carbonites
1A and 1B, are shown in Figure 3, illustrating their periodic
trends. The alkaline earth metals generally display lower
reaction energies than the alkali metals, which are consistent
with the contraction of M—O bond lengths along periods. The
trends are similar throughout groups, but there is some
variation. The stabilities of the products decrease with
increasing bond lengths for the first two or three members
of each group. However, when moving toward the heavier
elements, the bond distances continue to increase, now
accompanied by an increase in product stabilities (from Rb
to Cs and SrCl to BaCl, respectively). At the same time, any
physical quantities controlling the stabilities of the products,
such as the atomic/ionic radii or electron affinities/ionization
potentials, decrease monotonously down each respective
group; see SI. The expectation of a monotonous trend builds
upon the assumption that bonding evolves in a monotonous
manner, for instance, that the lighter elements form bonds with
higher covalent contributions than the heavier elements.
Notwithstanding, increasing evidence suggests that compounds
of the heavier alkaline earth metals are not always accurately
described as purely ionic. The dihalides of Ca (CaF,), Sr (StF,,
SrCly), and Ba (BaF,, BaCl,, Bal,) and other compounds with
these metals are bent, whereas corresponding ionic compounds
are linear.””** A possible explanation invokes that the (n — 1)
p- and d-orbitals are involved in bonding.*’ On a related note,
formation of carbonyl complexes M(CO), with M = Ca, Sr,
and Ba has recently been reported, where d-orbital
participation is deemed important for their stabilities.”* In
our computations, bending of the MCO,”, MO, and MCO;"~
complexes with M = SrCl and BaCl is observed. A more acute
angle is seen for the BaCl-complexes, consistent with the
higher polarizability of barium; see SI-C. Increased d-orbital
participation, and hence covalency, could therefore contribute
to the deviation from the expected trends.

As mentioned earlier in the discussion, we strove to verify
the computational results by comparing them with exper-
imental reaction energies procured via Born—Haber cycles.
Complete estimates for both groups were impossible since
there are no published data on the novel alkaline earth metal
oxochlorides, but estimates were still made for the alkali
metals, specifically for the M~ + CO, = MO~ + CO reaction
as visualized in Figure 4.

Along with the "experimental” estimates, we supplemented
these with energies from additional computational methods,
B3LYP and CCSD(T). Two separate methods were used to
calculate the “experimental” reaction energy, only differing in
how AH®% (MO™(g)) is determined. While one estimates the
latter through AH° (M(g)) using a Born—Haber cycle
involving the BDEs of O, and MO (in black), the second
method goes more directly via AH® (MO(g)) (in red); the
full details are provided in SI-A. Notwithstanding, both of
these depend on the electron affinities of the metal and the
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metal oxide. We were unable to find the literature EA of RbO*;
hence, it was estimated using CCSD(T), giving a value of
EA(RbO®) = 43 kJ/mol. Furthermore, the literature EAs of
LiO*®, NaO®, and KO* are also computational.”’ Hence, to the
best of our knowledge, an experimental EA has only been
reported for CsO*® in the alkali monoxide series.>>

Generally, the uncertainties of the “experimental” estimates
increase with atomic number and overlap for all metals. The
largest uncertainties are associated with the BDEs of the
heavier metal oxides, RbO*® and CsO*, hampering the definitive
determination of trends down groups. Still, the more direct
method is less uncertain, suggesting that the reaction energy
increases down the group. Barring few exceptions, the
[CCSD(T)/def2-TZVPPD] energies agree most closely with
the “experimental” estimates. Meanwhile, [MP2/def2-
TZVPPD] vyields systematically lower energies but is offset
from the [CCSD(T)/def2-TZVPPD] values by a fairly
constant value. Thus, while the absolute energies provided
by [MP2/def2-TZVPPD] are obviously too low, the periodic
trends follow closely those of the more accurate estimates.
Notably, [MP2/x2c-TZVPPall] performs well for M = Li, Na,
and K, as indicated by its proximity to the "experimental”
estimates, whereas the energies for M = Rb and Cs are
anomalously low when considering the general trends of the
other methods. [B3LYP/def2-TZVPPD] performs fairly well
for M = Li and Cs, overestimating the energies of the mid-
group metals, yet to some extent reproduces the periodic
trends.

It is relevant to point out that our reaction models are based
on single-reference methods, while KO~ ('Z*) is reported to
have a significant multireference character, determined by the
T1 diagnostic of CCSD and the percent SCF contribution to
the total atomization energy.’"*” Application of single-
reference methods for species with a multireference character
can lead to significant errors in energies as illustrated by the
reported AH®; values for KO™, where 100 kJ/mol separates the
single-reference and multireference estimates.”’ Hence, we
applied the T1 diagnostic to the MO~ species on the
[CCSD(T)/def2-TZVPPD] level of theory, yielding 0.073,
0.046, 0.075, 0.046, and 0.063 for M = Li, Na, K, Rb, and Cs,
respectively (all in the 'X* state). Meanwhile, the diagnostic
yields lower values for the alkaline earth MO~ species: 0.013,
0.020, 0.016, 0.017, and 0.018 for M = BeCl ('T*), MgCl
("T*), CaCl (%), SrCl (*A’), and BaCl ('A’), respectively. A
value greater than 0.020 is often considered to indicate that
multireference methods should preferably be used but does not
necessarily imply failure of single-reference procedures. This is
exemplified by a computational study on the first three alkali
metal oxides, LiO”, NaO~, and KO~, where the single-
reference method only fails for the latter. Meanwhile, the
alkaline earth metal species are likely adequately described by a
single-reference procedure, according to the low T1-diagnostic
values.

Furthermore, LiO™ and NaO™ were treated as being singlets
rather than having triplet *IT ground states since coherence
between reactant and product spin states was deemed more
relevant for our reactivity models. However, the [CCSD(T)/
def2-TZVPPD] energy difference between the triplet and
singlet is only 7 and 1 kJ/mol, respectively.

Consequently, although we realize that there may be
inherent systematic errors associated with our computational
model that affect the absolute values, they are seen to be
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qualitatively correct compared to the “experimental” trends of
the alkali metals, although the uncertainty in the latter is high.

B CONCLUSIONS

In this study, we have surveyed the reduction of one and two
CO, to CO by anionic alkali and alkaline earth metal chlorides,
leading to MO™ + CO and MCO;™ + CO, respectively. While
the first reaction series is generally endothermic (with the
exception of M = BeCl), the second is exothermic. For the
second series, decarbonylation is energetically favored for the
reaction between CO, and carbonites over the reaction
proceeding via the oxalates. We find that the energetics are
generally more favorable for alkaline earth metals than for
alkali metals but that lithium displays reactivity closer to the
former. Generally, the energies increase toward the middle of
the groups, indicating that the covalent contributions to the
bonding grow toward the heavier elements. Still, we realize that
our main single-reference-based computational method is
prone to failure for some of the relevant species and,
furthermore, that the experimental estimates of the reaction
energies are highly uncertain. Hence, further work is needed to
reaffirm the results presented herein. Nevertheless, we hope
that, ultimately, these theoretical reaction models provide
additional insight to the reductive chemistry of the alkali and
alkaline earth metals and prove useful for practical applications
of electrochemical and chemical reduction of CO,.

B METHODS

All computations were conducted using the Gaussian 16°* software
suite.” " We chose to use the second-order Moller—Plesset
perturbation theory (MP2) as it provided energies close to CCSD(T)
in a previous study involving similar oxocarbon species.'> As noted in
this study, the default frozen-core approximation for MP2 placed
certain metal core orbitals higher in energy than the lowest CO,
valence orbitals in the carbonites, leading to an unbalanced
description of the complexes relative to unbound fragments M~ +
CO,, a problem that has been elaborated on in the past.’”®" The
frozen cores were thus adjusted as follows for the lighter elements: C,
O, Li, Be, and Mg = [1 s*]; Na = [1s?2s*]; Cl and Ca = [1s?2s2p°];
and K = [15?2s*2p®3s?]. Most of the computations were carried out
using the def2-TZVPPD basis set, retrieved from the Basis Set
Exchange Web portal = This basis set employs effective core
potentials (ECPs) to account for scalar relativistic effects,*”*>% which
describe electrons up to the penultimate shell: 28 electrons for Sr and
Rb and 46 electrons for Ba and Cs. For these heavy elements, the
electrons not described by the ECP were included in the
determination of electron correlation. Due to the exclusion of the
inner shells by the ECPs, we also used the all-electron counterpart to
the def2 basis set, x2c-TZVPPall, for selected computations to check
for consistency between basis sets.”” The frozen cores of the heavy
elements in computations with the all-electron basis set were adjusted
to [1s*25%2p°3s23p°] for Rb and Sr and to
[15225%2p®3s?3p®4s°3d'%4p®] for Cs and Ba. The results of these
calculations are listed in the SI. The differences between the two basis
sets stem from the core of the larger elements being more accurately
described using the all-electron basis, while the lighter elements are in
principle more accurately described with def2-TZVPPD, having more
diffuse outer shells. We also employed B3LYP*>*® and CCSD-
(T)®7° computations to further reaffirm the consistency of our
models.

Vibrational frequencies were computed to ensure the correct
number of imaginary frequencies for all minima and transition states
(TS)—zero and one—respectively. The minima were connected by
following the minimum energy paths over each TS using intrinsic
reaction coordinate (IRC) computations. Relaxed potential energy
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scans were used to map reaction profiles in cases where transition
structures were not found.

It should be noted that while LiO™ and NaO™ have triplet ground
states (°TI),*" we only considered singlet MO~ species ('Z*) in our
reaction models, ensuring coherence between reactant and product
spin states. Furthermore, the singlet—triplet state separations are only
a few kJ/mol, reflecting a minor correction to the energies presented.
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